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Extraction of nickel from either laterite or sulphide ores involves various complex 
hydrometallurgical processes, the final step of which is often electrowinning to produce 
pure nickel metal. Methods to investigate, monitor, and control the electrowinning process 
are therefore of importance for producing nickel metal of desirable quality and purity. The 
significance of potential measurements during the electrowinning process is well 
established. Many potential measurement methods, however, are not sufficiently accurate 
or repeatable, and it is therefore often difficult to monitor and control the electrodeposition 
process accurately. The relationship between nucleation (deposition of the first nickel 
clusters to the cathode surface) and growth (as more and more nickel clusters deposit) 
during electrodeposition is paramount for controlling the formation and outcome of the 
nickel metal electrodeposit. A need therefore still exists for accurate measurement of both 
nucleation and plating overpotentials during the early stages of electrodeposition. In this 
investigation, a polarization measurement technique was developed for nickel 
electrodeposition from sulphate electrolytes under typical commercial electrowinning 
conditions.  This method is repeatable and accurate within approximately 10 mV. It enables 
the quick and concise monitoring of both nucleation and plating during nickel 
electrodeposition. 
 
 

INTRODUCTION 
 
Nickel Electrodeposition Reactions 
In order to evaluate nickel electrodeposition, it is imperative to understand the reactions taking place 
in the electrolyte. Conditions should be conducive to promoting the main nickel deposition reaction 
while limiting unwanted or side reactions that could hinder or interfere with the main deposition 
reaction. The process of nickel electrodeposition from sulphate electrolyte involves the passing of a 
direct current between two electrodes immersed in a sufficiently conductive solution of nickel sulphate 
salt. Nickel cations are reduced to nickel metal at the cathode (Equation [1]) while oxidation of water at 
the anode (Equation [2]) releases the required electrons. The nickel ions consumed at the cathode are 
replenished from the nickel ions in the electrolyte. All standard potentials are given relative to the 
Ag/AgCl (saturated KCl) reference electrode (Holm and O’Keefe, 2000; Crundwell et al., 2011): 

 
At the cathode:  Ni2+ + 2e− → Ni    E0 = −0.449 V    [1]      
At the anode:  2H2O → O2 + 4H+ + 4e−    E0 = 1.030 V    [2] 
Nett reaction:  2NiSO4 + 2H2O → 2Ni + 2H2SO4 + O2  E0 = 1.280 V   [3] 

 
The reduction of species other than that of the sought metal should be avoided because this will reduce 
the current efficiency of the nickel metal plating process, and interfere with the nature and purity of the 
plated metal. In the case of nickel specifically, the nickel ions are thermodynamically more stable in 
aqueous solutions than hydrogen ions. Therefore, the reduction of hydrogen to hydrogen gas (Equation 
[4]) is thermodynamically more favourable and will occur simultaneously with the reduction of nickel 
cations (Holm and O’Keefe, 2000; Kittelty, 2002; Di Bari, 2010; Crundwell et al., 2011):  

 
2H+ + 2e− → H2;   E0 = −0.199 V        [4] 
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This reaction needs to be controlled or minimized in such a way that nickel cation reduction is optimally 
promoted. One such precaution to minimize the interference of hydrogen bubbles is used almost 
exclusively, in which the anode and cathode are separated by an ion-permeable membrane. The 
electrolyte ions can freely move through these permeable membranes, but gas bubbles are trapped on 
either side where they are produced. Membranes or cathode bags are commonly made from a material 
such as polyethylene or polyester (Crundwell et al., 2011). 
 
Another factor that needs to be kept in mind is that, although the stoichiometry and thermodynamics 
are accurately described by the reactions given above, the simultaneous transfer of more than one 
electron in an electrochemical process is unlikely to occur. There are many proposed mechanisms for 
the nickel reduction process, most of which assume that electrocrystallization occurs in two steps of 
electron transfer involving an intermediate adsorbed species (Equations [5] and [6]) (Aaboudi et al., 
2001; Kittelty, 2002; Di Bari, 2010, Crundwell et al., 2011): 

 
First step:  Ni2+ + e− → Ni+ads        [5] 
Second step:  Ni+ads + e− → Ni        [6]   

