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ABSTRACT 

 

 

 

ELECTROCHEMICAL DISSOLUTION OF LABORATORY 

GROWN NICKEL CARBONYL SAMPLES TO OBSERVE 

DISSOLUTION CHARACTERISTICS AND RESIDUE FORMATION 

 

 

 

Andrew Morrison       Advisor: 

University of Guelph, 2015      Professor J. 

Lipkowski 

 

 Two different laboratory carbonyl nickel sample types were electrochemically 

dissolved under anodic conditions to study the effects of dissolution on different 

decomposition temperatures and gas pressures used during the growth of the samples. 

Electrochemical and microscopy techniques were used to monitor the change in surface 

chemistry and morphology over the course of the 120 minute dissolution. 

Scanning Electron Microscopy (SEM) and White Light Interference Microscopy 

(WLIM) were used to determine the differences in the initial structure and dissolution 

characteristics of the different decomposition temperatures. Analysis of the surface 

showed that the boundary areas between the different decomposition conditions were 

most affected by the dissolution. Surface roughness calculations also concluded that 

during the dissolution, the surface of each sample became much rougher and open pit 

dissolution was the primary mechanism of dissolution after 120 minutes of dissolution 

had elapsed.  
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Chapter 1: Introduction 

 

1.1 Background 

 Nickel is widely used in the electroplating market, especially in the auto industry, 

as a means for corrosion resistance due to nickels ability to produce a passive oxide layer. 

Vale Canada, the second largest producer of nickel in the world, contributes to the 

production of 196 megatonnes of nickel worldwide each year where roughly 10.5% of the 

worlds’ stockpile is produced in Canada [1]. 

 There are two different techniques that Vale uses in their purification of nickel, 

electrolytic and carbonyl. Both methodologies produce highly pure nickel compounds, 

which are required for the electroplating process and currently implemented in the 

Thompson, Manitoba (electrolytic), the Long Harbor Refinery in Newfoundland 

(electrolytic), Sudbury, Ontario (carbonyl), and Wales, England (carbonyl) refining 

facilities. The Thompson plant, which produces 50,000 tonnes of electrolytic nickel per 

year for the electroplating market, is set to be phased out in 2015. This refinery will be 

replaced with the Long Harbor Refinery, which produces electrolytic nickel, and an 

increased emphasis on the carbonyl nickel produced in the Sudbury Refinery to continue 

to meet the demands of the electroplating market.  
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Figure 1.1: Carbonyl processed pellets (left) and chips (right) 

 Two different carbonyl nickel products are fabricated in Sudbury: Nickel pellets 

and chips, which will be used to replace the electrolytic nickel. These pellets and chips 

are then loaded into polypropylene bags,, then placed into large titanium baskets and 

anodically dissolved for the electroplating process.  The issue with the carbonyl 

processed nickel pellets and chips is due to an increase in residue formations associated 

with the dissolution of these products compared to the electrolytic nickel produced at the 

Thompson refinery ( ̴ 0.4% weight of carbonyl nickel compared to ̴ 0.1% weight of 

electrolytic nickel). This introduces costly maintenance and labour for the companies, 

which must shut down the electroplating facility and remove the additional residues built 

up on their titanium baskets and polypropylene bags [2]. 

There are many different theories as to why there is an increased amount of 

residue after dissolution. This project will focus on the growth conditions of nickel pellet 

and chip production. The chamber that is used in the purification process and growth of 

the pellets and chips is not maintaining a steady temperature and gas concentration. 

Figure 1.2 shows the process in which the nickel is purified. Carbonyl nickel gas is 

brought into the chamber containing “seed” particles for nickel growth. In this process, 

the seed particles grow layer by layer from about 1 mm seed particle size, to roughly 10 

mm in diameter where they are separated and processed [2].  
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Figure 1.2: Nickel decomposer [adapted from reference 2] 

To understand the effect of variable conditions of the nickel growth on its anodic 

dissolution, this thesis describes the study of anodic dissolution of laboratory grown 

nickel samples by carbonyl method.  Each sample, provided by Vale Canada, has an 

onion-like layered structure and corresponds to different temperature and carbonyl 

concentration conditions. The first sample was obtained using two different conditions; 

one layer was grown at a temperature of 280 ºC and a 5% carbonyl (Figure 1.3) gas 

concentration and the other was grown at 200 ºC and a 40% carbonyl gas concentration. 

