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Role of convection in thin-layer electrodeposition
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Measurements of fluid motion during thin-layer electrochemical growth reveal that convection
arising from concentration gradients that are transverse to gravity is immediate and substantial for
experimental conditions typical to many studies in the literature. A particle tracking technique is
used to determine and follow the time evolution of the convective velocity field. The contribution of
buoyancy driven convection to local and global transport is compared to that arising from diffusion.
A transition is observed from a regime in which the convection rolls near each electrode grow as t*/%
to a regime with the roll size growing as t'/2. Convection generated by electric fields can also be
important in electrodeposition experiments; the measured electroconvective velocities are found to
be much smaller than those predicted by the theory of Fleury and Chazalviel.

PACS number(s): 81.15.Pq, 47.20.Bp, 47.65.+a, 82.45.+z

I. INTRODUCTION

Thin-layer electrodeposition has achieved widespread
popularity in recent years as a paradigm for the exper-
imental study of pattern formation during growth [1,2].
The patterns formed under some conditions are fractals
and have been analyzed assuming that diffusion is the
dominant mode of chemical transport. However, convec-
tion is inevitable in electrodeposition and in most cases
convective effects are not negligible, as we shall show.

Electrodeposition experiments could be accurately de-
scribed by a purely diffusive model if buoyancy driven
convection and electric field effects were negligible and
if the chemical kinetics were sufficiently fast. One sim-
ple purely diffusive picture, the diffusion limited aggrega-
tion model proposed by Witten and Sander [3], has been
found to provide a reasonable description of the fractal
structure of growing electrodeposition clusters under con-
ditions of low ionic concentration and low applied volt-
age [4-6]. This model with independent random walkers
continues to guide research, yielding surprising statistical
regularities in randomly constructed patterns [7-10].

A purely diffusive model, however, cannot describe the
observed cooperative effects such as oscillatory growth
[11,12], certain patterned states (e.g., dense or comblike
structures [13,14]), and transitions in the global morphol-
ogy of a growing cluster [15,16]. Under many conditions,
tonic migration is a more important transport mode than
diffusion, and the drift of chemical impurities can al-
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ter patterns dramatically [17-21]. Complicated dynami-
cal behavior is observed when multiple chemical reaction
pathways are available [12,22].

The existence of convective transport in electrodeposi-
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FIG. 1. Convective motion in electrodeposition visualized
with tracer particles in (a) a side view, showing particle trajec-
tories in a vertical plane, and (b) a top view, showing particle
trajectories in a horizontal plane. The convective motion is
driven primarily by buoyancy in (a) and by the electric field
in (b). In each case, 36 digital snapshots, spanning an interval
of 6 s, are superposed to show the motion of tracer particles.
The arrows indicate the direction of flow. The conditions
are as follows: (a) t ~ 15 s, the cell is 17 x 1 x 0.25 mm?®,
[ZnS04]=0.2M, and J = 40 mA /cm?; (b) t ~ 840 s, the cell
is 25 x 25 x 0.1 mm?, [CuS04)=0.01M, and J = 4 mA/cm?.
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tion has long been recognized and is a major reason for
the use of thin gap cells [4]. However, the importance of
convection has become appreciated only with the recent
observations of concentration variations [23,24].

We have developed a particle tracking technique that
has enabled us to make the first direct measurements of
convective motions in electrodeposition. Measurements
are made not simply of the velocity at a point, but of the
entire velocity field in a plane, either parallel or perpen-
dicular to the electrodes. The time evolution of the veloc-
ity field during the growth process is determined using a
digital imaging system to follow large numbers (typically
200) of small, neutrally buoyant tracer particles.

Buoyancy driven convective motion is inevitable when-
ever deposition establishes a concentration gradient with
a component perpendicular to the direction of gravity.
Figure 1(a) is an example of data for buoyancy driven
convection: tracer particle trajectories are shown in a
vertical plane perpendicular to the electrodes. Our ob-
servations indicate that, even in thin gap cells, such fluid
motion develops quickly (~ 15 s) after a voltage is im-
posed across the electrodes.

For some conditions, fluid motion arises primarily from
electric field rather than buoyancy effects, as Fig. 1(b) il-
lustrates: the particle trajectories are shown in a horizon-
tal plane, parallel to the electrodes. The importance of
this electroconvection has been recently emphasized par-
ticularly in the work of Fleury and co-workers [25-28],
who have proposed a model that captures the main fea-
tures of the flow; however, although measurements of
concentration variations have tested some aspects of the
model, the predictions have not previously been tested
with direct velocity field measurements.

Our data for the velocity field as a function of cell
depth, current density, and electrolyte concentration help
in distinguishing different mechanisms driving the con-
vection motions and help elucidate the role of convective
processes in electrodeposition. After describing our ex-
perimental approach in Sec. II, we present in Sec. III
the results for buoyancy driven convective transport for
a range of conditions typical of past electrodeposition
studies. In Sec. IV we examine electroconvection, com-
paring the predictions of the Fleury model with our veloc-
ity measurements, and we present evidence suggesting an
additional electric-field-driven convection mode observed
in electrodeposition: electro-osmosis. Section V is a dis-
cussion.

II. EXPERIMENTAL SYSTEM

Experiments are done in a thin layer of metal salt solu-
tion (ACS reagent purity ZnSO4 or CuSO4 from Aldrich,
0.01-0.5M) confined between parallel glass plates sepa-
rated by a small gap distance d and terminated at either
end by zinc or copper wire electrodes of length w, sep-
arated by a distance [ (Fig. 2). The cell width w and
length [ are usually large compared to the gap d. Electric
current is driven through the cell, causing positive metal
ions to be extracted from solution and electrodeposited
onto the cathode, building a complex, branching metallic
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FIG. 2. Schematic diagram of the experimental system. A
fixed current imposed upon the cell drives deposition at the
cathode and dissolution at the anode.

structure. The anode injects metal ions into the solution
at the far end of the channel, conserving the current and
keeping the total number of ions in the cell fixed. The
current is maintained constant to within 0.02% or better.

Fluid flow is visualized with nonionic, neutral density
tracer particles (1 — 3 pum diameter; 108 cm=2) added to
the electrolyte solution. Figure 1(b) is a top view of the
experiment, useful for visualizing electroconvective fluid
motion occurring within the quasiplane of the growth.
Buoyancy driven flow, however, occurs perpendicular to
the quasiplane of growth and is more effectively studied
by viewing from the side, as in Fig. 1(a). Cells with
small w are used when viewing from the side, but in all
side-view experiments w > d. The microscope objectives
used have a very short depth of field, so that only those
particles lying within about 15 ym of the focal plane are
observable.

