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Abstract

The electrodeposition of copper on a conically shaped diamagnetic electrode was studied under the
influence of a vertical magnetic field. Numerical simulations combined with measurements of the velocity
and the concentration field were conducted to provide understanding of the influence of the Lorentz force
on the deposition process. The secondary flow caused by the magnetic field is directed downward along the
cone surface and thus supporting conical growth. Since the cathode is placed at the bottom of the
electrochemical cell, natural convection is counteracting the influence of the Lorentz force. However, the
different time scales of both forces involved allow to utilize the beneficial influence of the Lorentz force, e.g.

in pulsed deposition regimes.

Keywords: copper electrodeposition, magnetic field, surface-structured electrode, Mach-Zehnder
interferometry, shadowgraphy, numerical simulation
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1 Introduction

Rapid development in micro- and nanoelectronics tends towards miniaturization of functional structures
with high aspect ratios, whereby conical structures at length scales from micrometer to nanometer have
gained much attention due to their numerous applications in areas including microscopies, super-
hydrophobic and electrocatalytic materials [1] [2] [3]. Due to their excellent electrocatalytic activity, nano-
cone arrays are particularly attractive for water electrolysis. It was reported that the special nano-conical
geometry of the electrode promotes the hydrogen evolution reaction by preventing bubble coalescence and
by favouring bubble detachment [4] [5] and also increases the electrochemically active surface area [3] [6]
[7]. Among the various methods of synthesizing arrays of micro- and nano-structured cones, electrochemical
deposition techniques have gained much attention due to their simplicity, their low-cost and their ability to
fabricate highly ordered structures [8] [9] [10]. Enhanced transport of the electroactive ions towards the tip
of a conical cathode by migration and diffusion provides a higher current density at the tip compared to
other regions of the cathode [11] [12] [13]. This non-uniform distribution of the current density results in a
higher deposition rate at the tip of the cone, so that the aspect ratio of the growing cone increases with time.
Meanwhile, the effects of magnetic fields on the structured electrodeposition of metal have been a matter of
interest for the past decades (for a recent review, see [10]). It is well known that the influence of magnetic
fields on the mass transport and on the morphology of the deposited layers can be attributed to the action
of the Lorentz force and the magnetic gradient force [14] [15] [16]. As the magnetic field applied in the
present study is a quasi-homogeneous field, the magnetic gradient force will not be discussed here.
Additionally, natural convection is usually involved in the deposition process due to the concentration
gradients arising during deposition and the associated density gradients near the cathode. Figure 1
schematically shows the flows induced by the Lorentz force and the buoyancy force near a conical cathode.
The Lorentz force fy, is resulting from the vertical magnetic field B and the radial component of the current
density and is creating an azimuthal flow around the cone [17] [18]. The centrifugal force generated from this
primary flow gives rise to a secondary flow which brings fresh electrolyte downwards to the tip of the cone.
Apart from the magnetic force, the electrochemical reaction taking place at the cathode causes lower
electrolyte density in this area, which gives rise to natural convection. As the cathode is placed at the bottom
of the electrochemical cell, the buoyancy force near the cathode tends to bring the electrolyte upwards,

which in interaction with the Lorentz force will generate a complex three-dimensional flow.

Figure 1: Flow (schematically) induced by the Lorentz force f; (primary and secondary flow drawn by solid

and dashed lines, respectively), and the buoyancy force f, near the conical cathode.



This flow can be expected to influence the mass transfer on the cathode. It is therefore possible to control
the electrodeposition process by properly adjusting the magnetic fields imposed on the electrochemical cell
[16] [19] [20]. This paper aims to investigate the electrodeposition process on a single conically shaped
copper electrode at millimeter length scale under the influence of a vertical magnetic field. This should
provide a basic understanding of the flow and the mass transfer at conical structures and contribute to
future investigations on arrays of cones towards nanostructures, which upon reduction of the length scales
have shown novel physical and chemical properties [21]. In the present work, the velocity and the
concentration field near the conical cathode were studied in detail by measurements and by numerical
simulations. The electrolyte flow was visualized by shadowgraphy with application of particle tracking
algorithm, and the concentration field was measured by a Mach-Zehnder interferometer. Numerical
simulations were conducted to compare with the measurements and to deliver further detailed information

on the deposition process.