This cycle was repeated several times to establish a multilayers structure. The second 

sample contained layers of varying temperatures with a constant gas concentration. The 
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growth of the layers was completed by altering the carbonyl gas decomposition 

temperature from 200 ºC to 280 ºC by 20 °C increments every 30 minutes. 

 

Figure 1.3: Laboratory grown carbonyl nickel sample schematics, of the sample layout, provided by Vale to be 

used in this dissolution study (a) sample containing different carbonyl gas and decomposition temperatures (b) 

sample containing constant carbonyl gas concentration with incremented decomposition temperatures 

1.2 Objectives 

The objective of this project is to investigate the dissolution behaviour of the 

carbonyl Ni samples provided by Vale (Figure 1.3). In order to complete this objective 

the following goals were set to complete: 

 Monitor the dissolution of the carbonyl nickel samples over the period of 120 

minutes 

 Determine the decomposition conditions that are favourable for residue formation 

 Determine the cause of the increased residue formations, and address how to 

reduce the amount of residues formed in the electroplating process.  

200˚
C  

220˚
C  

240˚
C  

260˚
C  

280˚
C  

(a) (b) 
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 Analyze the Ni samples at different dissolution stages using Scanning Electron 

Microscopy (SEM) and White Light Interference Microscopy ( WLIM) to create 

a profile of surface changes and understand the surface texture and morphology 

 Apply scaling analysis to quantify the changes in surface roughness with respect 

to dissolution time 

1.3 Scope 

 This thesis contains seven chapters. The first chapter is an introduction into the 

major problems to be solved. It contains background information of nickel production 

and the industrial partner providing the samples for this research. The second chapter is a 

literature review, providing information about nickel, the Mond process, corrosion 

kinetics, structure of the nickel passive layer and the mechanisms of breakdown and pit 

formation, grain size and distribution, and additives that improve the dissolution of 

nickel.  

Chapter three contains the experimental methods for the research including 

background information of linear sweep voltammetry, scanning electron microscopy, 

white light interference microscopy, and scaling analysis surface roughness calculations. 

Chapter four explains the methodology for sample preparation, reagents used, and 

experimental set up. 

Chapter five is a manuscript of a paper providing the results for the first nickel 

carbonyl sample with the constant carbonyl gas concentration and variable temperatures 

with an explanation of the significance of these findings. Chapter six is a manuscript of a 

paper providing the results of the other carbonyl nickel sample containing two different 
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conditions, a low gas concentration (5%) and high temperature layer (280 °C) (LC/HT) 

and a high gas concentration (40%) and low temperature layer (200 °C) (HC/LT). The 

results, data analysis and significance of the results are discussed. The seventh and final 

chapter contains the concluding remarks and future direction for the research. 

References 

[1] B. Marshall, Facts and Figures of the Canadian Mining Industry: 2013, 2013. 

Retrieved from: http://mining.ca/documents/facts-figures-2013  

[2] C.M. Whittington, K.L.K. Yeung, W.Y. Lo, Refined nickel anodes: pointers to 

industrial best practice, Trans. IMF. 89 (3) (2011) 122–131.  
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Chapter 2: Literature Review 

 

2.1 Nickel Refining 

 There are many different minerals containing nickel when mined, however there 

are only a selected few that contain enough nickel to be worth extraction at an industrial 

scale. The two main sources of nickel containing ores are sulfides and laterites [1]. 

However, the sulfide ores, which are found predominantly in Canada, Russia, Finland, 

and Australia, will be the main focus in this discussion.  

 Pentlandite ((Ni,Fe)9S8) sulfide ores contain many impurities such as copper, 

cobalt, gold, platinum, and silver that must be removed in order to extract the desired 

nickel products to be produced. These ores usually only contain 1-3% Ni when mined, 

which means a vigorous process to extract and refine the ore is needed. Since 90% of 

nickel production comes from sulfide ores, it is important that the refining process be as 

pure as possible [2].  Some examples of the products produced from the refining process 

are; electrolytic nickel, carbonyl nickel, ferronickel, briquettes and rondelles [3].  

