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IMPACT OF GRAVITY ON THIN-LAYER CELL
ELECTROCHEMICAL DEPOSITION

E. MOCSKOS AND G. MARSHALLY

Abstract. Electrochemical deposition (ECD) in thin cells with diféeit orientations relative to gravity leads to
complex stable and unstable physicochemical hydrodynamis. Here we study the impact of gravity on these
ows through a theoretical macroscopic 3D model and its nticaésimulation. The model describes the diffusive,
migratory, and convective motion of ions in a uid subjectan electric eld through the Nernst-Planck, Poisson,
and Navier-Stokes equations, respectively. The equatoemsvritten in terms of dimensionless quantities, in par-
ticular, the gravity Grashof number, revealing the impactof gravitoconvection. The nonlinear system of partial
differential equations is solved on a uniform grid usingtendifferences and a strongly implicit iterative scheme.
In ECD in a cell in a horizontal position, our model predidte tvolution of two gravity-driven convective rolls
and concentration shells attached to each electrode. Wdéptheir birth, growth, expansion towards one another,
collision, and merger into a single roll that invades the leheell. In ECD in a cell in a vertical position, cath-
ode above anode, our model predicts that gravity-inductsl and concentration shells remain locally attached to
ngers that grow downwards; thus, global invasion of thd bl gravity-induced rolls is suppressed, leading to a
stable strati ed ow. In ECD in a cell in a vertical positioicathode below anode, our model predicts the detachment
of rolls and concentration shells from each electrode infohe of plumes that expand towards one another, mix,
invade the whole cell, and lead to an unstable stratied &wer ECD, whether in horizontal or vertical position, in
the presence of growth, our model predicts the existence efextrically driven vortex ring at the dendrite tip that
interacts with concentration shells and rolls, leadingamplex helicoidal ows. Such structures are experimemtall
observed, suggesting that ion transport underlying dendrowth is remarkably well captured by our model.

Key words. electrochemical deposition, computational modelingterdifferences, stable physicochemical hy-
drodynamic ows, unstable physicochemical hydrodynanmevs
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1. Introduction. In an electrochemical deposition (ECD) experiment, theteddytic
cell consists of two glass plates sandwiching two paralletteodes and a metal salt elec-
trolyte. A voltage difference applied between the eleaoproduces a rami ed deposit by
reduction of the metal ions. Depending on the cell geomeétyorientation relative to grav-
ity, electrolyte concentration, cell voltage, and otherapaeters, the deposit can be fractal,
densely branched or dendritic, or even chaotic. ECD hasrbe@paradigmatic model for
the study of growth pattern formation (GPF), that is, thetainle growth of interfacesl| 3—
19, 21, 23-27, 32].

Beyond the dendrite growth, complex physicochemical hglgnamical ion transport
processes take place. lon transport is mainly governedfhysitin, migration, and convec-
tion. Convection is mostly driven by Coulombic forces dudacal electric charges and by
buoyancy forces due to concentration gradients that ledensity gradients. The relevance
of convection, relative to migration and diffusion, for lselvith thickness larger than 5n
has been demonstrated by a number of researchets]0-12, 14, 15, 18, 21]. In cells with
thickness less than 5@n, diffusion and migration are the dominant modes of iongpamt
[29].

Convection adds to the complexity of ECD ows, and therefitris natural to try to
reduce it to a negligible level. One possibility is to redbe®yancy forces by orienting the
cell in a vertical position relative to gravityl§]. With this technique, when the cathode (and
low-density uid) is above the anode (and high-density Jithe invasion of the cell by the
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gravity-induced rolls is globally suppressed while electmvection remains. Strati cation
remains stable as long as there is no growth of dendritesasbon as a dendrite appears,
strati cation breaks down, because the uid concentrasarmrounding a downward-growing
dendrite tip diminishes, creating a horizontal conceigragradient and thus, locally, gravi-
toconvection. Away from dendrites, strati cation remastable [L8]. However, if the anode
(and high-density uid) is above the cathode (and low-dgnsiid), an unstable strati cation
leads to a global convective owlf].

Figures1.1-1.7 illustrate the previous discussion. Figutel shows the experimental
setup for ECD in horizontally and vertically oriented celdative to gravity, respectively.

Upper electrode

B

d
(a) Lower electrode

(b)
FiG. 1.1.(a) Cell in a horizontal position relative to gravity and (b¢ll in vertical position relative to gravity.

