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Abstract Granules as a possible form of metal elec-
trodeposit can be formed during deposition of metals,
such deposition processes being characterized by large
exchange current density values. Because of this, zero
nucleation zones around growing grains are formed,
permitting granular metal growth. In some cases of
prolonged deposition, macro-crystalline deposits can be
formed as well as granular ones, e.g. in the case of silver
deposition at overpotentials lower than the critical value
for dendrite growth initiation. The mechanism of gran-
ular deposit growth as a final form of metal electrocrys-
tallization is proposed. Silver boulders were deposited
on platinum and silver substrates. At low deposition
potentials, various crystallographic forms, some of them
ideal or derived from cube-octahedron-type morphology,
were obtained as a result of independent grain growth
inside zones of zero nucleation. In addition to cube-
octahedra, twinned and multiply twinned silver particles
were also observed. The nucleation density was found (1)
to increase with increasing deposition overpotential,
(2) to decrease with increasing silver concentration, and
(3) to be greater on Ag than on Pt for the same deposition
overpotential and dendrite precursors. Increasing over-
potential leads to increase of density of twinned grains.
The grain growth at greater overpotentials from more
concentrated solution is less ideal, producing a granular
deposit on prolonged deposition.
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Introduction

Morphology is probably the most important property of
electrodeposited metals. It depends mainly on the kinetic
parameters of the deposition process and the deposition
overpotential or current density. Obviously, the mor-
phology of electrodeposited metal depends also on de-
position time, the final form of the deposit eventually
being reached.

In general, metal electrodeposits can be compact and
disperse. Disperse deposits can be spongy, dendritic and
granular. The mechanisms of spongy and dendritic de-
posits formation are well known [1-5]. Granular de-
posits of relatively high porosity and highly developed
surface area are obtained by deposition of metals in
processes characterized by large exchange current den-
sity values [6—10]. In some cases they consist of grains
growing independently of each other until a compact
film [11] or spongy deposit is formed on these [6].

The various phenomena related to silver electrode-
position under various experimental conditions, pro-
ducing different deposit morphologies (mostly dendritic),
have been extensively studied. However, it is to be noted
that, despite the importance of this problem, there have
been, to the knowledge of the authors of this paper, no
references to granular silver electrodepositon in recent
years. Nevertheless, the conditions under which granu-
lar, i.e. non-dendritic, disperse deposit is reached as a
final form have not yet been elucidated. The aim of this
paper is to propose the mechanism of granular deposit
formation as well as to study, by means of scanning
electron microscopy, granular growth in silver deposition
from silver nitrate solution, in order to characterize the
morphology of deposited silver particles.

Experimental

Silver was deposited from 0.1 and 0.5 M AgNO5 in 1.0 M NaNO;
aqueous solutions onto stationary Pt- and Ag-wire electrodes



(99,9%-Aldrich) previously treated with 1:1 HNO;. An open cell
was used. Experiments were performed at (25 = 1) °C. Doubly
distilled water and analytical grade chemicals were used.

Deposition was carried out under potentiostatic conditions at
40-100 mV overpotentials. Counter and reference electrodes were
of pure silver.

Various quantities of electricity (2, 20 and 60 mAh/cm?) were
passed through the cells at given overpotentials.

The morphologies of the deposits were investigated using
scanning electron microscopy (SEM, JEOL T-20 microscope) at
20 kV.

Results and discussion

The silver deposits grown on a platinum substrate are
shown in Fig. 1a and b and those on a silver substrate in
Fig. Ic and d. In both cases, independently growing
grains are formed; the nucleation rate is evidently
greater on the silver than on the platinum substrate. This
difference is obviously due to the fact that the metal

Fig. 1a—d Silver deposits obtained potentiostatically from 0.1 M
AgNOs;+1.0 M NaNO; by electrodeposition onto stationary wire
electrodes. Quantity of electricity 2 mAh cm™ a,b Platinum
substrate. Magnification a x200, b x75. Overpotential a 40 mV and
b 60 mV. ¢,d Silver substrate. Magnification x75; overpotential ¢
50 mV and d 70 mV
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being deposited is in one case the same as the substrate
metal and in the other case not [12].

