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Abstract The effect of a uniform magnetic field with flux
density up to 1 T on the electrodeposition of Fe from
sulphate electrolyte has been investigated under different
field configurations relative to the electrode surface.
Voltammetric and chronoamperometric experiments have
been carried out coupled with an electrochemical quartz
crystal microbalance for in situ mass change measurements.
The structure and morphology of the deposited films were
determined by scanning electron microscopy, atomic force
microscopy and X-ray diffraction measurements. Results
show that, when the magnetic field is applied parallel to the
electrode surface, the limiting current density and the
deposition rate are increased due to the magnetohydrody-
namic effect. The nucleation process is also affected in
parallel configuration; the current density of the maximum
on the chronoamperograms is decreased, and an additional
nucleation step might be observed. This effect is attributed
to the hydrodynamic response of the electrochemical
system. No significant influence on the electrochemical
reaction was observed when a magnetic field was applied
perpendicular to the electrode. But in this configuration, the
morphology of deposited layers is changed by the magnetic
field. The morphology changes are discussed. No effect of
the magnetic field on the crystallographic structure was
observed.
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Introduction

The influence of external magnetic fields on electro-
chemical reactions has been extensively studied during
the past decades [1–4]. It has been shown that super-
imposed magnetic fields influence mainly the rate of mass
transport of ions and thus, can affect the morphology and
the texture of the deposit [2, 3, 5–14]. Meanwhile,
magnetic field effects on electrochemical reactions are
widely accepted and summarised in various reviews [1,
15, 16]. The known magnetic forces affecting the mass
transport in the electrolyte are: Lorentz force F

!
L, field

gradient force F
!

rB, paramagnetic force F
!

p.
The Lorentz force F

!
L acts on moving ions in a magnetic

field and appears when magnetic field lines cross the
electric field lines (Eq. 1):

F
!

L ¼ j
!� B

! ð1Þ
where: j

!
is the local flux of ions and B

!
is the magnetic

flux density.
F
!

L acts in the hydrodynamic layer and is accepted as the
main driving force of the so-called magnetohydrodynamic
(MHD) effect, i.e. an enhanced convection in the magnetic
field. For diffusion limited processes the MHD effect
causes a reduction in the diffusion layer thickness and an
increase in the limiting current density ilim [2, 4–7, 13, 16,
17]. Aogaki et al. [18] showed by solving Navier–Stokes
equation that the limiting current density increases propor-
tional to c*

3=4B
1=3 (Eq. 2) and this has been confirmed by

other authors [4, 13, 19]:

ilim ¼ 4:3 � 103 � n3=2A3=4Dν�
1=4c*

4=3B
1=3 ð2Þ

where: n is the number of electrons involved in the
electrochemical reaction, A is the surface area of the electrode,
D is the diffusion coefficient of electroactive species, ν is the
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viscosity of the electrolyte, c* bulk concentration of electro-
active species in the electrolyte solution, B is intensity of
applied magnetic field (parallel to the electrode surface).

Different semi-empirical models have been proposed,
but most of the correlations between ilim and the magnetic
flux density B are power functions, ilim∼Bb, where b is in
the range of 0.25 to 1.6 [2, 4, 11, 18, 20].

The field gradient force F
!

rB, which acts on magnetic
ions to move them in the magnetic field gradient [12, 21],
and the paramagnetic force F

!
p are generated by a magnetic

field, acting on the magnetic ions creating local energy
density (Eq. 3). Both are independent of the direction of
applied magnetic field.

E ¼ �cm
B2

2μo
c* ð3Þ

where: χm is the molar susceptibility of ions, μo is the
permeability of a free space.

The paramagnetic force F
!

p was proposed by O’Brien
and Santhanam [22] and Waskaas and Kharkaas [23]. They
observed that a uniform magnetic field acts on the
electrolyte volume containing magnetic ions. When a
gradient of the magnetic susceptibility occurs, as it does
in the case of electrodeposition processes, it is supposed
that the magnetic field causes an additional convection in
the diffusion layer. The direction of F

!
p depends on the

properties of the ions. According to (Eq. 4), F
!

p has the
same direction as the gradient of the paramagnetic ions ∇c.
Thus, in the case of electrodeposition paramagnetic ions are
pushed away from the surface and diamagnetic ions are
attracted to the electrode surface.

