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Transition from gravito- to electroconvective regimes in thin-layer electrodeposition
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The transition from gravitoconvective to electroconvective prevailing regimes in thin-layer electrochemical
deposition is analyzed through variations of electrolyte viscosity at constant cell thickness. The distribution of
velocity directions at the deposit front is a measure of the relative weight of electroconvection versus gravi-
toconvection, and a signature of that transition. The experiments are carried out under galvanostatic conditions
in convection prevailing regimes. Particle image velocimetry reveals that at low viscosities, buoyancy driven
convection dominates; as viscosity increases, electrically driven convection becomes more important, eventu-
ally prevailing. The transition is observed at 1.5 times the viscosity of water. The theoretical model presented
reveals that an increase of the Poisson and Reynolds numbers and a decrease of the Peclet and electric Grashof
numbers, when viscosity increases, makes the electroconvective motion relatively more important. The model
predicts a transition at approximately two times the viscosity of water. We may conclude that, in a physico-
chemical hydrodynamic flow involving ions, under galvanostatic conditions, increasing viscosity damps gravi-
toconvection and enhances electroconvection.
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I. INTRODUCTION

In electrochemical thin-layer electrodeposition~ECD!, the
use of relatively high current densities, along with the a
sence of support electrolyte, give rise to complex, branc
growth morphology@1#. In this situation, the transport o
ions in the electrochemical cell is due to a combination
migration, diffusion, and convection. The relevance of co
vection, relative to migration and diffusion, in ion transpo
and growth morphology in ECD, for cells with thicknes
larger than 50mm, has been demonstrated by a number
researchers@2–21#. In cells with thickness less than 50mm,
diffusion and migration are the dominant modes in ion tra
port as shown by Legeret al. @17#. Convection is driven
mainly by Coulombic forces due to local charges@8,9,15#,
and by buoyancy forces due to concentration gradients
lead to density gradients@14,15#. When ramified deposits
form, they interact with gravity driven vortex tubes and ele
tric driven vortex rings, yielding a complex three
dimensional helicoidal fluid motion. The only way to asse
quantitatively those interactions is through fluid velocity d
rection measurements. In this way, the relative weight
gravity to electroconvection can be determined. The stud
the relative weight of electroconvection against gravitoc
vection in ECD is relevant because it determines the fl
regime and thus ion transport and growth morphology. O
way to analyze this problem is through variations in c
thickness@15,22#; an alternative shown below, is throug
electrolyte viscosity variations. The former was addresse
the works of Huthet al. @15#, and Marshallet al. @22#. In
Ref. @22#, a theoretical analysis was performed in which t
equations describing ECD are written in terms of dimensi
less quantities. In particular the gravity Grashof Gg and
electric Grashof Ge numbers represent the relative stre
of the electric and gravity forces, respectively. The ra
l5 Gg/Ge was introduced to express the importance
1063-651X/2002/65~5!/051607~8!/$20.00 65 0516
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gravitoconvection as compared to electroconvection. It w
found that the variations ofl correlate well with the change
in the relative importance of both modes when the thickn
was varied. Viscosity is a key parameter to analyze the
fluence of convection. In a typical hydrodynamic flow, i
creasing viscosity produces a general damping of the fl
pattern. In a physicochemical hydrodynamic flow involvin
ions, the situation is more complex as shown below. In
recent paper, Gonzalezet al. @23# presented an extensive ex
perimental and theoretical study of the role of viscosity
ECD under galvanostatic conditions, where viscosity w
changed through glycerol additions. Experiments revea
that increasing viscosity, convection decreased and con
tration gradients were more pronounced, while electric re
tance and voltage increased. Concentration and convec
fronts slowed down with viscosity, but their time scalin
followed the same law as for solutions without glycerol, on
differing by a constant. The theoretical model present
based on that introduced by Marshallet al. @22#, describes
diffusive, migratory and convective ion transport in a flu
subject to an electric field. It is shown theoretically th
under galvanostatic conditions, while the gravity Grash
number remains constant, the electric Grashof number
creases with viscosity. This fact demonstrates that elec
forces increase relative to gravity ones as viscosity increa
thus motivating the present work. In this paper we stu
through experiments, theory and computational modeli
the relative importance of gravitoconvection vis-a-vis ele
troconvection in ECD. The transition from gravity to electr
convective prevailing regimes is analyzed through variatio
of electrolyte viscosity at constant cell thickness and un
galvanostatic conditions. In particular we measure fluid
locities by means of particle image velocimetry~PIV! using
micron sized particles. Viscosity variations are achieved
means of glycerol addition. The distribution of velocity d
rections at the deposit front is a measure of the rela
©2002 The American Physical Society07-1
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TABLE I. Definitions and values of experimental dimensionless numbers.

