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Fingerlike Aggregates in Thin-Layer Electrodeposition
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Electrodeposition experiments conducted in a thin-layer horizontal cell containing a nonbinary
aqueous electrolyte prepared with cupric sulfate and sodium sulfate gave rise to fingerlike deposit
a novel and unexpected growth mode in this context. Both the leading instability from which fingers
emerge and some distinctive features of their steady evolution are interpreted in terms of a simple mod
based on the existing theory of fingering in fluids. [S0031-9007(96)00160-3]

PACS numbers: 81.15.Pq, 47.20.Ma, 81.10.Dn, 82.45.+z
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After years of intense experimental and theoreti
scrutiny, research on nonequilibrium growth patterns
presently facing the challenge of extracting univer
features from the variety of phenomena investigated
In this respect, finger morphology constitutes one of
“essential” growth forms which, however, has so far be
circumscribed to the displacement [2] or spreading
of fluids. Here we report on our striking experimen
discovery of fingering development in a complete
unexpected scenario, that of thin-layer electrochem
deposition (ECD). Different from the most characteris
ECD morphologies, from the disordered fractals to t
regularly patterned branching aggregates [4–16],
deposits obtained in these experiments show a sm
scale filament structure, which fills space densely, a
is enclosed by a fingerlike, long-wavelength modula
envelope (Fig. 1). Although such a deposit textu
largely prevents us from referring to a fully connect
aggregate-solution interface and, consequently, invok
the concept of an equilibrium surface tension, it tur
out that a strong similarity with the common fingerin
instabilities in fluids can be exploited once we ass
a dynamically established effective surface tension t
boundary layer encompassing the growing deposit. T
physicochemical properties of such a boundary layer, c
taining a hydrogen precipitate, are largely determined
the interplay between interfacial electrochemical effe
and gravity-induced convective flows.

Most of the previous ECD experiments refer to pure
binary electrolytes [4–13]. In contrast, experimen
with electrolyte solutions containing added nondeposit
cations, such as those reported here, are scarce in
literature [14–16]. Specifically, our thin-layer exper
mental cell, with thickness around100 mm, is filled with
a copper salt (typically5 3 1022M CuSO4) containing
a small amount of an alkaline salt with the same an
(normally Na2SO4) at concentrations comprised betwe
1023M and 1022M. After some induction time and
under constant and moderately high applied potenti
commonly between 10 and 30 V, well-formed finge
such as those shown in Fig. 1, emerge and propa
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steadily into the aqueous solution at velocities compris
between 10 and30 ms21, depending on the applied
potential. Both the fine texture and the dull reddish col
of these deposits are markedly different from the brig
red, tip-splitting structures obtained from analogous EC
experiments with pure CuSO4 solutions. The stage
of steady finger propagation is normally interrupte
by some morphological transitions to typically red
tip-splitting branching forms. This could be interprete
as a Hecker-like transition, well known in the standa
ECD literature [16]. The apparently nonmetallic feature
of the fingerlike deposits were confirmed by scannin
electron microscopy (SEM) and x-ray powder diffractio
analysis. SEM observations indicate a highly agglome
ated, structureless material. Much more enlightening a
the x-ray data on the chemical composition: Up to 90
of the deposited material corresponds to cuprous oxi

FIG. 1. Fingering pattern observed in a thin-layer EC
experiment with a nonbinary electrolyte. Growth conditions a
CuSO4s5 3 1022MdyNa2SO4s2 3 1023Md; applied potential
DV  25 V; cell dimensions (mm) are110 3 40 3 0.1. The
area exposed corresponds to an electrode length of 16 m
Hydrogen bubbles are clearly observed in the picture. Th
originate in H2O reduction, triggered in turn, at high enough
potentials, by the increased conductivity caused by Na2SO4
addition.
© 1996 The American Physical Society
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as compared to a maximum of 30% for the usual cop
aggregates.