 
Even though there are many proposed ligands, the most common and simplest one to consider is the 
hydroxide ion that originates from the water present in the electrolyte solution. Hydroxides easily 
coordinate to the nickel ions according to the proposed reactions in Equations [7] to [10] (Munoz et al., 
2003; Di Bari, 2010). The charge-transfer reaction responsible for the formation of the Ni(OH)ads complex 
(Equation [8]) is typically considered as the rate-determining step (Di Bari, 2010). The Ni(OH)ads 
complex is believed to act either as a catalyst for the reduction of the metal ion or as an intermediate 
that is consumed to form the reduced metal species, as shown in Equations [9] and [10] (Munoz et al., 
2003; Di Bari, 2010): 

 
Ni2+ + H2O → Ni(OH)+ + H+         [7] 
Ni(OH)+ + e− → Ni(OH)ads         [8] 
Ni(OH)ads + Ni2+ + 2e− → Ni + Ni(OH)ads        [9]  
Ni(OH)ads + e− → Ni + OH−         [10] 

 
Effect of Conditions and Parameters on Nickel Electrodeposition 
In order to obtain good quality nickel electrodeposits with fine-grained, uniform morphology, low 
strain, and minimal hydrogen pitting, frequent nucleation and simultaneous growth should occur. The 
nucleation should be fast enough for initially formed nickel clusters to pack tightly onto the substrate 
surface and each of these initial clusters should then grow sufficiently to promote three-dimensional 
(3D) growth. If the growth rate is fast and nucleation is slow, nickel deposits in a more columnar fashion 
with large fast-growing crystals and open spaces in between the crystals. Under such conditions, highly 
strained isolated crystals can form, or even large dendrites which can grow through the cathode bags 
and cause short-circuits (Winand, 1994; Budevski et al., 2000; Kittelty, 2002).   
 
Crucial parameters that need to be controlled in order to optimize the relationship between nucleation 
and growth during nickel electrodeposition have been established:  nickel, sodium sulphate, and boric 
acid concentrations, temperature, and pH of the sulphate electrolyte (Holm and O’Keefe, 2000; Di Bari, 
2010; Crundwell et al., 2011). At sufficiently high nickel concentrations (60 g/L or higher), the 
conductivity of the electrolyte and mobility of the nickel cations toward the cathode increase. Rapid 
nucleation with simultaneous growth is promoted and desired uniform, fine-grained deposits form 
preferentially (Abyaneh and Hashemi-Pour, 1994; Ji and Cooper, 1995; Wu et al., 2003). The sodium 
sulphate concentration is also kept relatively high (between 80 g/L and 100 g/L) to increase the 
conductivity of the electrolyte. If sodium sulphate is added in large excess, however, the viscosity of the 
electrolyte increases significantly, which in turn decreases nickel cation activity and mobility (Abyaneh 
and Hashemi-Pour, 1994; Holm and O’Keefe, 2000; Wu et al., 2003). At higher temperatures (60°C or 
higher), mobility and conductivity increase, reactions rates are faster, and nickel deposition is promoted. 
Rounder, low-strained, uniform deposits are formed and current efficiency increases (Lantelme and 
Seghiouer, 1998; Holm and O’Keefe, 2000; Lupi et al., 2006). The pH of the electrolyte is important for a 
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number of reasons. At low pH (normally controlled between 2 and 3), the formation of nickel hydroxide 
species (which freely occurs at around pH 5) is limited and pure deposits are expected (Amblard et al., 
1983). The pH also plays an important role in controlling the hydrogen reduction reaction (Equation 
[4]). Boric acid is added as a buffering agent, and it is known that at boric acid concentrations of at least 
4 g/L and at low pH (2–3) of the electrolyte, the nickel deposition reaction is promoted and the hydrogen 
evolution reaction is limited (Armyanov and Sotirova-Chakarove, 1992; Gadad and Harris, 1998). Under 
these conditions, good quality nickel deposits with low hydrogen pitting, low strain, and good 
morphology are expected. The mechanism and function of boric acid is still largely unknown and 
polarization techniques may be able to shed some light on this much-debated subject (Amblard et al., 
1983; Tripathy and Das, 2001).  
 