F
!

p ¼ cm
B2

2μo
rc ð4Þ

Enhanced convection during electrodeposition of para-
magnetic ions in a uniform magnetic field caused by F

!
p

was questioned [2]. Hinds et al. [2] compared F
!

p with
diffusion driving force F

!
D and concluded that the

paramagnetic gradient force is negligible and is not
expected to play any significant role in mass transport.
Leventis and Dass [12] were able to separate F

!
p from other

magnetic forces acting in the electrolyte. They observed
that F

!
p can be stronger then the gravitational force.

Recently Coey et al. [24] concluded that there is no first
order concentration gradient force acting on diamagnetic or
paramagnetic ions in a uniform magnetic field, but that
there is a second order correction related with a demagnet-
izing field. This second order body force is very low and is
not expected to be observed in the electrochemical experi-
ments. They suggested that effects observed by [12, 22, 23,
25] are not related with the paramagnetic force, but with the
some other magnetic effect like a very small field gradient.

The aim of this work is to analyse effects which are
generated by a homogeneous magnetic field with different

strength and orientation during iron deposition as well as to
characterize the morphology of the deposited layers.

Materials and methods

A schematic drawing of the plating cell is shown in Fig. 1.
The electrodeposition was carried out in a three electrode
Teflon® cell (Fig. 1). Au (111) sputtered on quartz crystals
were used as working electrode and a Pt sheet as counter
electrode. The potentiostate (Jaissle) was coupled with a
homemade electrochemical quartz crystal microbalance
(EQMB). A membrane was used (Nafion®) between the
working and counter electrode to prevent oxidation of iron
(II) ions [26]. The electrolyte was purged prior of the
experiment with nitrogen for about 1h to reduce the oxygen
content. All potentials were measured vs a Hg/Hg2SO4/
K2SO4(sat.) reference electrode (MSE, 640 mV vs SHE).
Depositions were carried out from a electrolyte solution
containing 6.5 mM FeSO4 and 0.1 M Na2SO4, which was
used as supporting electrolyte. A pH value of 3 was
adjusted with H2SO4.

Cycling voltammetry experiments were performed at a
sweep rate of 20 mV/s and the potential range from −750 to
−1,650 mVMSE. From the cyclic voltammograms, potentials
for the chronoamperometric experiments were chosen, i.e.
the potential steps were applied from OCP to −1,500, −1,550
and −1,650 mVMSE.

Homogeneous magnetic fields up to 1 T (HV7, Walker
Scientific) have been superimposed during deposition with
two different configurations, i.e. parallel and perpendicular
to the electrode surface (Fig. 2). All deposition experiments
were carried out at room temperature.

The morphology of the deposited layers (∼100 nm thick)
was analysed with scanning electron microscopy (SEM, FEG
Gemini Leo 1530) and atomic force microscopy (AFM,
Nanoscope IIIa, Digital Instruments). The roughness was
determined with AFM. X-ray diffraction (XRD-XPertPro

Fig. 1 Schematic illustration of a quartz crystal balance membrane
cell. 1, TEFLON cell, 2, working electrode (Quartz), 3, Pt counter
electrode, 4, reference electrode (Hg/Hg2SO4/K2SO4(sat.)-MSE), 5,
membrane (Nafion), 6, luggin capillary
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Philips) measurements were performed for the determination
of the phase composition. The cross-sections of deposited
layers were performed with focused ion beam (FIB) and
observed under SEM (ZEISS 1540 XP).