A stepper motor and translation stage position the
cell. An Olympus Ultra Long Working Distance micro-
scope objective collects collimated white light transmit-
ted through the cell and images it on the charge coupled
device camera. Images are recorded on a Sony Extended
Definition Beta videotape system. An Apple Macintosh
IIfx personal computer with a Data Translation Quick
Capture electronic frame grabber card digitizes video
data with 256 gray levels at up to 15 frames/s and 0.9 um
/pixel resolution when the 200x microscope lens system
is used. The National Institute of Health’s public domain
software package IMAGE is used to superimpose digital
snapshots to produce composite streak images [29].

Particles are tracked using software developed by Per-
vez and Solomon [30]. A sequence of video images con-
taining tracer particles is digitized and background light-
ing inhomogeneities are subtracted. The first stage of
analysis generates the (z,y) coordinates of all the parti-
cles present in a given frame. A “particle” is identified as
a contiguous region of pixels having gray scale intensity
values above a specified level and falling within a specified
size range. A center-of-mass calculation is performed on
the distribution of pixel intensity values within each such
identified region, generating a list of floating-point coor-
dinate pairs for all particles found at a given time. The
second stage of analysis reads this list and assigns every
(z,y) pair to the trajectory (t,z,y) associated with an
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individual particle, using the particle’s history to predict
its upcoming location. Typically, a few hundred particles
are detected in each frame and individual particles are of-
ten followed for the duration of the tracking experiment
unless advected out of the field of view.

To measure the evolution of the concentration field,
a 10x microscope objective incorporating a two-arm
Michelson interferometer (Ealing model 25-0092) is used
with helium-neon laser light. Standard microscope slides
(76 x 25 x 1 mm3®) confine the fluid and an evaporated
aluminum coating on the far glass surface serves as an
optically satisfactory mirror. The depth-averaged con-
centration field at any time can be deduced from the
interference fringe pattern.

III. BUOYANCY DRIVEN CONVECTION

A. Local transport considerations

In thin-layer electrodeposition, the chemical reactions
occurring at each electrode create gradients in ionic con-
centration [31]. When the cell is oriented in the usual hor-
izontal configuration, the density gradients produced by
these concentration gradients drive unavoidable fluid flow
near each electrode. Since surfaces of constant density
are not parallel to surfaces of constant pressure, buoyancy
forces cannot be balanced in the absence of convection:
a vanishing velocity field (U = 0) is not a solution of the
Navier-Stokes equations [32]. Metal ions depositing onto
the cathode leave the solution nearby less concentrated
and thus less dense. Low density fluid rises, driving an
immediate and dramatic flow, as illustrated in Fig. 1(a).
Convection is significant within a few seconds after initi-
ation of an experiment; experiments typically last a few
thousand seconds. A similar mechanism drives a sinking
flow near the anode, where ions that are injected into
the fluid raise the concentration and density. The two
flows are independent, at least for short times and large
electrode separation; in the absence of possible electric
field effects, which will be discussed in Sec. IV, tracer
particles far from either electrode display only Brownian
motion. In Sec. III B we will consider the global nature of
the convective motions, but first we consider the motion
near the electrodes.

Figure 3(a) shows interferometric measurements of the
density gradients responsible for buoyancy driven flow
near the anode. The interferometer is adjusted to give a
pattern of parallel, uniformly spaced linear interference
fringes filling the field of view. The distorted interference
pattern measured at some time during the experiment
is compared to the uniformly spaced pattern recorded
before current flows. The locations where interference
fringes have been distorted by m original fringe spacings
have experienced a density increase such that exactly m
additional wavelengths now fit into the round-trip path
length (2w) through the sample. By subtracting the
undistorted fringe pattern at ¢ = 0 from the distorted
pattern at a later time, we can locate the curves of con-
stant density [shown in Fig. 3(a)]. The concentration
along one of these curves obeys

/\va.c

O=0Cs+ m2w(dn/dC)

=02 + m(0.011)M, (1)

where dn/dC is the rate of change of the refractive index
with concentration (dn/dC = 2.9 x 1072M~! for He-Ne
light in ZnSO4 [24]) and Ayac = 632.8 nm is the vacuum
wavelength of He-Ne laser light.

The isoconcentration curves in Fig. 3(a) are not par-
allel to the electrode surface since diffusion is not the
only transport process. Figure 3(b) shows the evolution
of the concentration profile measured at mid-depth from
Fig. 3(a); density gradients are quickly established by
the chemical reaction occurring at the electrode surface.
Interferometric techniques provide a noninvasive tool for
studying the concentration field [24] and continue to shed
light on the deposition process [33,55].

The strength of the buoyancy driven flow is illustrated
by the velocity profiles in the horizontal and vertical di-
rections shown in Fig. 4. For the 0.25-mm cell depth
used in these measurements the maximum velocity near
the electrode vmax is about 30 pm/s (for the conditions
in Fig. 4). Hence the advective flux Cvpnax is greater
than the diffusive flux DVC for distances greater than
~ 20 pum from the electrode surface. A characteristic
time for the convective flow in the neighborhood of the
electrode is 7 ~ wd/4vmax ~ 6 s for the experiment of
Fig. 4. Note in Figs. 4(c) and 4(d) that all circulation
passes within d/2 of an electrode surface. The horizontal
velocity component as a function of height has a slight
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FIG. 3. (a) Interferometric measurement showing lines of
constant density near the anode at three times. (b) The cor-
responding ionic concentration at mid-depth as a function of
distance from electrode surface. (The cell is 18 x 1 x 0.25 mm?,
[ZnS04]=0.2M, and J = 40 mA /cm?.)
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asymmetry about the midplane; the flow away from ei-
ther electrode comprises a faster, narrower plume than
the return flow. This asymmetry is small in Fig. 4, but
is quite pronounced at early times in a deeper cell, as
Fig. 5 illustrates for a 1-mm-deep cell: the high density
fluid leaving the anode spans only 40% of the cell depth
and is 50% faster than the return flow of low density
fluid; the maximum velocity is reached at about 15% of
the cell depth.

At early times the flows near the anode and the cath-
ode have the same structure. At longer times, however,
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FIG. 5. Horizontal velocity component in a 1.0-mm-deep
cell, showing the asymmetry as a function of depth. (¢t =~ 90 s,
the cell is 17 x 1 x 1 mm?®, J = 40 mA /cm?, [ZnS04)=0.2M,
and ¥ = 2 mm from anode.)

when the solution near the cathode becomes depleted
of ions, the growing, branching electrodeposit leads to a
complicated flow at the cathode end of the cell while the
flow remains simple near the anode. Hence our measure-
ments of the convective velocity as a function of experi-
mental parameters are made near the anode.