Measurement Techniques 
Accurate measurement of nucleation and growth in order to evaluate the effect of changes in the crucial 
parameters is still a challenge. One of the earliest techniques that proved useful in obtaining such 
information during the electrodeposition process is cyclic voltammetry. This is a potentiodynamic 
(controlled potential) polarization technique that measures plating potential (Ep) i.e., the potential at 
which growth is initiated. This potential is identified by a sudden increase in the cathodic current, as 
illustrated in Figure 1. The overpotential is sensitive to changes in electolyte parameters, conditions, 
concentrations, and additives or impurities that may be present in the solution (Kerby et al., 1977; 
Mackinnon and Brannen, 1977; Warren, 1985; Adcock et al., 2002). This technique, however, requires an 
intricate and laborious set-up to produce repeatable results and it only provides information regarding 
changes in the plating potential (Adcock et al., 2002).   
 

 
Figure 1. Schematic potentiodynamic voltammogram showing the decrease or increase in overpotential  
that can be observed due to changes in parameters or impurities or additives present in the electrolyte  

(after Kerby et al., 1977).  
 

Kerby et al. (1977) developed a successful technique known as the dual-channel continuous electrolyte 
quality monitor (CEQM), in which overpotential measurements were made at specific current densities 
for both nucleation and plating by using two individual wires that were monitored simultaneously 
throughout the electrodeposition process.  This technique was laborious and complex, but indicated 
that nucleation and plating overpotentials could be measured simultaneously. It also established the 
importance of controlled-current (galvanodynamic) methods compared with classical controlled-
potential (potentiodynamic) methods. It was this idea that lead to a new galvanodynamic (current-
controlled) measurement technique developed by Adcock et al. (2002) specifically for zinc 
electrowinning from sulphate electrolytes. This technique makes use of a three-step galvanodynamic 



172 

scanning procedure with a very slow initial forward scan rate to measure nucleation overpotential. An 
intermediate scan rate is then applied after the nucleation point is reached and a fast scan rate is used 
on the reverse scan. The plating overpotential is measured at an arbitrary current density (typical of 
commercial processes). The advantage of using galvanodynamic instead of potentiodynamic methods 
is that more detail regarding the initial nucleation is observed and can therefore be measured (Adcock 
et al., 2002). This technique is illustrated and compared with conventional potentiodynamic 
voltammetry in Figure 2.  
 

 
 

Figure 2. Schematic comparison of cyclic voltammetry (black) and a galvanodynamic scanning method (red), 
indicating points at which the nucleation and plating overpotentials are measured (after Adcock et al., 2002). 

 
The aim of the current work was to utilize the knowledge gained from the development of this 
galvanodynamic measurement method (Adcock et al., 2002) to develop a similar method specifically for 
nickel electrowinning from sulphate electrolyte. The idea was to produce a simple yet reliable 
measurement tool with the capability of measuring both plating and nucleation potentials accurately 
and repeatably. This measurement method can then be used to investigate the effect of crucial operating 
parameters and species concentrations on the electrodeposition process, and ultimately to use the 
information gained to optimize, monitor, and control commercial nickel electrodeposition operations. 
 
 
EXPERIMENTAL METHODS 
 
A solution containing 75 g/L nickel, 80 g/L sodium sulphate, and 4 g/L boric acid with a pH of 3 and 
a temperature of 65ºC was used as the standard electrolyte, representative of conditions established that 
produce acceptable quality nickel deposits. Thereafter, different electrolytes were prepared and tested 
by changing each of the parameters individually according to Table I. 
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Table I. Composition of electrolytes for development of galvanodynamic measuring technique. 

 
Electrolyte 

number 
[Ni2+]  
(g/L) 

[Na2SO4]  
(g/L) 

[H3BO3]  
(g/L) 

pH Temperature 
(ºC) 

