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Quasi-Two-Dimensional Electrodeposition under Forced Fluid Flow
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Experimental quasi-two-dimensional Zn electrodeposits are grown under forced convection conditions.
Large-scale effects, with preferential growth towards the impinging flow, together with small-scale
roughness suppression effects are evidenced and separately analyzed by using two different radial cell
configurations. Interpretations are given in terms of primary concepts concerning current and concen-
tration distributions.

PACS numbers: 68.70.+w, 47.32.—y, 82.45.+z

The intriguing complexity of patterns grown under
nonequilibrium conditions [I] cannot be understood
without appropriately considering the distinct length
scales, and associated controlling fields, involved during
growth. This is particularly true in electrochemical depo-
sition (ECD) where the elucidation of the specific roles of
the electric (Laplacian) and concentration (diff'usion)
fields has recently been the subject of close scrutiny
[2-6]. The picture which is emerging from this intensive
research is that apart from crystallization eA'ects con-
forming the micron-size crystallites of the aggregate,
gross features, such as those associated with the deposit
growing front, typical of the electric fie1d length scale,
i.e., the cell size, coexist with the smaller length scale de-
tails of the branched texture developed inside the concen-
tration boundary layer which encompass the metallic in-
terface. In this Letter this question is addressed from a
diAerent and completely original perspective by reporting
on experiments of quasi-two-dimensional ECD with im-

posed bulk flow. Coupled diAerently to the Laplacian
and diA'usion fields, convection Aow provides us with new
experimental conditions to check the precedent view of
the standard ECD growth mechanism. Although various
authors [7,8] have recently examined the possible role
played by natural convection in ECD, previous studies of
ECD under controlled ffow conditions are very scarce [9].
In the related context of crystal growth, thermal and
forced convection effects have been reported by Gill [10].

Using appropriately chosen configurations of the two-
electrode system, we evidence distinctive length scale
dependent eAects of superimposed bulk Aow on the mor-

phology of the electrodeposits. On a cell length scale and
due to the large values of the Prandtl (or Schmidt) num-
ber typical of our experimental conditions (P„=v/D
= 10; v, kinematic viscosity; D, diffusion coefficient),
purely convective transport (advection) couples with ionic
migration to largely modify the Laplacian primary distri-
bution, and, correspondingly, the observed preferred
growth directions of the metallic deposit. In addition,
roughness suppression on the much smaller diA usion
length scales is evidenced and explained in terms of a
directed Aow-induced shrinking of the concentration
boundary layer. Interpreted distinctively under such gen-

eral principles, our results are expected to have wider im-

plications for pattern formation generally, either single
field induced (Laplacian or diffusion) [1], or for other
two-field systems such as directional solidification [11]
and amorphous annealing [12].

Our experimental cell is similar to those employed in

Refs. [13] and [14]. It consists of a Petri dish, typically
12 cm in diameter, with an aqueous-organic interface
separating the ionic solution, here ZnSO4 (aq), from an

upper phase of n-butyl acetate. Analytical reagent-grade
chemicals were used in all the experiments, and tempera-
ture control was achieved by using a thermostating jacket
around the Petri dish. Preliminary experiments led us to
fix the most convenient growth conditions as those corre-
sponding to a 2M ZnSO4 solution electrolyzed at 15 C.
Images of the growing deposit were taken with both a
photo and a video camera and digitized when necessary to
a resolution of 512&512 pixels. For enlarged views a
stereo-zoom microscope Olympus SZH was employed.
The Petri dish was placed on a rotating plate which pro-
vided us with the well-controlled convective motion of the
liquid phases relative to the fixed rodlike shaped elec-
trodes. The cathode was a cylindrical graphite bar, 0.5
mm in diameter, and the anode was composed of metallic
Zn (99.99%) with a squared cross section of 2 mm on a
side. Both were carefully positioned at the interface with

a micromanipulator in order to assure the closest condi-
tions to a two-dimensional growth. In the last experi-
ments here reported a Cu deposit was grown in a surfac-
tant (Triton-X) stabilized thin film of a 0.5M CuSO4
solution (5 ml) with a Cu wire (99.99%) anode. To
render it colored a small amount of a dark anion NBB
(naphtol blue-black) was added: 4 ml of CuNBB (ca.
4.5X10 'M).

