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Abstract: The morphologies of nickel and copper deposits obtained without applied
magnetic fields, and with both parallel and perpendicular applied magnetic fields were
examined by the scanning electron microscopy (SEM) technique. Changes in the mor-
phologies of the metals caused by the effect of the magnetic fields are explained by
the concept of “effective overpotential”. The morphologies of the nickel and copper
deposits obtained under parallelly oriented magnetic fields were similar to those ob-
tained at some lower cathodic potentials without an applied magnetic field. The mag-
netic field with a perpendicular orientation to the electrode surface increased the dis-
persity of the nickel and copper deposits. Nickel and copper deposits obtained un-
der this orientation of the magnetic field were similar to those obtained at some higher
cathodic potentials without an applied magnetic field.
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INTRODUCTION

The effects of a magnetic field on electrochemical processes can be divided
into three categories, i.e., those relating to mass transport, electrode kinetics and
morphology of the metal deposits.!-17 The effect of a magnetic field on electro-
chemical processes is usually observed through the magnetohydrodynamic (MHD)
effect. The origin of this effect lies in the Lorentz force, Fi, = ixB, where i is the
current density and B is the magnetic field.! During electrolysis, this force acts
on the migration of ions and induces a convective flow of the electrolyte close to
the electrode surface. The largest effect of this force and, consequently, the lar-
gest MHD effect are achieved with magnetic fields parallelly oriented to the elec-
trode surface (i.e., when the external magnetic field is oriented perpendicularly to
the direction of the ion flux). On the contrary, when a magnetic field is applied
perpendicular to the electrode surface, the Lorentz force is zero.

In addition to the Lorentz force, magnetically induced forces which have an
effect on electrochemical processes are the magnetic gradient force and the para-
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magnetic force. These are gradient forces and they depend on the magnitude of
the magnetic field and not on its direction.%-17 Other forces of possible signifi-
cance in magnetoelectrolysis are the gravitational force Apg, which drives natural
convection, and the damping force (this force depends on the conductivity of the
electrolyte and its velocity, v).?

The concept of “effective overpotential” was recently proposed in order to
explain the morphologies of electrodeposited copper obtained under conditions
of strong hydrogen co-deposition.!8 According to this concept, at high overpo-
tentials when hydrogen evolution is sufficiently vigorous, the electrodeposition
process actually occurs at an overpotential which is effectively lower (and for
that reason, it is called the “effective overpotential” of the electrodeposition pro-
cess) than that applied. Then, the morphologies of the deposits become, at the
macro level, similar to those obtained at some lower overpotentials when hydro-
gen evolution does not exist. It was estimated!® that the quantities of evolved
hydrogen enabling the validity of the concept of “effective overpotential” cor-
respond to the average current efficiencies of hydrogen evolution above 10.0 % of
about 80.0 mA cm 2. These quantities of evolved hydrogen were sufficient to ca-
use stirring of the solution in the near-electrode layer, decreasing thereby the thick-
ness of the cathode diffusion layer and increasing the limiting diffusion current
density, which lead to a change of the hydrodynamic conditions in the solution.

Bearing in mind that both vigorous hydrogen evolution and an applied mag-
netic field have an effect on the hydrodynamic conditions in a plating solution, it
is logical to assume that the concept of “effective overpotential” can be applied
for the case of electrodeposition under imposed magnetic fields. The first report
on a possible correlation between the effects of a magnetic field and the concept
of “effective overpotential” was recently given!© for the case of iron electrodepo-
sition under a perpendicularly oriented magnetic field. Nevertheless, a detailed
analysis of this correlation was necessary and the aim of this study was its inve-
stigation. The effect of magnetic fields on the electrodeposition of magnetic (ni-
ckel) and non-magnetic (copper) metals, both under imposed parallel and perpen-
dicular fields will be examined.

EXPERIMENTAL
Working conditions

Nickel was electrodeposited from the following solution: NiSO4-6H20, 262.5 g I'!; NiClp-6Hy0,
45 g I''l; H3BO;, 37.5 g I'! and coumarin, 0.060 g 1! at pH 4.5.

Nickel was deposited potentiostatically at room temperature at cathodic potentials of —1000,
—1200 and —1300 mV/SCE, with a counter electrode of electrolytic nickel (99.99 %).

Copper was electrodeposited from 0.2 M CuSO4 in 0.5 M H,SOy, (pH 1.5), at room tempera-
ture at a cathodic potential of -500 mV/SCE, with a counter electrode of electrolytic copper (99.99%).

