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The effect of uniform magnetic fields on the electrolytic deposition of copper in electric fields consisting 
of a d.c. bias voltage and a superimposed rectified sine-pulse train of 1 mHz-0.1 Hz frequency was 
investigated in an experimental cell. At appropriate combinations of magnetic flux density and potential 
frequency, good quality deposits can be obtained at elevated cathode current densities. Current oscil- 
lations observed under certain conditions are directly related to strong surface deterioration. 

1. I n t r o d u c t i o n  

Metal deposition via pulsating potential and 
rectified half potential wave electrolysis has 
recently received a good deal of attention in the 
literature. Various structural and morphological 
[1-3], mass transport [4, 5] and modelling [6-8] 
studies were followed by the investigation of the 
imposed magnetic field effect on certain aspects of 
process performance [9]. The latter has shown 
that certain combinations of magnetic field 
strength and pulsation frequency result in good 
quality deposits even at current densities signifi- 
cantly higher than encountered in conventional 
d.c. deposition processes. These preliminary results 
clearly indicate the necessity for a comprehensive 
study ofmagnetoelectrolysis in pulsed and rectified 
half-wave electric fields, especially at relatively 
high potential amplitudes. 

The purpose of this paper is to summarize the 
results of experiments where the potential field 
imposed at the electrodes consisted of a d.c. bias 
voltage and a superimposed rectified sine-wave 
voltage variation: the effect of the d.c. component 
magnitude and the rectified potential train on the 
deposition rate and the quality of the deposit at 
various magnetic field strengths was investigated 
in order to obtain further quantitative information 
about the performance of such electrolytic cells. 
The data obtained may be useful for the design of 

rectified wave electrolytic metal recovery cells 
using supportive magnetic fields. 

2. Experimental details 

The apparatus is similar to that used in earlier 
investigations [9, 10]. As shown in Fig. i the 
magnetic fluxlines are perpendicular to the electric 
field, which consists of a rectified sine wave train 
of d.c. component V c and train amplitude 
(V T - Ve), shown in Fig. 2a. The numerical value 
of V e was set to 0.6, 1.0 and 1.5 V and V r was 
chosen to be sufficiently large to reach beyond the 
limiting current plateau (Fig. 2b). The train fre- 
quency was varied between 1 mHz and 0.1 Hz by 
means of a programmable function generator - 
power supply assembly. The magnetic field was 
generated by a 5 kVA Walker regulated d.c. electro- 
magnet with a residual flux density of 4 mT; at the 
pole face separation used (about 18 cm) the 
maximum flux density attainable was 685 mT. The 
variation of current with imposed potential and 
time was monitored by a conventional chart 
recorder of variable speed and amplifier gain 
settings. The copper electrodes (active area: 
3.65 cm 2) were cleaned first mechanically, then 
washed in water and alcohol, dried and placed in 
the electrolytic cell containing an aqueous CuSO4/ 
H2SO4 solution, for electrolysis. After an exper- 
iment, the electrodes were carefully washed and 
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Fig. 1. Sketch of the experimental apparatus. A: anode; 
B: magnetic flux lines (N ~ S); C: Cathode; E: electrolytic 
cell; P: magnetic pole faces. 

dried and samples of the fresh deposit appropriately 
prepared were subjected to examination by an 
ultramicroscope equipped with a photographic 
camera. 

3. Results and discussion 
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3.1. General current and potential behaviour 

In the absence of a magnetic field, and at low 
potential train frequencies ( f <  ~ 0.1 Hz) the 
current-potential relationship follows the curve 

shown in Fig. 2b. The ascending portion of the 
curve consists of three distinct sections and 
asymptotes numbered 1-3. They are related to 
charge transfer, mass transfer and hydrogen evol- 
ution control, respectively. Under d.c. conditions 
and at very low frequencies ( f <  0,01 Hz) the 
experimentally measured plateau current (asymp- 
tote 2) density agrees reasonably well with theor- 
etical predictions: e.g. in a 0.542 mol dm -3 
CUSO4-1.605 tool dm -3 H2SO4 electrolyte the 
experimental value o f i  s = 592 Am -2 may be 
compared with the theoretical estimate of 
570.5 Am -2 based on the bisulphate model of 
Selman and Newman [ 11] for natural convection; 
a faster approximate calculation based on simple 
classical theory yields a value of 574 Am -2, if 
the transference number of Cu 2§ ions is neglected, 
and 606.2 Am -2 if it is estimated to be about 
0.054. The intersection of the first and second 
asymptote defines a potential VL, falling in the 
mixed charge transfer/mass transfer control regime. 
For cycle amplitudes V r < Vs the cathode deposit 
is invariably bright and adherent, whereas for 
VT > VL hydrogen evolution at the cathode leads 
to poor quality deposits after a number of depo- 
sition cycles. In this sense, V s might be regarded 
as a 'limiting' deposition potential. As shown in 
Figs 3 and 4, V s is essentially a linear function of 
the imposed magnetic field strength within the 
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Fig. 2. Imposed potent ial  and a typical cur rent -potent ia l  variation during one cycle. 
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Fig. 3. The variation of  V L with magnetic flux density at 
various cycle frequencies and at V c = 0.6 V. 

