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Abstract

Micro- or nano-structured ferromagnetic layers often possess superior electro-
catalytic properties but are difficult to manufacture in general. The present work
investigates how a magnetic field can possibly support local cone growth on a pla-
nar electrode during electrodeposition, thus simplifying fabrication. Analytical and
numerical studies were performed on conical structures of mm size to elaborate the
influence of the magnetic forces caused by an electrode-normal external field. It is
shown that, beside the Lorentz force studied earlier in the case of single cones [1], the
magnetic gradient force enabled by the field alteration near the ferromagnetic cath-
ode significantly supports cone growth. Detailed studies performed for sharp and
flat single cones allow conclusions to be drawn on the support at different stages in
the evolution of conical deformations. Furthermore, the influence from neighboring
cones is studied with arrays of cones at varying distances apart. Nearby neighbors
generally tend to mitigate the flow driven by the magnetic forces. Here, the support
for cone growth originating from the magnetic gradient force is less heavily affected
than that from the Lorentz force. Our results clearly show that the magnetic field
has a beneficial effect on the growth of ferromagnetic conical structures, which could
also be useful on the micro- and nanometer scales.
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1. Introduction

Conical micro- and nano-structures have numerous applications due to their
particular physical and chemical properties which appear when length scales are
reduced. Inspired by cicada wings, super-hydrophobic surfaces covered with arrays
of conical protuberances were reported to have good self-cleaning properties [2, 3].
For electrochemical applications, nano-structured electrodes are of great importance
due to their enhanced catalytic activity. Great efforts have been devoted to increas-
ing the activity of noble-metal-free catalysts by surface nano-structuring in order to
replace the rare, expensive Pt-based catalysts widely used in fuel cell technologies
[4, 5, 6]. In this respect, conically structured ferromagnetic electrodes have also
been reported to reduce the overpotential for the hydrogen evolution reaction by
enhancing the active surface area and supporting the bubble detachment [7, §].

Among the various methods of synthesizing arrays of micro- and nano-cones, elec-
trochemical deposition techniques have been widely applied [9, 10, 11]. As the cur-
rent density can be expected to be greater at cathode regions closer to the counter-
electrode, according to Faraday’s law, the deposition rate is higher at e.g. the tip
of a cone compared to other flat electrode regions [12]. This mechanism generally
supports the growth of non-uniformities during template-free deposition. In order
to further enhance a possible structuring effect during deposition, magnetic fields
may be utilized. In the past, magnetic fields have already proven a promising tool
for controlling the mass transport of the ionic species during electrodeposition pro-
cesses. A variety of effects can be achieved, among them the enhancement of the
limiting current [13, 14, 15, 16], the homogenization of the deposit thickness [17, 18],
the modification of the morphology of the deposited layers [19, 20, 21}, the reduction
of dendrite growth in Li metal batteries [22, 23], and the enhancement of hydrogen
evolution in electrolysis [24, 25, 26, 27]. Structured deposits down to the micrometer
scale were obtained using planar but magnetically patterned electrodes. Due to the
strongly inhomogeneous magnetic field created locally, a correspondingly patterned
deposit follows [28, 29]. However, the local modification of the magnetic field during
growth of a ferromagnetic elevation has not yet been investigated in detail, which
adds motivation for the present study.

It is well known that applying a magnetic field during electrodeposition causes
magnetic forces to act on the electrolyte and to drive a flow. These forces are the
Lorentz force [13, 30, 31|, and possibly also the magnetic gradient force [32, 33,
34]. If the magnetic forces can be designed such as to generate an electrolyte flow
which brings fresh electrolyte towards the tip of a cone, local mass transfer would
be enhanced and, thus, cone growth would be supported. For the Lorentz force
generated by a surface-normally oriented magnetic field, this beneficial effect has
firstly been shown near single copper cones [1]. Here, simulations and measurements

based on shadowgraphy and Mach-Zehnder interferometry were performed, and a
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moderate effect could be observed in a weak magnetic field of 60 mT. The Lorentz
force is given by the vector product of the current density 3 and the magnetic flux
density B,

Ju=jxB (1)

Here, as the electrolyte velocity is usually low (U < 1m/s), flow-induced parts of
the current density and the magnetic field may safely be neglected [35]. Figure 1(a)
schematically shows the flow near a conical cathode driven by the Lorentz force fi,
originating from an external magnetic field directed vertically upwards (Byg). For
diamagnetic and paramagnetic media, there is B ~ Bg. Then, the vertical magnetic
field and the radial component of the current density caused by the electric field lines
bending near the cone surface create an azimuthal flow around the cone [1]. The
centrifugal acceleration of the electrolyte away from the cone caused by this primary
rotating flow then gives rise to a secondary downward flow which brings fresh bulk

electrolyte to the cone tip and enriches the boundary layer [33].

0204 06 08 1 12
1B,

Je
(a) (b) (C) (d)

Figure 1: Sketch of the flows generated by (a) the Lorentz force fi, (primary and secondary flow
indicated by solid and dashed lines, respectively), (¢) the magnetic gradient force fyp and (d) the
buoyancy force fg near a conical cathode under the influence of an external vertical magnetic field
By. (b) Vectors and color contours of the magnetic flux density B near a single Fe cone (diameter
2mm, tip angle 60°, By = 200 mT}; simulation result).

If the deposition is performed in an inhomogeneous magnetic field, the gradient
of the magnetic field gives rise to a magnetic gradient force, which may also cause
electrolyte flow and thus affect the deposition processes. If the length scale over
which the magnetic field changes is small, e.g. below 1 mm, a strong field gradient
is created, and the magnetic gradient force may even dominate over the Lorentz
force [33]. In the case of the ferromagnetic layers studied here, the field gradient is
caused by the magnetization of the cones distorting the uniform external magnetic
field. Figure 1(b) shows the magnetic field distribution near a Fe cone in the vertical
center plane when a uniform external vertical field of 200 mT is applied. Here, the
magnetization of the Fe cone has not yet completely reached the saturation level

[36], and large magnitudes of magnetic induction are visible near the tip, creating
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strong field gradients. The magnetic gradient force is given as [33]:

JvB = Xsot/10(B - V) B, Xsol = Z Xile; + Xm0 (2)

Here, p1g = 47 - 1077 Vs/(Am), ¢;, X!, xm,0 and xso denote the vacuum perme-
ability, the concentration and the molar magnetic susceptibility of species 7, and the
magnetic susceptibilities of water and the solution, respectively.

It has been pointed out previously that for electrodeposition performed in a
closed electrochemical cell bounded by walls, the potential parts of forces are bal-
anced by the wall pressure and cannot drive electrolyte flow [30]. Therefore, with
respect to fyp studied here, the rotational part is responsible for the resulting flow
[33]:

V% fon = 5o (30 Ve) x (VB )

Thus, the flow forced by fyg is determined by the gradients of the species concen-
trations and of the magnetic field. As the concentration gradient near the cathode
develops with ongoing deposition, the magnitude and direction of fvg will vary over
time. Fig. 1 (c) shows a possible flow pattern caused by fyg.

