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Introduction. Magnetic fields might have a manifold of influences on elec-
trochemical reactions, including but not limited to the alteration of fluid proper-
ties, electrode reaction kinetics and morphology of surface deposits. For a recent
review on the subject see [1]. However, the most prominent effect of the magnetic
field is that on the transport of electroactive species. The influence of Lorentz
force (LF) induced convection on mass transfer is well recognized since a long
time. Several equations to describe the dependence of the limiting current density
71 on the applied magnetic induction By have been proposed based on modeling
and experimental data, see e.g. [2, 3, 4, 5]. If one assumes a power law relation of
the type ji ~ B, values of m = 1/3 and m = 1/2 seem widely accepted, never-
theless [6] report a considerable spread 0.25 < m < 1.64 of measured exponents.
Presumably, the reason for these discrepancies can be found in different field con-
figurations and cell geometries and therefore a wide range of flow configurations.
For a better understanding of those relations it would be desirable to study the LF
induced motion directly. However, corresponding attempts reported in the litera-
ture are limited to flow visualizations (e.g. [7]) and interferometry of laminar flows
in very small cells (e.g. [8]). The aim of the present study is to demonstrate that
velocity measurements can provide valuable information for the interpretation of
limiting current measurements under magnetic field influence.

1. Experimental setup. A small electrolytic cell with inner dimensions
as given in Fig. 1 was made from PMMA. The side walls forming the electrodes
consist of 0.5 mm thick copper plates. Neodymium-Iron-Boron permanent mag-
nets 30mm x 10mm wide in & and y—direction and 6 mm extension in z, i.e the
magnetization direction, are fixed behind the electrodes and used to provide a
static magnetic field mainly oriented in z—direction. Its measured decay with in-
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Fig. 1. Sketch of the electrolytic cell and the field configurations near the electrode (left). Decay
of B, with the distance from the electrode (right).
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creasing distance from the electrode surface is given in the right part of Fig. 1.
In all experiments, the lower edge of the magnets coincided with the lower edge
of the cell. Since the LF is given by the vector product of current density j and
magnetic induction B, it follows that a current density in y—direction and a mag-
netic induction in z—direction will generate a LF with an x—component only. The
direction of this LF (upwards or downwards) depends on the electrical current and
the orientation of the magnet as sketched in the left part of Fig. 1.

The chemical reaction under investigation was Cu?* + 2 e~ = Cu. Three
different concentrations of CuSOy4 (0.1, 0.2, and 0.375M) in an aqueous 1.5M
H5SO4 solution have been used during the experiments. Copper is deposited
at the working electrode (WE) at a potential of —400mV versus Ptrg. This
potential has been found sufficient to guarantee limiting current conditions for
copper deposition under all concentrations and field configurations used.

Qualitative information on the concentration distribution in the cell was ob-
tained by a shadowgraph technique. It visualizes the second spatial derivative of
the density. Velocity fields in the x—y—plane were measured using a simple Digital
Particle Image Velocimetry (DPIV) as described in [9] and [10].

2. Results and discussion. The left diagram in Fig.2 shows the re-
sponse of the cell current for a 0.1 M CuSOy4 solution to the potential step from
the rest potential to —400mV versus Ptrg at the WE. The copper deposition
caused by the potential change leads to a decrease of the Cu?* concentration near
the WE. Correspondingly copper dissolves at the counter electrode (CE), leading
to a denser solution there. The density differences give rise to a natural convec-
tion directed upwards (positive z—direction) at the WE and downwards at the
CE. After a certain time, steady state limiting current conditions are reached.
The limiting current amounts to j; = 42.4Am™2 in the absence of a magnetic
field. A downwards directed LF increases this value to j; ~ 53.4 Am~2 while a
magnetic field of the same strength but opposite direction producing an LF point-
ing upwards leads to the markedly higher value of j; ~ 69.4 Am~2. In case of the
upwards directed LF the chronoamperogram in Fig. 2 displays a local minimum at
t = 25...60s with j; ~ 62.8 Am~2. This minimum corresponds to a minimum of
the measured z—component of the mean velocity (%) in the near-electrode region.
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Fig. 2. Chronoamperometry for different LF configurations at the WE (left) and z—component
of the velocity near the WE (averaged over y=2.7,...,5.5mm) for an upwards directed LF (right)
in 0.1 M CuSOy4.
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Fig. 8. Velocity fields for the 0.1 M CuSOy4 solution at ¢ = 0s (a,b) and ¢

upwards (a

i :