range of the experimental potential train fre- 
quency; at a fixed value of B, VL increases with 
frequency. It follows that good quality cathode 
deposits can readily be obtained at potentials 
significantly higher than those associated with 
d.c. electrolysis, at sufficiently high frequencies 
and magnetic flux densities. The slope of the 
VL(B ) line varies between 0.5 and 0.96 V T -1 
when V e = 0.6 and between 0.64 and 0.99 V T -1 
when V e = 1. At frequencies higher than about 
0.1 Hz, the current plateau in Fig. 2b becomes 
gradually less distinct and VL cannot be obtained 
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Fig. 4.  The variation of  V L with magnetic f lux density at 
various cycle frequences and at V e = 1 V. 
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Fig. 5. The variation of V L with cycle frequency at the 
lowest and highest experimental magnetic flux density. 

with a good degree of accuracy. Similm obser- 
vations pertain to large values of V T, where rough 
and porous cathode deposits accompany the 
virtual disappearance of the current plateau. 

The effect of the imposed magnetic field can 
be analysed further by plotting VL against fre- 
quency as shown in Fig. 5, and by plotting the 
cathodic current density against B as shown in 
Fig. 6. Figure 5 shows clearly that the magnetic 
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Fig. 6. The effect of  the magnetic f lux density on exper- 
imental observed current densities at various cycle fre- 
quencies. 
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Fig. 7. Typical cathode deposit quality under normal con- 
ditions of rectified half-wave electrolysis (magnification 
• VT= 1.96V;f= 3mHz;B = 0.460 T; the micro- 
graph represents a randomly chosen portion of the highly 
uniform electrode surface). 

field reduces the opposing effect of the d.c. bias 
potential V e on the potential region of good 
quality deposits. In consequence, progressively 
larger current densities can be attained as the flux 
density is increased. However, the relative increase 
(with respect to the residual field strength) 
becomes less pronounced as the frequency is 
increased, and as seen in Fig. 6, the magnetic field 
will exert essentially no further influence past a 
certain value (see, for example, the uppermost 
curve corresponding to f = 0.1 Hz, at B > 
0.45 T). This finding is in full agreement with 
earlier results [ 10] which indicate such an intricate 
interaction between potential train frequency and 
magnetic field strength. In all instances the cathode 
deposit is of good quality; a typical homogeneous 
deposition structure is shown in Fig. 7. 

3.2. Oscillatory current behaviour 

In a specific set of experiments Vc was set at less 
than 100 mV below the value of Vt, corresponding 
to a particular combination of frequency and 

magnetic field strength. The amplitude of the 
potential train was carefully chosen such that the 
VT ~ VL condition was maintained. The develop- 
ment of current oscillation with cycle number is 
illustrated in Fig. 8, composed from current versus 
time recordings. The first few cycles (not shown) 
exhibit a perfectly normal current response, but 
in subsequent cycles the instantaneous current 
oscillates at increasing amplitudes during the on- 
half cycle; as time progresses (cycle 7 in Fig. 8) 
oscillations also appear in the base current (corre- 
sponding to Ve). These oscillations gradually dis- 
appear as the instantaneous current amplitude 
becomes smaller and smaller (cycles 9 and 14). As 
an illustration, at Ve = 1.5, V T = 2 .25 , f=  3 mHz 
and B = 0.685 T, the current oscillation frequency 
is 0.343 Hz during the second cycle and 0.214Hz 
in the third cycle; in cycles up to 9, the frequency 
remains at about 0.17 Hz. Past the ninth cycle 
only short-term oscillations remain which disappear 
fully after the thirteenth cycle. The phenomenon 
is highly reproducible at all potential-train fre- 
quencies investigated in the 3 mHz-0.1 Hz range 
and its development is accelerated by the presence 
of a magnetic field. Micrographs taken of anode 
surfaces exposed to this mode of electrolysis reveal 
a characteristic deposit structure illustrated in 
Fig. 9: the upper portion of the anode plate is 
covered by large grain-sized oxide growths separ- 
ated by poor quality surface sections, whereas the 
lower portion of the plate consists of a smooth, 
uniformly dissolving copper surface. Notice the 
position of this portion relative to magneto- 
hydrodynamic (MHD) force lines, and the higher 
the magnetic flux density, the smaller the size of 
the lower, high quality anode surface region. 
Micrographs taken from cathode samples also 
indicate large grain-sized deposit regions. 