Figure 2.1 shows the main method that is used to process the mined nickel sulfide 

ores for the growth of the Ni samples used in this research. There are other processes that 

produce different products, and are very complex in order to obtain the desired nickel 

product. For the purposes of this thesis, the focus was placed on the method shown in 

Figure 2.1. The final purification step in this process relies on carbonyl nickel deposition 

to produce highly pure nickel pellets. This technique is referred to as the Mond process 

and is the focus of this thesis. 
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Figure 2.1: Flow sheet for the process of refining nickel carbonyl pellets from nickel sulfide ore.  

[Adapted from reference 2] 

2.1.1 The Mond Process 

 Discovered in 1890 by Ludwig Mond, the Mond Process is a well-established 

technique for the purification of nickel. Carbon monoxide is passed over solid nickel 

containing impurities at a moderate temperature to create carbonyl nickel, 𝑁𝑖(𝐶𝑂)4(𝑔), 

which is a very volatile gas and should be properly handled. This carbonyl nickel is then 

heated further to break this compound back down into a more pure form of Ni(s). The CO 
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is recollected and can be reused in the purification process [4,5]. As previously shown in 

Figure 1.2, the nickel pellets are then progressively grown for the electroplating industry. 

The reactions, (1) and (2), for the Mond Process are shown below.  

𝑁𝑖(𝑠) + 4𝐶𝑂(𝑔)
50°𝐶−60°𝐶
→       𝑁𝑖(𝐶𝑂)4(𝑔)                                                   (1) 

𝑁𝑖(𝐶𝑂)4(𝑔)
220°𝐶−250°𝐶
→         𝑁𝑖(𝑠) + 4𝐶𝑂(𝑔)                                                (2) 

2.2 Corrosion Kinetics 

The polarization curve for Ni dissolution can be characterized by three regions. 

There are active, passive, and transpassive regions. In the case of nickel, the conditions 

for dissolution of Ni during electrolysis occur in the transpassive region. Figure 2.2 

shows that the active region occurs at more negative potentials and corresponds to the 

dissolution of bare nickel. At a certain point in time, oxide growth on the metal surface is 

formed and the reaction transitions from the active to passive region. In the passive 

region, the dissolution rate drops significantly due to the presence of the oxide layer on 

the surface. The oxidation of the surface creates a film (1-15 nm in thickness), which 

inhibits the dissolution of the metal [6–8]. At a high enough potential, this oxide layer 

begins to break down and the metal dissolution rate increases again. This region is known 

as the transpassive region where the oxide layer is broken down allowing for further 

dissolution of the nickel sample through defects in the oxide layer [9]. All dissolution 

experiments in this thesis will be completed within the transpass region. 
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Figure 2.2: Polarization curve for metal dissolution (adapted from reference 7) 

 The shape of the polarization curve can be manipulated by changing the reaction 

conditions (pH, temperature, potential), however, it has been found that the pH has only a 

small contribution to the repassivation of the oxide layer. It has been observed that in the 

transpassive region, the dissolution rate is increased at lower pH, however, not to a 

significant degree [9]. The effect of experimental conditions and role of impurities on Ni 

dissolution will be described in later sections. 

2.3 The Oxide Layer 

 The oxide layer, which is formed in the passive region of the polarization curve 

(see Figure 2.2), exhibits a bilayer structure. This structure contains an outer layer of 

nickel hydroxide and an inner layer of nickel oxide [6–13]. This passive film can range 

from 0.9 nm – 2.5 nm with the main component existing as NiO, which inhibits the 

nickel cations from transferring into the electrolyte. There has been debate about whether 

the pH would affect the thickness of the oxide layer along with the increase in potential. 

Potentials as low as -0.15 V have been found to start the passivation of nickel [14]. 
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Figure 2.3: Oxidation process (adapted from reference 13) 

The oxidation of the nickel surface occurs as the Ni
2+

 ion is released to the 

solution and electrons are transferred to the external circuit seen in Figure 2.3. This is 

representative of the oxide layer growth where the negative oxygen ions are attracted to 

the nickel surface when potentials are increased [15]. The Ni
2+

 ion then reacts with the 

O
2-

 molecules in the solution and an insoluble NiO is formed.  

