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Abstract

A newly extended theory is presented on the role of polarization characteristics in determining the morphology of
thick, polycrystalline metal electrodeposits. The theory is applicable to any system in which a single metal deposits.
A simple galvanodynamic scanning procedure is more favourable than cyclic voltammetry, for predicting deposit
morphology. The galvanodynamic technique represents an improved way of measuring accurately the nucleation
potential and plating potential. According to the extended theory, these potentials can be readily related to the
major metallographic structures of polycrystalline electrodeposits.

1. Introduction

In the electrodeposition of several metals of commercial
value, there is often a need for a rapid indication of
active amounts of additives used to optimize deposit
morphology. The use of polarization measurements has
been widely considered for this purpose [1–5]. These
measurements have been applied to the control of
additives in the electrodeposition of metals such as
copper, zinc, and lead [2–7]. A review covering the
history of polarization techniques in the study of zinc
and lead electrodeposition was published by Gonzalez
[8]. For laboratory studies, often the basic technique has
been cyclic voltammetry [3, 9, 10].
In this paper, the term ‘overpotential’ has its usual

electrochemical meaning, and will refer to the magni-
tude of the cathodic displacement from the equilibrium
potential. For some measurements against a reference
electrode, it will be more convenient to discuss the value
or behaviour of the potential rather than the overpo-
tential.
The effects of individual reagents on cyclic voltam-

mograms, especially the hysteresis loop which is char-
acteristic of electrochemical formation of a new solid
phase [11], have been studied extensively [3, 4, 9, 10, 12,
13]. However, information on synergistic effects with
other additives is scarce. For example, not much is
known about synergistic effects involving surfactants
[13–15], which are often added for acid mist suppression
in electrowinning operations.

Kerby et al. [12, 16] invented a moving wire (or foil
strip) sensor for one feature of the polarization curve,
originally called the ‘activation overpotential’ [12, 14,
16] but, from about 1985, generally referred to as the
‘nucleation overpotential’. This feature of the curve was
shown to give a sensitive response to glue and antimony
[9, 12], the reagents used to control deposit morphology
and to optimize current efficiency. The instrument
became known as a ‘continuous electrolyte quality
monitor’ (CEQM).
Another technique, which will be referred to as the

dual channel CEQM technique was developed by Kerby
[6], for controlling lead electrodeposition [2, 17]. This
process uses two types of addition agents, a levelling
agent, and a grain refining agent [4]. The device, which
uses two moving wire cathodes, provides continuous
measurements of both a nucleation potential and a
plating potential, the latter being an estimate of the
cathode potential of an operating, commercial cell. This
particular method has since been applied to a number of
other metals [7], such as electrorefined copper and
electrowon nickel. It has been more successful than
instruments which estimate only one of these potentials
[4, 5, 7].
Hydrodynamics and additive degradation can also be

important in the control of deposit morphology [18].
These issues were addressed by Winand [5] in the
development of a device, which monitors the plating
potential under well-defined conditions of bulk metal
deposition. Several dimensionless groups for the test cell
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were engineered to mirror the conditions of the industrial
cells. However, only a single parameter was measured,
(the plating potential in this case), and the results were
most useful only when many process variables were kept
constant.
In contrast to cyclic voltammetry, which is a con-

trolled potential method, controlled current methods,
such as galvanostatic and galvanodynamic techniques,
could also be employed. Galvanostatic polarization
curves for zinc deposition have been reported by Maja
et al. [19], Ohyama and Morioka [20], and Noguchi et al.
[21]. Based on the work of Krauss [1], the Cominco
plant at Trail (BC, Canada) has also used a galvano-
dynamic scanning technique on a lead foil working
electrode for many years to monitor its lead electrore-
fining electrolytes [8]. By using a foreign substrate, the
two-wire CEQM and the galvanodynamic scanning
technique could both provide data which can be
interpreted in terms of two, essentially independent
effects on deposit morphology, as explained below.
However, neither of these techniques appears to have
been applied to zinc electrolytes, the initial subject of
further papers in this series.
In the present studies, the emphasis is on electro-

deposition as applied to electrowinning or electrorefin-
ing of metals. However, in order to highlight the latent
power of polarization measurements to predict the
morphology of polycrystalline metal electrodeposits,
various aspects of the underlying theory will first be
considered here. It is important to note that these
theoretical considerations may also be applicable to
other processes which involve polycrystalline electro-
deposition, such as electroplating and the operation of
some rechargeable battery systems. Subsequent papers
will focus on experimental results, initially results
obtained for zinc electrowinning, which will demon-
strate the proposed use of polarization parameters to
assist in the prediction of long term deposit morphology.