2 Materials and methods
2.1 Experimental

Cone-shaped copper cathodes were fabricated by a Computerized Numerical Control (CNC) technique
(Figure 2(a)). The cone diameter was 2 mm, and the tip angle was 60 degrees (Figure 2(b)). The surface
exposed to the electrolyte is 6.22 mm?”. The cone was electrochemically polished and sputtered with a
protective film of gold (100 nm). It should be noticed that a small part of the tip (height=0.13 mm) is
truncated due to fabrication details (Figure 2(b)), resulting in a cone height of 1.6 mm in total. The influence
of such imperfectness of the cone shape is discussed in Section 3.4. Cuvettes were purchased from Hellma
Analytics and made of Quartz SUPRASIL. The height was 45 mm and the inner cross section was 10x10 mm?.
A cylindrical NdFeB magnet (height=20 mm, diameter=20 mm) magnetized downwards along its axis was
placed below the cone at a distance of about 10 mm between the upper surface of the magnet and the
bottom of the cone (Figure 2(c)), providing a magnetic field of 0.06 T near the cone, as measured by a
Gaussmeter (Type Fieldmeter H2 from MAGMESS Magnet-Messtechnik Jirgen Ballanyi e.K.). An aqueous
solution of 0.1 M CuSO, was prepared as the electrolyte, having a pH value of 4.2. A potentiostat (CH
Instrument) was set in galvanostatic mode for the electrodeposition. A Platinum wire (ALS Co.) of 0.5 mm
diameter was used as counter-electrode and placed vertically in the upper part of the cell.

The concentration measurements were carried out using a Mach-Zehnder interferometer (the setup is
illustrated in Figure 2(c)). The fringe pattern variations obtained were analyzed by an in-house Matlab code
which is applying a wavelet transformation to obtain the refractive index map [22] [23] [24] [25]. Then, the

gradient of concentration was calculated by the help of calibration measurements.
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Figure 2: (a) Image of the cuvette with CuSO, electrolyte, magnet and conical electrode. (b) Optical image

of the cone. The scale bar is 200 pm. (c) Sketch of Mach-Zehnder setup.

A similar setup as for Mach-Zehnder interferometry was used for tracking particles during electrodeposition.
Monodisperse spherical polystyrene (PS) particles, with a size of 36 um, were added to the electrolyte. The
cuvette was illuminated by a laser (Model 32734 from Research Electro-Optics, Inc.), and shadowgraph
frames were recorded by a camera placed on the back. Images were acquired during 90 s of
electrodeposition and analyzed by using an in-house code written in Matlab and extended from previous
work [26]. Both interferometry and shadowgraphy images were acquired by using a COHU CMOS camera
(Model 7812-2000, 1280 x 1024 effective pixels) at a speed of 10 frames/second and a field of view of about
5x5 mm”. In all experiments, a constant cell current of 1 mA was applied, corresponding to a mean current

density of j=16 mA/cm? at the cone.

2.2 Numerical

The numerical model applied in the simulations is described in detail in [17]. The velocity of the electrolyte is

given by the incompressible Navier-Stokes-equation:
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combined with the incompressibility constraint V- u = 0, where p, p and ) denote the density, the pressure,
and the dynamic viscosity of the electrolyte, respectively. The Lorentz force f;, = j X B is given by the vector
product of the current density j and the magnetic flux density B and induces a magnetohydrodynamic (MHD)
flow of the electrolyte. Density variations near the electrodes give rise to the buoyancy force fz = g(p — po),
where g = [0,—9.81,0] m/s? is the gravitational acceleration, and p, = 1014 kg/m3 is the bulk density
[27]. For small density variations, the Boussinesq approximation can be applied [17], where the density in
Equation (1) is taken to be the constant bulk density py, and the buoyancy force takes the form of
fe= pogziﬁi(ci —cio). Here ¢ denotes the bulk concentration of each species, c; and f3; are the
concentration and the volume expansion coefficient of each species, respectively. As a binary electrolyte is
used, it holds ¢, 2+ = €50,2" due to electrical neutrality of the electrolyte, and the index i may be omitted
(electrolyte concentration denoted by c). The buoyancy force is thereby modified to fg = P09 Bso1(c —c®)
with B0 = 1.6 X 107* m3/mol [27] denoting the volume expansion coefficient of the electrolyte. As

boundary condition, the velocity has to satisfy the no-slip condition u = 0 at the cell walls and at both

electrodes.

