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Electrodeposition in highly viscous media: Experiments and simulations
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a b s t r a c t

Electrolyte viscosity plays an important role in ion transport. Here we study the effects of high viscosity
variations in thin-layer electrochemical deposition (ECD) under constant-current conditions through
experimental measurements and theoretical modelling. The viscosity was varied through glycerol and
polymer additions and the tracking of convective fronts was performed through the use of optical and
particle image velocimetry techniques with micron sized particles. The theoretical model, written in
terms of dimensionless quantities, describes diffusive, migratory and convective ion transport in a fluid
under constant-current conditions. Experiments reveal that as viscosity increases, convection decreases,
while concentration gradients increase. These effects are more pronounced when the current increases.
Theory and simulations predict that as viscosity increases, the Poisson and Reynolds numbers decrease
whereas the Peclet and electric Grashof numbers increase. Therefore, electroconvection becomes more
relevant.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Electrochemical deposition (ECD) of ramified deposits in thin-
layer cells, producing complex geometries of fractal or dendritic
character [1], is a paradigmatic model for studying growth
pattern formation. Issues of ECD are particularly pertinent in the
case of macrowiring using bipolar electrochemistry (spatially
coupled bipolar electrochemistry, SCBE [2]), in which electro-
dissolution and electrodeposition in an applied electric field can
be exploited to create directional growth of copper deposits
between copper particles that are not connected to an external
circuit. In an ECD experiment, the electrolytic cell consists
essentially of two glass plates sandwiching a metal salt electro-
lyte and two parallel electrodes of the same metal as the elec-
trolyte cation (the cell setup is shown in Fig. 1). When an electric
current or voltage difference is applied between the electrodes,
metal ions are reduced producing a ramified deposit. Cell
geometry, its orientation relative to gravity, electrolyte concen-
tration, cell current and other parameters give rise to a great
variety of deposit morphologies such as fractal, densely branched
or dendritic. As current flows through a thin electrochemical cell,
ion concentration boundary layers develop near both electrodes.
At the anode, the concentration is increased above its initial level
due to the transport of ions towards the electrode together with
ález).
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the dissolution of metal ions. At the cathode, the ion concen-
tration is decreased as metal ions are reduced and deposited
while anions drift away. These concentration variations lead to
density variations, and so to the development of gravity-driven
convection rolls at the electrodes. This flow was studied in [3]
using a particle tracking technique to measure the convective
velocity field.

During deposit growth, a complex ion transport process takes
place, mainly governed by diffusion, migration and convection.
Convection, in turn, is driven by coulombic forces due to local
electric charges and by buoyancy forces due to concentration
gradients that lead to density gradients. Indeed, convection
increases complexity in thin-layer electrochemistry. Convection
can be reduced by diminishing cell thickness [4], carrying out
experiments in a cell with different orientations relative to gravity
[3–5], or increasing electrolyte viscosity [6]. In this sense, viscosity
could be a tool for understanding the different modes of transport
in thin-layer ECD.

Several studies [3,7,8] have found that gravity-driven convection
rolls initially grow in size as t4/5, where t is time, while at later times
the growth crosses over to a t1/2 growth law. Viscosity, a key
parameter in analyzing the influence of convection, was studied in
[6,9] where it was varied by means of glycerol addition, from 0 to
3.5n0, where n0 is the viscosity of pure water. Experiments revealed
that with increasing viscosity, convection decreased while
concentration gradients, electric resistance and voltage increased;
concentration and convective fronts slowed down, but their time
scaling followed the same law as for solutions without glycerol,
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Fig. 2. Geometric definition of top and side view model. The domain of each model is
defined by the intersection of the cell and the depicted plane.

Fig. 1. Schematic diagram of the experimental cell.
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only differing by a constant. In this paper, we extend those exper-
imental results by varying viscosity in the range of 0–22.9n0 by
adding glycerol and polyethylene oxide (PEO).

Theoretical models describing diffusive, migratory and convec-
tive ion transport in a fluid subject to an electric field under
constant voltage were presented in [10–12]. In [13], a one-dimen-
sional model for ECD under constant-current conditions was pre-
sented. Here, we extend those models to include fluid motion
under constant-current conditions. The plan of the paper is to carry
out simulations and then compare them with experimental
measurements.

2. Experimental setup

This consists of a thin layer of unsupported electrolyte
confined between two parallel glass plates (see Fig. 1). The elec-
trolyte solution was 0.1 M ZnSO4. To increase viscosity, solutions
with glycerol additions of 0%, 30%, 50% and 70% in weight were
employed. They correspond to viscosities of 0, 2.5, 6.05 and 22.9n0,
respectively. Solutions with PEO additions of 1% and 5% in weight
were employed as well. Zinc wire electrodes were placed at the
ends of the cell with a separation of L¼ 10 mm; their thickness
(0.50 mm) defined the thickness of the cell. The cell width was
w¼ 25 mm. Experiments were performed under constant-current
conditions. The Schlieren method was used to observe electrolyte
concentration gradients [9]. For fluid tracking, latex spheres of
0.9 mm diameter were added to the fluid. A public domain soft-
ware package Image [14] was used for image capturing and
processing.