Number Definition n0 1.3n0 1.8n0 2.5n0 3.8n0

Migration MC5mCF0 /x0u0 0.66 0.66 0.66 0.66 0.66
MA5mAF0 /x0u0 1.0 1.0 1.0 1.0 1.0

Peclet PeC5x0u0 /DC 18 23 31 44 66
PeA5x0u0 /DA 12 15 21 29 43

Poisson Po5x0
2C0e/eF0 183108 153108 113108 8.93108 6.53108

Reynolds Re5x0u0 /n 1231023 9.731023 7.331023 5.331023 3.731023

Froude Fr5u0
2/x0g 1.331027 1.331027 1.331027 1.331027 1.331027

Electric Grashof Ge5eC0F0 /r0u0
2 2.331012 3.031012 3.931012 5.431012 7.931012

Gravity Grashof GgC5x0C0gaC /u0
2 4.73104 4.73104 4.73104 4.73104 4.73104

GgA5x0C0gaA /u0
2 7.13104 7.13104 7.13104 7.13104 7.13104
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weight of electroconvection versus gravitoconvection, a s
nature of that transition. The remainder of the paper is or
nized as follows. In the following section we examine t
theoretical model describing ECD. Experimental setup a
results are presented in Secs. III and IV. Section V addre
the computational modeling results. The final section dra
some general conclusions.

II. THEORETICAL ANALYSIS

In a typical experiment, when the circuit is closed t
current starts flowing through the electrolyte: cations a
anions move towards the cathode and anode, respecti
Because of ion depletion near the cathode~cation aggrega-
tion and anion migration! and ion enhancement near the a
ode ~anions piling up and cations entering through the d
solving anode!, in an initial period—that is, before an
growth is visible in the cathode—zones with low concent
tion near the cathode and high concentration near the an
develop rapidly. These are separated by an initial concen
tion value zone. Near the cathode the density is lower t
the bulk electrolyte, while at the anode it is higher. Th
unstable configuration generates a density current flow
both electrodes: at the cathode the fluid ascends toward
top confining plate and at the anode descends towards
bottom. They generate two vortex tubes or rolls moving
opposite directions@14,15#. During this initial period cation
depletion at the cathode is supposed to be uniform. Simu
neously, in a very narrow region near the cathode a lo
charge develops due to ionic depletion, giving rise to C
lombic forces initially pointing towards the cathode. Aft
the initial period, which typically last few seconds, an ins
bility develops by which the branched deposit growth is tr
gered. Imaging the deposit as a three-dimensional arra
thin porous metallic filaments, Coulombic forces concentr
at their tips according to a model developed in Ref.@16#;
each filament allows fluid to penetrate its tip and be ejec
from the sides, configuring a toroidal vortex ring driven
the electric force. In the quasiplane of the growth, the pre
ous three-dimensional picture reduces to the pair of coun
rotating vortices and arcs at the tips of each filament as
scribed by several authors@7–13,16#; in the plane normal to
both, the quasiplane of the growth and the electrodes, it
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duces to a pair of vortex rolls. The phenomenological mo
discussed above can be described using the Nernst-Pl
equations for transport of ions@24–26#, the Poisson equation
for the electric potential, and the Navier-Stokes equations
the fluid flow. This model is an extension of the mode
introduced by Marshallet al. @22,27#. The dimensionless
system of equations is

]Ci
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“Ci1Civ ~2!
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ziCi ~3!
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Re
“
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ziCi ~4!

“•v50 ~5!