Beside the magnetic forces, the buoyancy force which arises from variations in
the density of the electrolyte may also cause electrolyte flow during electrodeposition
[37]:

fe=(p—m)g (4)

Here, p, po and g = —9.81m/s? e, denote the local and the bulk density of the elec-
trolyte and the vector of the gravitational acceleration which points in a downward
direction —e, (see Fig. 2 for the coordinate system). Density variations originate
from a spatially varying electrolyte composition caused by electrode reactions or
from temperature variations in the electrolyte caused by Ohmic heating. However,
the thermal effect is often much smaller than the solutal one and can be safely
neglected, see Section 2.3.

In the following we consider electrochemical cells where the cathode is placed
at the bottom. The metal deposition at the cathode reduces the density of the
electrolyte, and solutal buoyancy tends to bring upward the lighter electrolyte, as
shown in Fig. 1(d). As the cathodes considered are not planar in shape, even in
the case of homogeneous deposition, f, has a non-zero rotational part, which drives
a horizontal flow towards the foot of the cone and an upward flow along the cone
surface:

VX fe=9Vpxe, (5)

As the deposition starts, this flow sets in unconditionally, which is different from
solutal convection at planar horizontal electrodes; this requires a critical Rayleigh

number to start [38]. The upward flow along the cone can be expected to generate a
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concentration boundary layer of growing thickness. Thus, near the cone tip, the con-
centration gradient and diffusive mass transfer may be weakened, and cone growth
supported by only the geometrical non-uniformity of the cathode may be impeded.
In this respect, properly adjusted magnetic fields offer the possibility to force an
opposing flow that is strong enough to compensate for the unfavorable buoyancy
flow and thus to enhance the desired structuring effect.

Extending the reflections to include planar cathodes with several conical eleva-
tions (see Fig. 2), the flow generated near each single cone may interact with flow
originating from its neighbors. Corresponding damping of the azimuthal flow near
magnetically templated electrodes was already reported in [39]. However, the neigh-
bor influence on the magnetization, the resulting magnetic gradient force and also
the impact of buoyancy has not been studied so far.

This work aims at studying the utilization of magnetic fields for the electrode-
position of conically structured ferromagnetic deposits. Although the majority of
today’s practical applications are for micro- and nano-sized conical structures, here
we perform first investigations on a larger scale to gain a basic understanding of
the magnetic field effects. This work extends the earlier study related to Lorentz
force effects with single cones [1] and firstly elaborates on the magnetic gradient
force, which plays an important role at ferromagnetic layers. The study includes
single cones of different shapes and also the influence of neighboring cones at varying
distances from one another. Thus, a detailed understanding is gained of the contri-
butions made by the different forces involved during electrodeposition in a vertical

magnetic field.

2. Methods

2.1. Problem description and simulation approach

We perform transient numerical simulations for the galvanostatic electrodeposi-
tion of metal on planar cathodes with periodic arrangements of conical elevations.
The electrodes are oriented horizontally, and the electrochemical cell is exposed to
a uniform magnetic field which is oriented vertically. We consider cathodes made of
iron and additionally also of copper, to compare with earlier investigations at dia-
magnetic electrodes [1]. In order to study the basic effects of both magnetic forces,
as well as the influence of neighbor effects, we start with cones of mm size, which
will also facilitate the later experimental validation of our simulation results. The
deposition times considered are in the range of minutes. We can therefore neglect
changes of the electrode shape during deposition and treat the electrode geometry
as fixed. Hence, the magnetic field near the electrodes also does not change during
deposition. In order to further exclude any possible influence from the different re-

action kinetics of the metals deposited, we deposit copper at both the ferromagnetic
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and the diamagnetic cathodes. We also neglect any possible side reactions such as
the hydrogen evolution reaction.

Our simulation approach consists of three steps which are outlined in Fig. 2. In
the first step, we study the generic behavior at single cones and neglect any influence
from neighboring cones, which are assumed to be far away. Thus, in a cylindrical
region with the cone placed in the center of the cathode, the problem can be assumed
to be axisymmetrical. The computational domain is thus the vertical plane bounded
by the symmetry axis and the outer mantle boundary, and by the electrodes (see
Fig. 2(a-b)). The simulations allow for an azimuthal flow caused by the Lorentz
force, but neglect any dependencies on the azimuthal () position.

In the second step, we take neighbor effects into account. We consider an in-
finitely extended planar cathode with a regular checkerboard arrangement of conical
deformations (see Fig. 2(c-d)). In the following we assume that the electrodeposition
proceeds identically at all cones. Global effects originating from e.g. recirculating
flows around electrodes of finite size [28] are beyond the scope of this study. We
therefore pick a cuboid computational domain between the electrodes where the
cone is located in the center of the cathode square. The side length of the square
corresponds to the cone distance, which will be varied later to study different cone
densities. At the opposite vertical faces of the cuboid domain, periodic boundary
conditions will be applied in the simulations.

As these simulations have to be performed in 3D and are expensive in terms
of computing resources, in the third step, we introduce an approximate scheme
for considering the neighbor influence. In order to facilitate simpler axisymmetric
simulations, we assume that there are neighboring cones at the same distance for all
azimuthal directions. Thus, the cylindrical domain shown in Fig. 2(a-b) can be used
again. Here, in contrast to Step 1, the radial extension is defined as half the distance
between the cones. At this outer domain boundary, for reasons of symmetry, the flow
has no radial component, and the azimuthal component originating from the Lorentz
force can be expected to be canceled out, as the azimuthal flow direction is opposite
between neighbors. This approximation allows 2D simulations to be performed
instead of 3D simulations as a means of considering the influence of neighboring
cones, and will be validated below by presenting a comparison of the two simulation
approaches for the case of the copper cones. The boundary conditions applied in

the three steps will be explained in full detail in Section 2.2.

2.2. Model equations and boundary conditions

The numerical model consists of a coupled system of equations for the magnetic
field, the electrolyte velocity, the concentration of the ionic species and the electric
field. The computational domains for the three steps of the simulations are outlined

in Fig. 2(b)(d), and the boundary conditions applied are summarized in Table 1.
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Figure 2: Sketch of the computational domains (marked in light blue), the related coordinate
systems (cylindrical in (b) and Cartesian in (d)) and the specific boundary conditions applied to
illustrate the three steps of the computational approach. (a-b) Step 1 and Step 3. (c-d) Step 2. At
the opposite vertical faces of the cuboid, green arrows indicate the periodic boundary conditions
which are applied. The dashed blue lines indicate the vertically extended domains for calculating
the magnetic field. (e) Sketch of the cone geometry with ayip and deone denoting the cone tip angle
and the cone diameter. For more details see Sections 2.1 and 2.2.