The time evolution of the fluid motion near the anode
is shown in Fig. 6 for cells with four different gaps. The
time scale of these measurements is long compared to the
time for diffusion of momentum across the gap; even for
the 1-mm-thick cell the viscous diffusion time d2/2v is
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FIG. 6. Time evolution of the horizontal component of the
velocity close to the anode for four different gap spacings,
from the start of the experiment until the velocity reaches an
asymptotic value. Measurements were made at a horizontal
distance of 2d from the electrode, at the depth corresponding
to the maximum in the velocity. (The cell is 100 x 50 x d mm?®,
[ZnS04]=0.1M, and J = 40 mA/cm?.)
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FIG. 7. Dependence of the
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only ~ 1 s; hence the convective disturbance fully fills
the cell depth space as it propagates away from the elec-
trode. (For comparison, the convective time scale 7 is
about 15 s for this 1-mm gap experiment.) The measure-
ments in Fig. 6 were made at the depth corresponding
to the maximum in the horizontal component of the ve-
locity, at a horizontal distance of 2d from the anode. At
this location tracer particle motion is reversed for ap-
proximately the first 20 s after the current is initiated
and then velocity increases rapidly.

The reverse motion is due partly to electro-osmosis (see
Sec. IV B), which is fluid flow driven by the instanta-
neously established electric field, and partly to a small
electrophoretic drift of the tracer particles through the
fluid. These electric field driven motions dominate dur-
ing the first 20 s, while the density gradients responsible
for buoyancy driven convection are still being established.
After a few hundred seconds the velocity profile at a dis-
tance 2d from the anode is essentially time independent,
as can be seen in Fig. 6. For small gaps the asymptotic
velocity is approached from below, while for large gaps
the velocity overshoots and approaches a final value from
above.

The dependence of the asymptotic horizontal velocity
maximum on plate separation d, average current den-
sity (J = I/wd), and bulk concentration C is shown in
Fig. 7. As expected for buoyancy driven convection, the
maximum velocity increases with increasing d and J and
decreases slightly with increasing Co,. The dynamic vis-
cosity is concentration dependent, increasing about 24%
as the molar concentration of our electrolyte solutions is
raised from 0.05M to 0.5M; this contributes to the de-
crease in flow speed as the bulk concentration is raised
[34]. Note also that an asymmetry develops as an exper-
iment proceeds: fluid viscosity is lowered by depletion
close to the cathode but raised by the injection process
near the anode.

B. Growth of the convection rolls

The region of density driven convection increases in
time, invading the cell from both ends, as the sequence

: : : ; : centration (J = 40 mA/cm?,
0.1 0.2 0.3 04 0.5 d=0.5 mm, and ¢ = 900 s).
C.. (mol/l)

of plots of tracer particle trajectories in Fig. 8 illustrates.
This sequence shows that the convection rolls develop
independently near each electrode; during the time of
this figure there is no significant convection in the cen-
tral 70% of the cell, which is not shown. However, the
convection rolls generated at the anode and cathode con-
tinue to grow and ultimately collide approximately 3000 s
after the start of the experiment. This modifies signifi-
cantly the global concentration distribution and the flow
pattern. The collision of the oppositely growing convec-
tion rolls can lead to a change in the growth rate and
in the morphology of the electrodeposit. Such changes
have been previously linked to the arrival at the deposit
of a migratory “front” of chemical impurities originating
from the anode [15,17-20], but little consideration has
been given to perturbations by convective fronts [21].

The full time evolution of the interacting modes of
transport in electrodeposition is revealed by the strik-
ing space-time diagram in Fig. 9(a). This figure is con-
structed from digital gray scale images made with the
camera viewing the electrodeposition cell from above.
Measurements made each 10 s are averaged over 10%
of the cell width (the x direction) to reduce each image
to a line, and then these lines are stacked to yield the
space-time image spanning the duration of the exper-
iment (2500 s). Visualization of the different transport
modes is accomplished by adding tracer particles, a small
amount of sulfuric acid, and a color pH indicator to the
electrolyte.

The “cathodic roll” is visible in Fig. 9(a) because the
porous, growing cluster inhomogeneously filters incoming
electrolyte, creating a nonuniform distribution of tracer
particles in outflowing fluid. The zone of cathodic con-
vection appears to grow sublinearly at first, but is quickly
slaved to the linearly advancing electrodeposit.

The pH front is visualized using bromocresol green in-
dicator. This indicator in zinc sulfate solution is col-
ored yellow below pH 3.8 and changes to dark blue
above pH 5.4. When sufficient sulfuric acid is added
to 0.1M ZnSO4 to move the electrolyte pH below 3.8,
we found that we could visualize migratory transport di-
rectly. When an electric field E,, is impressed across
the cell, protons are driven away from the anode with a
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speed vy+ proportional to their electrophoretic mobility
pu+ (va+ = pa+Ew), leaving behind a zone of high pH.
The pH front in Fig. 9(a) marks the boundary between
the zone of ambient pH (light) and the higher pH zone
depleted of migrating protons (dark). The nearly linear
growth of the high pH zone indicates that the electric field
changes little in the bulk electrolyte during galvanostatic
growth. When the growing cluster encounters the high
pH zone, the growth morphology changes, the branch tip
color becomes visibly darker, and the growth speed de-
creases abruptly, as indicated by the change in slope of
the cluster boundary near 700 s. This morphology tran-
sition, triggered by the arrival of a migratory front, is
sometimes called the Hecker effect and has been exam-
ined in detail in recent years [15,17-21]. The space-time
description used here visually captures the growth speed
modification caused by the arrival of the pH front.

A second transition in the growth process occurs at
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about 1100 s, when the cluster encounters the mov-
ing, concentrated fluid in the anodic roll. The speed
of growth decreases substantially, as can be seen in
Fig. 9(a), though this second (convection-related) transi-
tion is more gradual than that triggered by the (migra-
tory) pH front.