The transport of the chemical species is given by the Nernst-Planck equation:

aCi

D:
o+ (@ Ve = z;F — V- (c;V¢) + D;Ac; (2)

RT

with z; and D; being the charge number and the diffusion coefficient of species i (D¢y2+ = 0.564 X
107% m?/s, Dgp,2- = 1.004 x 107°m?/s[28]). F, R, T and ¢ further denote the Faraday constant, the
universal gas constant, the temperature and the electric potential in the electrolyte, respectively. In order to
close Equation (2), conservation of chargeV-j = 0is implemented. The current density j consists of a

migration part and a diffusion part of the transport of the ions in the electrolyte and is defined as

j = —F2V¢ z?&c- —F ) z;D,Vg;
] = i pr i iliveg (3)
i i

Due to the electric insulation, the normal current density has to vanish on the electrically passive walls. The
normal flux of the electrically passive SOﬁ_ ion is zero on all the walls as well as on the electrodes, as it does
not take part in the chemical reaction. The normal flux of the electrically active Cu?™ ion is zero on passive
walls and has to satisfy the condition of the electrode kinetics, which is expressed by the Butler-Volmer

equation on the electrodes [28] [29]:

.. [Ccuzt Y [ (aaF ) (—acF )] (4)
J=Jo Cgu2+ exp RT Ms ) —exp RT Ms
Here a,, a. are the transfer coefficients, where the charge number is already incorporated, y is the slope of

a logarithmic plot of exchange current density vs. concentration [30], and j,is the base value of the
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exchange current density. s = ¢ — @ — eq denotes the surface overpotential, which is defined as the
potential of the electrode (relative to the solution) minus the value at equilibrium. As copper electrodes are
assumed in the simulation, the equilibrium potential ¢¢q corresponds to 0 V. As the magnetic field has only a
very small effect on the kinetic parameters [31], these are obtained from the data available for the case
without magnetic field [30] [32] [33] [34]. For the 0.1 M CuSO, solution under study here it reads:
jo=1mA/m? a, = 1.5, a, = 0.5,y = 0.42.

By virtue of the axial symmetry of the conical electrode, 2D axisymmetric simulations were performed using
the finite element code Comsol [35]. The computational domain is shown in Figure 3(a). The cell dimensions
correspond to the aforementioned experimental setup. The cell voltage is properly adjusted at each instant
of time of the transient simulations such as to provide a constant cell current of 1 mA. The resulting average
current density at the anode and at the cathode are 1.3 mA/cm?®and 16 mA/cm?, respectively. The cylindrical
permanent magnet is placed below the electrochemical cell such that its vertical center line coincides with
the symmetry axis of the cell. By neglecting the electromagnetic induction, the magnetic field is given by the

Maxwell equations and the constitutive relation as follows:

V-B=0VxH=0 (5)

B = u,(H + M) (6)

Here B, H, M, 1, denote the magnetic flux density, the magnetic field strength, the magnetization of the
material, and the vacuum permeability, respectively. As mentioned above, the permanent magnet induces a
magnetic field magnitude of about 0.06 T near the copper cone. Figure 3(a) visualizes the distribution of the
magnetic induction in the cell (black arrows). Figure 3(b) shows in more detail the magnitude of the vertical
and horizontal components of the magnetic flux density near the cone. The magnetic field is mainly directed
vertically, as the horizontal component of the magnetic flux density is shown to be much smaller than the
vertical component, especially near the vertical center line (r<1 mm). The vertical component of the
magnetic flux density decreases only slightly with increasing r- and z-coordinates. As the dimensions of the
magnet are large compared to the cone size, a quasi-homogeneous vertical magnetic field near the cone is

obtained.
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Figure 3: (a) Sketch of the computational domain. The coordinates r and z denote the radial and vertical
coordinates, and the red dashed line is representing the symmetry axis. Scales are modified for better
visibility. Further shown are the magnetic flux density vectors in the cell. (b) Distribution of the magnitude
of the vertical and horizontal components of the magnetic flux density B near the cone, the position of

which is marked by orange dashed lines.