Results and discussion

Potentiodynamic polarization

Cyclic voltammetry experiments were carried out with
different magnetic flux densities and magnetic-field-to-
electrode configurations (Fig. 3). In Fig. 3, cyclic voltam-
mograms and corresponding mass changes for different

magnetic flux densities are shown for the parallel config-
uration (a,b) and for the perpendicular configuration (c,d).

The current density-potential curves show three charac-
teristic peaks in the cathodic region. The first one, at a
potential of −1,100 mVMSE, is probably related to the
reduction in oxygen [27, 28], which is dissolved in
electrolyte despite the N2-purging. The current density of
this peak is increased with increasing magnetic field
strength applied parallel to the electrode surface (Fig. 3a).
No significant influence was found for the perpendicular
configuration (Fig. 3c). It is known that oxygen reduction
reaction is in a diffusion-controlled regime [27]. Because of
that, the peak current density increase can be explained by
increased mass transport due to the MHD effect.

The next peak can be observed at a potential of about
−1,400 mVMSE and is related to the hydrogen reduction
reaction. The onset of bulk Fe deposition occurs at about
−1,460 mVMSE. This is independent of the magnetic field
and reaches a maximum at −1,550 mVMSE without
magnetic field and with field in perpendicular configura-
tion. It is clearly visible that a magnetic field applied
parallel to the electrode surface increases the Fe reduction
current and shifts the maximum of the reduction potential to
more negative values (Fig. 3a).

The increase in the current densities of the peaks for
hydrogen reduction and iron deposition with a magnetic

Fig. 3 Cyclic voltammograms
(a, c) and corresponding mass
changes (b, d) of Fe deposi-
tion obtained for parallel and
perpendicular configuration
respectively; dE/dt=20 mV/s

Fig. 2 B-field to electrode configurations
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field applied in parallel configuration can also be explained
by the MHD effect, as both reactions are diffusion-
controlled [29].

Mass growth is observed from the potential of ca.
−1,350 mVMSE, which is independent of the magnetic field
strength (Fig. 3b,d). The calculated equilibrium potential
from the Nernst equation with the used electrolyte is −1,265
mVMSE, which is more positive than the measured one. The
difference is caused by the total overpotential. After this
point the mass increases linearly until −1,460 mVMSE. In
this potential range, the reduction in hydrogen
EH=Hþ ¼ �756mVMSE

� �
is superimposed. Until −1,600

mVMSE, the deposition of Fe dominates, and after this
potential the decomposition of water and the hydrogen
reduction is the main reaction. It is obvious from Fig. 3b
that the total deposited mass is higher when magnetic field
is applied in the parallel configuration, but no significant
effect was observed for the perpendicular configuration
(Fig. 3d). This behaviour corresponds to the back scan of
the cyclovoltamogram in Fig. 3a, which shows also an
increase in the limiting current density with an increasing
B, but no effect for the perpendicular configuration was
observed (Fig. 3c). The increased limiting current densities
and deposited masses with increasing magnetic field in
parallel configuration are in good agreement with the
classical MHD effect, which is generally accepted [2, 4–7,
13, 16, 17].

Potentiostatic deposition

Chronoamperometric investigations were performed with
different magnetic flux densities and configurations. The
deposition potentials were chosen from cyclic voltammo-
grams (Fig. 3a,c) as follows: −1,500 mVMSE, −1,550
mVMSE and −1,650 mVMSE. Fig. 4a,b show the i(t) and
corresponding Δm(t) transients for the deposition at −1,550
mVMSE with different magnetic intensities in parallel to
electrode configuration and Fig. 4c,d with perpendicular to
electrode configuration. A stationary regime is reached
independently of the magnetic field above 50 s.

It is obvious that a parallel magnetic field increases the
limiting current density and deposited mass after 70 s. Such a
result is again in good agreement with the classical MHD
theory, i.e. additional convection is induced due to the
Lorentz force (Eq. 1) acting in the hydrodynamic layer. As a
result, the diffusion layer thickness (for mass controlled
reactions) is reduced and the limiting current density is
increased.