Figurel.2 shows, in a cell in the horizontal position (the plane of thewgh is normal
to gravity), schlieren images of dendrites growing from ¢héhode towards the anode (dark
pixels) and concentration fronts (bright pixels). A chaesistic of ECD growth in horizontal
cells is the appearance of a hierarchy of branch sizes rthera uniform front.

FiG. 1.2.Schlieren image of ECD in a cell in the horizontal positiohe(fplane of the growth is normal to
gravity). Copper sulfate solution concentration is 0.5 ke tell width is 0.2 mm, and the applied constant voltage
is 15V (reproduced from7]).

The concentration variations observed in Figii2lead to density variations and there-
fore to the development of gravity-driven convection ra@ltshe electrodeslp]. This is il-
lustrated in Figurel.3 which shows a side view of the cell with a roll near the cathod
Moreover, due to local instabilities, a dendrite growthte tathode is triggered, and local
electric charges, and thus Coulombic forces, concenttateeadendrite tips according to a
model developed in1[3] (cf. also references cited therein). Each porous laméiotes uid
to penetrate its tip and to be ejected from the sides, formiagrtex pair in the plane of the
growth driven by the electric force. Figufie4 shows a top view of the cell with a pair of
counter-rotating vortices, as described 1i3][
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FiG. 1.4.Top view of the vortex ring visualized with tracer particlesproduced from 1§]).

Figure1.5shows a schlieren snapshot of the evolution of the depasit fdark pixels)
and the cathodic and anodic concentration fronts (lighelgixin an ECD in a vertical cell
with the cathode above the anode. A characteristic of tluatris that the deposit front looks
rather uniform on average, and consists of dendrite tip®aaded by tenuous concentration
arches that join neighboring tips. The shape of the archéteisesult of electroconvection

and gravitoconvection.

FiG. 1.5.Schlieren image of ECD in a vertically oriented cell (cateagbove anode) at 460s giving rise to a
globally stable ow. Copper sulfate solution concentratiis 0.1M, the cell dimensions ai® 10 0:2mn?®, and

the applied constant current is 5mA.

Figure 1.6 shows an ECD experiment in a vertical cell, cathode abovel@anwith a
small protruding spike (to mimic the behavior of one of thedidte tips) on an otherwise
at electrode, and the ow surrounding it. Convection is waized with 200 snapshots of
micron-sized tracer particles, spanning an interval of @sds, superposed to show their
motion. The tracer particles reveal a pair of counter-nogatortices, the result of the vector
composition of local buoyancy and local electric forceghiis locally unstable regime, local
convection prevails, but globally the ECD process is cdlgdoby migration and diffusion

and is thus stably strati ed.
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Fic. 1.6.Visualization of 1 m-sized particle trajectories near a spike in the cathodanrECD in a vertical
cell (cathode above anode) giving rise to a locally unstable To show the motion of tracer particles, 200 digital
images were superimposed: from 40 to 60s. Copper sulfatéi@olconcentration is 0.1M with 30% glycerol in
weight, the cell dimensions a7® 10 0:127mn?, the applied constant current is 2 mA, and the spike dimessio
arel 05 0:127mn?.

Figurel1.7 shows an experimental schlieren concentration snapshent &CD experi-
ment in a vertical cell, anode above cathode. Here, the blestaw emerges from the devel-
opment of high-density plumes detaching from the anode &sdehding, and low-density
plumes detaching from the cathode, rising towards the grasgtemixing with plumes com-
ing down. This global gravitoconvection strongly inhibitsndrite growth.

FiG. 1.7.Unstable ow pattern: schlieren image of a vertically orted cell at 100s. Copper sulfate solution
concentration is 0.1M, the cell dimensions @@ 10 0:2mn?, and the applied constant current is SmA.

To summarize the experimental evidence shown:

(a) A cellin a horizontal position relative to gravity leaalsvays to a constrained unstable
ow regime.
(b) Acellinavertical position with the cathode above thedmcomprises two ow regimes:

(i) inthe absence of dendrites, a globally stable strati@a regime in which there is
no convection and the ECD process is controlled by migratimhdiffusion;

(ii) inthe presence of dendrites, a quasi-stable ow regima& zone near the dendrites,
in which there is local convection and the ECD process isrotiatl by migration,
diffusion, and convection; outside that region, the owfalsy strati ed.