Transient simulations were conducted to study the temporal behavior of the deposition process. The
simulation initially starts from a homogenous state, i.e. c;(t = 0) = cl-0 = 0.1 M. The initial velocity of the

electrolyte u(t = 0) is zero.

The unstructured grids used in the simulations were refined near the boundaries in order to adequately
resolve the concentration and velocity boundary layers in these regions. According to the results of a mesh
independence study, an unstructured mesh with 0.56 Mio. elements and an element length of 2 um along
the cell boundaries was selected for the following simulations. It was further found in a separate numerical
study that concentration-related variations of the density and the viscosity only have a minor influence on
the results. In order to simplify the calculations and to reduce the computational effort, constant fluid

properties in combination with the Boussinesq approximation have been applied.

3 Results and Discussion
3.1 Concentration

It should be noticed that the concentration data obtained from the measurements by the Mach-Zehnder-
Interferometer are averaged in direction of the laser beam. The simulation results therefore need to be
processed correspondingly to allow a direct comparison between simulation and experiment. In the

following, the y direction denotes the laser direction of the Mach-Zehnder-Interferometer with respect to



the Cartesian coordinate system x —y — z. The Abel transform is used to project the axially symmetric

concentration field to a 2D plane orthogonal to the laser direction [36]:

07 =2 “c(r,z)rdr
Cava(X,2) = —_—
avg Y (—rz _ xz

Here, r and z denote the radial and the vertical coordinate in the cylindrical coordinate system introduced

(7)

earlier. The so-calculated averaged concentration variation Ac = cqpg — c® with respect to the initial
electrolyte concentration c® is compared with the experimental result in Figure 4. In the initial phase of the
deposition at 5 s, concentration variations only exist near the cone surface. Copper ions are continuously
consumed at the cathode with ongoing deposition, so the concentration boundary layer and the associated
density variations near the cone become more pronounced in time. The latter gives rise to an upward
buoyancy flow, which becomes visible at 10 s in the advection of the concentration boundary layer above the
cone tip along the vertical center line. When comparing the concentration distribution at times 10 s and 30's,
only slight differences exist, indicating that the concentration boundary layer has reached a quasi-steady
state. Such initial transient and subsequent quasi-steady state was also reported in [37]. Overall, a good
qualitative agreement between simulation and experiment can be stated. In order to compare the results
guantitatively, two monitoring lines were depicted. The concentration profiles along a horizontal line 0.4 mm
above the cone tip (z=2 mm) and a line perpendicular to the cone surface at half height of the cone are
presented for different instants of time in Figure 5. A moving average was applied to the noisy experimental
data. Despite slight differences between the simulation and the experimental data, both results are in good
agreement, and also the temporal behavior of the concentration boundary layer nicely coincides. At time 30
s, when the concentration field near the cone has reached a quasi-steady state, the thickness of the
concentration boundary layer is about 0.24 mm at the monitoring line above the cone tip and about 0.12

mm at half height of the cone.
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Figure 5: Averaged concentration variation Ac from experiment and simulation at the horizontal (a) and
the electrode-normal (b) monitoring line at different instants of time. The red arrows indicate the location

and the direction of the monitoring lines.

3.2 Velocity

First, the amplitudes of the different volume forces involved are estimated to get a first hint on the flow

regime in the cell. The ratio of Lorentz and buoyancy force can be calculated as follows [16]:
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Here the concentration c¢,2+ is set to be 0 mM by assuming a limiting current regime. The characteristic
magnetic induction By is 0.06 T, and the characteristic current density is set to be the averaged cathode
current density of 16 mA/cm® The so-calculated value of Ryyp amounts to about 0.06, indicating that the
electrolyte flow might be dominated by the buoyancy force when the steady state has been reached.
However, it should be noted that the amplitudes of both forces do vary in space and time, which makes a
detailed investigation necessary. The magnitude of the azimuthal and meridional components of the velocity
and the 3D velocity vectors obtained from the numerical simulations are shown in Figure 6. The azimuthal
flow induced by the Lorentz force after beginning of the deposition process rapidly approaches a quasi-
steady state, as seen already at time 5 s. This azimuthal flow is limited to the region near the cone, where the
bending of electric field lines results in a radial component of the current density, which together with the
vertical magnetic field generates the Lorentz force. In comparison, the buoyancy flow develops more slowly
(see below), as with ongoing deposition the development of the concentration gradients near the cathode
proceeds. This flow is pointing upward and is counteracting the secondary flow induced by the Lorentz force
that is directed downward. As can be seen in Fig. 6, after 10 s, the meridional flow is dominated by the
buoyancy force and a related upward flow above the tip of the cone, which in magnitude even exceeds the
azimuthal velocity. This upward flow originates at the foot of the cone and continues with a parallel flow
along the cone, which dampens the local mass transfer in the upper part of the cone, visible in a thicker

concentration boundary layer in this region, as shown in Figure 4.