The electrodeposition was performed onto copper electrodes. The positions of electrodes in
the electrochemical cells were same in the all cases. The quantities of the electrodeposited metals
were 16 mA h cm2.
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Equipment

The deposition of nickel and copper was performed by use of a bipotentiostat, model AFCBP 1,
Pine Instruments Company. The electrochemical cell was plunged into a uniform magnetic field of
500 Oe, which was perpendicular or parallel to the electrode surface using the magnetic system mo-
del M-50, MMR Technologies, Inc. The nickel and copper deposits were examined by a scanning
electron microscope, model Philips SEM-FEG-XL 30.

A schematic illustration of the electrochemical cell, including the field directions, ion velo-
city, v, and the flux of ions, J, is given elsewhere.!2

RESULTS AND DISCUSSION
The nickel deposits obtained at a cathodic potential of —1300 mV/SCE with-

out an applied magnetic field, as well as with both a parallelly and perpendicu-
larly oriented applied magnetic field of 500 Oe, are shown in Fig. 1.

Fig. 1. Nickel deposits obtained at a cathodic potential of —1300 mV/SCE without: a) and b) and
with: ¢), d) and e) a parallelly, and f) a perpendicularly oriented magnetic field of 500 Oe.



790 NIKOLIC

Fig. 1a shows that the nickel deposit obtained without an imposed magnetic
field had a shrub-like structure. This shrub-like nickel structure consisted of bun-
ched nickel grains. In addition, every nickel grain consisted of very small, proba-
bly nano-sized, nickel grains, as shown in Fig. 1b.

The nickel deposit obtained at the same cathodic potential but with the paral-
lel magnetic field is shown in Figs. 1c—1e. This deposit had a porous structure
without bunched nickel grains.

The nickel deposit obtained at the same cathodic potential under the perpen-
dicular magnetic field is shown in Fig. 1f. This nickel deposit had a very develo-
ped dendritic 3D structure. The structure of this deposit consisted of thin nickel
branches or filaments which terminated in flower like aggregates of nickel. The
flower like aggregates of nickel also consisted of thin nickel branches (or fila-
ments) made of small, probably nano-sized nickel grains, like a rosary.

The copper deposits obtained at a cathodic potential of =500 mV/SCE with-
out an applied magnetic field, as well as with both a parallelly and perpendicu-
larly oriented applied magnetic field, are shown in Fig. 2.

It can be seen from Fig. 2 that the copper deposits obtained without (Figs. 2a
and 2b) and with the perpendicular field (Figs. 2e and 2f) had dendritic structu-
res. The copper deposit obtained with the parallel field (Figs. 2¢ and 2d) had a
cauliflower-like structure.

The application of the concept of “effective overpotential” for the case of a
change in the hydrodynamic conditions caused by the effects of a magnetic field
means that the morphologies of the nickel and copper deposits obtained under pa-
rallel fields (the largest MHD effect) should be, at a macro level, similar to those
obtained at some lower overpotentials or potentials without an imposed magnetic
field. This assumption will be considered below.

The nickel deposit obtained at a cathodic potential of —1200 mV/SCE with-
out an applied magnetic field is shown in Fig. 3a. It can be seen that there is a
similarity at a macro level between the morphology of this nickel deposit and the
morphology of the nickel deposit obtained at a potential of —1300 mV/SCE under
the parallel magnetic field (Figs. 1c — le). Both nickel deposits are without den-
dritic and globular parts and with clearly visible nickel grains. The only differ-
rence lies in the compactness of the deposits, which is a consequence of the larger
nucleation rate and more intensive hydrogen evolution at a potential of —1300 mV/SCE
than at a potential of —1200 mV/SCE.

Also, the concept of “effective overpotential” can be illustrated by the com-
parison of the nickel deposit obtained at a cathodic potential of —1200 mV/SCE
under the parallel magnetic field with the nickel deposit obtained at —1000 mV/SCE
without an imposed magnetic field. The morphologies of these nickel deposits
are shown in Figs. 3b and 3c. The morphology of the nickel deposit obtained at a
potential of —1200 mV/SCE under the parallel field is shown in Fig. 3b, while the
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morphology of the nickel deposit obtained at —1000 mV/SCE without applied
magnetic fields is shown in Fig. 3¢. From Figs. 3b and 3c, it can be observed that
there is similarity at the macro level between these nickel deposits. The bounda-
ries between adjacent nickel grains cannot be observed. Nevertheless, the nickel
deposit obtained at —1200 mV/SCE under the parallel field (Fig. 3b) was more
similar to that obtained at —1000 mV/SCE without an applied magnetic field than
to that obtained at —1200 mV/SCE without an imposed magnetic field (Fig. 3a).