It is seen from Fig. 1a and b that the morphology of
the deposit on the platinum substrate changes consid-
erably on increase of overpotential from 40 to 60 mV.
This is less pronounced in the case of the silver substrate
(Fig. 1c and d). In both cases, dendritic growth starts at
70 mV as seen from Fig. 2. The nucleation rate increases
with increasing overpotential and decreasing silver ion
concentration, as can be seen by comparing Fig. Ic and
d with Fig. 3 [12]. The critical overpotential of dendritic
growth initiation increases also with increasing deposi-
tion ion concentration [13], being 120 mV in the latter
case [12]. On the other hand, the more regular growing
forms are obtained for conditions of lower grain density,
and at larger overpotentials the number of twinned
crystals strongly increases [14, 15].

Ideal silver grains were grown earlier on a platinum
substrate from silver nitrate solution using the double-
pulse technique [16]. A single, square potentiostatic
pulse was initially superimposed on a low steady over-
potential. The height and duration of the square pulse
were chosen so that single-crystal nuclei were formed
only in that single event. The steady overpotential was
chosen sufficiently high for crystal growth to occur but
lower than the overpotentials needed for formation of
new nuclei. As a result, nuclei formed in the nucleation
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Fig. 2a,b Silver deposits obtained potentiostatically from 0.1 M
AgNO;s;+ 1.0 M NaNOj; by electrodeposition onto stationary wire
electrodes. Quantity of electricity 2 mAh cm™; overpotential
70 mV; magnification x200; a platinum and b silver

stage developed into well-defined crystal morphologies
in the growth stage.

Electrolytically grown new phase centers exert a cer-
tain screening action in their near vicinity, manifested in
the formation of spatial zones around them (see sketch
in Fig. 4) where the nucleation process is practically
arrested [17-24].

In this way the regular growth of silver grains inside
the nucleation exclusion zones can be realized and the
use of double-pulse technique is not necessary.

During electrodeposition, for energy reasons, some
crystal morphologies appear more frequently than oth-
ers. Silver crystallizes in an FCC-type lattice. Generally,
an equilibrium shape of FCC particles is cube — octa-
hedron. Some of these are clearly visible in investigated
Ag particles deposited on Pt, marked A in Fig. Sa.
However, many of the present particles are of a different
shape, for example, twinned, such as those marked B in
Fig. 5b and C in Fig. 5a and c. Some of these show a
reentrant groove growth as in that marked D in Fig. 5a.
Repeated one-dimensional nucleation in the groove
leads to formation of flat dendrites [5], as illustrated by
the dendrite precursors shown in Fig. 1b. Frequently,
the crystals can take different shapes (Fig. 5d). In this
case, where the Ag crystals are of the cubic type, they

Fig. 3a,b Silver deposits obtained potentiostatically from 0.5 M
AgNO;z+ 1.0 M NaNOs by electrodeposition onto stationary silver
wire_electrodes. Magnification X75; quantity of electricity 2 mAh
cm™“; overpotential a 60 mV and b 80 mV
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Fig. 4 Sketch of hemispherical nuclei randomly distributed on the
electrode surface

may have small equilateral-triangular faces developed in
place of each corner of the cube. However, at this stage
of the growth, triangular-type faces in monocrystal
particles are actually present.

Based on the cubic system symmetry rule, if one
corner is replaced by triangular or hexagonal faces, then
all eight corners will be similarly modified [25], as shown
by A in Fig. 5a. The crystal then consists of six (three of
which are visible) octagonal faces, which are part of the
original cubic faces, and eight new equilateral triangular
faces. The latter are of different forms compared to the



original one. However, the assembly of faces which de-
fine the form of the crystal is always driven by the crystal
symmetry. Now, the form of the Ag cubic crystal (A in
Fig. 5a) is defined by two forms of the faces, six of which
are of the {100} type, having a square shape, and eight
are of the {111} type, developed by cutting away the
original corners of the cube. How large the new trian-
gular faces should be depends on how much the original
corners are cut away. The possible shapes of the original
cube can be as shown schematically in Fig. 6. The shape
A in Fig. 5a is the cube-octahedron, and form E in
Fig. 7a is close to a pure octahedron. It is well known
that the {111} faces appear first as triangular. If the