Here Ci and j i are the dimensionless concentration a
flux of an ionic speciesi ~for a ternary electrolyte such a
ZnSO4 /H2SO4, i 5C, A, andH, standing for zinc, sulphate
and hydrogen ions!; v, f, P, and E are the dimensionles
fluid velocity, electrostatic potential, pressure, and elec
field, respectively;gÕg is a unit vector pointing in the direc
tion of gravity. The dimensionless numbers are defined
Table I ~for details, see@23#!. In Ref. @23# the quantitieszi ,
m i , andDi are, respectively, the number of charges per i
mobility, and diffusion constants of an ionic speciesi ; m i
and zi are signed quantities, being positive for cations a
negative for anions;g is the dimensional gravitational acce
eration;e is the electronic charge,e is the permittivity of the
medium andn is the kinematic viscosity.x0 , u0 , F0 , C0,
and r0 are reference values of the length, velocity, elect
static potential, concentration, and fluid density, respectiv
7-2
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TRANSITION FROM GRAVITO- TO . . . PHYSICAL REVIEW E65 051607
For system closure, a Boussinesq-like approximation
been used for the fluid density:r5ro(11S ia iDCi), where
a i51/ro]r/]Ci .

Numerical solutions to these equations are presente
the numerical simulation section.

III. EXPERIMENTAL SETUP

Figure 1 shows a typical cell used in our ECD expe
ments. It consists of a thin layer of unsupported electrol
confined between two parallel glass plates. The electro
solution was 0.1 M ZnSO4. To increase viscosity, solutio
with glycerol additions between 0% and 40% in weight we

FIG. 1. Schematic diagram of the experimental system for p
ticle tracking. S, light source;M, Navitar long working distance
microscope; CCD, video camera.
05160
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employed. They correspond to increases in viscosity from
to 3.75 n0, respectively, wheren0 is the viscosity of pure
water. Zinc wire electrodes were placed at the two ends
the cell with a separationL515 mm; their thickness~0.50
mm! defined the thicknessd of the cell. The cell width was
w525 mm. Experiments were performed under galvan
static conditions.

The optical setup is similar to that described in Ref.@23#.
The image is viewed with a charge-coupled device~CCD!
video camera with a 50 mmf /1.4 camera lens. For fluid
tracking, latex spheres of 0.9mm diameter were added to th
electrolyte as flow visualization particles. To observe them
Navitar long working distance microscope~M! was used.
Video images were digitized and saved to disk at up to
frames/s with a spatial resolution of up to 3mm/pixel. A
public domain software package@28#, was used for image
capturing and processing. Image processing techniq
where employed to enhance particle detection. A PIV al
rithm was employed for trajectories detection and veloc
computations.

IV. EXPERIMENTAL RESULTS

In the following set of experiments we show the influen
of viscosity on the deposit morphology and convection
gime. These experiments are governed by a set of dimens
less numbers presented in Table I. They show that increa
viscosity under galvanostatic conditions decreases the r
l. Figure 2 shows the evolution of the deposit growth, for t
first 30 s, in a cell withd50.50 mm under galvanostati
conditions (I 510 mA) when viscosity is increased. Th
rows correspond to different values of glycerol concent
tion. From top to bottom: 0%, 10%, 20%, 30%, and 40
respectively. Each column shows snapshots at different ti

r-
-

t

,
r-

,
.
e

FIG. 2. Snapshots of the de
posit growth for different viscosi-
ties ~0.50 mm and 10 mA!. Each
column corresponds to a differen
time; from left to right: t5 0, 6,
12, 18 and 24 s. In each column
each frame corresponds to diffe
ent glycerol concentrations; from
top to bottom: 0%, 10%, 20%
30% and 40%, respectively
Frame dimensions: 1.53 mm wid
and 1.17 mm in height.
7-3