In contrast, if a magnetic field is applied in the
perpendicular to electrode configuration no significant effect
on i(t) transients was observed (Fig. 4c). In the case of mass
changes (Fig. 4d) no significant effect was observed up to
40 s, after that the deposited mass is slightly reduced.

In Δm(t) curves (Fig. 4b,d), independently of the
magnetic field parameters, linear dependence is reached

Fig. 4 Chronoamperometric
response (a, c) and corre-
sponding mass changes (b, d)
of Fe deposition obtained for
parallel and perpendicular
configuration respectively;
−1,550 mVMSE
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after 50 s of deposition, which is in good correlation with
the i(t) transients and reflects the steady state conditions.

In Fig. 4a,c interesting nucleation phenomena can be
observed at the beginning of the deposition step (5–15 s)
where a second current density maximum is observed (II).
In the case of the magnetic field applied parallel to the
electrode surface (Fig. 4a), the magnetic field reduces the
current density of this peak and shifts it to shorter times. No
such effect was observed for the perpendicular configura-
tion (Fig. 4c). This is an influence of the magnetic field
opposite to the one, which was expected, i.e. increased
current density with applied magnetic field. This effect is
also visible in the Δm(t) curves (Fig. 4b), i.e. magnetic field
decreases the deposited mass in the early beginning of the
deposition step, then this dependence is reversed (∼27 s),
and the expected increase is observed. A similar effect on
the deposited mass was found for Cu deposition from low
concentration electrolyte [29].

Figure 5 shows the magnetic field dependence of the
current enhancement for iron partial current densities (Fig. 5a)
and for the hydrogen evolution reaction (Fig. 5b). The iron
partial current density was calculated from the deposited
mass and applying a graphical differentiation of the Δm(t)
transients (Fig. 4b,d; Eq. 5). The hydrogen partial current is
the difference between the measured current density and the
partial current density for iron calculated from the mass.

i ¼ dm
dt � k�1

Fe ð5Þ

where: i is the current density, t is time, m is mass, kFe is the
electrochemical equivalent of iron.

Typical example curves are shown in Fig. 8. The current
enhancement parameter was used for making the magnetic

field influence evident because it is very sensitive even for
small differences:

current enhancement ¼ iBlim�i0lim
i0lim

� 100% ð6Þ

where: i0lim is the limiting current density obtained without
magnetic field, iBlim is the limiting current density obtained
with superimposed magnetic field.

It is obvious that a magnetic field parallel to the electrode
surface leads to a stronger current enhancement, i.e. it changes
almost linearly for both reactions. The potential dependence is
opposite for iron and hydrogen reduction (HER), the highest
increase for the Fe reduction (up to ∼100%, B=1T) is
observed at −1,650 mVMSE (Fig. 5a). At the same time at
this potential the lowest current enhancement for the
hydrogen evolution is obtained (Fig. 5b) in the whole
magnetic flux densities range in this configuration.

When a magnetic field is applied perpendicular to the
electrode surface, 10% retardation of the Fe reduction reaction
has been observed for 1 Tand −1,550 mVMSE (Fig. 5a). In the
perpendicular configuration for all potentials a retardation of
HER occurs at low B (<0.6 T), before a slight enhancement
(<10%) is observed at high fields (>0.6 T). However, the
retardation of HER is the lowest at the potential (−1,550
mVMSE), where the Fe reduction is most inhibited (Fig. 5b).
A similar effect was observed by O’Reilly et al. [7] for the
Cu deposition.

To determine the magnetic field influence on the deposited
mass under steady state conditions, deposition rates from the
linear parts of Δm(t) transients (Fig. 4b,d) were plotted vs
magnetic flux densities (Fig. 6).

From Fig. 6 it is obvious that the deposition rates of Fe
show in linear dependence on the magnetic flux density at
all examined potentials. The slopes of those linear

Fig. 5 Current enhancement
changes with magnetic field
obtained for iron (a) and hydro-
gen (b) reduction at used poten-
tials and B-field to electrode
configurations
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dependencies are direct proof of influence of the magnetic
field on deposition rates (Table 1).