In order to describe the interplay of Lorentz force and buoyancy force in more detail, in the following the
magnitudes of both forces averaged over the electrochemical cell are considered. The temporal behavior of
the ratio between both averaged forces fi ayg/fgavg in the start-up phase of the deposition is shown in
Figure 7. Also shown is the vertical velocity at a monitoring point 1 mm above the tip of the cone. As can be
seen, the vertical velocity at the monitoring point changes its sign at about 5 s, suggesting that for later
instants of time the previously downward directed flow dominated by the Lorentz force is converted into an
upward flow dominated by the buoyancy force. This is in good agreement with the fact that the ratio
between the averaged Lorentz force and buoyancy force is larger than one at the beginning but continuously
reduces in time and sinks below one also at about 5 s. The analysis of the forces performed can therefore

nicely explain the development of the electrolyte flow pattern.
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Figure 6: Numerical results of the magnitude of the azimuthal velocity (left) and of the meridional velocity
superimposed with the meridional velocity vectors (center), as well as the 3D velocity vectors near the

cone (right).
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Figure 7: Vertical velocity U, at a monitoring point 1 mm above the cone tip and the ratio between the

spatially averaged Lorentz and buoyancy force (right axis) fi v/ f;ave in the start-up phase of the deposition.

The influence of each volume force on the electrolyte flow can be studied in more detail by separately

activating the forces in the numerical simulation. Figure 8 is comparing the vertical velocity along a

monitoring line parallel to the slant cone surface at a distance of 0.13 mm from the surface when only the

Lorentz force is activated (CufL), only the buoyancy force is activated (Cufg), or both forces are activated (Cu).

As shown in Figure 8 for all instants of time, the Lorentz force alone induces a weak, steady downward flow

at the cone. At time 5 s, a weak but already upward directed flow is found in result of both forces, that is

counteracted by the Lorentz force, most pronounced in the upper part of the cone. At times 10 s and 30 s,

however, the buoyancy force has become so strong that the influence of the Lorentz force can not be

recognized anymore, resulting in a distinct upward flow.
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Figure 8: Vertical velocity U, along a monitoring line at a distance of 0.13 mm from the slant cone surface
for 0.075<r<1 mm, when both volume forces are activated (Cu), only the Lorentz force is activated (Cufl),
or only the buoyancy force is activated (Cufg). A zero velocity line has been added for better comparison.

Red arrows indicate the location and the direction of the monitoring line.

Apart from the numerical studies, shadowgraph measurements were conducted to track the path of
polysterene particles (size= 36 um) added to the electrolyte during deposition and to derive information on
their velocity. Figure 9(a) shows a shadowgraph image with the trajectory of a single particle superimposed
in white color. The initial position of the particle at onset of the deposition (x,=1.75 mm, y,=0 mm, z,=0.39
mm) is marked by the white arrow, and the final position shown is reached at t=15 s. The trajectory of the
particle was calculated from subsequent shadowgraph images during deposition. Since the cylindrical NdFeB
magnet is magnetized vertically downwards, the particle, according to Lorentz force, is moving in clockwise
direction around the cone on a spiral path, which may be deduced also from the simulation results shown in
Fig. 6. The particle is initially located at a position where the azimuthal Lorentz force is predominant and
performs almost a complete revolution before it experiences the influence of the cone-parallel buoyant flow
developing with time that is lifting up the particle and bringing it closer to the cone. As there the buoyant
flow is dominant, eventually the vertical motion is mainly determining its motion, and the particle is leaving
the near-cone region close to the symmetry axis of the cone.