Our visualization of multiple transport modes makes
it possible to distinguish transitions involving convection
from those arising purely from migration. The very dark
zone advancing behind the pH front defines the convect-
ing anodic roll. We believe that the darker color results
from a trapping of indicator molecules inside the roll.
Looking through a microscope, we see streaming motion
of the tracer particles confined to the darker colored por-
tion of the high pH zone, with Brownian motion domi-
nant in the lighter colored portion. The anodic roll ini-
tially grows according to a sublinear power law, as we
shall show. At approximately 1000 s, the cathodic and
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FIG. 8. Side view of electrodeposition showing the growth of convection rolls (a) near the cathode, where the depleted
electrolyte rises and drives a clockwise flow, and (b) near the anode, where the electrolyte with high concentration falls and
also drives a clockwise flow. The affinity of the growing cluster for the lower plate probably results from the combined effects
of gravity acting upon the metallic electrodeposit and from preferential growth in the direction of the stronger concentration
gradient that exists near the bottom of the cell in the presence of convection. In the cell center, away from the convection rolls,
the tracer particles exhibit Brownian motion. These images are formed by superposing digital snapshots recorded over a 10-s
interval, then aligning five images end to end to view the entire roll composite. The composites are labeled according to the
time at which the end of the roll was in view. (The cell is 17 x 1 x 0.22 mm?, [ZnSO4]=0.2M, and J = 45 mA/cm?.)
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anodic rolls collide and merge into a single convecting
zone driven from both sides. Highly concentrated mate-
rial previously trapped in the anodic roll is now entrained
in the single roll and advects rapidly to the growth in the
lower half depth of the cell. The nonuniform distribu-
tion of tracer particles that delimited the cathodic roll is
similarly entrained after collision, advecting toward the
anode in the upper half depth of the cell [see the curve
labeled “after collision” in Fig. 9(a)].

Measurements of the concentration as a function of
position in the cell, made by separating the cell into
ten parts and titrating to determine the concentration
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FIG. 9. (a) Space-time representation of a electrodeposi-
tion experiment showing the evolution of the metallic clus-
ter, the migratory pH front, the cathodic convection roll, and
the anodic convection roll. The change in growth rate of the
cluster upon encountering the pH front is characteristic of
the Hecker effect [17-20]. The growth speed also decreases
sharply when the cluster encounters the highly concentrated
anodic roll. (b) Concentration of zinc ions as a function of
distance from the cathode, at four times: O, 285 s; A, 600 s;
*, 1260 s; and O, 2460 s, which are indicated with the re-
spective symbols on the right-hand side of (a). (The cell is
100 x 50 x 1.0 mm?, [ZnSO4]=0.1M, and J = 100 mA/cm?.)

HUTH, SWINNEY, McCORMICK, KUHN, AND ARGOUL 51

of the zinc ions, are presented in Fig. 9(b). These mea-
surements, made in a high purity cell without visual-
ization additives, show that the concentration gradient
is increased in the center of the cell after the collision
of the anodic and cathodic rolls (cf. the measurements
at 600 and 1260 s). The concentration profile abruptly
changes curvature following roll merger, but thereafter
evolves very little, and the cluster advances more slowly
in the higher-concentration zone [see Fig. 9(a)].

The situation pictured in Fig. 9(a) is for a cell with
large current density and large plate separation. In such
cells, for smaller current density the material from the
anodic roll can advect to the cluster before the migratory
pH front is expected to arrive, perturbing the growth ear-
lier than purely migratory considerations would suggest.

To characterize the advance of the anodic convective
disturbance, we measure the roll size as the distance be-
tween the anode surface and the location beyond which
tracer particles have no mean motion [35]. Measure-
ments of the size of the anodic convection roll as a func-
tion of time for different cell depths reveal two distinct
regimes, as Fig. 10 illustrates: the roll size grows as t/5
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FIG. 10. Size of the convecting zone as a function of time
for cells of different depths: (a) with dimensional size and
time and (b) with time scaled by 2, the molecular diffusion
time across the fluid depth, and the roll size scaled by L,
(cf. the text) evaluated at t2. The roll size grows as t*/5 at
short times and as t*/2 at long times. Cell depth: W, 1.0 mm;
+, 0.5 mm; O, 0.25 mm; and A, 0.125 mm. (The cell is
100 x 50 x d, [ZnSO4]=0.1M, and J = 40 mA/cm?.)
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for short times and large gaps and as t1/2 for long times
and small gaps; the latter case is the most relevant to
experiments in electrodeposition, which often seek to re-
duce convective effects by decreasing the plate separa-
tion. The observed dependence of the size of the con-
vection roll on plate separation d [Fig. 11(a)], current
density J [Fig. 11(b)], and time [Fig. 10(b)] (and the ab-
sence of a dependence on concentration [Fig. 11(c)]) can
be combined into a single phenomenological relation that
describes the behavior for the parameter range studied,

L1/2(Ja d7 t) = 0J3/10d6/5t1/27 (2)

where the constant o has the value 0.48 for L and d in
cm, J in mA/cm?, and ¢t in seconds.

Some insight into the short-time behavior can be
gained by considering the high-density fluid produced at
the anode as a gravity current penetrating a lower-density
fluid [36-38]. The t*/® evolution we see at early times in
large gaps seems to follow from this approach, although
the applicability of this formulation to electrodeposition
[23] is clearly limited. We will describe the gravity cur-
rent analysis of Huppert [36] and then examine the condi-
tions under which the model could be applicable to con-
vection in electrodeposition. Consider the penetration of

a volume Q of dense fluid (e.g., oil; density po) into a
rectangular chamber of lower density fluid (e.g., air; den-
sity poo). If the volume of high-density fluid present in
the chamber is increased at a constant rate, then Q = qt,
where ¢ is the time-independent flux rate. This volume
can be estimated by Q ~ Lhw, where w is the chamber
width and L and h are estimates for the gravity current’s
length and height, respectively. Balancing the buoyancy
force acting on the gravity current with the viscous drag
on the current leads to the following scaling relations [39]:

L(t) ~ (M)été, (3)

povw3

1
2 5
g po¥ ) t5. (4)

) ~ <g(po = Poo)w?

Can the invasion of the high-density fluid from the an-
ode in electrodeposition be described by this formula-
tion? Some important distinctions should be mentioned.
In our case, the high-density zone is not of uniform den-

(a) (b) ©

sity po, but rather the density is a function of space
and time, determined by simultaneous solution of the
time-dependent Navier-Stokes equations and the diffu-
sion equation involving nonlinearly coupled convection
and migration. Unlike the penetration of oil into air, here
the high-density zone mixes readily with the low-density
fluid. Under conditions of constant current deposition, a
constant mass fluz (not volume flux) is imposed at each
electrode; only if the flow is fast can this be approxi-
mated as an introduction of a volume of uniform density.
In a thin gap electrochemical cell & cannot grow without
limit — the maximum value is d. Moreover, the electro-
chemical cell is closed so fluid cannot flow through the
end walls and the return flow outside the gravity current
is not negligible.