1 75 80 4 3 65 

2 50 80 4 3 65 

3 75 100 4 3 65 

4 75 80 8 3 65 

5 75 80 4 5 65 

6 75 80 4 3 35 

 
Electrochemical measurements were performed in a standard three-electrode cell with a Ag/AgCl 
reference electrode (Metrohm). The cathode consisted of insulated titanium metal (commercial grade) 
with a surface area of 2.25 cm2. The cathode was connected to conducting wire by silver epoxy glue and 
cold-mounted in epoxy resin, leaving only the top surface exposed. The surface was then prepared just 
prior to use by hand-polishing using silicon carbide (SiC) paper from P800 to P1200 while rinsing with 
deionized water, followed by ultrasonic cleaning in deionized water for 2 minutes. The auxiliary 
electrode was Pt wire. The auxiliary electrode (anode) and working electrode (cathode) were separated 
by a polyethylene membrane (product code D21A05, obtained from Ecotao). Fresh electrolyte solution 
(300 mL) was used for each experiment. The electrolyte was heated throughout each experiment by an 
encased water jacket with water flowing from a water bath. The temperature of the electrolyte was 
measured, monitored, and adjusted within ±1°C of the desired temperature using a standard 
thermometer. The system was connected to a potentio-/galvanostat (Solartron Schlumberger 1286 
interface) and a computer with the appropriate software (Corrware and Corrview, obtained from 
Solartron Analytical).  
  
A preferred galvanodynamic scanning method was developed in order to measure nucleation and 
plating overpotentials accurately and precisely. The newly prepared working electrode was introduced 
into the cell with prepared electrolyte for 1 minute to stabilize at zero current in galvanostatic mode. 
Thereafter, two sequential galvanodynamic scans were applied. The first forward cathodic scan was 
done at a very slow scan rate (0.1125 mA/s) in order to elucidate the precise turning point at which 
nucleation starts. This was taken as the most cathodic potential point reached during this slow scan. 
This scan rate was applied from 0 mA to 0.3 mA. The second galvanodynamic scan was then applied 
from −0.3 mA to −90 mA in the cathodic direction, and then from −90 mA to 0 mA in the anodic 
direction. This was done to obtain a value for plating overpotential (Ep). It was found that Ep was not as 
sensitive as nucleation overpotential (En), and a faster scan rate of 0.5625 mA/s could therefore be used 
during this second scan. Each scan consisted of a series of small steps in current with the potential 
measured and recorded at the end of each step. A total of 2000 points were collected and recorded for 
each two-step process. The nucleation potential (En) was measured as the most cathodic potential 
reached on the slow forward cathodic scan. The plating potential (Ep) was measured on the return 
anodic scan at an arbitrary current density of 220 A/m2, which is commonly used as the applied current 
density for industrial nickel electrowinning. The scans were repeated in triplicate for each electrolyte. 
A typical scan indicating the nucleation and growth points is shown in Figure 3. 
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Figure 3. Typical galvanodynamic two-step scan obtained from a standard electrolyte indicating the 

measurement points for nucleation (En) and growth (Ep). 
 

After each two-step galvanodynamic scan, the program was immediately set to galvanostatic 
deposition, during which nickel was galvanostatically deposited for 80 minutes at a current density of 
220 A/m2 under the same conditions. This was done in order to obtain a thick deposit for morphological, 
quality, and characteristic evaluation. Electrodeposits were stripped from the substrate surface 
immediately thereafter, ultrasonically cleaned in deionized water and mounted for morphological 
investigation. Each mounted deposit was polished to 1 µm diamond finish and then etched for 4 seconds 
with 50:50 by volume nitric acid:acetic acid. The deposits were then optically inspected and classified 
according to quality, character, and general morphology. The current efficiency was calculated from the 
mass of each deposit compared with the theoretical mass determined from Faraday’s Law. 
  
 
RESULTS AND DISCUSSION 
 
Table II shows the average measurement results from the triplicate scans for each electrolyte specified 
in Table I. An indication of the accuracy is also given, as well as the current efficiency and a description 
of the observed quality and morphological characteristics of the produced nickel deposit. 
 

Table II. Measured polarization parameters for various sulphate electrolytes as specified in Table I. 
 

Electrolyte 
number 

Average 
En (mV) 

Standard 
deviation 
En (mV) 

Average 
Ep (mV) 

Standard 
deviation 
Ep (mV) 

Current 
efficiency 

(%) 

Observed quality and 
morphology 

1 −680 5 −739 3 98 Fine-grained, good 
quality 

2 −816 3 −768 1 75 Strained, pitted 

3 −624 5 −696 5 99 Fine-grained, bright 

4 −746 2 −740 3 93 Fine-grained, slightly 
pitted 

5 −629 3 −619 3 87 Strained and pitted 

6 −889 4 −828 9 67 Highly strained and 
pitted 
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Typical microstructures of cross-sections of thick nickel deposits obtained from the specified electrolytes 
are shown in Figure 4. 
 