Although the oscillatory behaviour described 
above is not yet fully understood, a qualitative 
interpretation of the observed phenomena can be 
advanced in the following manner. Consider the 
cathode first, in the absence of an imposed mag- 
netic field but at a relatively high value (e.g. 1.5 V) 
of the d.c. bias potential. Throughout the 'normal' 
cycles, i.e. where the current response is normal, 
the cathodic current distribution is slightly 
nonuniform and the deposit quality is good 
throughout the cathode surface. On further cycling 
of the imposed potential the current distribution 
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becomes progressively nonuniform and the cathode 
surface consists increasingly of protrusions (active 
zones) and interconnecting cavities (inactive 
zones); this structure is sometimes represented by 
a sawtooth pattern (e.g. [5]). Due to relatively 
high local current (densities) at active centres, as 
the train potential approaches its maximum 
value VT, excessive H2 evolution will cause tem- 
porary 'blocking' of the surface with a subsequent 
drop in current flow and in its proton discharging 
component. As a result, the blocking gas blanket is 
released and the current begins to increase, leading 
to the same blocking process as before. The rep- 
etition of the blocking-releasing cycle appears as 
current oscillation occurring at a frequency charac- 
teristic of the process parameters. Further cycling 
causes a gradual amplification of the oscillatory 
behaviour, with strong subsequent deterioration of 
the cathode surface; the oscillation frequency 
remains essentially the same throughout a number 
of successive cycles (three to nine under the con- 
ditions of Fig. 8). Beyond this stage the deterio- 

Fig. 8. Typical oscillatory current behaviour observed 
under specific circumstances. The number of cycles past 
the onset of oscillatory behaviour is: (a) 2, (b) 3, (c) 7, 
(d) 9, (e) 14. (Ve= 1.5V; VT= 2.25 V; /=  3mHz; 
B = O.685 T). 

rated surface begins to exhibit a high relative 
resistance to the flow of current, whose amplitude 
becomes progressively smaller; oscillation finally 
vanishes as a large proportion of the surface, 
indicated in Fig. 9, is covered by poor quality 
deposit. Since Fig. 9 represents both anode and 
cathode at this stage, the development of the 
anode surface structure is similar; 02 evolution 
leads to loss of active areas for anodic copper dis- 
solution and the increasing coverage of copper 
oxides of the anode surface is probably related to 
the oscillatory behaviour of the electric current. 

The effect of the magnetic field strength on the 
oscillation phenomenon is more difficult to explain 
since it cannot be inte~-preted in terms of (purely) 
magnetohydrodynamic (MHD) factors: there is no 
straightforward MHD reason for the accelerating 
effect of magnetic induction on the development 
of oscillation. Although there exists no prima facie 
evidence for the magnetic field effect to be restric- 
ted to the anode or to the cathode exclusively, it 
appears more likely that the magnetic field inter- 
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Fig. 9. The structure of a typical anode surface in the 
wake of oscillatory current behaviour: (a) overall elec- 
trode surface; (b) micrograph of the oxide deposit (upper 
left portion); (c) micrograph of the dissolution region 
0ower right portion). 

action is manifest in one (or more) of the following 
anode processes [12-14]: Copper dissolution and 
disproportionation: 

Cu -+ C u * + e  - 

Cu ~ Cu 2++2e-  

2Cu § -+ Cu + Cu 2+. 

02 evolution at high current density and in the 
presence of (strong) sulphuric acid: 

2H20 ~ 02 + 4H + + 4e- 

2SO~- ~ 2SO~ + 02 + 4e- 

2SO~ + 2H20 ~ 2SO]- + 4H +. 

Since Equation 3 results in a powdery copper 

deposition which in turn helps the surface deterio- 
ration process, and since the velocity of Equations 
5 and 6 determines the rate of oxygen evolution, 
hence the rate of surface deterioration by direct 
oxidation, the magnetic field effect might be 
attributable to its acceleration of the kinetics of 
Equations 3 and/or 5 and 6. A variation of the 
theme, acceleration of the formation kinetics of 

(1) the H2SzOs and HSOs species [15], or interaction 
(2) with the process [16] 

(3) 2Cu + + ~02 ~ 2Cu 2+ + 02-  (7) 

where the 0 2- species is bounded to a metal ion on 
the oxide surface, may also be considered. It 

(4) appears that conditions engendering oscillatory 
current behaviour are established only at a suf- 

(5) ficiently high d.c. bias potential; when V e is low 
(6) (in the experimental work, less than 1.5 V) the 

potential train imposes amplitudes of insufficient 
time length to cause surface deterioration. The 
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higher the cycle frequency the higher the potential 
train amplitude the electrodes can endure. If  Ve is 
higher than a particular threshold value, surface 
deterioriation is induced by the continuous d.c. 
potential and the potential train acts as an 
enhancing agent o f  the deterioration process. The 
exact understanding of  the interaction of  the 
magnetic field with this phenomenon will require 
substantially more work and is well beyond the 
scope of  this paper. 

4. Concluding remarks 

The foregoing results provide a further demon- 
stration of  the complex relationship between 
potential train amplitude and frequency, magnetic 
field strength and d.c. bias potential, which deter- 
mines the quality of  cathode deposits in pulse 
train electrolysis. Oscillatory current behaviour 
suggests periodic surface processes accompanying 
electrode deterioration and possible interactions 
of  the imposed magnetic field with pertinent 
reaction mechanisms. Further technological and 
theoretical aspects of  potential train electrolysis 
will have to be studied for a comprehensive under- 
standing of  all important phenomena involved. 
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