Figure 9(b) depicts the temporal behavior of the horizontal in-plane velocity U, of the particle calculated
from its trajectory data. The amplitude of the velocity oscillations that resembles the spiral motion of the
particle around the cone described above is decreasing with time accordingly. If the first revolution of the
particle around the cone is fitted by a sinusoidal function, an initial period of the azimuthal motion of about
13 s is obtained, with values of the horizontal velocity between -0.49 mm/s and 0.38 mm/s. These values

correspond well with the simulation results in Fig. 6.
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Figure 9: (a) Shadowgraph image of a particle trajectory near the cone. The arrow points to the initial
position of the particle when the electrodeposition starts. The path in front of the cone is not shown, as it

was hidden by the cone shadow. (b) x-component of the particle velocity U,.

3.3 Simulation results of the structuring effect

In order to evaluate the structuring effect of the magnetic field during electrodeposition on the conical
cathode, the deposit thickness at the cone can be calculated from the numerically obtained current density

of the axisymmetric simulation [15] [38]:

Vm T. (9)
d(r,T) = ;J j,(rt)dt
0

Here T denotes the deposition time, and V; = 7.11 X 107® m3/mol is the molar volume of copper. The
normal current density and the so-calculated deposit thickness at the cone at different instants of time are
presented in Figure 10 (case NoExtend). Also shown here are the numerical results of a cathode which is
extended by a horizontal part of 1.5 millimeter length (case Extend). While the first geometry (case
NoExtend), i.e. cathode without extended horizontal part, is originating from the details given in the
experimental investigation, the Extend case can be expected to more realistically resemble a planar cathode
with several adjacent conical structures. As can be seen, for the cone used in the experiment (NoExtend), the
current density is concentrated near the tip and the base of the cone, in agreement with the result of the
primary current density distribution at a conical cathode [1]. In the initial phase of the deposition process at
5 s, the diffusion layer is not yet well developed, and the current density is mainly determined by the
geometry, yielding a very high current density at the tip of the cone. There might also be a favorable minor
influence originating from the downward flow caused by the magnetic field. For later instants of time, as
shown above, an upward buoyancy flow is building up, and a thicker concentration boundary layer is
appearing at the tip of the cone, which is weakening the local diffusive transport of ions and the associated
current density. The deposit at the tip is therefore thinner than at the base of the cone after 10 s and 30 s

deposition time in the NoExtend case.
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In case of the extended conical cathode, from Fig. 10 it is clearly seen (case Extend) that the current density
remains maximum near the tip of the cone for all instants of time. The current density at the bottom of the
cone is much lower than in the NoExtend case, as the cathode now includes a part of the bottom, thus
avoiding the current density to peak at the cone base. This allows more current flowing to the tip, resulting in
a higher current density there when compared to the NoExtend case. Despite also in the Extend case the
upward buoyancy motion along the cone eventually succeeds, the deposit grows fastest at the tip, from
which it may be concluded that conical growth is supported in general. However, as it was shown above that
the influence of the Lorentz force is mainly limited to the initial phase of the deposition of about t<5 s, it can

be assumed that this effect is mainly caused by the geometrical aspects of the deposition at the cone.

| | | | NoE
227 — NoExtend5s | 250 — NoExtend 5 s oFxtend
0 — NoExtend 10 s \ — NoExtend 10s | “
24 N — NoExtend30s | 200 ~ _— NoExtend 30s /-
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6 I T I I 0 I I T |
02 04 06 0.8 1 02 04 06 08 1 B -
r [mm] r [mm] 2.5mm
(a) (b)

Figure 10: Numerical results of the normal current density j, (a) and the deposit thickness d (b) along the
slant side of the conical cathode (NoExtend) and of the conical part of the extended cathode (Extend),
starting at r=0.075 mm (plateau edge of NoExtend case). The averaged current density at the cathode is

kept at 16 mA/cm? for both cases.