The results show that both nucleation and plating overpotentials can be obtained accurately and 
repeatably for sulphate electrolytes with varying conditions and parameters by using the developed 
galvanodynamic technique. The measured overpotential values (both nucleation and plating) are 
clearly sensitive to and influenced by the conditions and species concentrations in the electrolyte.  
 
If the standard electrolyte (electrolyte 1) is used as a reference point for measured overpotential values 
and optimum nickel electrodeposition conditions and parameters, a number of observations can be 
made regarding the other electrolytes. For the electrolyte with low nickel concentration (electrolyte 2), 
the En changes markedly (more negative) and the Ep only slightly (more negative). This suggests that 
the low concentration of nickel cations is inadequate to promote simultaneous nucleation and growth 
in order to form closely packed 3D structures. The deposits obtained under these conditions are strained 
and pitted, which can also indicate promotion of the hydrogen reaction at low nickel concentrations. 
The current efficiency is much lower compared with standard conditions, suggesting poor plating 
conditions. A strain crack can be seen in Figure 4b.  
 

 
Figure 4. Micrographs showing the different quality and morphological characteristics of nickel deposits 

obtained from various sulphate electrolytes: (a) electrolyte 1, standard conditions; (b) electrolyte 2, lower nickel 
concentration; (c) electrolyte 3, higher sodium sulphate concentration; (d) electrolyte 4, higher boric acid 

concentration; (e) electrolyte 5, higher pH; (f) electrolyte 6, low temperature. 
 

At high sodium sulphate concentration (electrolyte 3), both En and Ep vary; 3D growth is promoted and 
round, uniform, fine-grained, good quality deposits are formed (Figure 4c). The relationship between 
nucleation and growth seems to be optimum under these conditions. The current efficiency even 
increased compared with that calculated for electrolyte 1. Much the same observations can be made for 
deposits obtained from electrolyte 4, which had increased boric acid concentration. The relationship 
between nucleation and growth once again seems optimum, even though the En and Ep shifted to more 
negative values. The exact mechanism of the action of boric acid in the electrolyte is still unclear, but it 
is apparent that the addition thereof promotes nickel electrodeposition in a desired fashion. No 
hydrogen pitting is observed in the presence of higher concentrations of boric acid (Figure 4d.  
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An increase in pH (electrolyte 5) seemed to increase both En and Ep (become less negative) and the 
relationship between these two parameters is not ideal. Growth seems to be promoted without frequent 
enough nucleation, causing strain, dendrite formation, and severe pitting (Figure 4e). The current 
efficiency also decreases significantly under these conditions. Similar observations are made for 
electrolyte 6 (low temperature): very large shifts in En and Ep are observed while the deposits obtained 
are strained, cracked, and extremely pitted. The current efficiency is very low.   
 
It is clear that the measured En and Ep values as well as the relationship between En and Ep for each type 
of electrolyte play a crucial role in the type of growth, quality, and morphological characteristics of the 
nickel electrodeposit. Future work will further investigate and attempt to classify and correlate the 
relationship between polarization parameters and morphological outcomes. The developed 
galvanodynamic technique can also be used to investigate the effects of other variables in the electrolyte, 
such as additives to promote grain refinement or impurities.  
 
 
CONCLUSIONS 
 
A galvanodynamic polarization measurement technique developed specifically for nickel 
electrodeposition from typical sulphate electrolytes is presented. This method can be used to measure 
both En and Ep accurately, precisely, and repeatably for the various electrolytes tested. The method and 
experimental set-up are relatively simple and easy to operate. The measured En and Ep values are 
sensitive to changes in electrolyte concentration (nickel or sodium sulphate), the addition of boric acid, 
and parameters such as pH and temperature. It appears that changes in En and Ep as well as the 
relationship between En and Ep vary in a specific way, depending on conditions and parameters of the 
electrolyte. Therefore, the information gained from measuring the En and Ep can be useful to anticipate 
the effect that changes in an electrolyte might have. The technique can be useful in monitoring and 
control of the nickel electrodeposition process. Under specific conditions, the nickel deposits nucleate 
and grow in a specific way. It seems desirable to further investigate the relationship between En and Ep 
values measured by this galvanodynamic technique and morphological and quality characteristics of 
the nickel deposits to determine any possible correlation. 
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