Experiments employing a ring-shaped Zn anode
disposed along the internal perimeter of the Petri cell
which had centrally placed the graphite cathode had been
preliminarily conducted and have been reported in a re-
cent paper [15]. Convective effects, expected there to be
stronger as the deposit grew, appeared sometimes masked

by those purely originated by the approached anode. In

contrast, the use of pointlike electrodes, oAers, as it will

become clear below, the opportunity to choose the cell
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FIG. 1. Zinc electrodeposits grown with the forced fluid flow,
acting as indicated by the upper arrow, on a quasiperpendicular
direction with respect to the applied electric field. Values of ro-
tation rate are (a) 0 rpm, (b) 6 rpm, and (c) 12 rpm. A V=10
V for all the flow conditions. The lower arrow shows the place
of the anode.

configuration most appropriate to the investigated con-
vection effect. Actually, two different electrode locations
were analyzed, which differed in the relative orientation
of the hydrodynamic and electric fields. In the first one,
hereafter referred to as the quasiperpendicular con-
figuration, the anode is placed at the center of the Petri
dish cell and the cathode is radially separated 5 cm apart
from it. The second selected complementary config-
uration, referred to here as quasiparallel, consisted of two
electrodes kept equidistant 5 cm apart from the center of
the cell with a fixed angular separation of 60' (upstream
anode). In both situations, a series of experiments was
conducted varying the applied potential and rotation
speed: h, V =5-20 V; co =0-12 rpm.

Quasiperpendicular configuration Typical pa. —tterns
grown under this configuration are shown in Fig. 1. They
correspond to different intensities of the fluid flow, while

keeping constant the applied potential difference. The
gross morphological change observed in the pictures is

appropriately described in terms of the marked asym-
metry acquired by the metallic deposits grown under bulk
flow conditions. Actually the resulting pattern is shaped
according to what seems to be a competition between the
electric and fluid flow fields. As the convection strength
increases from 1(a) to 1(c) the radial, essentially migra-
tion mediated, growth mode appears progressively bal-
anced by the tangential, bulk flow contribution. This
finally results in a metallic aggregate which, while
preserving its branched texture, is mostly concentrated
along a direction inclined towards the impinging flow.
The confirmation that what we are really facing is a bal-
ance between the migration and convective forces is even

pP

(a) (b)
FIG. 2. Zinc electrodeposits grown under the maximum fluid

flow intensity (12 rpm). To compare with Fig. 1(c), conditions
here correspond to (a) A V= 15 V and (b) 6 V=20 V.

better exhibited in Fig. 2, where h, V is varied while keep-
ing constant co at its maximum investigated value. Again
in this case the aggregate grown under progressively
higher electric field strengths is forced to recover its
convection-free radially symmetric orientation.

Although the growth of the deposit sensibly alters the
initially simple distribution of the coupled migration-
diffusion-convection fields, and hence prevents our pursu-
ing any realistic analytical treatment of such growth con-
ditions, the behavior just described may be qualitatively
interpreted according to both classical solutions of flow-
modified primary (Laplacian) current distributions [16]
and recent computer simulations [15,17]. According to
both approaches, a prominent upstream anisotropy of the
Laplacian field distribution is predicted. In our particu-
lar geometry, this would favor deposition on the semicir-
cular cathodic perimeter facing the impinging flow,
preferably from the inner quadrant closest to the cathode.

The large-scale morphological effect just mentioned is

by no means the unique distinctive feature of the patterns
shown in Figs. 1 and 2 resulting from the convection con-
ditions here investigated. A closer view of the patterns
(Fig. 3) focusing on the lateral ramification of the in-
clined metallic branch growing under strong flow
strengths reveals that the side facing the impinging flow

appears to be remarkably more stable against the devel-
opment of secondary protrusions than that opposite to it.
This sort of branching suppression mechanism, which in

principle could be naively attributed to a pure screening
effect of the current lines laying from the central anode,
is better analyzed and, as explained below more properly
interpreted, by referring to the quasiparallel electrode
configuration.