2. Theoretical considerations

2.1. Significance of independent measurements
of nucleation potential and plating potential

The techniques developed by Krauss and Kerby, and
used at Trail by Cominco for controlling lead electro-
deposition, using two types of organic morphology
modifiers, (a levelling agent, and a grain refining agent)
raise intriguing questions about what controls deposit
morphology and how this happens. In the remainder of
Part I, we hope to present some valid answers to these
questions.
Building on pioneering work and a classification

system developed by Fischer [22], Winand [5, 18, 23–
25] has developed a pragmatic theory of electrocrystal-
lization of polycrystalline metal deposits. This theory is
summarized in the Winand diagram [25], which has five
basic types of morphologies, as follows [18]:

(a) Field-oriented isolated crystals (FI)
(b) Base-oriented reproduction (BR)
(c) Twinning intermediate (Z)
(d) Field-oriented texture (FT)
(e) Unoriented dispersion (UD).
Type Z does not have a significant region of predom-
inance, so it does not appear in the simplified Winand
diagram. The Winand diagram represents the degree of
inhibition versus availability of the reacting metal ion at
the electrochemical interface.
Winand [18, 24] states that in pure solutions (without

inhibitors), inhibition intensity is inversely proportional
to exchange current density. When plating in or below
the Tafel region, the main component of the total
overpotential is the charge transfer overpotential, and,
for a given operating current density, this has an
approximately inverse relationship with exchange cur-
rent density [26]. We suggest that the plating overpo-
tential can be taken as the principal indicator of degree
of inhibition and that this can be generalised to
solutions containing inhibitors and activators, to de-
scribe their effects on inhibition intensity. For instance,
levelling additives are easily adsorbed and generally
increase the charge transfer overpotential [2, 4, 27, 28],
probably by decreasing the exchange current density
[29]. Oniciu and Muresan [30] have articulated the
intuitive expectation that (a) additives which increase
the plating overpotential at a given current density (for
instance by altering the Tafel constants) can be consid-
ered ‘deposit levelling additives’ and also (b) additives
which reduce primarily the nucleation overpotential can
be considered (because of increased secondary nucle-
ation events) to be ‘grain refining additives’. It is well
known that grain refinement is brought about by an
increase in the nucleation rate [18, 31].
Under a particular set of conditions, Winand [18]

correlated the transition from FT to UD deposits with a
constant ratio of actual current density to the limiting
current density. However, this result and those reported
by other authors [32] are consistent with a relationship
with the plating potential, which is usually a monotonic
increasing function of current density. Based on consid-
eration (b) of Oniciu and Muresan [30] as defined above,
it is hypothesised that, for any given metal deposition
system, there cannot exist a unique value of plating
potential (or inhibition intensity) which corresponds to
the transition from FT to UD deposits, because the
nucleation potential also plays a crucial role.
The finest grained type (i.e., UD type deposits) require

frequent 3D nucleation (on top of existing grains). This is
sometimes referred to as ‘secondary nucleation’. Our
central hypothesis is that, for frequent 3D nucleation to
occur throughout plating, a crucial factor is the relation-
ship between the plating potential and the nucleation
potential at very low current density, on a foreign
substrate, as defined in Figure 1 for controlled current
conditions. The foreign substrate is necessary (but not
always sufficient) to observe tridimensional nucleation
independently of crystal growth, in the time domain.
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Tridimensional nucleation during deposit growth will
only occur frequently if the overpotential for nucleation
is low compared to the plating overpotential. In this
case, with adequate inhibition, the deposit type should
become UD. Conversely, if the electrode potential
(plating potential) is considerably less cathodic than
the nucleation potential, nucleation will not be favoured,
and (at high inhibition and/or current density) it is likely
that the deposit type will be FT. From this it can be seen
that a simple change in nucleation potential may be
sufficient to alter deposits between the FT and UD types.
Now consider the four schematic polarization curves

