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Transition between two dendritic growth mechanisms in electrodeposition
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We report in this paper the observation of a transition between two different dendritic growth mechanisms in
the electrodeposition of a metal from a binary electrolyte. Our results, in particular concerning the dendritic
growth velocities, enable us to explain this behavior in terms of models previously proposed in the literature.
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I. INTRODUCTION

Electrodeposition of metals and alloys has been per-
formed for more than a century, allowing the manufacture of
a large number of metallic objects. More recently elec-
trodeposition has emerged as a method for the synthesis of
semiconductor thin films and nanostructures [1]. The flex-
ibility of electrochemistry enables production of objects in
many different states (homogeneous and uniform layers,
powders, rough or porous deposits, and more recently nano-
structured compounds). However, controlling the morphol-
ogy of the deposit may be difficult; in particular, much effort
has been devoted to preventing dendritic deposition, which
may be a serious problem in battery technology [2]. Den-
dritic growth in electrodeposition has also been considered in
the framework of out-of-equilibrium phenomena, as a model
system in which several control parameters can be easily
tuned [3].

In this paper, we will consider the case of electrodeposi-
tion from a binary electrolyte (an electrolyte with only one
cationic and one anionic species, without supporting electro-
lyte). In such systems, dendritic electrodeposition has been
widely investigated in the last 20 years (see [4] and refer-
ences therein). Several models have been proposed to ex-
plain these phenomena: Chazalviel [5] and Elezgaray et al.
[6] proposed two alternative models to explain dendritic
growth in the case of deposition under high-current-density
conditions, whereas Monroe and Newman [7] proposed a
model valid at low current density. Indeed, as emphasized
by Monroe and Newman [7], one may expect that the den-
dritic growth mechanism depends on the value of the applied
current density, compared to the limiting current density J*
(see below). We will present here an original situation where,
due to the decrease of the distance between the deposit and
the anode, the deposit growth induces a transition between
the two different growth mechanisms occurring below and
above J*.

Morphological transitions are often observed in the for-
mation of irregular electrodeposits [8—19]. For example, the
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Hecker transition [8] appears as a sudden change in the color,
growth velocity, and morphology of copper deposits grown
from CuSO, aqueous solutions [8,12,15,19]. It was shown
that these changes result from the interaction of the growing
deposit with a chemical front advancing from the anode to-
ward the cathode [12,15]. Consequently, the transition ap-
pears on an envelope whose shape is similar to that of the
anode. Another example, with alternating morphology tran-
sitions between dendritic and dense morphologies, was ob-
served in the electrodeposition of iron from FeSO, aqueous
solutions [14]. In this case, transitions occur on each branch
independently. This phenomenon was ascribed to the peri-
odic accumulation and depletion of H* impurities in front of
the growing interface.

We will consider here a slightly different situation, where
the transition occurs when the current density is equal to the
limiting current density J*. In the case of a binary electrolyte
with a metallic cation M"*, if the electrodes are made of this
same metal, when a current goes through the cell, cations are
reduced at the cathode, and are released at the anode. On the
other hand, anions do not participate in the electrode reac-
tions. As a consequence, the ionic concentration decreases at
the cathode, and increases at the anode. This effect is limited
by diffusion of the anions.

According to Bard and Faulkner [20], the evolution of
anionic and cationic concentrations C, and C, in our system
may be described by the following set of equations:
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where D, and D, are the anionic and cationic diffusion con-
stants, respectively, w, and u, are the anionic and cationic
mobilities, respectively, and V is the electrostatic potential.

Because of the above mentioned fact that the current at
the electrodes is due only to cations, the boundary conditions
at the electrodes may be written

-DdC dx — u.C.dVidx=J/z.e for x=0 and I, (3)

-D,dC,ldx + u,C,dVidx=0 for x=0 and [, (4)

where J is the current density and e is the elementary charge.
[ is the distance between the electrodes, x=0 is the position
of the negative electrode, and x=/ is the position of the posi-
tive electrode.
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We now assume electroneutrality of our system, z,C,
~z.C.~C, where z, and z. are the anionic and cationic
charge numbers, respectively. Then one can deduce from
Egs. (3) and (4) that the concentration gradients at the elec-
trodes may be written [21]
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where D is the ambipolar diffusion coefficient, given by D
=(u D+ uD,) ! (uo+ p,). Now, depending on the distance [
between the electrodes, there are two possible regimes. At
low current density, the system will eventually tend to a
steady state, where the concentration roughly linearly in-
creases from a concentration Cy—AC at the cathode to a
concentration Cy+AC at the anode. Cj, is the initial concen-
tration, and the variation AC is given by [21]
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The steady state is attained after a time corresponding to the
diffusion time over the distance / between the electrodes.
Obviously, if Co<AC, the concentration at the cathode
eventually decreases to zero before the steady state is at-
tained. In this case, which corresponds to the high-current-
density regime, the concentration at the cathode decreases to
zero at the Sand time 7, [22]:
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where C, is the initial cationic concentration.