% NN~ D
= \m&\\\\\\\\\\\\\\\\\\ 7 “ 7 \\ \ SN ZIIIZZZ200 00000

m S~ T ) WN LM 1 s S SS S A A A T

g e s sssssss S5SNI
o = =M Sl 0
F—————

=1 LAy s

| — —~ ———— e —

S 2

) still
145

= 150s (c,d) for
(Fig. 3c

counterclockwise and the
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= 0s for a downward LF is 22mm/s, for the

upwards directed force it is only slightly higher with 23 mm/s. Under steady state

Fig. 3b), the motion is
conditions (¢ = 150s) the picture changes. While the upward force

vortex center is in the lower left part of the cell. Despite the different directions

of rotation, both velocity fields are rather similar (note that the measured region

(

(b,d) LF at WE.

and downwards

)

Velocity fields in the cell measured by DPIV are shown in Fig. 3. The subfig-
ures (a) and (b) give the velocity distribution immediately after the potential step.
In both cases, the relatively high current densities result in pronounced vortex

Cc

)

structures in the whole cell. In case of an upward directed LF (Fig. 3a, the fluid
moves in clockwise direction around a center in the upper left part of the cell.
omits a part of the upper cell region and does not extend directly to the cell walls).
The differences in the velocity magnitudes explain the differences in the limiting

now considerably, 15.3mm/s for upward versus 8.2mm/s for downward forcing.
current density measurements shown in Fig. 2.

maintains a dominant single vortex flow in the whole cell, the vortex due to the
downward directed LF is much smaller. Likewise, the maximum velocities differ

For the downward directed LF
The maximum velocity found at ¢
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Fig. 4. Shadowgraph images 70s after the potential step for a downward directed LF (arrow) at
the WE and different CuSO4 concentrations (left). z—component of the velocity in a horizontal
cut at z = 22mm (right).

In Fig. 4 shadowgraph images are shown for three different CuSO4 concentra-
tions and a downwards directed LF at the WE, 70s after the potential step has
been applied. For the 0.1 M CuSOy4 solution, the shadowgraph shows wave like
structures in the lower region of the electrode. In the middle part of the cell plumes
rise upwards. The LF is able to drive the lighter near—cathode fluid downwards.
However, since the magnetic field and thereby the LF decay with the distance from
the electrode, the situation is highly unstable. As soon as the lighter fluid moves
away from the cathode, buoyancy seems to be able to counteract the LF and drives
the fluid upwards. The picture changes for the 0.2 M CuSOy solution. Due to the
higher bulk concentration, the limiting current density is larger (j; = 71.0 Am~2
for the case without magnetic field) compared to the 0.1 M solution. Consequently,
a larger LF will be generated. On the other hand, buoyancy is increased as well,
since the density difference between the Cu?t free solution and the bulk increases.
However, the LF obviously dominates the flow. A regular vortex structure with
a center in the lower left part of the cell, where the driving force is maximum,
is formed. Recirculation regions in the top left and lower right corner of the cell
can be deduced. A similar flow structure evolves for the 0.375 M CuSOy4 solution.
The velocity measurements given in the right diagram of Fig. 4 correspond to the
visual impressions. While the fluid in the left part of the cell is almost stagnant for
the 0.1 M solution and the overall velocities are low, convection with comparable
high velocities dominates the whole cell in case of the 0.375 M solution.
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