3. Theoretical model

Ion transport in thin-layer ECD can be described with a mathe-
matical model based on first principles, including the Nernst–
Planck equations for ion transport, Poisson’s equation for the
electric potential, and the Navier–Stokes equations for the fluid
flow. The three-dimensional dimensionless system of equations
can be written as

vCi

vt
¼ �V$ji (1)

ji ¼ �MiCiVf� 1
Pei

VCi þ Civ (2)

V2f ¼ Po
X
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z ¼ �V2J (5)

v ¼ V�J (6)

Here Ci and ji are the dimensionless concentration and flux of the
ith ionic species (for a ternary electrolyte such as ZnSO4/H2SO4,
i¼ C, A and H, standing for zinc, sulphate and hydrogen ions); v, f, z

and J are the dimensionless fluid velocity, electrostatic potential,
vorticity vector and velocity potential vector, respectively; g/g is
a unit vector pointing in the direction of gravity. The quantities Mi,
Pei, Po, Re, Ge and Ggi stand for the following dimensionless
numbers: Migration, Peclet, Electric Poisson, Reynolds, Electric
Grashof and Gravity Grashof numbers, respectively (see details in
[10–12]). zi is a signed quantity, being positive for cations and
negative for anions; g is the dimensional gravitational acceleration.
For system closure, a Boussinesq-like approximation has been used
for the fluid density (details in [12]).

The three-dimensional model presented here is treated as
a separate set of two two-dimensional models in a horizontal plane
and a vertical plane, respectively [10]. The horizontal plane model
constitutes the top view model while the vertical plane model
constitutes the side view model (see Fig. 2). The top view model is
invariant under the force of gravity (which is normal to the plane of
the cell). In the side view model, electric and gravity forces are
coplanar.

The boundary conditions for the velocity potential vector for
both models are as follows: In a planar impermeable surface, the
vector is normal to the surface and its gradient is zero; at nonslip
surfaces, the tangential derivative of the velocity components is
zero. The boundary and initial conditions for the top view model
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Fig. 3. Temporal evolution of the anodic front.
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Fig. 4. Temporal evolution of the anodic front on a logarithmic scale.

1 Note that L(t) is defined in terms of C. Was it defined in terms of A the result
would not significantly vary.
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(side view conditions are described in the y–z domain) under
constant-current conditions in an ECD simulation [13] on the
cathode and deposit are as follows:

fðx; yÞ ¼ � kT
zCef0

ln½zCCðx; yÞ� (7)

vC
vn
ðx; yÞ ¼ 0 (8)

JAðx; yÞ ¼ 0 (9)

where J is the current density. For the anode, we have

JCðx; yÞ ¼
J

zCe
(10)

JAðx; yÞ ¼ 0 (11)

fðx; yÞ ¼ JLðtÞ
ZZ

dx dyP
i

ziCimi
(12)

where in Equation (12) the cell resistivity is assumed to be of
migratory nature, thus neglecting diffusion effects in calculating
the total voltage drop in the cell. Before defining factor L(t) of
Equation (12), we would like to review some concepts. In
a constant-current densely branched morphology ECD experiment
the main cause of the voltage drop is due to the evolution of the
deposit (distance between the cathode/deposit and anode is
reduced) and the cell resistance is proportional to one minus the
dimensionless position of the deposit front. In addition, the
distance between the deposit front and the cathodic concentration
front (cation reduction and anion migration to the anode) is almost
constant [3,13] and short. As our numerical model does not incor-
porate a growth model, we detect the position of the cathodic
concentration front (instead of the deposit front) and therefore
define L(t) as follows:

LðtÞ ¼
(

1 if vC
vy ¼ 0

1�min
n

y0
���y0˛½0;1�; c1 � vCðy¼ y0Þ

vy � c2

o
otherwise

where c1 and c2 are some given positive constants. When the ion
concentrations1 are homogeneous, the first part of the function
definition applies. The second part of the definition defines the y-
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axis position where the homogenous ion concentration at the bulk
of the solution meets with the non-homogeneous ion
concentration.