And again it is obvious that magnetic fields in parallel
configuration increase the deposition rates due to the MHD
effect. In the case of perpendicular configuration it seems
that the deposition rates are slightly retarded by the
magnetic field, as it was also observed in Fig. 4d.

Because of the small values of the changes, further
investigations are needed with higher magnetic flux
densities to achieve larger differences. Alternatively,
more sensitive methods like electrochemical impedance
spectroscopy have to be used. But still, it was suggested
that if a magnetic field is applied in perpendicular-to-
electrode configuration, then the Lorentz force is negli-
gible and a paramagnetic force F

!
p may occur which is

pushing paramagnetic species away from the electrode
surface [12, 22, 23]. As a result, a reduction in the deposition
rate may occur [25].

As mentioned before, in the early stages of the deposition
process interesting nucleation phenomena occur indicated
by a second current density maximum in the transients in
Fig. 4a,c. This maximum is affected by a magnetic field
applied parallel to the electrode surface (Fig. 4a), but no effect
is observed with perpendicular configuration (Fig. 4c).
Nevertheless, the current density-time transients obtained
with and without a superimposed magnetic field show the
typical response of a multiple nucleation process with the
layer-by-layer growth [30]. It can be seen from Fig. 4a,c that
the current density increases rapidly and then decreases
gradually due to a diffusion-limited growth until a second
nucleation step is observed, which seems to be much slower
than the first one. The first nucleation step may be related to
the first layer formation (possibly monolayer—insert of the
Δm(t) curves in Fig. 4b,d). According to [30] a surface is
covered with deposit until a monolayer is formed (2D
growth). This step seems to be independent of a magnetic
field. This model was developed for unbounded electrodes
where the edge effects are negligible. But real metallic
surfaces possess large number of the bounded areas. Besides
that, structural defects like dislocations act as preferred
nucleation sites, and the monolayer formation process might
be affected by them. The second maximum might be related
to 3D multiple nucleation and growth with diffusion control

Fig. 7 Logarithmic plots of the
Fe partial current vs time with
magnetic flux densities a −1500
mVMSE, b −1,550 mVMSE, par-
allel configuration

Fig. 6 Deposition rates (slopes of the linear parts of the Δm = f(t)
plots in Fig. 4b,d.) in dependence on the magnetic flux density and the
B-field-to-electrode configurations obtained with applied potentials

Table 1 Slopes of the dm/dt=f(B) plots (Fig. 4)

B-field to electrode
configuration

Deposition potential

−1,500
mVMSE

−1,550
mVMSE

−1,650
mVMSE

Parallel 0.055 0.051 0.057
Perpendicular −0.003 −0.005 −9.3.10−5
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[31]. A similar behaviour with a two step nucleation mech-
anism was observed for Cu deposition [32].

Figure 7 shows double logarithmic current vs time
curves obtained at two different potentials and magnetic
flux densities in the parallel configuration for the time
range, where the second current maximum occurs. The
rising parts of those maxima were used by many authors to
derive kinetic information about the electrocrystallisation
process [31–35]. It is visible that a magnetic field affects
the nucleation process. The current maximum is observed at
shorter times and the slope decreases with increasing B.
Similar results were obtained for Cu2O deposition under
magnetic fields [36]. Additionally, with superimposed
magnetic field a third maximum can be observed (another
nucleation step indicated with arrows, Fig. 7).

Different models were proposed resulting from different
boundary conditions and used for calculations but most of
them were determined as a power function I ∼ tn (or
exponential dependencies), from the power parameter it
may be possible to determine the nucleation mechanism
[33]. But it has to be pointed out that most of those models
were developed for isolated deposited nuclei, which do not
overlap.

It is not easy to determine any useful kinetic information
from the slopes values in Fig. 7, because they are affected by
the growth of previous and followed layer, so even the true
maximum position is obscured by overlapping layers [30].