Fig. 5a—e Silver deposits obtained potentiostatically from 0.1 M
AgNO3;+1.0 M NaNO; by electrodeposition onto stationary
silver wire electrodes. Quantity of electricity 2 mAh cm™>;
overpotential a 70 mV, b 60 mV, ¢ 70 mV and d 60 mV;
magnification a and b x500, ¢ X350 and d x200; e schematic

representation of the particles in a

process of cutting away is continued further, the {111}
faces will meet in a new set of edges and will take on a
hexagonal shape (Fig. 5a).

N\ A @

Fig. 6a—d Cubic crystal with modified corners, giving different
habit: a initial stage, b and ¢ cube-octahedra, d octahedra
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Fig. 7a—c Silver deposits obtained potentiostatically from 0.1 M
AgNO3;+1.0 M NaNO; by electrodeposition onto stationary
platinum wire electrodes. Quantity of electricity 2 mAh cm=2;
overpotential a 50 mV and b 70 mV; magnification a x200 and b
x1500; ¢ schematic representation of the particles in a

The final form that a given crystal will take obviously
depends on the relative development of cubic and oc-
tahedral form faces. However, crystallizing the same
substance (in this case silver) under different conditions,
e.g. using a different the solvent, the temperature at
which crystallization takes place, the presence of impu-
rities, the deposition current density (c.d.) or overpo-
tential, etc., leads to the same forms but in different
habits, caused by varying development of different
forms. Generally, for the given volume, a crystal will
have the tendency to create a form with minimum sur-
face and consequently minimum total energy. For the
condition of thermodynamic equilibrium, the external
form of the crystal is determined by the requirements of

minimum surface free energy. This energy is the sum of
the energies of all unsaturated bonds on the crystal
surface, which is related to the coordination number.

For FCC silver, the surface energy will be dependent
on the ratio between the number of unsaturated bonds
and the coordination number 12. For example, one sil-
ver atom on the surface will contribute to the total
surface energy by 1/4 of the energy for one atom, be-
cause it has three unsaturated bonds. In the ideal case,
the total surface energy of the crystal will be equal to the
ratio of the number of atoms occupying the faces, edges
and corners to their respective numbers of unsaturated
bonds [26]. Here the concept of localized bonds is as-
sumed, i.e. the bonding forces with all but the nearest
atoms are neglected.

Regardless of how the crystal has been produced in
nature under a wide variety of conditions and from so-
lutions often containing other substances as impurities,
they do obey the minimum surface energy law, because
the surface energy values of the faces present are mod-
ified. Hence, the cubic crystal, under certain conditions,
can have all kinds of different habits which include, as
well as {111} and {100} faces, also {110}, {120}, {112},
{310}, etc.

There are many examples amongst our electrode-
posited Ag particles which confirm the presence of forms
far away from equilibrium shapes. For example, the
particles marked C in Fig. 5a and c exhibit forms which
are not typical for octahedral or cube-octahedral parti-
cles [27]. These nonequilibrium shaps can be described in
terms of fivefold, multiply-twinned particles (MTP’s),
decahedral, icosahedral, etc. It can be expected that
these kinds of silver particles are stable in a certain size
(nanometer range), because theoretical considerations
suggest [28] that the total energy of the decahedral form
is between that for a single crystal and that for an ico-
sahedral MTP.

In many cases, surface impurities are the reason for
the discrepancies between different observations on the
equilibrium shapes of small particles (the presence of
oxygen, and/or other atomic species). In the majority of
cases, the faces seems to be flat, as are practically all the
particles in Fig. 5. However, imaging some particles at a
higher magnification reveals the presence of {111} close-
packed plane steps (Fig. 7b). This indicates that the rate
of thickening of the particles, i.e. their growth rate, is
limited by the formation of ledges on {111} planes. Even
when the growth rate of silver particles in our experi-
ments is sufficiently high, the shape of the particles is still
the so-called ““‘growth shape” which is defined by the
growth kinetics. We believe that the shape of the silver
particles is less defined by surface energy, i.e. it does not
have an ‘“‘equilibrium shape”. In most cases, however,
the shape seems to be the result of interplay between
surface energy and growth kinetics effects. Thus, the
particles possibly containing {100}, {111} and {112}
faces, schematically shown in Fig. 8, are also observed.