The passive film is known to have a crystalline structure containing crystallites 

with different crystallographic orientations. On the nickel (111) single crystal surface, the 

NiO film has been found to also have the (111) orientation [13]. The structure of the 

hydroxide and oxide nickel passive films can be seen in Figure 2.4. The hydroxide layer 

on the outer surface is in contact with the electrolyte solution while the inner layers are 

composed of nickel oxide which alternate between thin nickel (111) and oxygen layers. 

Since the dissolution of the carbonyl nickel takes place in the transpassive region, the 

oxide layer must be broken down for dissolution to continue at rates that are higher than 

the active region. The surface structure of the carbonyl nickel along with the passive film 

will determine the potential at which this breakdown occurs.  
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Figure 2.4: Structure of the oxide layer (adapted from reference 11) 

 There are three main oxide break down mechanisms that must be addressed in 

order to fully understand how this layer is disrupted during dissolution.  

2.4 The Mechanism of Corrosion in the Transpassive Region 

 When a dense oxide layer is formed on a metal surface, it reduces the dissolution 

rate of the metal. In the case of this project, the oxide layer is formed at the surface of a 

carbonyl prepared Ni substrate. However, the dissolution of the carbonyl nickel is 

completed in the transpassive region where the oxide layer is broken down. This 

breakdown of the oxide layer, also known as depassivation, increases the rate of 

dissolution and causes local corrosion of the surface of the metal [13,16]. The local 

corrosion or pitting can accelerate the dissolution of specific areas on the surface creating 

pits where the oxide film has been degraded.  

When determining the mechanism for the breakdown of the oxide layer, two 

regions must be considered in order to explain how the breakdown occurs. The 

oxide/electrolyte and oxide/metal barriers and their interactions must be considered along 
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and compared to the bulk defect-free oxide layer containing oxide grain boundaries 

(Figure 2.5).  

 
Figure 2.5: Schematic of the electrolyte/oxide/metal system with (a) bulk oxide barrier, (b) oxide grain 

boundary, and (c) depassivation of the oxide layer examples (adapted from reference 13) 

2.4.1 Local Thinning Mechanism 

Several different mechanisms for the breakdown of the oxide layer have been 

reported [13,16,17] depending on the structure of the oxide layer and nature of the 

different barriers and grain boundaries.  The first mechanism to consider is the local 

thinning of the oxide layer which occurs at the electrolyte/oxide barrier along the oxide 

grain boundaries.  
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Figure 2.6: Local Thinning: Occurring at an oxide grain boundary. Influence of chloride ions  

are also seen in this diagram (adapted from figure 13) 

 In the case of local thinning (Figure 2.6), there is a noticeable potential drop at the 

interface causing the metal cations to transfer to the electrolyte faster, which removes the 

oxide/hydroxide layer. The dissolution of the oxide/hydroxide will be compensated with 

regrowth and repair of this layer. However, in sites where the metal oxide/hydroxide 

grains interactions are weaker, the regrowth will not compensate the dissolution and local 

pitting will occur.  Repassivation will occur in these sites immediately after the local 

breakdown occurs, shown in Figure 6 since a much higher potential drop will be seen 

between the electrolyte/metal interface. At this point the breakdown of the oxide layer 

will continue to spread and the dissolution/repassivation of the surface will in turn grow 

the pit outwards.  

 In the presence of Cl
-
 ions in the electrolyte, competition for adsorption between 

these ions and oxygen occurs. If the Cl
-
 adsorbs to the surface rather than the oxygen the 
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decreased bonding between the two. This increases the dissolution rate and inhibits the 

repassivation of the surface at appropriate Cl
-
 concentrations. The Cl

-
 needs a critical 

potential in order to inhibit the repassivation of the surface along with a high enough 

concentration in order to continually take over the oxygen sites [13,16,18]. This increased 

rate of dissolution makes the addition of Cl
-
 appealing for large scale industrial processes.  

2.4.2 Voiding and Collapse Mechanism  

 Voiding and collapse, can also lead to the oxide breakdown and occurs due to the 

diffusion of ions through the oxide barrier (Figure 2.7). With a larger potential drop, the 

oxidation of the metal occurs much faster than oxide layer formation, wich results in the 

formation of voids beneath the oxide layers as Ni
2+

 is transferred to the bulk electrolyte. 