t.
-
i-

d
,
nt
,

a
-

-

G. GONZALEZ, G. MARSHALL, F. MOLINA, AND S. DENGRA PHYSICAL REVIEW E65 051607
FIG. 3. Top view cell visual-
ization of 1 mm sized particle
trajectories near the deposit fron
To show the motion of tracer par
ticles, in each frame, several dig
tal images~spanning an interval of
10 s! were superimposed an
thresholded. From left to right
each column represents a differe
time interval: left, 0–10 s; center
10–20 s; right, 20–30 s. From top
down, each row corresponds to
different value of glycerol concen
tration: 0%, 10%, 20%, 30%, and
40%, respectively. Frame dimen
sions: 1.53 mm wide and 1.17 mm
in height.
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~time increasing from left to right!. At the scales shown in
the pictures~time scale: the first 30 s, spatial scale 1 mm!,
the deposit varies from compact to dendritic, as viscos
increases. This variation is reversed at longer times
larger spatial scales~as observed in Ref.@23#!, in which few
branches survive at low viscosities, while a more comp
structure emerges at higher viscosities. Now we analyze
pattern of convective motion by particle tracking. Figure
shows a top view of the cell, near the deposit front, visu
izing the fluid flow through particle trajectories. Here, t
cell was 0.50 mm thick, 25 mm wide and subject to a co
stant currentI 510 mA. Several digital images spanning a
interval of 10 s~left column, 0-10 s; center column, 10–20
right column, 20–30 s! are superimposed and thresholded
show the motion of the tracer particles. From top down
each column, each frame represents a different value of g
erol concentration: 0%, 10%, 20%, 30%, and 40w/w, respec-
tively, yielding viscosities fromm0 to 3.8 m0, respectively,
wherem0 is the water viscosity. In almost all the frames, tw
regions are observed:~a! a zone with a convection dominate
05160
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flow, with long, continuous trajectories; and~b! a steady state
region in which a Brownian motion is observed, with ve
short trajectories. In the convection dominated zone, we
distinguish gravity driven convection dominated flow~par-
ticle trajectories, entrained in a vortex tube with an horizo
tal axis, are projected as lines in the plane of the cell, mov
upwards near the deposit front and downwards in the z
limit ! and electroconvection dominated flow~particle trajec-
tories entrained in a toroidal vortex ring centered at a
branch are projected as a circle in the plane of the cell!. In
the top two rows, gravitoconvection prevails as revealed
the linear trajectories, while in the remaining rows, due to
increase in viscosity, the gravitoconvection is attenuated
electroconvection prevails as shown by the near circular
jectories. In the bottom frames the increase of viscosity p
duces a substantial damping of convection. It is also
served that convection takes longer time to establish itse
electroconvective regimes than in gravitoconvective o
~compare, for instance, first and last rows of Fig. 3!. The
relative importance of gravitoconvection and electroconv
7-4
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FIG. 4. Distribution of particle
velocity vector directions~in the
10–20 s interval! for different
angles, where a 0 ° angle mean
motion parallel to the cathode
Each graph corresponds to a di
ferent value of glycerol concentra
tion: ~a! 0%, ~b! 10%,~c! 20%,~d!
30%, and~e! 40%, respectively.
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tion can be assessed measuring the velocity direction: in
gravitoconvection regimes a top view of the cell will sho
the projection of the vortex tube trajectories as lines norm
to the cathode, while in pure electroconvection regimes a
view will show circular trajectories. Thus, Fig. 4 shows t
distribution of particle directions~in the 10–20 s interval!
obtained by the tracking algorithm, for different angle
Here, a 0 ° angle means motion parallel to the cathode.
seen in Fig. 4~a! that for 0% glycerol the dominant directio
is perpendicular to the electrode, indicating a gravitoconv
tive dominant regime. As viscosity is increased, Fig. 4~e! for
40% glycerol the parallel and normal direction have simi
weight, revealing a circular motion, and thus electroconv
tive prevailing conditions.

Considering the values of velocity, Fig. 5 shows avera
of the normal (̂n'&) and parallel (̂n i&) velocity compo-
nents, and of the absolute value of velocity (^n&), as a func-
tion of viscosity. We observe a decrease in the absolute v
as expected. The normal component decreases as visc
increases, while the parallel one remains approximately c
stant. This corresponds to a decrease of gravitoconvec
relative to electroconvection~this is further elaborated in Fig
6, below!. To estimate the average gravitoconvective (^nG&)
and electroconvective (^nE&) vortex speeds, we assume th
the normal and parallel components, measured from t
projection on the cell plane, are related to the former
^n i&5^nE&, and ^n'&5^nG&1^nE&. This is based upon the
fact that, since we are measuring on a projection on the p
of the cell, the electroconvective motion is seen as a circ
motion (̂ nE,'&5^nE,i&) whereas the gravitoconvective mo
tion is seen as a line (^nG,i&50). Figure 6 shows the result
for ^nE& and ^nG& as a function of viscosity. We observe
crossover at about 1.5n0 corresponding to a transition be
tween gravitoconvection and electroconvection. It is o
served that̂ nE& in Fig. 6 appears to be approximately ind
pendent of viscosity, whereas in Fig. 3, for 0% glycer
05160
re