Several additional experimental observations are wo
mentioning in order to gain a better perspective of t
observed phenomenon. Although the peculiar ECD m
phology reported here is robust and fully reproducib
fingerlike patterns are only observed for an intermedi
range of concentrations of the alkaline species and
plied potentials [17]. In this last respect, exceedingly hi
electric fields lead to hydrogen accumulation, disturbi
the appearance of any well-organized growth mode.
contrast, under excessively small driving electric forc
fingerlike patterns do not appear as the primary ECD m
phology, but rather originate morphological transitio
during growth, once higher enough current densities
attained. Such morphological transitions turn the typica
red, tip-splitting copperlike deposits into the fingerlik
ones described here. On the other hand, if we restrict
observations to the copper ECD experiments conduc
so far, no signature of chemical specificity has been
served. Indeed, fingerlike patterns also appear when
composition of the electrolyte is changed either in its a
ionic species or in the nondepositing cationic ones.
this respect, experiments have been performed with
etatesAcO2d instead of sulfatesSO4

22d and with lithium
sLi 1d, potassiumsK1d, and cesiumsCs1d replacing the
sodium cationsNa1d.

Following the destabilization of the initially dense an
uniformly distributed deposit, screening effects, evidenc
in Fig. 1, begin to affect finger growth. Immediately aft
this intermediate competing stage, surviving fingers gr
independently and steadily. Thus, at this phase of pat
development, we attempted a direct comparison of t
phenomenon with the standard viscous fingering proble
The classical result in this context is the celebrat
Saffman-Taylor (ST) class of solutions describing t
penetrating fluid profile as it invades a linear channel [1
In Fig. 2 we compare a well-developed ECD finger wi
the ST solution corresponding to the vanishing surfa
tension limit. As shown in the figure the two contours a
practically undistinguishable.

This rewarding agreement motivated us to pursue t
classical analysis but referring this time to the very init
stage of the finger development. Generically, the onse
interfacial instabilities is characterized by a linear stabil
theory predicting their fundamental periodicities in term
of some appropriate control parameter. Translated i
our context, this was checked by conducting a series
experiments varying the applied potential difference, a
recording the number of incipient fingers,N , at different
growth velocities,y. Summarized in Fig. 3, these resul
fit a power law,N , yb with b . 0.18.

The last experimental observation worth mentioni
concerns the role played by convection. Gravity-induc
currents are well documented [19–21] in horizontal EC
cells due to the density contrast between the deple
er
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FIG. 2. The analytic Saffman-Taylor solution (so-calle
“Saffman-Taylor finger” or l  1y2 particular solution for
negligibly small capillary forces) is superposed to the envelo
of a well-developed ECD finger. Growth conditions a
CuSO4s5 3 1022MdyNa2SO4s6 3 1023Md; DV  11 V; fin-
ger width is ca. 4 mm.

solution near the cathode and the bulk. Obviously, t
effect can be largely suppressed by turning the EC
cell into a vertical configuration with the cathode facin
downwards. Surprisingly enough, see Fig. 4, the depo
grown under this arrangement display their typical fi
texture but are enclosed this time by an envelope which
free of any long wavelength modulation.

Let us now interpret these experimental observatio
The presence of sodium sulfate increases the electric c
ductivity of the cell. As a result, higher density curren
are attained than in growth conditions for purely bina
electrolyte. This, in turn, triggers alternative chemical r
actions concurrent with pure Cu21 discharge. The most
likely reaction is H2O reduction originating hydrogen evo
lution and the localpH increase. This would explain the
prevalence of cuprous oxide in the deposit and sugge
that the dominant electroaggregating process, concur
with Cu21 discharge, is the reduction of copper hydrox
lated species CumsOHdn

s2m2nd1. These poorly soluble in-
termediates [22] (hydrogel precipitate) accumulate within
4063
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FIG. 3. Scaling of the number of incipient fin
gers with growth velocity. Growth conditions ar
CuSO4s5 3 1022MdyNa2SO4s3 3 1023Md; the applied po-
tentials range from15 V to 35 V; cell thickness is300 mm.