Despite these differences, if the convective flow were
fast (compared to diffusion), high-density fluid created

~within d/2 of the anode surface could be advected away

at such a high rate that the density throughout the grav-
ity current would be nearly uniform (po; concentration
C, throughout). This amounts to insisting that convec-
tion alone accounts for particle lux outside a thin dif-
fusion layer at the electrode surface. In a deep cell this
fast-moving high-density zone would be free to expand
in depth during the early part of the experiment. Rosso
et al. observed the t*/® growth of the cathodic convec-
tion zone in a 0.5-mm-deep cell during the early part
of a constant current electrodeposition experiment [23].
The anodic flux rate analogous to that used in the ca-
thodic study of Rosso et al. is ¢ = Jdw/zeN4(Co—Cx),
where ze is the Coulombic charge on a metal ion and
N, = 6x1022 jons/mole. The length of an anodic gravity
current under galvanostatic conditions is then described

by

9(po — poo) Jd ak s
L(t)"’[ pov (zeNA(Co—Coo))} te. (5)

The t%/® scaling agrees with our observations for early
times in experiments involving large gaps and fast flow.
The dependences of the other parameters could not be
confirmed since under the assumption of rapid advection,
the concentration Cy and the density po established near
the anode prior to the fluid motion increase with the
current density, highlighting the complicated interplay

T FIG. 11. Evolution of the anodic roll
size during the t'/2 regime as a func-
tion of (a) gap size (J = 40 mA/cm?,
] [ZnSO4])=0.1M, and t = 500 s), (b) cur-
rent density ([ZnSO4]=0.1M, d = 0.5 mm,
and t = 1500 s), and (c) solution concentra-
tion (J = 40 mA/cm?, d = 0.5 mm, and
t = 1500 s). The slopes of the lines are given
. to indicate the power laws discussed in the

text. (I = 100 mm, w = 50 mm.)
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between diffusion and convection.

The assumptions leading to the t%/5 scaling break down
if diffusion establishes concentration variations over a
large spatial region. With constant mass flux imposed at
the electrode surface, the volume of the gravity current
Q@ increases linearly in time only if its density remains
constant in time, but the density po at the anode surface
grows in time when diffusion is important. Constant cur-
rent experiments dominated by diffusion should have a
t1/2 growth of this surface density [31]. If the height h
ceases to grow because of depthwise confinement and the
density added increases like t1/2, then both the volume
Q/a.nd the length L of the high-density zone will grow as
/2,

Figure 10(b) shows that the data for the time depen-
dence of the convection roll size in cells with different
thicknesses d all collapse onto a single curve if the time
and convection roll size are made dimensionless as fol-
lows: divide time by t3, the time taken for molecular
diffusion over a distance of d/2,

ta = (d/2)%/2D, (6)

and divide the roll size by the phenomenological length
Ly, evaluated at t;. Figure 10(b) shows that data for
different cell thicknesses make a transition from the 4/5
to the 1/2 scaling at the same point, which supports the
choice of dimensionless variables. The t%/5 scaling is seen
only in thick cells at early times. In thin cells such as
those used in most recent electrodeposition experiments,
the convection roll size scales as t!/? from the beginning
of an experiment. The relevance of the vertical molecu-
lar diffusion time £ to the rescaling of the roll advance
emphasizes the three-dimensional character of electrode-
position growth experiments even in thin-gap cells.

IV. ELECTRIC FIELD DRIVEN CONVECTION

The action of the electric field on the ions in the elec-
trolyte leads to migration and also convective effects. In
electrochemistry these complications are often reduced
by adding a high concentration of mobile ions, a support-
ing electrolyte, which increases the solution conductivity
so that the effect of the electric field on species of primary
interest can be neglected [31]. However, this technique
has seen little success in thin-layer electrochemical de-
position since supporting electrolytes perturb the branch
structure over the long time scales typical to growth ex-
periments. The chemistry is simpler without a support-
ing electrolyte, but the transport arising from the electric
field is non-negligible. For example, when ionic migration
is a significant transport mechanism, a transition in the
morphology of the growth structure can occur [15,17-20].
For low electrolyte concentration the convective effects
arising from a non-negligible electric field can be substan-
tial in thin-layer electrochemical growth experiments.

A. Electroconvection

Bruinsma and Alexander [40] discussed the possibility
of hydrodynamic flow generated solely by the action of
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the electric field on charges in an electrolytic cell, but
they predicted flow velocities much smaller than those
likely to arise preemptively from density gradients. It
seemed doubtful that this electrohydrodynamic instabil-
ity would be observable in experiment. However, Fleury
et al. [25-28] developed a model in which charges sur-
rounding a growing array of branches interact with the
electric field to generate vortex pairs in the plane of the
growth and they obtained images of the concentration
field that qualitatively supported their picture. Now
our velocity field measurements clearly reveal the vor-
tex pairs, as Fig. 1(b) illustrates. In this section, we
compare the prediction of Fleury et al. [27] with velocity
measurements.

The vortex pairs are formed by the electrical force
on space charge that accumulates near the branch tips,
thus pulling ions towards the electrode and dragging fluid
along [see Fig. 1(b)] [25-27]. The space charge near the
branch tips contributed by the diffuse Gouy-Chapman
portion (~ 10 nm thick) of the electric double layer [31]
is supplemented by a larger zone of unbalanced positive
charge (~ 1 pm thick) during steady-state electrodeposi-
tion, as Chazalviel has shown [14]. The porous metallic
deposit allows fluid to penetrate the tips and be ejected
from the sides, creating a counterrotating vortex pair at
each branch tip. Electroconvective vortices rotate in the
quasiplane of the growth, in contrast to buoyancy driven
flow, which pierces this plane near the branches (rota-
tion in a vertical plane). If the electric field is switched
off, the electroconvection abruptly ceases (on the time
scale of viscous diffusion), while buoyancy driven con-
vection continues until concentration gradients are dissi-
pated. Electroconvection is most easily observed in solu-
tions of low ionic strength (~ 0.01M), where the electric
field is not strongly shielded and large concentration gra-
dients cannot be established near the cathode (so that
buoyancy driven flow is less significant).