l
p

.
is

c-

r
-

s

ue
sity
n-
on

t
ir
y

ne
ar

-

,

there are almost no circular trajectories visible. This effec
due to the inability of the tracking algorithm to cope with th
three-dimensional~3D! nature of particles motion and fiel
depth effects. In fact, theoretical considerations predict t
electroconvective motion should increase with viscosity d
to the voltage increase as viscosity increases.

V. NUMERICAL SIMULATIONS

The three-dimensional model presented in Sec. II
treated as a set of two bidimensional models in a horizo
and a vertical plane, respectively,@22,27#. The horizontal
plane model constitutes what we call the top view mo
while the vertical plane model constitutes the side vi
model. The top view model is invariant under gravity forc
~gravity is normal to the plane of the cell!. In the side view
model, electric and gravity forces are coplanar. The com
tational model solves the previous systems, for each t
step, in a fixed domain, in a 2D uniform lattice~equal spac-

FIG. 5. Average velocities: Absolute value, parallel and norm
components~referred to the cathode!, as a function of viscosity.
7-5
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ing in both directions! using finite differences and determin
istic relaxation techniques~details can be found in@22# and
@27#. The interface is moved at random using a dielectri
breakdown model@29#.

In the following we present numerical results obtain
with the side and top view models in the simulation of EC
experiments~a growthless process is asumed! in which the
relative importance of gravitoconvection as compared
electroconvection is analyzed, through viscosity variatio
This pretends to mimic the physical experiments presente
the preceding section. The simulations are described by
set of dimensionless numbers shown in Table II.~The Froude
number is not present in the transport-vorticity form of t
equations used in the simulations!. The values of the Poisso
and electric Grashof numbers differ from typical experime
~compare Tables II and I!. This is due to numerical limita-
tions: higher values of those numbers imply steeper gradi
in the solution, thus requiring finer grids and consequen
large computational facilities. The computational model
written in the C language and implemented on a Pentiu
class computer under Linux. The side view model use
rectangular cell of 800325 nodes for different values of th
dimensionless numbers, while the top view model use
rectangular cell of 4003200 nodes for the same set of th
dimensionless numbers.

Figures 7 and 8 present top and side view model resu
respectively, in an earlier stage of the simulation for differe

TABLE II. Values of the numerical dimensionless numbers.

Symbol n0 1.3n0 1.8n0 2.5n0 3.8n0

MC 0.66 0.66 0.66 0.66 0.66
MA 1.0 1.0 1.0 1.0 1.0
PeC 18 23 31 44 66
PeA 12 15 21 29 44
Po 5.03102 4.73102 3.73102 2.93102 2.03102

Re 1231023 9.731023 7.431023 5.331023 3.731023

Ge 1.03104 1.63104 2.23104 2.93104 3.43104

GgC 1.03104 1.03104 1.03104 1.03104 1.03104

GgA 1.03104 1.03104 1.03104 1.03104 1.03104

FIG. 6. Average values of the experimental electroconvec
and gravitoconvective velocities as a function of viscosity.
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values of viscosity, and for an enlarged region near the c
ode. They show superimposed, stream function and ca
concentration contour lines, and the electric field. Al
shown in Fig. 7 are the spikes introduced to simulate
deposit growth. These pictures show vividly the existence
electric dipoles, concentration fronts and vortex rolls. In F
7 the electric vector field reveals its convergence to the
posit tips. Here the motion is restricted to the zone near
cathode. Figure 9 shows, in circles, the average gravitoc
vective velocity and, in squares, the electroconvective vor
velocity, as a function of viscosity under galvanostatic co
ditions. For averaging velocities, we used the region near