The current density J* separating the two regimes corre-
sponds to the limiting diffusion current observed for classical
electrochemical conditions [21,23,24], where the thickness
of the diffusion layer would be equal to half the distance
between the electrodes. From the above discussion, J* corre-
sponds to the condition Cy=AC; hence

Ji= 28D6C0<1“a + :u“c)
l Ma

(8)

We have assumed in the above discussion that diffusion con-
stants and mobilities are independent of concentration: this is
certainly not true in our system, but this approximation en-
ables one to give a simple and adequate description of its
behavior.

In the high-current-density regime, Chazalviel [5] attrib-
uted the onset of dendritic growth to the formation of a non-
classical space charge, related to an excess of positive
charges appearing in the vicinity of the cathode when the
ionic concentration at the cathode goes to zero (i.e., at the
Sand time). Fleury added that, at a microscopic scale, the
growth was triggered by competition between nucleation and
formation of this space charge [25]. However, Elezgaray et
al. [6] claimed that such a departure from electroneutrality
had no physical meaning, and that this departure was not
necessary to explain the destabilization of the electrode/
electrolyte interface responsible for dendritic growth.
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Although the observation of electroconvective rolls [26]
around the tips of the dendrites confirmed that positive
charges may exist in the vicinity of the deposit, a quantitative
experimental confirmation of one of the two models is still
lacking. One reason is that both models predicted a similar
behavior for dendritic growth, in particular that the velocity
of the deposit should be equal to that of the anions in the
applied electric field E, i.e., v ~—u,E, where u, is the mo-
bility of the anion; this prediction has been confirmed by
several authors [27-31]. At low current density (J<J%),
Monroe and Newman proposed a different growth model [7]:
this model was surface energy controlled, incorporating the
effect of dendrite tip curvature into the dendrite growth ki-
netics. According to Monroe and Newman, dendrites accel-
erate across cells under all conditions (which differs from
both the Chazalviel and Elezgaray et al. predictions).

In the case of a very nonuniform distribution of current
densities at the electrode interface we proposed another
model, which was an extension of the Chazalviel model. In
particular, it predicted a constant growth velocity, equal to
that predicted by Chazalviel and Elezgaray et al. This behav-
ior has also been observed experimentally [32]. However,
both the Monroe and Newman model and our model might
be valid, but for different electrode/electrolyte interface con-
ditions. We report in this paper the direct observation of a
transition between the two dendritic growth mechanisms
described above: the Chazalviel (or Elezgaray er al.) mecha-
nism and a mechanism compatible with the Monroe-
Newman model.

II. EXPERIMENTAL CONDITIONS

The experiments were carried out in a pseudo-two-
dimensional cell [Fig. 1(a)] with 0.1 mol/l aqueous CuSO,
solutions, at room temperature. Care was taken to obtain a
well-defined cell geometry; see Ref. [33] for details. The
copper electrodes were held between two glass plates en-
abling observation in sifu of the dendritic growth [Fig. 1(b)].

The cell had a parallelepiped shape, with dimensions L
X IXd, where L was the active length of the electrodes, / the
interelectrode distance, and d the thickness of the cell. Prac-
tical values were L=0.8—1.5 cm, [=0.9 mm, and d
~().12 mm. The large faces of the electrodes are coated with
a hydrophobic film which limits the invasion of the electro-
lyte between the electrodes and the glass plates. After filling
the cell with the electrolyte, we sealed it with a two-
component resin; this allowed us to keep it under almost
constant conditions for several hours [33].

Several authors have evidenced that, due to the change in
concentration and to the related change in electrolyte density
occurring at the electrodes, the deposition process may be
accompanied by a buoyancy-driven convective motion
[34-38]. This modifies concentration profiles close to the
electrodes [34], and has a destabilizing effect on the deposi-
tion process [37]. In order to avoid this effect, we used a
technique that is classically used in this kind of experiment
[34-37,39]; it consists in setting the cell in a vertical posi-
tion, with the cathode on top. In these conditions, because
the light fluid is on top and the heavy one is at the bottom of
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FIG. 1. (a) Experimental cell. (b) Photograph of a few dendrites:
we see in this picture that the dendrite morphology changes from
powderlike at the beginning of the growth, to compact afterwards;
the white dotted line shows the place where this change occurs. The
solid white line is 100 um long; this is also approximately the
thickness of the cell. Hence, at this scale, the deposit appears as
three dimensional.

the cell, buoyancy is almost suppressed. Compared to other
methods, this method appeared to offer the best compromise
for reducing buoyancy effects. In particular, Marshall et al.
[39] showed that this configuration enables a stable growth
regime to be obtained.

Of course this configuration does not prevent the occur-
rence of the electroconvective motion mentioned above;
however, this motion is not expected to appear before the
onset of irregular growth, and hence it does not perturb the
initial stages of deposition. Also, electroconvection origi-
nates from the electric fields appearing at the tips of the
deposit [26]; thus we believe that this motion is related ba-
sically to at least one possible mechanism of dendritic
growth. While suppression or limitation of buoyancy-driven
convection aims at simplifying the system under study, sup-
pression of electroconvection might result in changing its
physical nature.