boundary layer, clearly shown in Fig. 5, separating the
pleted solution, embedding the growing deposit, from
bulk. Indeed, the generic existence of much more tenu
concentration boundary layers than those encountered
is well reported in standard ECD experiments [19,23,2
the conclusion being that they are dynamically built
to a characteristic widthlc by the growth process itself
Schlieren techniques applied to a series of complem
tary experiments conducted under usual ECD conditio
0.2M CuSO4 and cell thickness of300 mm, led to a power
law l2a

c ~ y with a . 1.5. Since such optical technique
are not reliable when working with the more diluted s
lutions used in our fingering experiments, in what follow
such a fit is taken for granted, this time applied to the wid
lbl of the finger’s boundary layer.

FIG. 4. Deposit obtained with our ECD cell in a vertic
position with growth directed downwards. Growth conditio
are CuSO4s5 3 1022MdyNa2SO4s2 3 1023Md; DV  11 V;
cell thickness is100 mm.
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With these antecedents, let us adapt to our system
most genuine arguments concerning viscous fingering
stabilities. In this respect, the rationale behind any fing
ing instability has to be sought in the opposite roles play
by a destabilizing, typically Laplacian, mechanism and
restoring force, mediated by surface tension, which su
presses all but the smaller wave number disturbances.
the length scale at which our structure is formed, the fi
ingredient is associated with the electric driving force r
sponsible for the Cu21 migration and accretion of the de
positing material. The second concept, however, sho
be replaced here by an effective dynamic surface te
sion sp, associated with the hydrogenlike boundary lay
referred to above. Such surface tension modulates
displacement of the boundary layer, and that of the e
compassed densely filling and tightly bound deposit,
it propagates into the bulk solution. In this respect, w
indeed follow the arguments invoked in miscible flui
situations under moderately high concentration gradie
[25,26]. Actually, such a diffusion-limited surface ten
sion is predicted to be inversely proportional to the mi
ing layer thickness [25,26]. Then, it is a simple task
adapt the fundamental dispersion relation for a fingeri
instability fkm ~ sys21d1y2g into a form directly suitable
for comparison with our results in Fig. 3. Indeed,N ~

km ~ sylbld1y2 ~ yb , whereb  sa 2 1dy2a, and tak-
ing a  1.5 as determined previously,b . 0.16. Given
the simplicity of the model, the agreement with the e
perimentally determined scaling,b . 0.18 is more than
satisfactory. A final comment, fully coherent with th
interpretation just proposed, would justify the observe
finger suppression in convection-free situations. In th

FIG. 5. An optical microscope image showing the boun
ary layer around the growing deposit where the interme
ate CumsOHdn

s2m2nd1 species accumulate. Mixing induced b
natural convection (see text) stretches and dilutes this bou
ary layer, and it is easily imaged by the roll-like motion
of its particulated precipitate. A thicker cells250 mmd is
used here to facilitate observation. Growth conditions a
CuSO4s5 3 1022MdyNa2SO4s7 3 1023Md; DV  12 V; im-
age dimensions (mm) are4 3 2.5.
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case, the absence of effective fluid mixing and subseq
shrinkage of the boundary layer results in high eno
values of the effective surface tension in order to prev
in this way, the destabilization of the planar interface
closing the growing deposit.
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Note added.—After the completion of this work, a
reference appeared in the literature [J. R. De Bru
Phys. Rev. Lett.74, 4843–4846 (1995)] commenting o
fingeringlike, purely hydrodynamic instabilities in thi
layer ECD experiments. The essential difference w
our paper is that there the instability refers strictly
electrochemical induced gravity currents, but the depo
themselves do not form fingerlike aggregates. Moreo
such instability is only observed when the anode is up
of the cathode but never when the cell is leveled, as
use here to obtain fingerlike deposits.
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