It was proposed by Scharifker and Hills [31], that
during potentiostatic deposition with 3D multiple nucle-
ation and diffusion-controlled growth two different mech-
anisms may occur. The progressive nucleation in which
nuclei are formed continuously during deposition and the
instantaneous in which nuclei are formed on the beginning
of the potential step and then grow with the same rate.
They proposed that for distinguishing between instanta-

neous and progressive nucleation mechanism chronoam-
perometric data can be plotted in the reduced time-reduced
current coordinates and compared to the theoretically
calculated expressions.

Palomar-Pardave et al. [37] observed for the electro-
deposition of cobalt that the co-reduction in hydrogen
hinders studies of the deposition process. It is exactly the
same in this case—hydrogen reduction affects the current
time response what is shown in Fig. 8 where the Fe partial
current density was calculated from deposited mass
(EQMB). Additionally, the current’s maximum time is
affected by the previous and following layer growth. The
influence of the following layer is especially important in
the case of a deposition in a magnetic field, where a third
current density maximum occurs and the second current
maximum is shifted (Fig. 8b). To reduce the influence of
the previous layer, the “zero” time was shifted to the first
minimum on the chronoamperogram (Fig. 8, indicated
with arrow). The reduced Fe partial current-reduced time
chronoamperograms with theoretically calculated depen-
dencies for −1,550 mVMSE with and without applied
magnetic field in the parallel configuration are shown in
Fig. 9. For the deposition potential of −1,500 mVMSE, it
was impossible to determine exact peak positions with the
superimposed magnetic field and data are not presented.

From Fig. 9, it is visible that a magnetic field applied
during deposition influences the nucleation mechanism.
Without magnetic field, deposition seems to be progres-
sive. When a magnetic field is applied, the deposition
becomes more instantaneous. In the case of B=1T a third
maximum is observed (Fig. 9, another nucleation step
indicated with arrow). Experimental data do not fit
perfectly to the calculated dependencies. There are many
overlapping effects and direction of changes from pro-
gressive to instantaneous might be only estimated with

Fig. 8 Current density vs time
plots with separated partial cur-
rent densities for Fe end hydrogen
reduction without magnetic field
(a) and with B=1 T (b), −1,550
mVMSE, parallel configuration
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assumption that deposition without applied magnetic field
is progressive.

In the case of deposition without applied magnetic
field, progressive nucleation occurs which corresponds to
a fast growth of nuclei on many active sites (Fig. 10a).
Nuclei are formed during the whole nucleation step,
nucleation and growth occur simultaneously (Fig. 10b).
The current density for separated Fe nucleus is relatively
low, but the total current is high because the active surface
area is high (relatively high number of nuclei per unit area,
which is time dependent, N(t)=NoAt—where: No is
number of active sites per unit area at t→0 and A is the
constant nucleation rate).

The change in the deposition mechanism with the
magnetic field might explain the decrease in the
maximum current density observed at the beginning of
deposition (Fig. 4a). When the magnetic field is applied
parallel to the electrode surface, a maximum Lorentz force
occurs. Nuclei formed at the beginning of this step possess
spherical diffusion zones (Fig. 10c), which may overlap.
The thickness of the diffusion layer for each nucleus is

Fig. 10 Schematic presentation of nucleation and growth phenomena at various stages of chronoamperometric experiment without (a, b) and with
superimposed magnetic field in parallel to the electrode surface configuration (c, d)

Fig. 9 Reduced Fe partial current-reduced time plots derived from
chronoamperograms shown in Fig. 4a as a function of magnetic flux
densities, −1,550 mVMSE, parallel configuration
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reduced due to theMHD effect and thus, the growth rate of the
nuclei is enhanced (Fig. 10d). The active surface area for
deposition is determined by the total surface of the nuclei
during instantaneous deposition. The growth occurs
quickly on a relatively small number of active sites that
are formed at the early stage of the rinsing part of the
current maximum, the current density for separated Fe
nucleus is high but the total current of all nuclei
relatively low because of the small active surface area
(nuclei are formed at the beginning of this step and then
3D growth occurs with a constant rate—relatively low
number of nuclei per unit area, No).