(c) Acellin a vertical position with the anode above the calincomprises one ow regime:

a globally unstable strati ed ow, whether with or withoueddrites.

A comparison between horizontal and vertical ECD experismveals that in the hori-
zontal case, ECD always leads to a constrained unstableegimre. However, the orientation
of the cell walls relative to gravity impedes the developiradra full unstable ow as in the
case of a vertical cell with the anode above the cathode. derea characteristic of ECD
growth in horizontal cells is the appearance of a hierardiyranch sizes, while a uniform
front appears in the cell in the vertical position when ththode is above the anode. Since
the only change in both cases is the direction of the eleeidcrelative to gravity, no doubt,
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gravity is the main cause of these differences in the growth ew regimes.

The aim of this paper is to study the effect of gravity on ECEbtlgh numerical simu-
lations that could lead to new insights of ECD behavior. Thpgy is organized as follows.
Section? presents the mathematical and computational models gdé&qtiresents the numer-
ical results, and nally Sectiod presents a discussion and draws some general conclusions.

2. Mathematical and computational models.lon transport in a thin-layer ECD can be
described with a mathematical model based on rst prinGifjife 20, 28, 31], including the
Nernst-Planck equations for ion transport, the Poissomtapufor the electric potential, and
the Navier-Stokes equations for the uid ow. The 3D dimemsiess system of equations can
be written as

@¢ _
(2.1) ot rJi;
(2.2) ji = M;Gir )Fg%l’ Ci + Civ;
(2.3) r? =Po zCj;
24 Lair ( vy= L2 AR 2t r C) Gyt cHY
. @t Re i e “l I Qi I g 1
(2.5) =r 2
(2.6) V=

HereC; andj; are the dimensionless concentration and ux of an ionic ssdc(for
a ternary electrolyte such as Zns@,S0O,, i= C and A, standing for zinc and sulphate);
v, , ,and are the dimensionless uid velocity, electrostatic potaiptvorticity vector,
and velocity potential vector, respectively; agdg is a unit vector pointing in the direc-
tion of gravity. The quantitiedl; = ;| o=XoUp, P& = Xouo=D;, Po = x%Coe: 0,
Re = XoUo=, Gg = eCi o= ou3, andGy = XxoCig i=U3 are the dimensionless mi-
gration, Peclet, electric Poisson, Reynolds, electricsBo§ and gravity Grashof numbers,
respectively. The quantities, ;, andD; are, respectively, the number of charges per ion,
the mobility constant, and the diffusion constant of andémspecies; ; andz; are signed
guantities, being positive for cations and negative fooasjg is the dimensional gravita-
tional acceleratione is the electronic charge,is the permittivity of the medium, and is
the kinematic viscosityxo, Ug, 0, Co, and ¢ are reference values of the length, velocity,
electrostatic potential, concentration, and uid densigspectively. For system closure, a

Boussinesq-like approximation has been used for the uidsittg: = o1+ ; ;| C),
where | = %%.

The system 4.1)—(2.6), with appropriate initial and boundary conditions, isigdah a
space-time domain dened b = ( t) (0O;t), where is a three-dimensional region
with boundary ( t); this boundary moves with speed proportional to the normhef tix
ji- The boundary conditions for the velocity potential veaog discussed, for instance, by
Mallinson and de Vahl Davi2P]: in a plane impermeable surface, the vector is normal to the
surface and its gradient is zero; at nonslip surfaces, tigetatial derivative of the velocity
components is zero.

The computational model solves the previous 3D system ddtimns, for each time step,
in a xed or variable domain, in a 3D uniform lattice, usingita difference and deterministic
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relaxation techniques. The solution is obtained via théesyof difference equations:

X

(2.7) Wit = aw;
i

wherej represents the nearest-neighbor site for thelsitthhe summation ranges over all
nearest-neighbor site®y i is a vector-valued function whose components are the cencen
trationsA andC, the electrostatic potential, the vorticity vector , and velocity potential
vector ; anda; is a diagonal matrix whose elements contain the nonlinesfr@ents of the
discretized equations. The resulting solutit'r} *1 s then used to advance the interface with
a dielectrical breakdown model (DBM3}(). The interface is moved at random, proportionate
to the ux of cations, i.e.,

2.8) p = Pl

i llcil
wherek is a nearest-neighbor site to the interfapg,is the probability of selecting the
nearest-neighbor site to advance the interface, the summation is over all neaighbor
sitesi to the interface, angl is the ux of cations owing from the neighbor sitk into the
aggregation.