5

Fig. 2. Copper deposits obtained at a cathodic potential of —500 mV/SCE without: a) and b) and
with: ¢) and d) a parallelly, and e) and f) a perpendicularly oriented magnetic field of 500 Oe.
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This concept can also be applied for the case of the electrodeposition of copper.
As mentioned earlier, the morphology of the copper deposit obtained at a cathodic
potential of —500 mV/SCE under the parallel field had a cauliflower-like structure
(Figs. 2c and 2d), while the morphology of the copper deposit obtained without an
applied magnetic field had a very dendritic structure (Figs. 2a and 2b). It is known
that dendritic structures are main characteristic of electrodeposition under conditions
of full diffusion control, while cauliflower-like structures are characteristic of a do-
minant diffusion control in a mixed control of the electrodeposition process.20

= Fig. 3. Nickel deposits obtained at a cathodic potential
of —1200 mV/SCE: a) without, b) with a parallelly
" oriented magnetic field of 500 Oe, and c) the nickel

g deposit obtained at a cathodic potential of
c) —1000 mV/SCE without an applied magnetic field.

Thus, it can be seen that the application of a parallel magnetic field of 500 Oe
led to a shifting of the formation of characteristic morphological forms toward lo-
wer cathodic potentials by about 100 —200 mV. Hence, the obtained morpholo-
gies of the nickel and copper deposits can be explained by the concept of “effec-
tive overpotential” in the manner below.

The deposition overpotential, 7, in the region of mixed activation/diffusion
control is given by Eq. (1):20

5= be In-+ be T

23 iy 23 1-(ilip)

where b, is the cathodic Tafel slope and iy and i are the exchange and the limi-

ting current densities, respectively. The activation part of the deposition overpo-
tential required for the charge transfer, 77,, is given by Eq. (2):

(1)
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and the remaining overpotential, 74iff, given by Eq. (3):
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is due to mass transfer limitations (diffusion limitation primarily).

The influence of magnetic field appears to be restricted to the diffusion-limi-
ted regions. During electrolysis under parallel fields, the Lorentz force induces
convective flow of the electrolyte close to electrode surface. A magnetically sti-
mulated convection leads to a decrease in the thickness of the diffusion layer,
thus the diffusion-limited current is increased. This will lead to a decrease in the
degree of diffusion control of the electrodeposition process, because the current
density of the electrodeposition process increases with increasing limiting diffu-
sion current density at a fixed value of overpotential 7, and then, 77, should be
larger in the presence than in the absence of the effect of a magnetic field. If the
applied overpotential remains the same, 7giff must decrease. This is only a quail-
tative analysis, while a quantitative analysis of the change of hydrodynamic con-
ditions has been given elsewhere.!8

As a rule, it was adopted that the limiting diffusion current density depends
on magnetic field, as if, oc B1/3.3 According to Egs. (1) and (3), increasing the li-
miting current density leads to a decrease of the degree of diffusion control of the
deposition process (a decrease of diffusion part in Egs. (1) and (3)), and then, the
electrodeposition process occurs at some overpotential which is effectively low-
er. This overpotential at which a metal electrodeposition occurs when the change
in the hydrodynamic conditions is caused by the effect of an imposed magnetic
field (i.e., by the magnetohydrodynamic effect) represents the “effective overpo-
tential” of the electrodeposition process.

This effect of the parallel field is equivalent to those achieved by vigorous hy-
drogen evolution,!® rotating the electrode? or vigorous stirring of the electrolyte.”

The second special case is that of a magnetic field perpendicular to the plane
surface of the electrode. According to MHD theory, for this orientation of a mag-
netic field to the electrode surface, the Lorentz force is zero, and then, changes in
growth processes are not expected (i.e., the expected MHD effect is zero). In this
set-up the observed effects can result either from the non-homogeneity of the
magnetic field (magnetic field gradient or a ferromagnetic electrode in magnetic
induction, or an electrode composed of a magnetized material), or from an effect
of the magnetic forces on the concentration gradients of electrochemical spe-
cies.!7 Hence, the main forces involved when magnetic fields are applied perpen-
dicular to the electrode surface are the magnetic gradient force (which depends

)
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on the field gradient, VB) and the paramagnetic force (this force is caused by
concentration gradients, V¢, of paramagnetic ions, Cu2™, Fe2*, Co?", Ni2™, etc.).