The magnetic field is obtained by solving the Maxwell equations [40]:
V-B=0, VxH=0 (6)

The magnetic field strength H is linearly related to the magnetic flux density B by
the vacuum permeability o for the paramagnetic and diamagnetic materials in our

calculations, i.e. B = ugH . Inside the ferromagnetic cathodes, there is
B = y(H+ M) (7)

Here, the magnetization M is given by a corresponding magnetization curve
[41]. H is the sum of the external field strength (Bgo/p) and the demagnetizing
field, the latter being directed antiparallel to M in ferromagnetic materials [42].
We apply B = By on the outer horizontal boundaries of the magnetic field domain
for all three steps and at the vertical side wall of Step 1, because a homogeneous
external magnetic field is imposed on the cell. For Steps 2 and 3, the neighboring
effects imply symmetry conditions at the vertical boundaries between the cones. We
therefore apply periodic conditions at the oppositely located vertical boundaries of

the cuboid domain in Step 2, and B - n = 0 at the outer radius in Step 3. Here n
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denotes the unit vector normal to the boundary. It should be mentioned that the
magnetic boundary conditions applied here exclude specific deposition effects at the
outer edges of the planar part of the ferromagnetic electrode found elsewhere [16].
The electrolyte velocity U is obtained by solving the Navier-Stokes equations
including the volume forces mentioned above and complemented by the incompress-

ibility constraint,

Po<%—?+<U‘V)U>:_VP+MV2U+fL+fVB+fg, V-U=0 (8)
Here, P and pu denote the dynamic pressure and the dynamic viscosity of the elec-
trolyte. A no-slip boundary condition is applied at the electrodes for all steps and
at the vertical side wall for Step 1. For Step 2, periodic boundary conditions are
enforced at the vertical boundaries. For Step 3, symmetry with respect to the neigh-
bor influence allows a free-slip boundary condition to be applied (U - n = 0) at the
outer radius, supplemented by the constraint that the azimuthal velocity (Uy) has
to vanish.

The distribution of species in the electrolyte is obtained by solving the Nernst-

Planck equations of dilute solutions:

0 C;
ot

=—-V:N; (9)
Here, IN; denotes the flux density of species ¢

D;

which, beside transport by migration and diffusion, also includes convective trans-
port by the electrolyte velocity from Eq. (8) [37]. Here, z;, D;, F, R, T and ¢ are the
charge number and the diffusion coefficient of species 7, the Faraday constant, the
universal gas constant, the temperature and the electric potential, respectively. The

electric current density in the solution is the net flux density of all charged species:
j=F> zN; (11)

We further assume electroneutrality in the electrolyte, i.e. > z;¢; = 0. Combining
Egs. 10, 11 and the conservation of charge (V -3 = 0), the electric potential can be

obtained as the solution of a Poisson equation:

D.c:
g2 2MiG ) g De | =
\Y% ( Fng;zz RT> \Y (F;zzDqu> 0 (12)

Regarding the boundary conditions applied, on electrically passive walls, due to

electric insulation, the normal components of the electric current and the flux of all
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ionic species have to vanish for Step 1. The same boundary conditions are applied
for Step 3, but for reasons of symmetry. For Step 2, periodic boundary conditions
are again implemented. On the electrodes, a Butler-Volmer relation is applied to

describe the kinetics of the copper reaction for all three steps [37]:

. er OéaF’ﬂs —er _aCFT}S
Jn = Jo p RT p —RT

Here jg, a, and a, denote the exchange current density and the apparent transfer

(13)

coefficients. The surface overpotential 7 is defined as the potential of the electrode
¢. relative to the solution potential ¢ minus the equilibrium electrode potential
Peq given by the Nernst equation, i.e. 7y = ¢ — @ — ¢eq [37]. In the simulations,
the electrode potential is adjusted at each time step to satisfy the galvanostatic
condition I = I(¢.) = const.

Table 1: Boundary conditions applied in the different steps of the simulations. The subsripts
"src” and "dst” denote the source and the destination boundaries in the case of periodic boundary
conditions (see Fig. 2 (c-d)).

Boundary | Step 1 Step 2 Step 3

Axis OB/Or=0 |- 0B/0r =0
Magnetic field Vertical B = B, B, = Bgst B-n=0

Horizontal B = B,

Axis oujor=0 |- ou/or =0
Electrolyte velocity | Vertical U=0 Uge = Ugst U-n=0,U;=0

Electrodes U=0

Axis dj/or=0 |- dj3/or =0
Electric field Vertical j-n=20 Jsre = Jdst j-n=20

Electrodes J - m from Eq. 13

Axis ON,;/Or =0 | - ON,;/0r =0
Species Vertical N; n=0 | Nigre=Niast | N;i-n =0

Electrodes Passive ions: N; = 0

Active ions: IN; - n from Eq. 11, Eq. 13

2.3. Material and simulation parameters

The material parameters for solving Eqs. 8-13 are listed in Table 2. The elec-
trolyte is an aqueous 0.1 M CuSO, solution at room temperature. Because of elec-
trical neutrality, it holds that coue+ = 502~ and the species index ¢ can be omitted
in the following. With respect to the reaction kinetics of copper, the exchange cur-
rent density jo is given as jo = joo (¢s/co)”, with ¢ and ¢y denoting the surface and
the bulk concentration of the electroactive Cu?* species. The reference exchange
current density joo and the kinetic parameter ~ are taken from [43]. In the simu-
lations performed, we found that the influence of the concentration-related term of
the Nernst equation on the surface overpotential is negligibly small. We therefore
take ¢eq to be equal to the standard equilibrium potential, ¢eq 0, Which reduces the

non-linearity of the boundary condition.
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The simulation parameters are summarized in Table 3. For the single cone
studies of Step 1, a cone is considered with a base diameter of d.,,e = 2 mm and a
tip angle of ay;, = 60°. These dimensions are varied only in the cone shape studies,
see Section 3.2. The chosen cell height of 30 mm is large enough to avoid any
influence from the anodic mass transfer at the cathode. The radial extension of the
electrochemical cell is chosen to be 5 d.one, Which is large enough to ensure that the
flow forced near the cone is not affected by the side wall. The current density used
for the simulations in the three steps varies between 8 and 16 mA /cm?. In order to
obtain comparable amplitudes of the Lorentz force, the magnetic field amplitude is
accordingly adjusted between 200 and 400 mT.

We now come back to estimating the relative significance of thermal and solutal
buoyancy. For the maximum current density considered, of 16 mA/cm?, when the
Joule heat is assumed to be completely transferred to the electrolyte, the local tem-
perature rises by about 0.2 K within one minute. The corresponding thermal density
variation is less than 0.01% [44, 45]. However, assuming there is a concentration
variation of 0.1 M, the solutal density variation is more than 100 times larger and
reaches about 1.6% [45, 46]. Thermal buoyancy can therefore safely be neglected
in the following. As the solutal density variation is still small, we may apply the
Boussinesq approximation [38], and the buoyancy force expressed by Eq. 4 can be
simplified to:

fe = pogBcuso,(c — co) (14)

with Bouso, denoting the volume expansion coefficient of the electrolyte (Table 2).

Table 2: Material parameters for 0.1 M CuSO4 at room temperature.