e

FIG. 7. Top view simulations~in a region near the cathode!, for
an earlier stage of the simulation, for:~a! 0% and~b! 40% glycerol.
Superimposed contour lines of the stream function and cation c
centration and the electric vector field are shown.
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TRANSITION FROM GRAVITO- TO . . . PHYSICAL REVIEW E65 051607
cathode or the deposit front, where motion is observed.
averaged gravitoconvective velocity decreases with visco
as expected, similar to what happens with the^nG& values
obtained from experiments. The averaged electroconvec
velocity increases, because an increase in viscosity u
galvanostatic conditions, produces an increase in volta
This is in qualitative agreement with the results of Fig.
The experimental electroconvective velocity~Fig. 6! appears
to be constant, due to the algorithm shortcomings alre
mentioned. In summary, the numerical results show t
when viscosity increases, velocities in the top view mo
are larger than those in the side view model. Contrar
when viscosity decreases, velocities in the side view mo
are larger than in the top view model.

VI. DISCUSSION

The observable for analyzing the transition from grav
to electroconvective prevailing regimes in ECD is the dis
bution of fluid velocity directions near the deposit front. I
measurement shows that by increasing the viscosity the
tensity of gravitoconvective motion decreases, while elec
convective motion becomes relatively stronger. Under g
vanostatic conditions, as viscosity increases, the electric
and the electric forces increase, yielding the observed
crease of electroconvection with viscosity. A transition fro
gravitoconvective to electroconvective regime is observe
aboutn51.5n0. Our theoretical model predicts, through th
analysis of the dimensionless numbers~see Table I!, that in-
creasing viscosity diffusion and convection slow down,
shown by the variations of Pe and Re. Migration is invaria
in the present conditions (M values are constant!, because
the electric field is increased to keep the current const
This electric field increase yields larger Ge values~higher
electric forces!, too. On the other hand, the Gg are consta
due to the fact that constant current yields equal density
dients and thus constant buoyant forces. Therefore, incr
ing viscosity under galvanostatic conditions decreases
ratio l. Our two-dimensional numerical models~top and side
view models! are used to analyze the experimental behav

FIG. 8. Side view simulations~in a region near the cathode!, for
an earlier stage of the simulation, for:~a! 0% and~b! 40% glycerol.
Superimposed contour lines of the stream function and cation
centration are shown.
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In these models, as in the experiments, we compute ave
velocities to study the transition from gravitoconvective
electroconvective regimes~through viscosity variations!.
These results are depicted in Figs. 7 and 8. Their anal
show the same trends as in the experiments: electrocon
tive vortices in Fig. 7~b! are larger than those of Fig. 7~a!,
due to the electric field increase caused by higher visco
The figure shows arcs of concentration contour lines, s
rounding each tip, containing the vortex dipole associa
with that tip, and two limiting zones: an inner zone almo
depleted of ions, and an outer zone that rapidly reaches
bulk concentration value. This has been experimentally
served by many authors~ @11–13,16,19,21,30#!. In Fig. 8, the
slowing down of convective motion due to viscosity increa
is clearly seen. Also, at a higher viscosity@Fig. 8~b!# the
concentration gradients are steeper due to a decrease in
fusion. These predictions are confirmed by present and
vious experimental results@23#. In summary, the simulations
show that when viscosity increases, velocities in the top v
model are larger than those in the side view model; wh
viscosity decreases, the situation is reversed. This is c
densed in Fig. 9, where a transition is found at aboun
52n0 , in a remarkable agreement with the experimen
which revealed a transition near 1.5n0. Concluding, our ve-
locity measurements allow a quantitative assessment of
viscosity influence over convective motion. It is found that
a physicochemical hydrodynamic flow involving ions, und
galvanostatic conditions, increasing viscosity damps grav
convection and enhances electroconvection through ele
field increase. These experimental results are interprete
terms of the top view and side view theoretica
computational models. These models simulate the limit
cases of electrical driven or gravity driven convection p
vailing regimes, respectively, as follows. The top view mod
describes adequately the experiments for high glycerol c
tents ~high viscosity!, an electroconvective prevailing re
gime, while the side view model describes the 0% glyce
experiments, a gravitoconvective regime. Thus, o
theoretical-computational model is able to predict the m
features of electrohydrodynamic flows, including the tran
tion from gravitoconvective to electroconvective regimes.

n-

FIG. 9. Dimensionless average values of the simulated elec
convective~squares! and gravitoconvective~circles! velocities as a
function of viscosity.
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