The difference between the morphologies of nickel and copper deposits ob-
tained with the perpendicular field (Fig. 1f and Figs. 2e and 2f, respectively) and
those obtained without an applied magnetic field (Figs. 1a and 1b, and Figs. 2a
and 2b, respectively) is clearly visible. This difference is larger in the case of the
electrodeposition of nickel than in case of copper electrodeposition. The nickel
deposit obtained under the perpendicular field had a very developed 3D dendritic
structure (Fig. 1f), unlike shrub-like nickel structure (Figs. 1a and 1b) obtained
without an applied magnetic field. On the other hand, although both copper depo-
sits had dendritic structures, there was a difference in the ramification of these
copper dendrites. The copper deposit obtained under the perpendicular field had a
somewhat more ramified structure (Figs. 2e and 2f) than the copper deposit ob-
tained without the imposed magnetic field (Figs. 2a and 2b).

The concept of “effective overpotential” applied to the case of electrodeposi-
tion under perpendicular fields means that the electrodeposition process occurs at
an overpotential which is effectively higher than the overpotential without an ap-
plied magnetic field.

There is the opposite effect to the case of metal electrodeposition under para-
llel fields. The changes in the morphologies under perpendicularly oriented mag-
netic fields were similar to those obtained when limiting diffusion current density
was decreased. In fact, the possibility of decreasing limiting currents with a per-
pendicular field was reported recently.2! Grant et al.2! showed that a uniform
magnetic field perpendicularly oriented to the microelectrode surface in order to
induce rotational flow of the electrolyte causes either an increase or a decrease in
the voltammetric limiting currents (from —37 to +119 %), depending solely on
the size of the electrode. For inlaid disc electrodes with radii less than 100 pm,
the magnetic field driven flow results in a decrease of the transport limited cur-
rent, as a consequence of rotational solution flow adjacent to the surface, preven-
ting gravity-driven natural convection. Some similar local effects on electrodepo-
sition on a small scale profile can probably be expected in the case of electrode-
position of both, nickel and copper, similar to the change of mass transfer con-
ditions described by Bockris et al.22:23

In the absence of the MHD effect, it is clear that the main forces responsible
for the change of morphologies of nickel and copper deposits under perpendicu-
larly oriented magnetic fields are the paramagnetic and magnetic gradient forces.
As already mentioned, the paramagnetic force is caused by concentration gradi-
ents of paramagnetic Cu?™ and Ni2" ions and the effect of this force does not de-
pend on the direction of the magnetic field. The obtained morphologies of nickel
and copper deposits under perpendicular fields are similar to those obtained by
electrodeposition processes from solutions with lower concentrations of the de-
positing ions without an applied magnetic field.
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The cause of larger change in the morphology of the nickel deposit under the
perpendicular field than the change in the morphology of the copper deposit is
probably the magnetic character of metallic nickel. Changes in the morphologies
of ferromagnetic electrodeposits under perpendicularly oriented magnetic fields
are ascribed to some magnetic properties, such as, for example, magnetoresis-
tance!1:12.15.16 or magnetic anisotropy.$

The possible reason for the change in the morphologies of the nickel and
copper deposits under perpendicularly oriented magnetic fields is the vigorous
evolution of hydrogen at —1300 mV/SCE and —500 mV/SCE, respectively. The
fact that the change in the morphology of the nickel deposit under the perpendi-
cular field is only observed by electrodeposition of nickel at —1300 mV/SCE!>
(and not at lower cathodic potentials) clearly indicates to the contribution of the
vigorous hydrogen evolution to the change in the morphologies of nickel and
copper deposits at high potentials. It can be concluded that the growth of these
very developed dendritic deposits is controlled by convective phenomenon caus-
ed by the magnetic field and diffusion effects.

For example, Shannon et al.” also showed that for a weak value of an appli-
ed magnetic field, a change in the morphology of nickel deposits is possible with
both parallel and perpendicular fields. This change was ascribed to the existence
of a metastable hydrodynamic condition in the plating solution. This metastable
condition is subjected to local disturbances via the applied magnetic fields and
gas evolution. The magnetic field, in addition to acting on the paramagnetic Ni
ions, influences the flow dynamics and stability of the evolved gas bubbles.