X2, (m®/mol) [ 1.57-10°% 32]
XH,0 —9.0-107°

po (kg/m?) 1014

6@11304 (m3/mol) 1.6-107% [46]
p (Pa-s) 1.04-1073

Dgye+ (m?/s) 5.6-10710

Dyggz- (m?/s) 10.04 - 1071 43]
ZCu2+ 2

ZSOi_ -2

Joo (mA/cm?) 10

Peq,0 (V) 0.337

vy 0.42 (37, 43]
Qi 1.5

o 0.5

2.4. Numerical details and validations

The simulations were performed using the Finite Element software package Com-

sol V.5.5 [41]. Second-order shape functions are used for the magnetic field B, the

10
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Table 3: Simulation parameters.

Step 1 Step 2 Step 3
Qtip 30° | 60° | 90° | 60° 60°
deone (Mm) 142 [24]2 2
Cone surface area (mm?) 6.28 6.28 6.28
Cell height (mm) 30 30 30
Height of magnetic field domain (mm) 100 100 100
Cell width (mm) 10 - -
Cone distance (deone) - 1.5,2,3,5 | 1.5,2,3,5
jcathode,avg (IIlA/CI’IlQ) 16 8 8
By (mT) 200 400 400
co (M) 0.1 0.1 0.1

velocity U, the concentration ¢ and the electric potential ¢, and first-order shape
functions are used for the pressure P. The initial conditions for the transient sim-
ulations are an electrolyte with a homogeneous bulk concentration cy at rest, i.e.
U = 0. Time integration was carried out using an implicit backward differentiation
formula method of up to the second order. The time step is adjusted by the solver
based on error estimation during the calculations, with an upper limit of 0.1 s which,
according to a time-step study, ensures the accuracy of the results.

Unstructured triangular (2D) or prismatic (3D) meshes were generated and re-
fined near the boundaries so as to sufficiently resolve the spatial gradients of the
concentration, the velocity and the magnetic field. A mesh study has shown that
the steep magnetic field gradients near the Fe cones are most demanding. Thus,
the mesh size near the cone surface was chosen to be 0.0005 d.one for the Fe cones
and 0.001 dgope for the Cu cones, respectively. This choice also ensures the sufficient
resolution of the concentration and velocity boundary layers.

For the magnetic field, a domain size study was performed to ensure that the
proximity of the top and bottom boundary does not affect the field distribution inside
the electrochemical cell. The magnetic field distributions obtained numerically have
further been validated with experimental data for different magnet geometries [1].
As a result, a domain height of 100 mm was chosen.

The full numerical model described above was validated by experimental data
from a similar deposition process on a single Cu cone [1] and also by deposition
problems at magnetically templated electrodes, where the magnetic gradient force
is of importance [33, 34]. As a result, the numerical model is able to deliver accu-
rate, reliable information on the magnetic field distribution, the electrolyte flow, the

species distribution and the current density distribution in the cell.

11



285

289

290

291

292

203

294

295

296

297

300

301

302

303

304

305

306

307

3. Results and Discussion

3.1. Single cones

In the following, the generic case of single cones (Step 1) is considered in order to
obtain a basic understanding of the influence of the different volume forces involved
in the deposition process. An intermediate tip angle of 60° is chosen for the copper
and iron cones investigated. Fig. 3 shows the azimuthal flow driven by the Lorentz
force fi, after a deposition time of 10 s. Surprisingly, an opposite direction of rotation
is observed for the iron cone compared to the copper cone. Moreover, the azimuthal
flow for the iron cone extends over a smaller area than for the copper cone. This
can be understood by considering the Lorentz force of the axisymmetric problem,

which consists of an azimuthal component only:
fu= (szr - jrBZ)eG (15)

Here, eg denotes the unity vector in the azimuthal direction (Fig. 2(b)). In general,
when approaching the cone, the vertical current density vectors bend towards the
surface-normal direction of the cone. Thus, j, < 0, 7, < 0. For the Cu case, the
magnetic field is not modified by the diamagnetic cathode, and the magnetic field
equals the external vertical field applied, i.e. B, =0, B, = By. Therefore, as shown
on the right-hand side of Fig. 3, j.By < 0 is responsible for the anticlockwise

rotation seen from the top of the cell.

Cu Fe

2
1.5
1
05 2
0o £
05 =
-1
-1.5
2

L | L

I mm 1 mm

Figure 3: Color surface of the azimuthal velocity after 10 s deposition time near the Cu and the
Fe cones (auip = 60°, joathode,ave = 16 mA /cm?, By = 200 mT). The direction of azimuthal forcing
by the Lorentz force is outlined on the far right.

For the Fe case, the magnetic field is modified in the vicinity of the cone due to its
magnetization, as shown in Fig. 1. Unlike the Cu case, radial components of B give
rise to negative force amplitudes j,B, which may exceed the positive part (—j,5,).
The resulting clockwise forcing is shown on the right-hand side of Fig. 3. As large

radial components of the magnetic field are only found close to the surface of the
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magnetized cone, the region of rotation is smaller compared to the Cu case. Similar
clockwise rotation was also found for the steeper and flatter iron cones investigated
in Section 3.2. However, it should be noted that, irrespective of the direction of the
azimuthal flow, the secondary flow created by the centrifugal force is always directed
downwards towards the cone tip [33, 39].

Fig. 4 compares the meridional velocity near the Cu and Fe cones with and
without a magnetic field after 5 s and 10 s of deposition time. In the absence of the
magnetic field, the behavior is identical for Cu and Fe cones. An upward-directed
buoyant flow develops with ongoing deposition, reaching a velocity of about 1 mm/s
above the cone after 10 s of deposition. Similar flow pattern were found in an earlier
study of copper deposition at a copper cone in a weak vertical magnetic field of
60 mT. There, the downward acceleration generated by the Lorentz force was not

strong enough to reverse the direction of flow, and the concentration boundary layer

was advected upwards and detached at the cone tip [1]. In the following, a stronger

no MF

0.4
0.3

(b) t=10s

Figure 4: Color surface of the vertical velocity after 5 s and 10 s deposition time near a cone
without a magnetic field (left: no MF), near the Cu cone with a magnetic field (middle) and the
Fe cone with a magnetic field (right). atip = 60°, jeathode,ave = 16 mA/cm?, By = 200 mT. Black
arrows represent the meridional velocity vectors.

magnetic field of 200 mT is considered. As shown in Fig. 4, near the copper cone
after a deposition time of 5 s a strong downward-directed flow is clearly visible,

which can be attributed to the dominant secondary flow caused by the Lorentz
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force. However, the flow direction very close to the cone surface has already turned
upwards due to the buoyancy of the concentration boundary layer, indicated by the
yellow region. As the deposition continues, the buoyant flow accelerates with time.
As shown after 10 s, the direction of flow near the surface of the cone is dominated
by buoyancy, which causes the concentration boundary layer to detach from the tip
of the cone. A weak downward flow remains at a larger distance from the cone.

For the Fe cone in the magnetic field, the magnetic gradient force fyg also comes
into play. In comparison to the copper case, the downward flow close to the cone
surface seems to be stronger. After 5 s, the downward flow along the upper cone
region is clearly visible, whereas the flow velocity near the lower part of the cone is
low. After 10 s of deposition, the downward flow along the upper cone region is still
maintained, but an upward flow caused by buoyancy is clearly visible in the lower
part. This results in a jet-like flow leaving the cone surface in an approximately
normal direction at about half the height of the cone. Although the influence of fy,
in the case of the iron cone is slightly weaker than in the case of the copper cone,
fvs is effectively counteracting fg in the vicinity of the cone surface.