For the lateral sides, the boundary conditions are

vC
vn
¼ vA

vn
¼ vf

vn
¼ 0 (13)

At t¼ 0, ion concentrations are homogeneous, the electrostatic
potential is ramp function (ðfðt ¼ 0ÞÞ=vx is zero and ðfðt ¼ 0ÞÞ=vy
is a constant greater than zero), and the velocity field is zero.
b

Fig. 6. Side view simulations. Temporal evolution of the anodic front on a logarithmic
scale.
4. Experimental and numerical results

The addition of glycerol modifies the dielectric constant of the
solution and also the cell resistivity. Fig. 3a and b shows for currents
of 2 and 6 mA, respectively, the time evolution of the anodic front
for different glycerol and PEO additions. We study the anodic front
which is not perturbed by the deposit front. While the viscosity of
the solution as a function of glycerol additions is known, this is not
the case for PEO. These results reveal that gravitoconvective fronts
yield a similar pattern whether for glycerol or for PEO solutions
when the electric current is varied. With the goal of analyzing front
evolution when viscosity is varied while the resistivity is kept
constant, Fig. 4a and b shows the evolution of anodic fronts on
a logarithmic scale for PEO additions alone. They reveal that
initially the time scaling goes as t4/5; at longer times we conjecture
that the time scaling will tend to t1/2. (Cell length and deposit
growth do not allow the tracking of the evolution of the front for
these range of values, though they present a similar behavior to
previous works [6]). When viscosity is increased, the anodic front
has the same behavior except for a displacement from the origin.

Fig. 4a and b shows that for low density currents (the average
current densities at 2 and 6 mA are 16 and 48 mA/cm2, respec-
tively), the transition towards a diffusive regime (t1/2 growth law)
requires less time than for higher density currents. Although
current density varies significantly during the process (area and
deposit morphology are substantially modified), viscosity prevails,
damping the front more rapidly.

As previously shown [6,9], at the lower range of viscosity,
increasing viscosity leads to a considerable decrease in convection,
and the electroconvective motion takes a longer time than the
gravitoconvective motion. In addition, the damping effect of
Fig. 5. Effect of viscosity on electr
viscosity is compensated by the increment of the electric field as
a consequence of higher glycerol concentration.

To analyze the dependency between electroconvection and
viscosity, it is convenient to work in an experimental regime in
oconvective motion. i¼ 2 mA.



Fig. 7. Top view model simulations. Effect of viscosity on electroconvective motion. i¼ 2 mA.
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which electroconvection prevails. Accordingly, we used a cell in
a vertical position relative to gravity with thickness 0.1 mm and
a 0.1 M ZnSO4 ion concentration [15]. Fig. 5 shows the flow
surrounding a flat electrode (cathode) with a small protruding
spike, as well as the deposit growth for different viscosities. One
can readily see the attenuation in electroconvective motion when
the viscosity varies from 2.5n0 to 6.1n0. Therefore in the higher
range of viscosity, the damping effect of viscosity prevails.

We next discuss our numerical simulations. The computational
model solves the previous system of equations, over incremental
time steps in a fixed domain, using a two-dimensional uniform
lattice, the finite difference method and standard relaxation tech-
niques (details can be found in [10,11]). The simulations are
described by the set of dimensionless numbers presented above.
The computational model is written in the C language and imple-
mented on an Itanium class computer under Linux. The side view
model uses a rectangular cell of 400� 20 nodes for different values
of the dimensionless numbers, while the top view model uses
a rectangular cell of 400� 200 nodes for the same set of dimen-
sionless numbers.

The evolution of the anodic front is studied using the side view
model. The concentration average is calculated in the vertical
direction (z-axis) and its gradient in the horizontal direction (y-
axis). Fig. 6a and b shows for 2 and 6 mA currents, respectively, the
time evolution of the anodic front for different viscosities on
a logarithmic scale. A comparison of the simulated and experi-
mental results shows a remarkable agreement.

Electroconvective motion is studied using the top view model.
The growth is simulated by a single spike in a flat electrode (the
spike is connected and perpendicular to the cathode as shown in
Fig. 7). Fig. 7a and b shows respective snapshots of the electro-
convective vortex and the electric field for different viscosities. The
attenuation of the motion can be clearly appreciated, when
viscosity increases.

5. Discussion

Through out this paper an experimental and numerical study of
high viscosity fluids in ECD was presented. By employing different
experimental strategies we were able to analyze several charac-
teristics of the processes involved in ECD over a broad viscosity
range. For viscosity values where our experiments reached
a limitation, we employed numerical tools to perform a deeper
study of those particular scenarios.

We conclude that simulations carried out are in agreement with
experimental results. Both show that the time scaling of the grav-
itoconvective front follows the same law as for aqueous solutions
for the range of viscosities employed. Gravitoconvective fronts are
steeper at higher current densities. Moreover, we showed that for
large viscosity variations, the damping effects over electro-
convection prevail when glycerol or PEO is added.
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