3.4 Influence of the imperfect conical shape

The numerical and experimental results presented so far correspond to a conical cathode, the tip of which is
truncated due to fabrication details. In order to quantify the influence of the imperfectness in shape,
additional simulations for a cone of perfect shape have been performed. Figure 11(a) shows the
concentration distribution superimposed with the meridional components of velocity vectors at a time of 30
s near the imperfect (left) and the perfect cone (right). The results are quite similar, except that there is a
small area above the terrace of the imperfect cone where the flow is weak. This might be related to
buoyancy mainly. At the outer side of the plateau, buoyancy effects from all along the cone surface
superimpose and lead to a stronger upward flow than the one generated at the center of the plateau, which
may cause a small region of recirculation. Correspondingly, a small variation in the thickness of the

concentration boundary layer can be observed for both cases at the plateau height. Figure 11(b) shows the
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normal current density profiles at both cones for different instants of time. The maximal current density of
the perfect cone near the symmetry axis appears exactly at the tip, while for the imperfect cone the current
density peaks at the edge of the terrace. The low current density at the terrace is assumed to be related to
the weak flow in this region mentioned above. However, these differences are only restricted to the very
small tip part of the cone. On the slant side of the cone (x>0.1 mm), the results of the truncated cone and of
the perfect cone nicely match. The imperfectness of the cone used in the experiment should therefore not
influence the basic results obtained here for the deposition process on conical cathode in a vertical magnetic

field.
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Figure 11: Comparison between the truncated cone and the perfect cone. (a) Concentration distribution ¢
superimposed with the meridional components of the velocity vectors at t=30 s. (b) Normal current

density j, at the imperfect (solid lines) and the perfect cone (dashed lines).
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4 Conclusions

The mass transfer and the electrolyte flow near a conically shaped copper electrode under the influence of a
vertical magnetic field were investigated numerically and experimentally. The basic motivation for this study
arose from the expected beneficial influence of the Lorentz force which is causing a downward-directed
secondary flow that might support conical growth. The focus of this work is to understand basic phenomena
appearing at a single cone and to study the interplay of the Lorentz and the buoyancy force.

As a result, good qualitative and quantitative agreement between simulations and measurements was found
for the copper sulfate concentration of the electrolyte in the vicinity of the cone. For enabling the
comparison, the axisymmetric concentration field obtained by the numerical simulations was averaged in the
laser direction of the Mach-Zehnder-interferometer. Buoyancy was further found to lead to a delayed onset
of an upward flow along the cone surface, that is influencing the thickness of the concentration boundary
layer and thereby damping the diffusive transport of ions near the tip of the cone.

Numerical analysis of the electrolyte flow enlighted in detail the interplay of the flow forced by the Lorentz
force and by buoyancy. The upward directed buoyancy flow is counteracted by the secondary flow caused by
the Lorentz force arising from the vertical magnetic field. However, the favorable effect of the Lorentz force
of bringing fresh electrolyte to the tip of the cone is dominant only in the first few seconds of the deposition,
after which the flow is mainly determined by the buoyancy force. In the experimental configuration under
study, the ratio of both forces was estimated to about 6 % only. A stronger action of the Lorentz force might
be achieved by increasing the cell current or by using stronger magnetic fields.

Furthermore, a particle tracking algorithm was applied in shadowgraphy experiments to analyze the
electrolyte flow and to visualize the spiral particle motion. The so-calculated flow pattern corresponds
qualitatively well with the simulation results.

Despite a cone truncated at its very tip was used in the experiments and simulations, it could be shown that
the results at the slant side of the cone are almost not influenced by such a small imperfectness of the shape,
which are therefore valid also for perfect cones.

Further numerical simulations at a conical cathode extended radially by a horizontal part avoid the pecularity
of the local maximum of the current density at the base of the cone. Such geometry supports conical growth
and allows the extension of the results obtained towards cathodes consisting of several cones.

Finally, the delayed onset of the buoyant upward flow compared to the almost instantaneous action of the
Lorentz force provides the possibility of maximizing the beneficial influence of the Lorentz force mentioned
above by utilizing the different time scales. A natural extension of this work would be to study proper pulsed
deposition regimes in the future. Another approach might be to flip the electrochemical cell in order to get
rid of the counteracting buoyancy effect that is partly dominating the present configuration. Own future
work will be also directed towards the deposition of ferromagnetic metals where additionally magnetic

gradient forces are known to become important [16] [38] [39].
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Graphical abstract

Highlights

combined experimental and numerical study of the electrodeposition of copper at a conically
shaped electrode

the single cone study is motivated as generic case of rough and regularly surface-structured
electrodes

a vertical magnetic field is found to be beneficial for enhancing conical growth

the secondary flow induced by the Lorentz force increases the deposition rate near the cone
tip

the influence of buoyancy caused by the electrode reaction is strong and superimposing the
magnetic field effect, but might be mitigated by different means
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