In order to further analyze the influence of fyp on the deposition process,
Figs. 5(a-b) show the concentration of the copper ions close to the iron cone after a
deposition time of 5 s and 10 s. The images are superimposed with the meridional
velocity vectors. The downward flow along the surface of the upper part of the cone
continuously brings fresh bulk electrolyte to the tip, keeping the local concentration
boundary layer thin. By contrast, the upward buoyant flow already originates at
the horizontal part of the cathode, with a horizontal flow towards the cone, and the
thickness of the concentration boundary layer there grows with time. The aforemen-
tioned jet-like flow about halfway up the cone is accompanied by the corresponding
detachment and advection of the concentration boundary layer in an approximately
electrode-normal direction. A similar effect of boundary layer separation caused
by the opposing action of fi, and f, during electrodeposition was already reported
elsewhere [47].

The concentration boundary layer near the cone, in turn, affects fwvg and thus
the flow field. Applying Eq. 2, based on the material parameters given in Table
2, the magnetic susceptibility of the bulk solution is negative, as the diamagnetic

contribution of the water molecules dominates [32]:
Xsol = XOez+Co + Xm0 = —7.43-107° (16)

This also holds inside the concentration boundary layer, where ccp2+ < ¢g can be
assumed. Therefore, fyg is acting in the opposite direction to that of the magnetic
gradient. As the strongest magnetic field is found near the tip of the cone, fyg
points away from the tip. However, this contradicts the simulation result, which

indicates that the electrolyte flow is directed towards the tip. This issue can easily
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be resolved by only considering the rotational parts of the magnetic gradient force
and the buoyancy force, as discussed in the introduction. As axisymmetry applies,

the curl of both forces defined in Eqgs. 3 and 5 in cylindrical coordinates reads:

mO
V x fuvs = Xuo (SEB%—E—%BZS) €g (17)
V X fg = Begpo (%) €o (18)
Near the cone surface, the concentration gradient vector essentially points away
from the surface into the electrolyte volume, i.e. 2 > 0,2 > 0 (see Fig. 5(b)).
As the maximal magnetic field exists near the cone tip, along the cone surface
%—f < 0, 8? > 0. According to Eq. 17, the resulting V x fyg has a negative

azimuthal amplitude and forces the flow to rotate in an anticlockwise direction in
the meridional plane, i.e. downwards along the cone surface. In contrast, V x fg has
a positive azimuthal amplitude along the cone surface because = > 0. As the final
flow is determined by the curl of both forces, in Fig. 5(c) the sum of V X fgp and
V x fg is shown after 10 s of deposition time. It can be clearly seen that the upper
part of the cone boundary layer is dominated by the negative curl of fyg, whereas
the lower part is dominated by the positive curl of f,. This means that a downward
flow is forced along the surface of the upper cone part, counteracting the upward
buoyant flow. These flows force the jet-like departure of the concentration boundary
layer from the cone surface at about mid-height. Thus, the azimuthal components

of V x fyg and V x f, deliver a vivid interpretation of the flow pattern observed.

100
90
80 7
70 %
60 E,
50 ©
\ 40
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20

L >y 02mms —— —» U 02mm/s —— —»U 02 mm/s
1 mm 1 mm 1 mm

(a) cat b's (b) cat 10 s (c) Vx (fys+ fg) at 10s

VX (va+ fe) [kg/(m*s?)]

Figure 5: Color surface of the concentration after (a) 5 s and (b) 10 s deposition time and (c)
the sum of the curl of the magnetic gradient force and the buoyancy force after 10 s deposition
near the Fe cone (aiip = 60°, joathode,ave = 16 mA /cm?, By = 200 mT). Black arrows represent
meridional velocity vectors.

The influence of the magnetic forces on the growth dynamics of conical elevations
on the cathode can be evaluated by considering the deposit thickness along the cone
surface [37]:

d(r,T) = ,‘z/F/ Ju(r,t)dt (19)
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Here, Vi, = 7.11 x 107% m?/mol denotes the molar volume of copper [48], and T
denotes the deposition time. Fig. 6 shows the initial height contour of the cone
(left) and the deposit thickness along the surface of the Cu and Fe cones after
10 s of deposition time (right). In the case without a magnetic field, the deposit
thickness increases monotonically from the foot to the tip of the cone, as a result of
the previously mentioned support for cone growth for geometrical reasons. Despite
the counteraction of the upward buoyant flow discussed above, in total, cone growth

would be supported.

_ 2 - : 200 : : ‘ ‘

£ cone tip g No MF

£ L5 | --- Cu
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Figure 6: Left: Initial height contour of the cone. Right: Deposit thickness along the cone surface
for the cases without magnetic field (No MF) and for Cu and Fe cones in a vertical magnetic field
after 10 s deposition time (atip = 60°, jeathode,ave = 16 mA/cm?, By = 200 mT). The horizontal
axis is the radial surface coordinate normalized by the cone radius rcope-

In the case of the copper cone in the vertical magnetic field, small differences
are found with respect to the case without a magnetic field. Close to the tip of the
cone, the thickness of the deposit is increased. This is a result of the downward
secondary flow caused by fr,, which initially supersedes the upward buoyant flow.
This reversal of the flow direction in the tip region in the first few seconds of the
deposition enriches the boundary layer and thus enhances mass transfer, see Fig. S1
in the Supplementary Information (SI). In the region below, down to about half
the height of the cone, the deposit is slightly thinner in comparison to the case
without a magnetic field. This suggests that during the deposition period of 10 s,
the counteraction between the opposing secondary flow and the buoyant flow may
have briefly led to a thicker boundary layer in the region slightly below the cone tip.
For a more detailed discussion we refer to section 3.2 and also to Fig. S1 in SI.

For the case of the iron cone in the magnetic field, stronger support for cone
growth is found compared to the case of copper. As can be seen in Fig. 6, the
deposit thickness in the upper half of the cone is considerably increased and almost
doubled at the tip compared to the case without a magnetic field. This results
from a stronger downward flow caused by the additional action of the magnetic
gradient force fyp compared to the case of copper. The local minimum of the

deposit thickness found at about 7 /7., = 0.5 is related to the detachment of the
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concentration boundary layer in a jet-like flow, as shown in Fig. 5(b).
As a means of further assessing the impact of the different volume forces on
the deposition process, the ratios of the magnetic forces to the buoyancy force are

introduced as follows [33]:

fvlfL|dv

I fesldV
Sl feldv’

Rop =
VBT [ fe | dV

Here, the integration over volume V' is restricted to the main flow region (0 < r <
2.5 deone; 0 < 2 < 2.5deone, 0 < € < 27). The temporal behavior of both quantities

during the deposition process in the magnetic field is presented in Fig. 7.
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Figure 7: Temporal evolution of the force ratios Rypp and Ryp defined in Eq. (20) for deposition
on single copper and iron cones (atip = 60°, jeathode,ave = 16 mA/em?, By = 200 mT). The vertical

axis is shown on a logarithmic scale for better visibility, the red dashed line indicates the critical
value of the force ratio of 1.