In all the simulations presented below a xed domain is used] the following set of
dimensionless quantities remain constdiy; = 1=30, M¢c = 1=45 Pex = 600, Pec =
750P0=2:3 10, Ge=1 10°Ggy =1:5 10, Ggc =1 10% andRe = 0:1.
Figures are constructed with the graphics software packapgaDX 29].

3. Numerical results. In the following, we present numerical simulations of ECD ex
periments with the cell in the horizontal position and in tegtical position, cathode above
and below anode, respectively. Figlgd shows a sequence of snapshots of ECD with the
cell in horizontal position in the presence of three spikeso otherwise at electrode. The
plots show particle trajectories released at differerafimns in the cell and anion concentra-
tion isosurfaces or concentration shells. The cell is regmeed using a grid @ 200 50
nodes. Particle trajectories serve to track the evolutfdhecathodic and anodic convective
rolls. They reveal how density currents generate gravityed rolls consisting of horizontal
cylinders squeezed at their extremes due to lateral watesf While the anodic roll remains
undisturbed, the cathodic roll is wrapped around the eddetrspikes. The snapshots show
the precise moment in which the cathodic and anodic rollsdeodnd merging starts. There
is a coalescence among individual rolls of adjacent lant@¥, resulting in a more uniform
cathodic front. This front is de ned by dendrites and theartex rings, which push the front
forward. Trajectories of particles released near the dentips reveal the entangled nature
of ow: near the dendrite tips, the uid is entrained by voxtengs whose basins of attrac-
tion are the dendrite tips. However, some particles mamagedape and are entrained by the
vortex roll, nally orbiting with a helicoidal motion. Paidle trajectories also unveil vortex
interactions among themselves in the presence of dendntas analogy with the physical
experiments from Figuré.2.

Figure3.2 shows snapshots of ECD with the cell in horizontal positiarthe presence
of three spikes in an otherwise at electrode. The plots shasrtical cross-section of vortex
tube and anion concentration shells. The simulations feteaevolution of concentration
shells which follow closely the evolution of rolls. One o&thnapshots shows the precise mo-
ment in which the cathodic and anodic concentration frooligde and slip one over the other.
Again, these simulations have some resemblance to thegathgsiperiments of Figurek 2,

1.3 and1.4
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(a) 20s (b) 30s

(c) 40s (d) 50s

FiG. 3.1.Snapshots of the horizontal cell ow pattern simulationhnitree spikes at different times: particle
trajectories and anion concentration isosurfaces.

(c) 40s (d) 50s

FiG. 3.2.Snapshots of ow pattern simulation near three spikes déugtfit times: velocity eld superimposed
with anion concentration isosurfaces (clipped to improigeialization).

In the following, we present numerical simulations in a igadtcell (cathode above an-
ode). The cell is represented by a cubic gri®df 120 200nodes.

Figure 3.3 shows snapshots of ECD with the cell in a vertical positiathode above
anode, in the presence of one single spike (enlarged) in harwise at electrode.



ETNA
Kent State University
http://etna.math.kent.edu

IMPACT OF GRAVITY IN THIN-LAYER CELL ELECTROCHEMICAL DEPOSTION 97

(a) Numerical schlieren image with concentration (b) Electric eld lines superimposed with electrostatic
contour lines superimposed. potential contour lines.

(c) Particle trajectories superimposed with anion d@f)-Velocity eld superimposed with anion concentra-
centration contour lines. tion contour lines.

FiG. 3.3.Flow pattern simulation near a spike in a vertical cell (catte above anode).

Figure 3.3(a) displays numerical schlieren superimposed on conceotratntours. Near
the spike, the white zone indicates the vortex tube and rirgpped around the spike. Fig-
ure 3.3(b)displays a geometric form with the approximate shape of &spdd drop (gray
area turned slightly transparent) representing an isaserbf the modulus of the electric
eld, and a cross-section (at spike level) of the electritd énes. The approximate spherical
shape of the drop is due to the value of the modulus of theredeetd (thresholded); the
eld strength is constant in a large portion of the cell andydncreases near the nger tips.
The electric eld lines converging to the lament tip are alty seen in the gure. The drop
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(a) 56s (b) 625

(c) 65s (d) 69s

FIG. 3.4. Simulated unstable stratied ow in a vertical cell (cathedbelow anode): numerical schlieren
images of ion concentration.

approximately indicates the space zone inside which tiseabsence of electroneutrality. In
fact, the exact computational zone where electroneutrialiabsent can be obtained by the
surfag,e of the function de ned by the difference betweendhton and anion concentra-
tion ( ; z C;). This surface is approximately represented by the dropcaildt the electric
spherical drop. Figurd.3(c)shows concentration shells and particles released neapike
which give evidence of the superimposed vortex tube and Figmre3.3(d)displays concen-
tration shells and the velocity eld. These simulationséaeme resemblance to the physical
experiments of Figures.5and1.6.