The larger change in the morphology of the nickel deposit than the change in
the morphology of the copper deposit obtained under perpendicular fields can
also be ascribed to some other processes characterised only for electrodeposition
of nickel. For example, the electrodeposition of nickel was performed from neu-
tral solutions24 and there is a possible effect of local changes of the pH in the
vicinity of the electrode due to the co-deposition of the corresponding hydroxides
with nickel. In the case of electrodeposition of metals from acid solutions (which
is the case of copper from a sulphate solution), there is no effect of local changes
of the pH on the morphology of the electrodeposited metals because hydrogen
evolution causes only a small change of the pH in the vicinity of the electrode.

In any case, the changes in the morphologies of the nickel and copper depo-
sits caused by the effect of the perpendicularly oriented magnetic field clearly in-
dicate that there was some additional energy introduced by the magnetic field of
this orientation. In the case of nickel, this energy was larger than in the case of
copper, which is probably the consequence of the magnetic properties of nickel
(i.e., the fact that nickel is a ferromagnetic metal).

Finally, the subject of this work was only the analysis of the morphologies of
the nickel and copper deposits obtained without and with both parallelly and per-
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pendicularly oriented imposed magnetic fields. The obtained metal morphologies
are explained very well by the concept of “effective overpotential”. The possible
kinetic reasons for the change in the morphologies of the metals under the impo-
sed magnetic fields were not considered.

CONCLUSIONS

Analysis of the morphologies of nickel and copper deposits obtained without
and with both parallel and perpendicular fields showed that the concept of “effe-
ctive overpotential” can be applied for the case when a change of the hydrodyna-
mic conditions is caused by the effect of the magnetic fields (i.e., by the magne-
tohydrodynamic effect).

The nickel and copper deposits obtained under a parallel magnetic field were si-
milar, at the macro level, to those obtained at lower deposition overpotentials without
an applied magnetic field. For example, the nickel deposits obtained at —1200 mV/SCE
and —1300 mV/SCE with the parallel field were similar to those obtained at
—1000 mV/SCE and —1200 mV/SCE without an applied field, respectively.

On the other hand, the analysis of the morphologies of the nickel deposits
obtained under the perpendicularly oriented magnetic field showed that the mor-
phologies of these deposits were similar, at the macro level, to those obtained at
some higher overpotentials, but without an applied magnetic field.
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N3BOJ

VYTULAJ ITIPUMEBLEHUX MATHETHUX ITOJbA HA MOP®OJIOI'UJE TAJIOT'A HUKJIA 1
BAKPA: KOHIEIIT “E®@EKTUBHE ITPEHAITETOCTI”

HEBOJIIA /1. HUKOJINh
HUXTM — Leniuap 3a eaexiupoxemujy, hezowesa 12, 11000 Beozpao

Texuukom ckenupajyhe enexrponcke mukpockormnuje (CEM) cy 6uie ucniurane Mopdosnoruje
Tajora HuKiIa u Oakpa noOujeHe 06e3 MPUMEHEHOT, Kao M Ca MapaleHO U BEPTUKAIHO OPHjEHTH-
caHUM MarHeTHUM nosbuma. [Ipomene mMopgosoruja Tanora HUKIA U GaKpa MO yTUL@jeM IpuMe-
BCHUX MAarHeTHHUX IM0Jba Cy OO0jalllbeHEe KOHIICNTOM “‘edeKTHBHE mpeHaneToctu”. Mopdomoruje
Tajyora HUKJIA U Oakpa IoOHjeHe y MapajelHO OPHjeHTUCAHOM MAarHETHOM IIOJbY Cy OWiIe CIIMYHE
OHMMa JOOWjeHMM Ha HEKMM HWDKUM KaTOJHUM IOTEHIHMjainMa 0e3 NMPUMEHECHHX MarHeTHHUX
nosba. [IprMeHa MarHeTHOT 110Jba Ca BEPTUKATHOM OPHjEHTALN]jOM HpeMa eJICKTPOAHO] MOBPIIHHH
je nosehasa qucrnep3HOCT Tajora HUKJIA U Oakpa. Tano3u HuKIIA U 6akpa J0OUjeHH 1O/l OBOM OpH-
JCHTALMjOM MarHeTHOT 10Jba Cy OWJIM CIMYHH OHMMAa JOOMjeHHMa Ha HEKUM BHIIMM KaTOXHHM
MOTEHLMjaJIMa 0€3 MPHUMEHEHOT MArHETHOT 110Jba.

(ITpumubeno 1. nenem6pa 2006, peuaupano 6. mapra 2007)
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