For both copper and iron cones, Rypp shows a strong decrease with time. This is
caused by the different temporal behavior of fi, and fg. As a galvanostatic process is
considered, the current density distribution can be expected to change only slowly
with ongoing deposition [1]. Therefore, fi, is nearly constant, whereas f, grows
considerably with time due to the development of the concentration boundary layer.
In the case of copper, Ryup sinks below the critical value of unity at ¢t &~ 5 s. This
is in line with the above discussion of the corresponding electrolyte flow pattern in
Fig. 4. In comparison, in the case of iron Rymp is slightly lower and already drops
below unity at ¢t ~ 3 s. This is in accordance with the primary flow shown in Fig. 3,
which is only forced in a comparably smaller region, and therefore also results in a
correspondingly weaker secondary flow.

The ratio of the magnetic gradient force to the buoyancy force Ryp for the iron
cone also shrinks with the deposition time. However, the values are much larger
than in the two cases considered before. At the final instant considered, t = 10 s,

Ryup =~ 10. This indicates that fgg has a much stronger influence on the process
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than fi, and also effectively counteracts the influence of fg, which is in line with the
discussion of the flow pattern shown in Fig. 4. It should be noted that the region
where fg acts is extended with the buildup and the advection of the concentration
boundary layer, while fyg is only of importance close to the cone where large field
gradients are found. This easily explains the decrease in Ryp with the deposition

time.

3.2. Flat and sharp cones

To enable conclusions to be drawn on how a vertical magnetic field affects the
growth of surface elevations at the different stages of development, we now include
flat and steep cones in the investigation. The cone tip angles additionally considered
are 30° and 90°, with the surface area of the cones remaining constant. More details
of the cone dimensions are given in Table 3.

The shape of the cone can be expected to influence the distribution of the current
density near the cone and also the magnetic field near the iron cone. We first
investigate the influence of the current density. For geometrical reasons, steep cones
are expected to be characterized by a less uniform current density distribution along
the cone surface compared to flat cones [12]. This is also confirmed by the analytical
solution of the primary current density distribution along an infinitely extended
cone as derived in SI. Fig. 8(a) compares the numerically obtained primary current
density distribution along the surface of the cones with different tip angles studied
here, exhibiting good qualitative agreement with the analytical solution, as shown
in Fig. S3 in SI.

In order to additionally account for kinetic effects at the electrode, which might
mitigate the purely geometric effect considered in the primary current density [49,
50], Fig. 8(b) shows the numerical results of the current density at cones with differ-
ent tip angles at t = 10 s. In these calculations, the electrode kinetics according to
Eq. 13 are included, but the electrolyte flow is excluded. Although the inhomogene-
ity in general is reduced compared to the primary current density shown in Fig. 8(a),
the numerical results indicate that the steep cone still has the largest value for the
current density near the tip of the cone. This indicates a stronger Lorentz force
effect for steeper cones.

A variation in the shape of the iron cones also affects the distribution of the
magnetic field nearby. Fig. 9 shows the magnitudes of B and BV B along a nearby
surface-parallel line for cones of different tip angles. In the vicinity of the cone tip,
as already mentioned above, the sharp edge of the magnetized surface generally
leads to a high magnetic flux density [40]. This implies that when the cone becomes
sharper, a stronger stray field and correspondingly a stronger field gradient is found
near its tip. However, for steeper cones, the cone surface grows more parallel to the
external vertical field. This reduces the demagnetization of the Fe cones, which also

reduces the stray field and thus the magnetic gradient near the cones. For more
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Figure 8: (a) Normalized primary current density and (b) normalized current density (No magnetic
field, no convection) at cones of different tip angles i after 10 s of deposition. jeathode,ave = 16
mA /cm?. The horizontal axis shows the radial surface coordinate normalized by the cone radius

Tcone-

details on the magnetization of ferromagnetic surfaces in external magnetic fields,
we refer to [40]. Due to the two opposite effects mentioned, the intermediate cone tip
angle of 60° presented in Fig. 9 yields the strongest amplitudes of B and BV B near
the tip. The strongest influence of the magnetic gradient force on the deposition

might further be expected to be found at intermediate cone tip angles.
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Figure 9: Magnitudes of (a) the magnetic flux density B and (b) the magnetic gradient term
BV B along a monitoring line parallel and near (distance 35 um) to the slanted surface of Fe cones
of different tip angles. By = 200 mT. The horizontal axis shows the radial surface coordinate
normalized by the cone radius 7cone-

Eventually, the simulation of the deposition process at copper and iron cones
of different shapes, Fig. 10, shows the distribution of the copper ion species and
the meridional velocity vectors obtained after a deposition time of 10 s. For the
copper cones, the downward secondary flow driven by fi, is strongest for the steep
cone of ayip, = 30° and weakest for the flat cone of oy, = 90°. As the magnetic field
remains unchanged, this is in line with the behavior of the current densities shown in
Fig. 8. Furthermore, although not shown in detail, a larger region with horizontal

components of the current density exists near steeper cones, as the vectors must
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become normal to the cone surface. All this compensates for the closer proximity
of the cone surface to the symmetry axis, which reduces the azimuthal momentum
delivered by fr. For the steep cone, the concentration boundary layer rising from
below is forced to separate from the cone surface slightly below the tip due to the
strong downward flow, locally reducing the thickness of the boundary layer. The
flatter the cone becomes, the weaker the downward flow caused by fr,, while the
concentration boundary layer passes the cone tip and continues to rise freely. This
leads to a thicker concentration boundary layer near the tip of the cone, as observed
also experimentally for an intermediate tip angle in [1]. The plume-like shape of the

tip of the separated concentration boundary layer is similar to the behavior of the

100
90
80
70
60
50
40
30

‘ 20
10

temperature in free thermal convection [51].

¢ [mol/m?]

—>

I_l
U 0.1 mm/s 1 mm
JCut=10s
100
90
80
70 7
60 §
o
50 £
40 ©
30
20
| 10
—>
U 0.2 mm/s 1 mm
(b) Fet =10s

Figure 10: Color surface of the concentration near (a) Cu and (b) Fe cones after 10 s deposition
time (Jeathode,ave = 16 mA/cm?, By = 200 mT). Black arrows represent the meridional velocity
vectors. Cone tip angles from left to right: 30°, 60°, 90°.