The various morphologies observed for Ag particles
in electrodeposited layers can also be analyzed in terms
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Fig. 8a—¢ Schematic representation of the silver particles contain-
ing {112} and {110} crystallographic faces observed in Fig. 5
viewed along different zone axes: a [110], b [111], ¢ [100]

of the bicrystal symmetry. Such examples are particle D
in Fig. 5a and particle B in Fig. 5b, although many of
them can be described in the same fashion. The key to
this behavior lies in the internal twin structure of the Ag
particles. The broad faces of particle D in Fig. 5a are
parallel to the {111} twin plane. In addition, this twin
plane can produce a re-entrant angle (particle D in
Fig. 5a) at which growth of silver particles in the (211)
direction can take place, forming a so-called “‘ribbon”
crystal. The hexagonal shape of this and similar crystals
is caused by the fact that a twinned crystal is bounded
only by {111} faces, forming alternatively angles 141°
and 219° (see sketch in Fig. Se). It can be shown that this
particle consists of four slabs with three twinning planes
parallel to each other. It is concluded that twinning plays
an important role in the nucleation and growth of
electrodeposited silver particles. This kind of growth is,
also dendritic, and the term ‘“‘dendritic growth” is, in
fact, often used to describe a similar crystal form.
However, in this case they are dendrite precursors.

By simple inspection of recorded images, it is also
concluded that the {111} and {100} faces are the most
prominent (see Figs. Se and Fig. 7c), while the particles
containing {112} and {110} faces, schematically shown
in Fig. 8, are present less frequently. It is interesting to
note that development of “equilibrium shapes”, where
dominant faces are {111} and {100}, is associated with
higher grain density and concentration of electrolyte.

In most cases, however, the shape seems to be the
result of interplay between surface energy and growth
kinetic effects (F in Fig. 9). The “equilibrium shape” is
certainly also affected by the electrode potentials and the
particle size. It is seen from Fig. 9 that the grains ob-
tained on a silver substrate on prolonged deposition
from more concentrated solution and at larger overpo-
tentials are less ideal than those obtained at lower
overpotentials from less concentrated solutions
(Figs. 1a, 5, 7a), which is in accordance with the above
conclusion. It is also seen that the granular deposit is
probably the final form in this case. This can be ex-
plained (see Fig. 10) in the following way.

In the initial stage of deposition, the silver nuclei are
formed as well as the zero nucleation zones around them
as well as the diffusion zone [29]. The initial stage of
deposition is characterized by independent growth of
nuclei and grains. Around them the zero nucleation
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Fig. 9a,b Silver deposits obtained potentiostatically from 0.5 M
AgNO3;+1.0 M NaNO; by electrodeposition onto stationary a
platinum and b silver wire electrodes. Quantity of electricity 2 mAh
cm™~2; magnification x750; overpotentail a 60 mV and b 100 mV

zones and spherical diffusion zones are formed. The
deposition rate is similar in all directions as well as the
dimensions of particles (Fig. 1¢ and d and Fig. 3). Nu-
cleation does not occur simultaneously over all the
cathode surface but is a process extended in time so that
crystals generated earlier may be considerably larger in
size than those generated later (Fig. 9). An exclusion
zone for further nucleation always develops around an
already randomly formed nucleus. After some time, the
depletion zones around the largest grains start to inter-
fere and lateral growth is decreased. The lower grains are
in the overlap field, and their growth is considerably
lowered (Fig. 10a and b). In prolonged deposition
around the tips of the largest protrusions, spherical
diffusion takes place and these tips grow toward the bulk
of solution. The growth of lower grains is completely
blocked (Fig. 10). In this way, the granular deposit as a
final form of silver deposition is formed.