Voiding of the metal will occur if the transport across the grain boundaries is dominated 

by cations from the metal surface. This does not allow for any ions to diffuse back toward 

the metal surface to fill the empty void. The stress at the oxide/metal interface will 

continue to increase with the growth of the void until reaching a critical point where the 

stress leads to the collapse of the oxide film revealing a pit [13,16,19,20].  

 This mechanism could be a reason for the increased residue formations seen in 

industrial electroplating process. The breakdown of the oxide layer using the voiding and 

collapse method would lead to excess NiO and Ni(OH)2 within the solution, which in 

most cases will be eventually dissolved.  
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Figure 2.7: Voiding and collapse of the oxide layer through ion transport [adapted from reference 11] 

2.4.3 Stress-Induced Fracturing Mechanism 

The final mechanism that will be discussed in this thesis is the stress-induced 

fracturing of the oxide layer (Figure 2.8). This mechanism occurs when diffusion of 

anions from the electrolyte to the metal through the oxide film at the grain boundaries 

preventing cation transport though the film. The interaction at the metal/oxide interface 

must be examined in this mechanism. The anions (O
2-

 and Cl
-
) react with the cations, 

formed during the oxidation of the metal, halting the voiding mechanism and creating a 

metal complex beneath the oxide film. The metal compound continues to grow until a 

significant amount of stress is built up underneath the film leading to a stress induced 

fracture and local passivation. The fracturing of the film can be completed without the 

addition of Cl
-
, however, Marcus et al summarize that due to oxygen vacancies in the 

oxide film, the Cl
-
 can penetrate the oxide film and block repassivation once fracturing 

occurs [13]. 
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Figure 2.8: Stress induced fracturing via anion penetration of the oxide film (adapted from reference 13) 

2.4.4 Selective Pitting/Metastable Pitting 

 The mechanisms of passive layer breakdown lead to selective pitting and 

propagation of pits beneath the surface of the oxide layer. There are many proposed 

mechanisms, outside of the major ones explained in this thesis that have been proposed to 

explain the passive layer breakdown. However at present, there is no one mechanism that 

has been determined to understand the entire process. The Point Defect Model (PDM) has 

been used since 1981 to theoretically characterize passive film growth and breakdown 

involving deformities within the film  [21–27]. It assumes that the mechanism, involves 

the migration of cations towards the electrolyte from the film resulting in voiding at the 

metal surface. The breakdown occurs when the migration of the cations across the film is 

slower than the formation of cation vacancies in the passive film leading to increased 

stress and the eventual film breakdown as observed in the stress induced fracturing [27]. 

This model however assumes linear transport for the diffusion of the cations and cannot 

be used for explanation of time of appearance and frequency of pitting events on the 

surface [28,29]. However this method has shown promise in industrial settings as a way 

to predict localized corrosion [27].  
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 Many factors lead to the formation of stable pits on a metal surface including; its 

formation, early growth and repassivation. This can be easily observed with fluctuations 

in the current, which attributes to the passive layer breakdown and repassivation of initial 

pits. This is known as metastable pitting due to the repassivation of the pit [30]. It has 

been found in literature that there are two different types of current transients; one that 

shows a slow growth in the current followed by a sudden drop in current pertaining to the 

death of the pit [31] and another that shows a rapid increase in current followed by a 

smooth current decay back to previous levels [32]. Pit nucleation and metastable pit 

propagation has been assumed to be the processes required for stable pit formation [33–

35]. In stainless steel, it has been found that small current transients show the second type 

of transient characteristics in a chloride solution. This has been established in literature as 

localized pit nucleation events, however, the current transient after the localized film 

breakdown returns to a previous level when the passive film repairs itself [30,36–38].  

 The process of observing current transients during anodic dissolution is a 

potentiostatic process. If a constant current is applied per unit area (current density) a 

potential transient with similar characteristics is observed. A potential transient describes 

a galvanostatic process. It is known that a galvanostatic process has different properties 

than the potentiostatic process, however, the transients observed in both methods describe 

passive layer breakdown and pit growth. During the galvanostatic process, potential 

fluctuations that return to a previous voltage can be described as breakdown of the 

passive layer and initiation of pit growth. The oscillations vary depending on pit 

nucleation rate and overall passive layer growth and breakdown rates.  
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2.4.5 Pit Propagation 

 The process of pit propagation was first proposed in 1937 by Hoar [39] as an 

autocatalytic process of pit formation with the main cause of pitting being a local 

acidification within the existing primary pit. Many models have since been proposed to 

understand and describe the mechanism of pit propagation however more modelling is 

still required to address many conditions, such as pH change [40,41], pit formation [42–

49], surface roughness [50], changes in surface chemistry [51], boundary conditions, and 

lacy cover resistivity and transport [52].  