In the model of Fleury et al. growing branches form a
comblike array of infinitesimally thin, parallel conduct-
ing teeth, with space charge in the vicinity of each tip.
Under assumptions of quasi-two-dimensionality and flow
dominated by viscosity, the stream function in the refer-
ence frame moving with the tips involves a sum over the
contributions of each tooth [26]

fd z — kb
dmpy | £~ [(z — kb)2 + y2]’

P(z,y) = Vo + 3 (7

where V, is the growth speed of the tips, taken to be equal
to the anionic migration speed, f gives the strength of
the force on the positive space charge in the fluid (f > 0)
[41], d is the cell gap, b is the spacing between adjacent
branches, k labels the branches in the infinite array, p is
the fluid density, and v is the kinematic viscosity. The
unrealistic assumption of infinitesimal branch thickness
leads to a singularity in the velocity at each branch tip.
Fleury and co-workers [27] remove this singularity by sep-
arating the vortices generated on either side of a tip by
a finite distance (2a) representative of the branch width.
Defining 7, as the distance to the vortex centered at
(kb + a,0) and r_g, as the distance to the vortex cen-
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tered at (kb — a,0),

Ttka =\/(:1r:—kbq:a)2 + y2, (8)

one obtains a stream function that [42] incorporates fi-
nite branch thickness into the model, recovering the
infinitesimal-thickness expression in the limit a — 0:

fd R 1. (rota
— . 9
247 pv k; 2a In Thka ( )

oo

1/)(:1:3 y) = Vam +

The two-dimensional velocity field V =
—0vy/0x) is then given by

v, = 19 +§ R A—— (10)
® 487rpuak T—ka® Tha?)’

(09 /0y,

+oo
V, =V, fd Z (:c kb—l—a_z—kb——a).

48mpra X T ka? Tha?

(11)

The appropriate functional form for the force f has
been the subject of some discussion in the literature
[26,27], but the proposed forms have not been tested di-
rectly in experiments. Since the model velocity field de-
scribed above seems to capture qualitative features of the
flow, we fit the Fleury model to our data with f treated as
a fitting parameter. Applying the particle tracking pro-
cedure outlined above to the sequence of images shown
in Fig. 1(b) when viewed in the reference frame moving
with the central tip [Fig. 12(a)], we obtain the velocity
field throughout the field of view.

Our implementation of the model takes into account
the three tips appearing in Fig. 12(a) and their six ac-
companying vortices (two are off screen to lower left and
right). Each of the three branches makes a contribution
to the velocity field of the following amount:

v _fd y _ y
* 48mpra\(z+a)2+y? (z—a)2+y?)’

(12a)

_ fd z+a zT—a
Y 48mpra\(z+a)2+y? (z—a)2+y?)’ (12b)

where the calculation for each side branch is made in a
frame translated to the current tip and rotated appropri-
ately. The distance from a branch axis to the center of an
experimental side vortex is taken to be the value of a for
that branch. The parameter b does not enter explicitly in
(12) since we perform a translation of coordinates when
calculating the contribution for each branch. In the frame
comoving with the central tip, the side branches (which
grow at a relative angle) are not stationary and the calcu-
lation also takes into account this motion. The velocity
of the moving frame of the central tip V, = 10.7 pm/s
also contributes to the total calculated for V,, [as in (11)].
We include the small electrophoretic motion of the tracer
particles (see Sec. IV B) by adding 2.3 pum/s to V. Fig-
ure 12(b) shows the flow simulated by the model when

using the experimentally determined value of f.

We fit V,, measured along the path indicated by the
vertical line in Fig. 12(b) to that predicted by the three-
branch realization of the model, assuming the model val-
ues of f are equal for each branch. The model form fits
the data well, as Fig. 13(a) demonstrates, yielding a best
least-squares fit value for f: 4.7 x 1071° N. Using this
value of f, we can compare the velocity measured along
a line parallel to the electrode with the prediction of the
model, as shown in Figs. 13(b) and 13(c). The model
provides a fair qualitative but poor quantitative descrip-
tion of these velocity measurements since the theoretical
estimate for f proposed by others [26] is many orders of
magnitude larger than the value we deduce experimen-
tally.

The force parameter f can be estimated assuming
steady-state deposition and zero fluid flow [26,27]

FIG. 12. (a) Experiment of Fig. 1(b) viewed in a reference
frame moving with the central branch tip rather than in the
laboratory frame. (b) Simulated particle streaks generated by
the electroconvection model. Solid bars indicate the location
and orientation of each branch tip at the beginning and end
of a 6-s interval. (In this reference frame the side branches
move slightly during the short time interval.) Velocity mea-
surements along the dashed lines are compared in Fig. 13 to
predictions of the model.
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Fstatic = (1 + %) 2eN4Coo Eobdzy, (13)

C

where p, and p. are the anionic and cationic mobili-
ties, Foo is the magnitude of the electric field in the bulk
(Vo = —1.Ex), and z; is the thickness of the space
charge layer. If the fluid is stationary, this thickness is
estimated by [26]

/
2
o = 9eeopic(6U) , (14)
82eNACo Foo (/La + I/'c)

where ¢ = 78 is the dielectric constant of the electrolyte
and 6U =~ 1V is the voltage drop across the space charge
layer. Using our experimental values (Coo = 1072M,
E, = 130 V/m, b ~ 500 pm, and d = 100 pm), we
calculate £; = 0.9 pm and foatic = 3 X 107° N. The
predicted velocities (~ 30 cm/s) are then 10° times larger
than those observed in experiment.

The estimates given by Egs. (13) and (14) are valid

(a)

V, (um/s)

-50 L | ) | L |
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FIG. 13. Comparison of velocity measurements (®) with
the electroconvection model (solid curves): (a) The model is
fit to the data along the vertical line indicated in Fig. 12(b).
(b) and (c) The value of f obtained in (a) is used to compare
the model with measurements of two components of velocity
measured along the horizontal line indicated in Fig. 12(b),
0.15 mm ahead of the center tip.

only for steady-state deposition without fluid flow how-
ever. Fleury et al. suggest that fluid flowing into the tip
with speed V reduces the space charge layer thickness by

a factor £ [27],
1/3
} . (15)

For our experiment, the inflow speed in the laboratory
frame (V = 38 pm/s) reduces the force estimate by only
30%, so this correction alone cannot reconcile the factor
of 10° disagreement with experiment.

Adding the contributions of even distant tips influ-
ences the flow pattern; thus the failure to consider every
contributing branch leads to some error in our analy-
sis. However, since the three branches we consider are
well separated from other branches (the nearest branch
is ~ 1300 um from the central tip), this proves to be
a small correction in our case. Including the contribu-
tions of two additional tips at £1300 um, for example,
increases the experimentally obtained value of f by only
4%. In this analysis, we do not include the contribution
to fluid motion arising from electro-osmosis or the spa-
tial variation of the tracer particle electrophoresis since
both effects depend on the details of the electric field
near the growing cluster (see Sec. IV B). We expect that
the electro-osmotic contribution will be small near the
growth in this 100-pym-deep cell, but the electrophoretic
motion of the tracers through the fluid leads us to under-
estimate the fluid speed near the tips where the electric
field is strong.