(assuming a galvano-staircase cycle), shown in Figure 2.
The various possible cases are denoted A, B, C and D.
Each of these corresponds to one of the four zones
shown in Figure 3. Zone A corresponds to high plating
potential and a relatively low (cathodic) nucleation
potential. Zone B corresponds to high plating potential,

but high nucleation potential also. Zone C corresponds
to a low nucleation potential, but also a low plating
potential. Zone D corresponds to a low plating poten-
tial, but a relatively high nucleation potential. Accord-
ing to the reasoning given above, zone B should
correspond to conditions favouring formation of FT
deposits and zone A should correspond to conditions
favouring formation of UD deposits. It can be inferred
from the Winand diagram, that zones C and D should
correspond (collectively) to low grade deposits, such as
BR, FI or failure of the metal to deposit.
It is well known [18, 33–35] that one of the major

factors determining the overpotential (analogous to
supersaturation in ordinary crystallization [35]) required
to achieve nucleation above a critical rate is the surface
energy. This is a microscopic analogue of surface
tension, which affects the size of the critical nucleus
[33, 35, 36]. As the in situ surface tension decreases, the
energy or overpotential required for nucleation should
fall rapidly. On a foreign substrate, the free energy of
nucleation can be reduced [35], hence the nucleation
potential can be lowered depending on the ability of the
depositing metal to wet the substrate material. An ideal
foreign substrate for this measurement would not
cement or otherwise interact with the ions of the metal
[37] nor become coated with underpotential monolayers
or bulk phases [38]. It is expected that nonideal,
conductive substrates will display a nucleation overpo-
tential of lower magnitude than the value which would
be observed on an ideal substrate. However, for a
slightly nonideal substrate, it is anticipated that the
observed gap between nucleation and plating potentials
will be an industrially useful parameter, which can be
calibrated with experience. Nucleation is affected by
surface roughness–with step edges, grooves, and scratch-
es acting as preferred nucleation sites [39–41]. Hence, a
high degree of smoothness would be required.
Since surface energy will be affected also by transport

and adsorption of surfactants, and by other factors, the
exact relationship between nucleation potential and a
parameter such as surface tension would not be entirely
predictable. Therefore, in complex systems, the mea-
surement of both nucleation and plating potentials is

Fig. 1. Comparison of galvanodynamic scanning techniques (GDS)

with cyclic voltammetry (CV). Note: GDS gives a value which is more

fundamental and more repeatable than either CV or CEQM.

Fig. 2. Four basic dispositions possible for nucleation and plating

potentials.

Fig. 3. Definition of four zones according to polarization properties.
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essentially a minimum requirement for prediction of
changes in morphology due to an additional active
species in solution or some other change.
It can be seen that lowering the macroscopic surface

tension, with a surfactant which does not greatly alter
the plating potential, should in some cases lead to grain
refinement and (under the right conditions) it may cause
the morphology to switch from FT to UD type.
However, it is important to be aware of changes in
behaviour, which occur around the critical micelle
concentration (c.m.c.) [30, 42]. Up to the c.m.c., many
organic polarizing agents reduce the surface tension
markedly and therefore may decrease the magnitude of
the nucleation overpotential. Once the c.m.c. is reached,
the surface tension becomes relatively constant. By this
stage, a polarizing effect may be manifested in both
increased plating overpotential and an increase in the
nucleation overpotential, counter to the initial effect.
Therefore, there may be a limited range of concentra-
tions for which a reduction in nucleation overpotential
will be observed with increasing concentration.

2.2. Comparison of methods for independent
measurements of nucleation and plating potentials

For the dual channel CEQM, Kerby [6] took measure-
ments at the same current density as used for plating to
represent the nucleation potential, provided the wire
moved through the solution faster than a critical speed.
It was argued that tridimensional (3D) nucleation of the
depositing metal would occur. However, not all of the
polarization curves displayed a nucleation hysteresis
loop. This is not surprising, since a foreign substrate was
not actually used. The measured differences between
plating and nucleation potentials can be interpreted as
being related to changes in the numbers of active sites
between the initial and steady states.
Cyclic voltammetry [3, 7, 14, 16] has often been used

instead of two cells with moving wires, to estimate
nucleation potential on the forward sweep and plating
potential on the reverse sweep. However, even for
systems displaying a nucleation hysteresis loop, there are
a number of problems with the use of potentiodynamic
measurements for determining where nucleation occurs:
(i) A potentiodynamic programme normally forces the
potential to continue to rise even after tridimen-
sional nucleation occurs. Hence, an opportunity
(Figure 1) to observe a peak potential [43, 44] is lost.

(ii) The potential measurement must be made at a cur-
rent, considered to be close to that required to cause
nucleation. This is not entirely predictable from test
to test, and the choice of a standard current density
at which to read off the value is arbitrary. Therefore
measurements of nucleation overpotential by cyclic
voltammetry differ from the point at which nucle-
ation occurs [11]. This is explained diagrammatically
in Figure 1. Furthermore, a major repeatability
problem occurred, since various laboratories around
the world reported values derived under different

conditions of cathode composition and preparation
technique.