For the steep iron cone, unlike the case of copper, the concentration boundary
layer quickly rises vertically; its tip has already crossed the upper boundary of
the region shown. This can be understood from Fig. 3, which shows a smaller

region of azimuthal flow driven by fi, compared to a copper cone. This results in
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a correspondingly weaker secondary downward flow. The magnetic gradient force is
also weakest for steep cones, as can be inferred from Fig. 9. Thus, the magnetic forces
here are not strong enough to generate a downward flow. However, the interplay
with buoyancy results in slight variations in the thickness of the rising boundary
layer. For flatter iron cones, a downward flow towards the cone can be observed,
which is stronger at ayi, = 60° compared to ay, = 90°, in full agreement with the
discussion on the magnetic gradient term shown in Fig. 9. Compared to the copper
cones discussed above, it can be concluded that this flow is mainly forced by fyg. As
already discussed above, for oy, = 60° the concentration boundary layer separates
from the cone at half its height. This is also observed in the case of the flat cone,
where the weaker influence of fyg is balanced by the comparably weaker influence
of fe.

In order to evaluate the cumulative influence of the magnetic forces on the de-
position, in Fig. 11 we compare the deposit thickness obtained after a deposition
period of 10 s at the copper and iron cones of different shapes. In the absence of a
magnetic field, as discussed above (see Fig. 8), at steep cones the natural support for
further cone growth is most pronounced. When a magnetic field is applied, at steep
cones the Lorentz force considerably enhances growth near the tip of the copper
cone, whereas at the iron cone the support of the magnetic field for cone growth is
comparably small. The intermediate tip angle of 60° was already discussed above,
see Fig. 6. For the flat cone, the situation is opposite to the steep cone. The in-
fluence of fy, at the copper cone is negligible, whereas a profound enhancement of

cone growth at the iron cone can be reported, mainly due to fyg.
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Figure 11: Deposit thickness on cones of tip angles 30°(left), 60°(middle) and 90°(right) after 10
s of deposition for the case without a magnetic field (no MF) and for Cu and Fe cones with a
magnetic field (jeathode,ave = 16 mA /cm?, By = 200 mT). The horizontal axis shows the radial
surface coordinate normalized by the cone radius rcone. The case of 60° is reprinted from Fig. 6
for comparison.

Table 4 summarizes the relative enhancement of the deposit thickness at the
tip of the Cu and Fe cones compared to the case without a magnetic field after a
deposition time of 10 s. It can be concluded that cone growth at diamagnetic cones

supported by the action of fi, works best for cones of a sharp shape. However, as
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the support at flat cones seems to be negligible, the benefit of magnetic fields for
the further development of early flat surface elevations seems rather limited.

For ferromagnetic cones, a promising enhancement of the deposit thickness was
found for all the cone shapes studied here, mainly caused by the magnetic gradient
force. The supporting effect was found to be the greatest with intermediate tip
angles and to be moderate only in the case of steep cones. As can be seen from
Fig. 11, when starting from a flat surface elevation, cone growth accelerates during
deposition as the cone tip angle becomes smaller. The cone continues to grow
and to become sharper. However, as soon as the optimum intermediate tip angle
associated with the strongest support from the magnetic gradient force is passed,

this sharpening slows down.

Table 4: Enhancement of the deposit thickness at the Cu and Fe cone tips compared to the case
without a magnetic field after 10 s deposition time (atip, = 30°, 60°, 90°, jeathode,avg = 16 mA /cm?,
By = 200 mT).

Cone tip angle | Cu Fe
30° +93% | +10%
60° +9% | +73%
90° ~0 | +62%

3.3. Influence of neighboring cones

Depending on the distance between adjacent cones, the flow forced at each single
cone may be affected by the flow originating from its neighbors. Thus, mass transfer
might also change. We therefore now extend our investigation to take into consider-
ation the influence of neighboring cones. We first consider regular arrangements of
cones on a quadratic lattice as shown in Fig. 2(c). These investigations correspond
to Step 2 of the simulation methodology mentioned earlier.

As a result of the 3D simulations performed, Fig. 12 shows the horizontal com-
ponents of the electrolyte velocity in a horizontal plane above the cathode touching
the tips of copper cones. A square with four neighboring cones is shown, and the
distance between the cone centers is varied from 5 to 1.5 cone diameters deone (see
Fig. 2). At the large cone distance, a strong azimuthal flow in an anticlockwise
direction is clearly visible, driven by fr. As known from the single cone studies,
this flow extends in a radial direction far beyond the cone radius (see Fig. 3). In the
outer region close to half the cone distance, the neighbor influence becomes visible
as a deformation of the circular shape of the azimuthal velocity contours towards a
square. At half of the distance between the cones, the horizontal velocity is consid-
erably reduced, as the two azimuthal flows are in opposite directions and hamper
each other. When the distance between the cones is reduced, this damping influence
increases, as seen from the lower amplitude of the azimuthal flow. At the same

time, small clockwise-rotating vortices are formed at the four vertical edges of the
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computational domain (most clearly visible in the center of the squares shown in
Fig. 12), the amplitude of which is weak in comparison to the primary flow.

Fig. 13 shows the corresponding vertical velocity components in the vertical
plane across the center of the copper cone. Because of symmetry, the results in z
or y direction are identical. As the primary rotational flow is slowed down when
the cones grow closer to each other, the secondary downward flow forced by fi, also
gets correspondingly weaker and has nearly disappeared at the small cone distance

of 1.5 dcone- Thus, the support of cone growth in a magnetic field is weakened as the
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Figure 12: Horizontal velocity in a horizontal plane touching the tips of the neighboring copper
cones obtained from 3D simulations after a deposition time of 5 s (ayp =60°, Jeathode,avg = 8
mA /cm?, By = 400 mT). Black arrows of the horizontal velocity vectors and color contours of the
azimuthal velocity component. The cone distance in units of deone shrinks from left to right (5, 3,
1.5). Note that the scale of length and of the velocity vectors changes from left to right.
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Figure 13: Vertical velocity on the vertical plane across the center of the copper cone in x direction
obtained from 3D simulations after a deposition time of 5 s (a4, =60°, jeathode,avg = 8 mA /cm?,
By = 400 mT). The cone distance in units of deone shrinks from left to right (5, 3, 1.5). Black
arrows represent the velocity vectors, the scale of which changes from left to right.

It should be mentioned that the computational effort for these 3D simulations
is great and would be even greater for the iron cones, where steep gradients in the
magnetic field near the surface of the cones additionally need to be accurately re-

solved. A validation of the axisymmetric 2D approach denoted as Step 3 in Section
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2.1 could allow the computational effort for these simulations to be reduced consid-
erably. This is motivated by the persistence of strong axisymmetry at a shrinking
cone distance, as shown in Fig. 12. We therefore next present a comparison of results
obtained by the 3D method and by the axisymmetric 2D approach for Cu cones.
Fig. 14(a) shows the magnitude of the maximum azimuthal velocity of the primary
flow versus the cone distance after a deposition time of 5 s. The results of the 3D
and 2D approaches for the Cu case are close and follow the trend mentioned above
of the azimuthal rotational flow becoming weaker if the cone distance is reduced.
Fig. 14(b) shows the vertical velocity measured slightly above the cone tip. Again,
both 3D and 2D results in the case of Cu are close and show that the downward
flow velocity weakens. In both cases, the 2D axisymmetric results slightly overstate
the damping influence compared to the 3D results, which is reasonable, as immedi-
ately neighboring cones are assumed to be found at every angular position compared
to only four immediately neighboring cones in the 3D case. Nevertheless, the ax-
isymmetric 2D approach proves to be an accurate and effective means of studying
the neighbor influence. The intrinsic slight overestimation of the neighbor influence
allows upper boundaries for the damping neighbor effect to be found quickly. All
results presented in the following, including the cases of the iron cones, are therefore

obtained by 2D simulations.
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Figure 14: (a) Magnitude of the maximal azimuthal velocity, | Uy |, and (b) the vertical velocity
U, at 0.3 mm above the cone tip versus cone distance for Cu (2D and 3D results) and Fe cones
(2D results) after 5 s of deposition (atip =60°, jeathode,ave = 8 mA/cm?, By = 400 mT).