After a maximum on the current density–time plot
occurs, normal Cottrell behaviour is observed which
corresponds to a planar diffusion layer with a concen-
tration gradient normal to the electrode surface, and the
expected enhancement of the current density with the
magnetic field applied parallel to the electrode surface is
visible (Fig. 4a).

For better understanding of these phenomena further
investigations have to be performed in detail, coupled with
microscopic observations.

Structure and morphology

SEM and AFM observations were performed on depos-
ited layers with ∼100 nm thickness. Figure 11 shows
SEM and related AFM micrographs with the line section
analysis of layers obtained at −1,500 mVMSE with and
without superimposed magnetic field of 1 T in different
configurations. It is clearly visible that for deposits
obtained without a magnetic field and with field applied
in the parallel configuration grains possess a “leaf”-like
shape (Fig. 11a,b,d,e). Deposits obtained without a super-
imposed magnetic field have a quite compact layer
structure with a small porosity randomly distributed over
the surface, additionally some holes resulting from
hydrogen evolution were found (Fig. 11a). When a

Fig. 11 SEM micrographs and corresponding AFM images with line section analysis of layers (∼100 nm) deposited without superimposed
magnetic field (a, d, g), B=1 T in the parallel (b, e, h) and perpendicular configuration (c, f, i); −1500 mVMSE

J Solid State Electrochem (2008) 12:181–192 189



magnetic field is applied parallel to the electrode surface,
deposits look more homogenous than those deposited
without field, i.e. porosity is uniform on the surface and
hydrogen pitting holes were not found, but they possess
higher roughness (Fig. 11b,e,h) than those obtained
without magnetic field (Fig. 11d,g). Layers deposited with
magnetic field superimposed perpendicular to the elec-
trode surface are characterised by a very diverse morphol-
ogy. The grains shape is polyhedral and grains seem to be
oriented perpendicular to the electrode surface (Fig. 11c,f),
i.e. in the magnetic field direction. It is also clearly visible,

in the line section analysis (Fig. 11i), that deposits obtained
in this configuration characterise the highest porosity.

Deposits obtained with magnetic field in perpendicular
configuration are very inhomogeneous, dark and light
regions (mostly light) can be observed on the surface
(Fig. 11). In Fig. 12b, the boundary region between dark
and light zone is shown, the dark zone looks identical to
deposits obtained without magnetic field. This suggests
that the force induced by the magnetic field is not high
enough to achieve a perfect distribution on the whole
surface.

Fig. 12 SEM micrographs of
deposited layer (∼100 nm) with
1 T magnetic flux density ap-
plied in the perpendicular con-
figuration; −1,500 mVMSE

Fig. 13 SEM micrographs and corresponding AFM images with line section analysis of layers (∼100 nm) deposited without superimposed
magnetic field (a, d, g), B=1 T in the parallel (b, e, h) and perpendicular configuration (c, f, i); −1,550 mVMSE
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In Fig. 13, SEM and related AFM images with line
sections analysis of the layers obtained at −1,550 mVMSE

with and without superimposed 1 T magnetic field in
different configurations are shown. Deposits obtained
without magnetic field and with field applied in the parallel
configuration look similar to those obtained at −1,500
mVMSE. Grains also possess a “leaf”-like shape (Fig. 13a,b,
d,e). But it is clearly visible that the grains are smaller with
magnetic field (Fig. 13d,e,g,h). It is also visible that
deposits obtained in the parallel magnetic field are more
compact with smaller porosity (Fig. 13b,e,h) then those
deposited without superimposition of the magnetic field
(Fig. 13a,d,g).