(iii) As pointed out by Biegler [11] and Gonzalez [8],
most published cyclic voltammograms are distorted
by the effects of uncompensated resistance, RU.
Since plating potentials are measured at high cur-
rent densities, they are always affected the most
significantly. The drop, IRU is dependent on cell
geometry. Various laboratories have reported val-
ues derived under different conditions of electrode
geometry, cell geometry, or scan parameters, and
this contributes to a lack of comparability [8].

(iv) At high currents or high values of uncompensated
resistance, even the linearity of a potentiodynamic
waveform can be distorted [8], and this may
downgrade the reproducibility of the measurement.

Galvanodynamic techniques have the potential to over-
come these problems. The solution to problems (i) and
(ii) is seen in Figure 1. In addition, by using galvano-
dynamic scanning, the excitation signal cannot be
affected by IR distortion, as can occur for cyclic
voltammetry (problem (iv) above).
Galvanostatic measurements have been reported by

various authors [19–21]. However, the literature on
systematic galvanodynamic or galvano-staircase mea-
surements is virtually limited to the work of Cominco
researchers [6, 8] and associated companies [7] on lead
electrolytes. A galvanodynamic ramp has been used
successfully for many years by Cominco’s Trail plant, to
monitor lead electrodeposition processes [8]. For the
corresponding electrolytes, Gonzalez [8] undertook an
investigation of IR-compensated galvanodynamic tech-
niques.
We postulated that the magnitude of the plating

overpotential (after IR compensation) and the relative
position of the nucleation potential will have general
significance with respect to the determination of the
morphological growthmode prevailing after the influence
of the substrate is overcome. If this general applicability
of the interpretation of galvano-staircase polarization
curves in terms of the Winand diagram can be proved, it
should simplify the requirements for characterization of a
system and for process optimization and control. Specif-
ically, a galvano-staircase waveform would represent an
improved way of measuring both nucleation potential
and plating potential, making it superior to the online
sensors and other techniques described in the literature,
including the dual channel CEQM [6]. The galvano-
staircase technique takes small steps typically at intervals
of a few tenths of a second. In practice, the potential is
sampled and averaged near the end of the period at each
step. This discriminates against nonfaradaic components,
such as double layer charging current.

3. Development of experimental technique

From the foregoing considerations, it is expected that
measurement of potential in response to a controlled
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current should allow determination of a number of
parameters from a cyclic experiment commencing on a
suitable foreign substrate, including: (i) nucleation
potential, En (on the forward sweep), (ii) plating
potential, Ep, as a function of current density (on the
reverse sweep), and (iii) the gap, DE, defined as En � Ep.
A preferred waveform developed in our work is repre-
sented diagrammatically in Figure 4 and the values of
the parameters are given in Table 1. It can be seen that
three different effective current scan rates were used. The
intermediate rate was 52 times the slowest, and the
fastest rate was 53 times the slowest. The scan was made
up of very small steps, with the potential measured near
the end of each step, as discussed at the end of Section
2.2. The total number of data points collected in a scan
was 2798. Using this waveform, the nucleation potential
was taken as the reading immediately after the most
cathodic potential reached. Variations on this technique,
which do not affect the essentials include: (i) the effective
scan rate from the first change to the vertex, and (ii) the
current densities for the first rate change and the vertex.
Other effective scan rates should not be varied by more
than an order of magnitude, unless the metal ion
concentration or the activity of the electrode towards
competing processes prior to nucleation changes signif-
icantly.

With the method outlined here, there is an opportu-
nity to compensate fully for differences in cell geometry,
which may occur between different laboratories. This
requires a knowledge of the uncompensated resistance,
Ru, which affects mainly �Ep. Its effects on �En are
often negligible.
Details of the application of this method to studies of

conventional and nonconventional zinc electrowinning
solutions will be reported in Parts II and III of this
work. An overview is already available [44]. As an
example, Figure 5 shows the IR-compensated results
from a scan on an additive-free solution of low acidity,
doped with a high level of Fe2+ (similar to the Zn2+

content). Initially, the potential increases gradually as
the current density increases, with the current mainly
going into hydrogen evolution. At the nucleation
potential, the movement of the potential is naturally
reversed. Upon speeding up the scan rate, the potential
increases again to a broad peak, and is relatively steady
once the vertex (800 A m�2) is reached. A near-steady
state depolarization curve is then obtained.
For measurements in zinc sulfate solutions, alumin-