 The propagation of pits appears to result in the formation of pit/lacy covers, which 

are thin porous layers that have formed from the original surface structure, but contains a 

large crevice beneath the surface. Observations by Isaacs and Kissel [44] suggest that the 

formation of lacy covering is favourable with firm, thick stable oxide films for pit 

propagation during metastable pit growth [53,54], whereas thin weak films easily 

breakdown and repassivate. 

 
Figure 2.9: Illustration of pit initiation leading to pit/lacy covering 
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 The mechanism for lacy cover formation can be seen in the illustration in Figure 

2.9 where initial pit nucleation occurs with the breakdown of the passive layer and 

diffusion of Ni
2+

 from the metal surface [55,56]. With the inhibition of repassivation 

occurring with high enough [Cl
-
], breakdown of the passive layer widens in conjunction 

with the growth of the crevice pit. This also increases the diffusion of Ni
2+

 into the 

electrolyte. At this point, the pit beneath the surface grows as local acidification occurs 

within and surrounding the pit. The local acidification diffuses outwards from the pit 

creating a hemispherical area where the local pH is lower than that of the electrolyte, seen 

in Figure 2.9. This hemispherical area assists in the further breakdown of the surrounding 

passive film initiating the formation of secondary pits along with the increase in the 

initial pit growing beneath the passivated surface [16,57]. This process begins the 

autocatalytic process first proposed by Hoar [39] where the secondary pits contribute to 

the decrease in the local pH increasing the size of the hemispherical area contributing to a 

greater area for passive layer breakdown and pitting. This eventually leads to a large 

crevice pit formed beneath the surface. This phenomenon has been observed in multiple 

systems[58–61]. 

2.5 Grain Size 

 Grain size has been found to be a factor in the dissolution of carbonyl nickel due 

to the variety of particle sizes in each sample. Neumann et al. [62] describes how 

different particle sizes change the potential needed to strip the particles off of the 

electrode. In both low and high surface coverage’s, the smaller nanoparticles require a 

lower potential to be removed than the larger nanoparticles. In the equations below, 
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Neumann et al. [62] indicated that a formal oxidation potential of a given metal varies as 

a function of particle radius.  

𝐸𝑓(𝑛𝑝)
⦵ = 𝐸𝑓

⦵ −
𝑎

𝑟𝑛𝑝
                                                              (1) 

𝑎 =
2𝛾𝑀

𝜌𝐹
                                                                      (2) 

Where 𝐸𝑓(𝑛𝑝)
⦵  𝑎𝑛𝑑 𝐸𝑓

⦵
are formal oxidation potentials of the nanoparticle and of the bulk 

material respectively, rnp is the radius of the nanoparticle, M is the molar mass, 𝛾 

represents the surface energy, F is Faraday’s constant, and 𝜌 is the density of the metal. 

Using equation 1 it is understood that as the radius of the nanoparticle decreases the 

potential needed to remove the nanoparticle decreases showing that the nanoparticle itself 

has a higher energy and a lower formal oxidation potential.  

2.6 Grain Distribution 

The dissolution has also been found to be affected by the grain distribution. It has 

been determined that depending on whether or not the surface is passivated, it affects the 

dissolution rate. When working with the carbonyl nickel samples, the surface will be 

passivated while working in the transpassive region. Figure 2.11 shows how the effect of 

a passivated environment affects dissolution. For a finer grained structure, the grains are 

much more compact therefore this will negatively affect the dissolution rate due to an 

increase in the uniformity of the passive oxide layer. Coarser grains will have the 

opposite effect in a passivated environment since the oxide layer will be much less 

uniform and contain more defects in the passive layer, which will help increase the 

dissolution rate. Therefore in a passivated environment, a larger grain distribution will 
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increase the dissolution rate due to a non-uniform surface structure, which assist in the 

breakdown of the oxide layer [63]. 