A more refined model incorporating the distribution of
the charge near the cluster and the cluster shape would
undoubtedly yield better correspondence with the obser-
vations. However, even a reduction of the space charge
layer thickness to the 3-nm double-layer thickness ap-
propriate for a 1072M electrolyte is still insufficient to
account for the discrepancy, and it is difficult to believe
that the charged layer is smaller than this. A more thor-
ough understanding of the distribution of space charge
near the tips seems necessary to obtain f.

5 — (Na + H«c)Eoo
V+ (llfa + PLc)Eoo

B. Electro-osmosis

Electro-osmosis [43-48] is another convective effect as-
sociated with the electric field in thin-layer electrodepo-
sition experiments. This fluid motion arises when unbal-
anced charge residing in the solution near the confining
surfaces of the electrodeposition cell moves in response to
the electric field. This charge constitutes the diffuse part
of the electric double layer at the electrolyte-boundary in-
terface. The amount and the sign of this charge depend
on the material used for the cell boundaries, how that ma-
terial is treated before the cell is assembled (for example,
rubbing or etching the surface), and on the properties of
the solution (including pH). For an aqueous solution at
a clean glass surface, the charge in the liquid very near
the plate will be positive (H3O%) [44,45]. The applied
electric field acting parallel to the fluid-glass interface
during electrodeposition tends to move this charge to-
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ward the cathode, dragging fluid along, creating a flow
at the surface of each plate. If the cell is closed, the
incompressibility condition leads to the generation of a
pressure gradient across the length of the cell, driving a
return flow toward the anode at the center depth of the
cell. The velocity profile is parabolic as a function of z
with nonzero speed at each boundary [48,49], contrary
to the usual no-slip boundary condition; the return flow
at the cell center is of course in the opposite direction.
It is important to emphasize that the fluid itself moves
at the glass (at a distance corresponding to the double-
layer thickness, a few molecular diameters), leading to an
unusual slip boundary condition there [46].

The parabolic velocity profile of Fig. 14 shows the pres-
ence of electro-osmotic fluid motion in thin-layer elec-
trodeposition. The observed motion of tracer particles
results from the combination of electro-osmotic flow of
the fluid (parabolic in 2) and electrophoretic drift of the
tracer particles through the fluid (uniform in z). The pro-
file shows fluid motion toward the cathode near both con-
fining glass plates and return flow toward the anode near
mid-depth. The measurement is made at z = w/2 and
far from either electrode at y = I/2; gravity currents will
not arrive here for some time and, since no branch tips
are nearby, electroconvection as discussed above cannot
account for the motion here. The flow of Fig. 14 starts
abruptly upon initiation of the electric current (prior to
the emergence of branch tips from the distant cathode).
The flow reverses immediately (d?/2v = 0.08 s) if the
current is reversed and stops immediately when the cur-
rent is discontinued. We observe qualitatively similar
behavior using other tracer particles (latex beads and oil
drops) and using tracer particle seeding densities vary-
ing over three orders of magnitude. The parabolic shape

!
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FIG. 14. Parabolic shape of the horizontal velocity as a
function of depth measured far from either electrode indicates
electro-osmotic fluid motion. The measured particle speed is
the superposition of electrophoretic drift of the tracer par-
ticles through the fluid (3.7 pm/s toward anode, indicated
by dotted line) and the flow of the fluid itself. (The cell is
34 x 8 x 0.4 mm?®, [CuS04]=0.01M, and J = 6.4 mA/cm?.)

3455

of the profile, the slip condition observed near the wall
with opposite flow near the mid-depth, and the behavior
when varying the current level confirm the presence of
electro-osmotic fluid motion.

An accurate estimation of the electro-osmotic fluid ve-
locity at the wall ue, and the electrophoretic motion of
the particles uepn requires accounting for the finite width
of the confining cell using the correction of Komagata
[47,50]. When expressed in our coordinates, the velocity
profile measured at z = w/2, valid if w/d > 15 is

6 z z
= ACANE

Fitting our data to this expression, we find ue, =
—11.8 pm/s and uepn = 3.7 pm/s under these conditions
of electric field and solution concentration.

Electro-osmosis may have also contributed to effects
seen far from the growth by Fleury et al., who “noticed
that there is a global and quite slow motion of the trac-
ers towards the anode [26],” though without observation
of reverse flow near the plates, the motion as described
cannot be distinguished from particle electrophoresis.

Immediately after initiation of the electric field, the
most vigorous electro-osmotic flow occurs midway be-
tween the two electrodes (y = [/2) because the electro-
osmotic flow in the y direction must go to zero at the im-
pervious wire electrodes. The electro-osmotic flow should
primarily occur ahead of the growth, where the electric
field parallel to the glass is substantial. Behind the grow-
ing interface, in the region containing the metallic clus-
ter, the osmotic effect is small because the electric field
is small there. Even far from the electrodes, where the
electro-osmotic effect is greatest, the flow velocities in-
duced by electro-osmosis are small. Near the electrodes
the electro-osmotic flow is often negligible compared to
buoyancy driven convection or electroconvection.

The motion of particles toward the anode seen in
the early moments of the measurements of Fig. 6 is a
combination of electrophoretic particle drift and electro-
osmotic fluid motion. Although the same field is ap-
plied for all four experiments, the mean particle mo-
tion during reversal depends on the gap, with fastest
flow for d = 0.25 mm. Like electroconvection, electro-
osmotic flow decreases as bulk concentration is increased;
hence for the higher concentration of Fig. 6 this flow is
weak and is quickly dominated by buoyancy effects. At-
tempts to compare electrodeposition experiments to the
diffusion limited model are typically made in the low-
concentration limit, but in this limit the fluid motion
induced by electro-osmosis is most significant.

Our observation of electro-osmotic convection in
growth experiments adds another convective effect to the
list of nondiffusive processes in electrodeposition. Near
an electrode this flow is often small compared to buoy-
ancy driven convection and electroconvection, but it can
significantly modify the global transport and certainly
adds further complexity to the analytical treatment of
electrochemical growth experiments.

Vy = teo |:1 - + Ueph.  (16)
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V. DISCUSSION

We have shown that buoyancy effects inevitably drive
fluid motion near each electrode in electrodeposition and
have presented measurements indicating the way exper-
imental parameters influence the flow speed and the ex-
tent of these convecting zones. Our thin-gap electrodepo-
sition cell permits a clear side view of this flow and inter-
ferometric measurements show the resulting structure of
the concentration field [55]. We have presented an empir-
ical expression (2) for the location of the advancing edge
of the anodic convection zone. In our examination of elec-
troconvection we find qualitative agreement (but quan-
titative discrepancy) with the predictions of the model
proposed by Fleury et al. We have also shown that an
additional electric field related convection mode, electro-
osmosis, can be non-negligible in electrochemical growth
experiments.