Hence, it is necessary that the zero nucleation zone
and the spherical diffusion field around the growing
grains are formed at overpotentials lower than the crit-
ical overpotential of dendritic growth initiation. It seems
that these conditions are fulfilled in prolonged deposi-
tion only in the case of silver. The formation of zero
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Fig. 10a,b Silver deposits obtained potentiostatically from 0.5 M
AgNO;3+ 1.0 M NaNOs; by electrodeposition onto stationary silver
wire electrodes. Quantity of electricity a 20 mAh cm™ and b
60 mAh cm™2; overpotential a 60 mV and b 100 mV; magnification
a x50 and b x35

nucleation and spherical diffusion zones requires a large
value of the exchange current density in the deposition
process. In contrast to the silver deposition process from
a simple soluble salt solution, lead, tin, cadmium and
zinc deposition processes from appropriate electrolyte
solutions are characterized by large values of exchange
current densities. The zero nucleation zone radius r is
given by:

E

T, .

,
according to [1], assuming full ohmic control of the
deposition process, where E is the ohmic potential and
ner the crystallization overpotential. According to
Klapka [30] 5., depends strongly on the exchange cur-
rent density of the deposition process and on the number
of electrons transferred in it. The 7. value decreases
with decreasing j, and increasing z (j, is the exchange
current density and z the number of electrons). Ag, Pb,
Sn, Cd and Zn deposition processes are characterized by
high j, values, but the critical overpotential of dendritic
growth initiation is very low in the case of Pb and Sn [5],
making granular growth impossible. In silver deposition,

dendrites appear at larger overpotentials and 7, is twice
as large as in the case of Cd and Zn, meaning a con-
siderably larger r for the same value of E. Because of
this, in Cd and Zn deposition, after longer deposition
times surface, films are formed as the final form of the
deposit. (In the deposition of Zn from alkaline zincate
solutions, the formation of spongy deposits over boul-
ders is possible [2, 3, 6], while, in the case of silver,
granules can be obtained as a final form of deposit.)

The presence of imperfections on the furthest surfaces
of some silver crystals (arrowed in Fig. 7a) indicates that
the supply of silver adatoms is partially from the plati-
num electrode, which is in agreament with Hepel et al.
[31]. However, since the majority of the particles are
perfect in shape with no surface defects, this indicates
that the silver ions from the surrounding solution are
reduced mainly on silver particle facets directly. This is
confirmed by the presence of the fine 111 surface steps,
observed at higher magnification (Fig. 7b).

Conclusions

1. Granules as a possible form of metal electrodeposit
can be formed during deposition of metals, these depo-
sition processes being characterized by large exchange
current density values. Because of this, zero nucleation
zones around growing grains are formed, permitting
granular metal growth. In some cases, on prolonged
deposition, macro-crystalline deposits can be formed as
well as granular ones in the case of silver deposition at
overpotentials lower than the critical one for dendrite
growth initiation.

2. The nucleation density was found (1) to increase with
increasing deposition overpotential, (2) to decrease with
increasing silver concentration, and (3) to be greater on
Ag than on Pt for the same deposition overpotential and
dendrite precursors. Increasing overpotential leads to
increase of density of twinned grains. The grain growth
at greater overpotentials from more concentrated solu-
tion is less ideal, producing a granular deposit on pro-
longed deposition.

3. Various crystallographic forms, some of them ideal,
or derivatives of cube-octahedron type morphology were
obtained at low deposition overpotentials because of
independent grain growth inside zones of zero nucle-
ation. In addition to cube-octahedra, twinned and
multiply twinned silver particles were observed.

4. The mechanisms of silver deposition involve three-
dimensional nucleation and growth as well as deposition
layer by layer of {111} close-packed planes, manifested
by the presence of 111 surface steps.

5. The majority of the particles are perfect in shape
with no surface defects, which indicates that silver ions
from the surrounding solution are reduced predomi-
nantly on the silver particle surfaces directly. This is
confirmed by the presence of the observed fine 111
surface steps.
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