In the following, we present numerical simulations of ECIicell in a vertical position,
cathode below anode. In this case, the cell is representadjbig of20 200 200nodes.
Figures3.4 and3.5 present the simulation of an unstable strati ed ow in whidbndrites
are represented just by one small spike at the cathode c&hisrcon guration is intended
to mimic the situation depicted in Figufe7. Figure 3.4 shows snapshots of schlieren con-
centration plumes evolving towards an unstable strati ed. In these remarkable images, it
is clear how high-density concentration plumes detach siedves from the anode at the top,
descend, and mix with ascending low-density concentrgiomes detaching from the cath-
ode at the bottom. Figuré4(d)reveals a fully developed unstable ow. Finally, FiguBe&s
shows detailed images of concentration shells and pattajkectories, their detachment from
each electrode, and their encounter and mixing.
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(a) 56s (b) 62s
(c) 65s (d) 69s

F1G. 3.5.Simulated unstable strati ed ow: clipped isosurface ohoentration shells and particle trajectories.

4. Discussion.We presented a 3D mathematical macroscopic model for ECBllsin
horizontal and vertical positions relative to gravity, andnerical simulations of that model.
The mathematical model and numerical simulations, theratilidated with 2D experimen-
tal measurements, allowed the construction of the follgwitore complete predictive phe-
nomenological 3D model.

In a horizontal cell, our model predicts the existence ofcemrration shells and convec-
tion rolls near each electrode, not detaching from them kpé&eding towards one another,
and their interaction with rami ed deposits. At the dendrithe shells and rolls bend and
surround the tip, forming a sort of three-dimensional eopeltube which is squeezed by the
dendrite tip and which closely follows the evolution of thepdsit front.

In a vertical cell, cathode above anode, in the presenceavitr our model predicts
that the uid concentration near a downward-growing tipdgéred, thus generating a vortex
tube (driven by gravitoconvection) wrapping the dendripe(tmuch as in the case of the
horizontal cell in which the dendrite tip is surrounded bs) The region close to the anode
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is not affected by the growth and remains without convectifiving rise to a global stable
stratied ow.

In a vertical cell, cathode below anode, our model predintsiastable stratied ow
in which the cathodic and anodic vortex tubes transform gedwes into plumes or tongues
expanding towards one another and merging. As a consequétidgs mixing, concentration
gradients are strongly attenuated.

In horizontal as well as in vertical cells, our model preslitte existence of vortex rings
driven by electroconvection and electric spherical drdgpbketips of the dendrites, allowing

uid to penetrate at the tip and to be ejected from its sidéswHear the tips is the result of
the combined action of vortex rings, concentration shaltg rolls.

While electric and buoyancy forces are normal to each othatorizontal cell, in verti-
cal cells, cathode above anode, both forces are coplandreaedthe same direction. This is,
naturally, the fundamental cause of their different betiavi

Mathematical modeling is supported by 3D numerical simiaifatesults shown in Fig-
ures3.1(horizontal cell),3.3(vertical cell, cathode above anode), & (vertical cell, cath-
ode below anode), respectively.

3D numerical simulations are validated by the correspandd experimental measure-
ments presented in Figurds3 and 1.4 for horizontal cells, and in Figures.6 and 1.7 for
vertical cells, respectively.

In conclusion, the numerical simulation of our 3D mather&tmodel makes it possible
to prove from rst principles the existence of 3D structyrasd therefore it leads to a more
complete formulation of a 3D phenomenological model angjitace-time evolution: rolls
are vortex tubes squeezed at their ends, concentratiots firmm shells accompanying rolls,
electric spherical drops are isosurfaces of the modulud®fetectric eld, roll, and shell
envelope laments, among other features. Thus, the modebnly correctly predicts 2D
experimental measurements found in the literature, busd provides new insights into the
physical problem.
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