Quasiparallel configuration Typical sm.a—ll-scale pat-
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FIG. 3. Enlarged view of the main branch of a zinc electro-
deposit for conditions in Fig. 2(a).

(a) (b)
FIG. 4. Small-scale images of the initial development of zinc

electrodeposits grown with the forced fluid flow applied quasi-
parallel to the imposed electric field. The growth area directly
exposed to the fluid flow corresponds to the south hemisphere of
the presented images. Conditions are as in Fig. 1 for (a) 0 rpm
and (b) l 2 rpm.

terns grown with this electrode arrangement are shown in

Fig. 4. The pictures are taken here at a very early stage
of the deposit growth, just after the interfacial instability
destroys the inner circular metallic core. The clear con-
clusion is that roughness is indeed largely suppressed by
the impinging flow. A convenient quantitative evaluation
of this eAect is introduced through the standard rough-
ness o which is a measure of the active zone width [18]:
rT= [(N —1) ' g;(R; —R) ] '; R =N ' g;R;, where

R; stands for the radius relative to the central cathode of
each of the N set surface sites. In Fig. 5 representative
plots of the relative quantity aR=—o/R are shown for
different values of h. V and n. Roughness suppression is

clearly exhibited when increasing the strength of the con-
vective flow. However, even more important is the re-

markable eA'ect of the applied potential. Roughness
suppression by impinging flow appears to be an extremely
eAective mechanism under low applied potentials, para-
digmatically represented by conditions with h, V=5 or 10
V. However, under larger electric fields, fluid flow effects
do not seem to be capable of so drastically decreasing the
inherent branching instability of the exposed surface. In

this respect the experiments with AV=20 V are especial-

ly significant since they display hardly any relevant
eAects of roughness suppression.

The small-scale, roughness suppression, eA'ects we are
describing admit a clear interpretation by considering the
compression eAect of the directed flow on the impinged
concentration boundary layer surrounding the branched
interface, since, following the general principle of dif-
fusion mediated small-scale instabilities [19],only irregu-
larities of size l ~ ld;t are diAusively supported. This ar-
gument is further corroborated by direct experimental
observations, shown in Fig. 6, and by a simple scaling ar-
gument plotted in the inset of Fig. 5. The concentration
boundary layer is imaged in Fig. 6. Specifically, the two

pictures correspond to growth in the quasiparallel con-
figuration using the copper solution. The depleted color-
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FIG. 5. Roughness of the growing interface directly exposed
to the impinging flow, plotted against flow intensities for
diferent electric field strengths. 0: 5 V; ~: 10 V; ~: 1S V; +:
20 V. Typical error bars are shown. In the inset, the scaling
crR 'IX l+a!vI! is depicted for 5 V (a) and 20 V (0). For the
first set of points a linear fit is proposed (R =0.98).

less concentration boundary layer of Cu + cations, and
correspondingly of NBB anions, appears homogene-
ously surrounding the whole metallic interface in the ab-
sence of bulk liow [Fig. 6(a)]. In marked contrast, Fig.
6(b) (3 rpm) displays a practically unobservable concen-
tration layer on the upstream smooth side, while it clearly
appears and extends from the much more irregular down-
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(a) (b)
FIG. 6. Images of electrodeposition of copper evidencing the

concentration boundary layer. Flow conditions are (a) 0 rpm
and (b) 3 rpm. The size of the deposits is about I mm.
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imposed to the normal operation of a diftusion field is for-
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In summary, quasi-two-dimensional ECD under bulk
How has been experimentally investigated. EAects on
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ture have been evidenced. Interpreted distinctively under
general principles for both Laplacian and diAusion fields,
our results may have implications for other pattern form-
ing systems. In particular, convection demonstrates the
inhuence of the boundary layer on the deposit roughness
by suppressing features of a particular size range in a
nonsymmetric manner.
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