For the iron cones, unlike the copper cones, varying the distance between the
cones can change their magnetization and thus the magnetic field. Fig. 15 shows
the magnitudes of B and BV B near the cone surface for different cone distances.
When the neighboring cones grow closer, the magnetic field near a magnetized Fe
cone becomes slightly weaker. Regarding the magnetic field gradient term, reducing
the distance to the neighbor cones has a small influence near the lower half of the
iron cone only.

As shown in Fig. 14, shrinking the cone distance has a much weaker effect on the
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Figure 15: Magnitudes of (a) the magnetic flux density, B, and (b) the magnetic gradient term,
BV B, along a monitoring line parallel to the slanted cone surface (distance to the cone surface:
35 pm) for different distances between the Fe cones (auip =60°, jeathode,avg = 8 mA /em?, By = 400
mT). The horizontal axis shows the radial surface coordinate normalized by the cone radius 7cone-

electrolyte flow near the iron cones compared to the copper cones. The maximum
azimuthal velocity shown on the left (a) remains nearly constant and eventually de-
creases only slightly towards a distance of 1.5 d.opn.. The comparably weak neighbor
effects on the azimuthal flow are related to the bending of the magnetic field near the
iron cones. More details are given in SI. The vertical velocity shown on the right (b)
and depicted slightly above the cone tip, contrary to the Cu cones, remains negative
even at the shortest distance of 1.5 deone shown. As the cone distance shrinks, this
downward flow is also weakened due to the continuity of the flow, as the vertical
backflow in the narrow gap between the cones is in the opposite direction. But the
slowing of this flow is moderate only. The obvious reason is that the downward flow
caused by fyg is driven near the cones. This is unlike the downward flow caused
by fr, which is a result of the primary azimuthal flow driven in a radially extended
region. Thus, the supporting influence of fyg for cone growth can be expected to
be less affected by neighboring cones compared to fr..

Fig. 16(a) shows the concentration and meridional flow for the Cu case at a
later deposition time (13 s), at which the downward secondary flow caused by fy, is
only visible at the largest cone distance. As the distance between the cones shrinks
and the secondary flow of the Lorentz force becomes weaker, the buoyant upward
convection of the concentration boundary layer is enhanced. The only exception is
that, as the cone distance decreases from 2 dgone t0 1.5 deone, the buoyant flow seems
to be slightly weaker again, as seen from the height of the buoyancy plume. This
might be due to stronger damping between the upward buoyant flow and the down-
ward backflow, as the radial distance between these two flow regions also shrinks
with the cone distance.

In the case of the iron cones, as shown in Fig. 16(b), unlike the Cu cones, the
downward flow resulting from the two magnetic forces seems to be only slightly

weakened as the cone distance shrinks. Therefore, support for cone growth by the
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magnetic field can be expected in all cases. The weakening of the downward flow
results in a slight increase in the height at which the concentration boundary layer
leaves the cone, as discussed above in the case of single iron cones. In all cases,
the concentration boundary layer at the Fe cones exhibits further periodic thickness
variations along the cone at a length scale much smaller than the cone diameter.
These are mainly caused by the action of the magnetic gradient force fgg. The
position of the departing jet of depleted electrolyte can also be understood as the

most unstable location of the boundary layer [38, 52].
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Figure 16: Species concentration (color surface) and meridional velocity vectors (black arrows) for
(a) Cu and (b) Fe cones at different distances after 13 s of deposition. (cuip =60°, jcathode,ave = 8
mA /em?, By = 400 mT). The cone distance in unit of deone shrinks from left to right (5, 3, 2, 1.5).
Note that the scales of the velocity vectors for Cu and Fe cones are different.

Finally, Fig. 17 shows the deposit thickness obtained for the smallest cone dis-
tance of 1.5 dne investigated. A longer deposition time of 50 s is also considered.
As can be seen, for the Cu cones, the structuring effect due to fy, is negligible when
compared to the case without a magnetic field, which is in accordance with the
buoyancy-dominated flow pattern shown in Fig. 16(a). For the iron cones, however,
the support for cone growth by the magnetic field, i.e. mainly by fvg, is clearly

visible.
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Figure 17: Deposit thickness along the cone surface for the case without a magnetic field (No
MF) and for Cu and Fe cones in a vertical magnetic field after 50 s of deposition (a4, = 60°,
Jeathode,avg = 8 mA/cm?, By = 400 mT). The distance to neighboring cones is 1.5dcone, the
horizontal axis shows the radial surface coordinate normalized by the cone radius r¢one-

4. Conclusions

The analytical and numerical results of this work offer an insight into the basic
effects of a vertical magnetic field on electrodeposition at conically shaped metal
electrodes. The focus is on ferromagnetic conical structures of mm size. We show
that cone growth can be supported by the flow driven by the Lorentz force and
the magnetic gradient force that enriches the electrolyte near the cone, and thus
enhances the local mass transfer.

As the cathode is assumed to be placed at the bottom of the electrochemical
cell, the beneficial magnetic effects are counteracted by solutal buoyancy arising
from the electrode reaction. The Lorentz force is surpassed by the buoyancy force
after the first few seconds of the deposition. In comparison, the magnetic gradient
force enabled by the magnetization of the ferromagnetic cones provides stronger
support for cone growth, thereby often dominating over buoyancy. In general, the
flow is caused by the rotational parts of both magnetic gradient force and buoyancy
force.

We studied cones with different tip angles and found that the sharpest cone
yields the strongest Lorentz force, while an intermediate cone tip angle generates
the highest magnetic gradient force. As the evolution of the conical structures
usually develops from flat surface elevations, it could be anticipated that the growth
of ferromagnetic cones may be slow at the beginning, followed by an acceleration
of the growth speed until an optimum shape is approached with respect to the
supporting effect. Later on, growth will continue at a lower speed.

When the neighboring cones come closer to each other, the azimuthal flow caused
by the Lorentz force is strongly damped. In comparison, the meridional flow caused

by the magnetic gradient force is less affected, as it is driven in the close vicinity of
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the cone surface.

Our results demonstrate the superiority of the magnetic gradient force in terms
of supporting the structured electrodeposition in a magnetic field. We expect this
superiority to enhance further when extending the investigation towards the micro-
and nanometer scale, where larger field gradients are to be expected. This may en-
courage further research on magnetic field assisted electrodeposition as a simple and

efficient method for synthesizing micro- and nano-structured ferromagnetic surfaces.
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