When the magnetic field is applied perpendicular to the
surface, the morphology obtained at −1,550 mVMSE is also

similar to the one obtained at −1,500 mVMSE. The grains
are in polyhedral shape and oriented perpendicular to the
electrode surface (Fig. 13c,f,i). But the morphology is more
homogenous on the whole surface. It might be concluded
that the reason is not only a magnetic field effect but it
could be an effect of interaction between magnetic and
electric field. No significant effect was observed with the
electrochemical investigations when magnetic field was
applied in the perpendicular configuration (Fig. 4c,d).

The perpendicular orientation of the grains is not
clearly visible from the surface analysis (Figs. 12 and
13c,f,i), because of that observation of the cross-sections
were performed. In Fig. 14, SEM images of the FIB cuts
for deposits obtained at −1,500 mVMSE are shown. It is
clearly visible that deposits obtained in the perpendicular
magnetic field characterize columnar structure with
perpendicular to the electrode orientation of the grains
(Fig. 14c). This morphology is diametrically opposed to
those obtained without (Fig. 14a) and with the parallel
magnetic field (Fig. 14b). It is also visible that deposits
obtained in the parallel magnetic field are more compact
and smoother then those obtained without superimposition
of magnetic field (Fig. 14a,b).

Fig. 14 SEM micrographs of FIB cuts of the deposited layers
without, 1 T (//) and 1 T (⊥) magnetic field (a, b, c) respectively;
−1,550 mVMSE

Table 2 Roughness (Rms) with standard deviations (Sd) of the
deposited layers in dependence of the magnetic field flux density
and configuration, obtained at two different potentials

Magnetic flux density and
configuration

−1,500 mVMSE −1,550 mVMSE

Rms
(nm)

Sd
(nm)

Rms
(nm)

Sd
(nm)

0 T 8.4 1.3 11.9 1.8
1 T, parallel 13.0 1.7 10.6 1.4
1 T, perpendicular 14.8 2.4 13.7 1.1

Fig. 15 XRD patterns obtained
for layers deposited with and
without superimposed magnetic
field a −1500 mVMSE and b
−1,550 mVMSE
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The roughness of the deposited layers was determined
with AFM and are collected in Table 2. In general
deposited layers possess a distributed morphology (high
values of standard deviations). The magnetic field in the
perpendicular configuration increases the roughness inde-
pendently of the applied potential. The roughness of layers
deposited at −1,500 mVMSE is increased with a super-
imposed magnetic field in both configurations. Similar
effect was observed by Krause at al. [29] for Co
deposition for low overpotential. Layers deposited at
−1,500 mVMSE in applied magnetic fields with parallel
configuration exhibit a compact and smooth surface.

The phase compositions of deposited layers were deter-
mined by X-ray diffraction measurements. XRD patterns
obtained from layers deposited with different magnetic field
orientations and B=1 T at two different potentials shows
only the main (110) reflex of bcc Fe (Fig. 15a,b). No other
reflexes were observed in the range of 2θ angles from 20 to
120°. It is possible that obtained deposits are single-phase,
but to prove this further texture investigations are needed.

Conclusions

The effect of superimposed magnetic fields (0–1 T) with
parallel and perpendicular orientation relative to the
electrode surface on the electrocrystallization of Fe was
studied in acidic ferrous sulphate electrolyte at room
temperature. General results can be summarised as
follows:

A primary effect of magnetic fields on the electrochem-
ical reaction is the MHD effect acting in the bulk electrolyte
(parallel configuration), which reduces the diffusion layer
thickness and thus, the limiting current densities and
deposition rates are increased with a superimposed mag-
netic field.

The nucleation process is affected by the magnetic field
when it is applied parallel to the electrode surface (maximal
Lorentz force). This influence is attributed to the MHD
effect.

No significant effect of magnetic fields on the electro-
chemical system was observed when it was applied
perpendicular to the electrode surface.

A magnetic field changes the morphology of Fe
deposits. Layers deposited under magnetic field applied
parallel to the electrode are more homogenous than those
obtained without field. In the case of perpendicular
configuration grains are oriented perpendicular to the
surface, i.e. in the magnetic field direction.

No effect of magnetic fields independently of their flux
density and orientation on the crystallographic structure
was observed.
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