In situ visualization of the cell enabled us to follow the
evolution of the dendrites [Fig. 1(b)], and, simultaneously, to
measure concentration maps; for this we made use of the
absorption properties of Cu>* ions [33].

III. EXPERIMENTAL RESULTS

We performed experiments in galvanostatic conditions,
for constant current densities ranging from J*/2 to 2.5J%, i.e.,
from 1.8 X 1073 to 8.5X 10 A cm™2. At low current densi-
ties (J<<J¥), we observed that the concentration gradients
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FIG. 2. Variation of dendrite growth velocity with time. The
growth velocity changes from v, close to the Chazalviel prediction,
to a much smaller value v,. This change occurs at the same time as
the dendrite structure changes [see Fig. 1(b)]. (a) The applied cur-
rent [ is slightly above I (I=1.2XT*); (b) I=2.5XTI".

were not constant throughout the cell [40]. Hence the current
density was not uniform in the cell, possibly due to nonuni-
formity of the electrode surface. However, at high current
densities, the concentration maps appeared to be much more
uniform. We attribute this behavior to a more efficient deoxi-
dation of the electrode surface at higher current densities. In
any case, for a given cell, we will report in the following the
maximum values of the parameters we measure in the cell,
the local current density, deposit length, and velocity.

At high current densities, the early stages of deposition
were similar to those reported in previous studies. We first
observed an induction period, during which a variation of the
concentration appeared in the cell, with the concentration
decreasing at the cathode and increasing at the anode. In this
period, the deposit growth was very slow, we could not ob-
serve any dendrite, and the cell potential was almost con-
stant. When the concentration decreased to zero at the cath-
ode, at a time close to Sand time, the cell voltage increased
rapidly, then stabilized: at this moment dendrites started
growing. The observed behavior was compatible with the
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FIG. 3. Variation of the length [* at which we observe the den-
drite morphological change shown in Fig. 1(b), with applied current
density (open circles). Closed circles show the theoretical predic-
tion [from Eq. (6)].

Chazalviel and Elezgaray et al. models; the dendrite velocity
vy was close to the velocity of the anions, i.e., v ~—-u,E.

Due to dendritic growth, the distance between the deposit
and the anode rapidly decreased; consequently, J* increased
[Eq. (3)]. When working at a constant current, the distance I’
between the deposit front and the anode eventually decreased
to a value [*, at which the corresponding value for J* was
equal to the imposed current density. We then observed that
the deposit growth velocity suddenly decreased to a value
v,<v; (Fig. 2). We also observed a clear difference in the
dendrite morphology, which was powderlike in the v regime
and compact in the v, regime [Fig. 1(b)].

The dependence of the distance [* on applied current den-
sity is shown in Fig. 3. Theoretical values are shown for
comparison. The fluctuations observed on our experimental
values are due to uncertainties on our measurements; in par-
ticular, the value of [* at which the transition is observed is
not precisely determined (see Fig. 2).

We attribute the changes in growth velocity and dendrite
structure to a transition from the high-density regime
(Chazalviel or Elezgaray et al. model) to a low-current-
density regime compatible with the Monroe-Newman model
[7]). In order to further support this hypothesis, we per-
formed experiments at current densities much lower than J*.
In this case, we observed that dendritic growth was very far
from that predicted by Elezgaray et al. or Chazalviel: the
variation of the cell voltage was markedly different, with no
abrupt increase of the cell voltage [40]. We observed den-
dritic growth, but the growth velocity was not constant, in-
creasing with the dendrite length. It was always much
smaller than that expected for the anions (Fig. 4). In general,
it was compatible with that observed in the v, regime at high
current density. Also, the time at which dendrites appeared
was much larger than expected from an extrapolation of the
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FIG. 4. Plot of the deposit length as a function of time at low
applied current /=0.86 X I*: this variation is in qualitative agree-
ment with Monroe’s prediction [7], as suggested from the inset,
where we observe a linear dependence of the growth velocity with
the deposit length.

Sand time. In general we observed only a few dendrites (pos-
sibly one), which appeared to be compact. A plot of the
dendrite velocity as a function of the dendrite length is
shown in the inset of Fig. 4; an almost linear increase is
observed, in qualitative agreement with Monroe-Newman
prediction [7].

IV. CONCLUSION

Two dendritic growth modes were observed in metal elec-
trodeposition from a binary electrolyte. If the applied current
is larger than the limiting current, these modes can be ob-
served consecutively in a single experiment. In this case, the
transition appears at the distance from the negative electrode
where the limiting current becomes equal to the applied cur-
rent. At the early stage of the experiment, in agreement with
earlier experiments, our results may be explained in the
framework of the models proposed by Chazalviel [5] or
Elezgaray et al. [4]. The second behavior, as well as that
observed in experiments performed at low current density,
agrees well with a model recently proposed by Monroe and
Newman [7]. In the low-current-density regime, dendrites
appear much later and grow much more slowly than in the
high-current-density regime: hence, if one wishes to avoid
dendritic growth, the former regime may be considered as
more favorable than the latter.
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