Convection certainly adds to the complexity of the
electrodeposition problem. Hence it is reasonable to at-
tempt to reduce convection to a negligible level. One
possibility for controlling buoyancy driven flows is to ori-
ent the cell vertically with the cathode (and low-density
fluid) above the anode (and high-density fluid). With
this technique, the invasion of the cell by advancing grav-
ity currents can be avoided, but convection produced by
the electric field will remain. In this vertical orienta-
tion, the fluid is stabilized by the density stratification
and gravity drives no fluid motion as long as there is
no growth. The situation changes as soon as growth
occurs because the concentration of fluid near a down-
ward growing tip is lowered, thus establishing a horizon-
tal concentration gradient that drives convection. During

(€)

\1/ b

the ensuing growth competition, this convective motion
feeds branches that are losing until those branches catch
up with the leader. Hence, as Fig. 15(a) illustrates, with
this orientation of the cell the convection inhibits compe-
tition between branches, leading to a uniform front of the
growing tips rather than a hierarchy of branch sizes as
seen in a horizontal cell [Fig. 15(b)]. A vertical cell with
the anode (and high density fluid) above the cathode is
unstably stratified and global convective circulation leads
to a growth strongly affected by nondiffusive processes,
as Fig. 15(c) illustrates. The addition of a pH indicator
aids visualization of light, low-density plumes that rise
from the cathode and dark, concentrated plumes that
descend from the anode; see Fig. 15(d). In summary,
convection arises for all cell orientations; no orientation
yields growth governed solely by diffusion. A hierarchi-
cal electrodeposit structure forms only for a horizontal
orientation.

Reducing the plate separation is the most common
scheme for minimizing the effects of convection, but
fluid concentration gradients always lead to a buoyancy
driven flow during electrochemical growth in a gravita-
tional field. The effect of fluid motion can be reduced
by using a small plate separation, but separations below
50 pum can alter the morphology of the growth pattern
[61]. There can be substantial convection even in cells
only 50 — 100 um deep. Reducing the electrolyte concen-
tration increases the importance of electric field driven
convection relative to buoyancy driven flow, although de-
creasing the applied current density drives a weaker flow
in both cases.

Another approach to suppressing convection is to use
a gel medium impregnated with a metal salt [23,52], but

(d)

—— 16 mm

FIG. 15. Electrodeposition in cells of different orientations with respect to gravity: (a) vertical cell with the cathode (and
low density fluid) at the top of the cell and the anode at the bottom; (b) a horizontal cell, which is the usual orientation of
cells in electrodeposition experiments; and (c) vertical cell with the cathode (and low density fluid) at the bottom of the cell.
(d) Plumes in (c), visualized with a pH indicator. The solutions used for (a)-(c) were deoxygenated by bubbled nitrogen. (The
cell is 25 x 25 X 0.25 mm?, [ZnSO4]=0.1M, and J = 40 mA /cm?.)
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this introduces other problems. Wang et al. [52] observed
a significant morphology change for copper deposition
from an agarose gel rather than from a liquid. Even in
a liquid, small quantities of impurities can dramatically
change the growth structure and in a gel the growth is
also perturbed mechanically by the web of polymer link-
ages. Thus, while a gel can be used to suppress convec-
tion, it introduces other effects that must be considered.
Similarly, Hibbert and Melrose used filter paper support
to reduce convective effects, but they noted that the filter
paper fibers affected the progress of growth [53].

In the gravity-free environment of space, electrodepo-
sition experiments would be undisturbed by buoyancy
driven flow, but would still be perturbed by fluid motion
induced by the electric field if the electrolyte concentra-
tion is low. The use of a high electrolyte concentration
in a microgravity environment, however, could effectively
minimize both classes of convection and experiments in-
volving larger plate separations would be possible with
negligible convection.

There is recent evidence indicating that electroless de-
position offers a promising scheme for studying electro-
chemical growth patterns with minimal convective per-
turbations [10,54]. The spontaneous deposition from a
silver nitrate solution onto a copper electrode has been
found to yield a growth regime and a pattern structure
closely approximated by a purely diffusive description
when the plate separation was kept small (50 ym). In
this case, density gradients are much smaller (but still
present) and there is no globally applied electric field.
Convection is not entirely eliminated even in this case,
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but it seems to be so weak that diffusive transport domi-
nates. Wavelet transform analysis [10] reveals structural
features common to both electroless deposits and diffu-
sion limited aggregation patterns (e.g., fivefold symmetry
and a statistical hierarchical Fibonacci ordering).

In conclusion, any study of electrodeposition must con-
sider the convective effects that inevitably arise because
of gravitational and electric fields. In some cases proper
consideration of convective transport can lead to insights
into electrodeposition growth processes.
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FIG. 15. Electrodeposition in cells of different orientations with respect to gravity: (a) vertical cell with the cathode (and
low density fluid) at the top of the cell and the anode at the bottom; (b) a horizontal cell, which is the usual orientation of
cells in electrodeposition experiments; and (c) vertical cell with the cathode (and low density fluid) at the bottom of the cell.
(d) Plumes in (c), visualized with a pH indicator. The solutions used for (a)-(c) were deoxygenated by bubbled nitrogen. (The
cell is 25 x 25 x 0.25 mm®, [ZnS04]=0.1M, and J = 40 mA /cm®.)
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FIG. 4. (a) and (b) are
schematic drawings indicating
the density differences that
drive the convective motion
and the horizontal and verti-
cal dashed lines indicate the
location of the graphs of the
velocity as a function of po-
sition shown in (c),(d), and
(e),(f), respectively. (t =~ 120 s,
the cell is 17 x 1 x 0.25
mm?®, [ZnS04)=0.2M, and
J = 40 mA/cm?.)
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FIG. 9. (a) Space-time representation of a electrodeposi-
tion experiment showing the evolution of the metallic clus-
ter, the migratory pH front, the cathodic convection roll, and
the anodic convection roll. The change in growth rate of the
cluster upon encountering the pH front is characteristic of
the Hecker effect [17-20]. The growth speed also decreases
sharply when the cluster encounters the highly concentrated
anodic roll. (b) Concentration of zinc ions as a function of
distance from the cathode, at four times: O, 285 s; A, 600 s;
*, 1260 s; and [0, 2460 s, which are indicated with the re-
spective symbols on the right-hand side of (a). (The cell is
100 x 50 x 1.0 mm®, [ZnS04]=0.1M, and J = 100 mA /cm?.)