ium protected by a thin film of alumina is a substrate,
which has been used extensively for cyclic voltammetry
studies [9, 12, 13, 15, 45, 46]. This system, beginning
with >99.99% pure aluminium discs, was used for initial
evaluation of the proposed technique. Other suitable
substrates, for the deposition of a range of metals, may
include glassy carbon, and titanium with a thin, protec-
tive oxide film. There is a strong dependence on the
method of substrate preparation [39–41], as anticipated
in Section 2.1.
After each use, the working electrodes must be

polished to remove traces of the metal being plated.
These would interfere with nucleation measurements,
since, using zinc as an illustration, it could grow on
existing zinc without tridimensional nucleation occur-
ring. However, a polished, unoxidized aluminium elec-
trode could cement solution impurities. Without
sufficient time for the protective alumina layer to be
restored, we have observed anomalous scans. To avoid
this, our routine measurements were carried out on
aluminium electrodes, which had been aged in air for at
least 36 h since polishing.

Fig. 4. Preferred galvano-staircase waveform, shown as a ramp.

Table 1. Definition of preferred galvano-staircase waveform

Element of waveform Details Value Units

Instrument mode galvanodynamic

Initial J 0 mA cm�2

Initial time delay none*

J for scan rate change cathodic 2 mA cm�2

J at vertex cathodic 80 mA cm�2

Final J 0 mA cm�2

Scan rate I cathodic 4.14 lA cm�2 s�1

Scan rate II cathodic 517 lA cm�2 s�1

Scan rate III anodic 103 lA cm�2 s�1

Number of cycles 1

Final state cell off (open circuit)

*Working electrode was placed in the cell at zero current 15 s prior

to starting the scan. Fig. 5. Example of the result of a scan using the preferred waveform.
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In Table 2, comparisons are made for �En between a
P600 and a P1200 vertical emery finish as well as with
electrodes polished using diamond paste down to 3 lm
or 0.25 lm. Electrodes, which were simply pickled and
not repolished since their previous use, usually gave
different results, as shown in Table 2. There is no simple
trend in these differences. However, on electrodes which
had been polished and air-oxidized, the clear trend is for
higher nucleation potential observed on a surface with
finer features. This is in accord with recent advances in
the understanding of electrocrystallization theory [47],
and could have ramifications for cathode preparation in
industry, for the optimization of machine or hand
stripping of deposits. For finer finishes, there are fewer
sites energetically favourable for nucleation, as shown
by the 48 mV spread of results in the first column of
Table 2. Vertical alignment of the scratches seems to
have a definite, small influence. It was observed to
increase the magnitude of the nucleation potential by
5 mV compared to a circular polishing motion. For
electrowinning, an optimally prepared surface finish
would be expected to result in the most even distribution
of attachment points.
Clearly, a standard surface polishing technique is

required in order to compare different electrolyte
solutions. From replicate measurements using a vertical
P1200 finish, it is known that the standard deviation for
nucleation potential is in the range 3–4 mV. Ultimately,
following a review of data such as that shown in
Table 2, the standard polish was taken through to
P2400 (or, more recently at Pasminco, P4000) grade
using SiC paper only. Either of these finishes gave
excellent reproducibility. The smoothness is similar to
that which would be achieved with about 1 lm diamond
paste.
Using such a preparation method and the scan

parameters in Table 1, detailed characterization of
polarizing effects of species in zinc electrowinning
solutions has been accomplished [44]. Results for the
conventional electrowinning system will be presented in
Part II of this series.

4. Conclusions

1. A new method of measuring nucleation potential in a
consistent manner has been developed. It is possible

to measure plating potential in the same galvano-
staircase routine. By knowing the uncompensated
resistance, offline IR-compensation can correct these
potentials, and the true gap between them can be
calculated.

2. Morphology will be affected in different ways by the
plating potential and the potential at which nucle-
ation becomes favoured. The combination of (a) the
gap between the nucleation potential and the plating
potential and (b) the IR-compensated plating poten-
tial are proposed as parameters having fundamental
significance in the development of polycrystalline
electrodeposit morphology, once any substrate effect
is overcome. Parameter (a) affects grain size, whereas
parameter (b) affects deposit levelling. It is further
asserted that in complex systems the absolute con-
centration of an individual additive is of less impor-
tance than these two parameters.

3. The galvano-staircase technique is a rapid means for
acquiring data on the most important effects of
morphology modifiers, both for existing operations or
new processes. The basic principles should be appli-
cable to electrodeposition of many different metals.

4. To establish the utility of the new galvano-staircase
technique, coupled complementary studies (in depo-
sition cells) are required. Such studies will be the
subject of future papers in this series.
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