 
Figure 2.10: Grain distribution in a passivated environment (adapted from reference 63) 

2.7 Additives 

There have been many studies performed on the effects of additives or impurities 

that can be added to nickel in order to increase its dissolution rate. [6,7,9–14,16,63,64] 

Additions of small amounts of certain elements have displayed a significant increase in 

the dissolution rate. The elements that best improve the dissolution of nickel are ranked 

in order of their effectiveness as follow: [10] 

S > Se > Te > P > C > Si 

(a) Fine grained microstructure 
film passivation 

(b)    Coarse grained microstructure 
          film passivation 

(c)       Large grain distribution microstructure  
            with passive film  
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It can be seen that sulfur is the best additive to use as an effective impurity to 

increase the dissolution rate of nickel. Oudar et al. [64] describes the effectiveness of this 

additive where the current density shows roughly a 10-fold increase at the same potential. 

This increase in current density does not remain constant due to the buildup of nickel 

sulfide residues in the reaction tanks. Without sulfur, nickel residues eventually dissolve 

into the solution. In contrast, the nickel sulfide compounds continue to build up in the 

titanium baskets. A continuous increase in the potential of the titanium baskets has to be 

introduced in order to maintain a specific current density where nickel sulfide builds up 

and blocks conductivity through the polypropylene bag. Due to this effect sulfur is not a 

popular additive with industrial companies [10]. 

 Chloride ions, however, have been found to be very beneficial to the breakdown 

of the oxide layer and inhibition of surface repassivation due to the competition between 

the Cl
-
 and the OH

-
/O

2-
 anions. This process helps increase the dissolution of the nickel 

and the concentration of the Cl
-
 is crucial in order to inhibit the repassivation of the 

surface. At high enough concentrations, described in El Aal et al. [65], the effect of the 

Cl
-
 can increase the rate of Ni dissolution. 

This is beneficial enough to be used in the dissolution process. It should also be 

noted that the rate of dissolution is not affected in an oxide free surface meaning a surface 

with an oxide layer, where increasing the Cl
-
 concentrations inhibits the repair and 

repassivation of the surface [65,66].  
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Chapter 3: Experimental Methods 

 

3.1 Cyclic Voltammetry (CV) 

 Understanding the electrochemical behaviour of the carbonyl nickel samples is 

important for the anodic dissolution process. Thus, cyclic voltammetry is used as a way 

to understand the surface characteristics and the redox behavior of the sample in a broad 

range of potentials [1–3]. CVs were collected before and after each dissolution to observe 

the changes in surface chemistry.  

  
Figure 3.1: Representation of a cyclic voltammetry profile (a) shows a voltage ramp vs time (b) shows a typical 

CV profile from initial scans performed in this thesis (adapted from reference 2) 

 In CV, a linear voltage ramp is cycled continuously between a maximum anodic 

and cathodic potential generating a saw-tooth waveform (Figure 3a) and the current 

response is measured as a function of the applied voltage (Figure 3b). The slope of the 

voltage ramp is dictated by the sweep rate, which dictates the rate of voltage change as a 

function of time. 

3.2 Scanning Electron Microscopy (SEM) 

 A technique used to characterize the nickel surface morphology is the scanning 

electron microscopy (SEM). This technique uses an electron gun made from either a 
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tungsten or LaB6 crystal to create a beam of electrons that are accelerated onto the 

surface of a given sample.  

 Two different interactions occur between the electron and the surface. The first 

occurs when the focused beam of electrons is perpendicularly incident to the surface the 

electrons are elastically scattered and deflected off of the outer electron shell of the 

surface atoms. This result is known as elastic backscattered electrons (BSE) that are 

useful for imaging structure and oxidation of the surface [4]. Inelastic scattering occurs 

when the incident electrons transfer energy to the surface atoms charging the surface and 

ejecting secondary electrons (SE) that have energy of less than 50eV. These electrons 

have such low energy that they escaped from a region on the order of 10s of nanometers 

below the surface. Therefore the resolution of the image is dependent on the number of 

electrons that reach the detector. The secondary electron images generated are used to 

look at the surface texture of the sample along with grain boundaries. 

 SEM cannot be used to acquire 3D topographical images; however grain 

distribution analysis and determination of surface texture are possible with this type of 

microscopy. Samples that are biological in nature cannot be imaged using SEM because 

the analysis is performed under vacuum. Imaging of non-conductive surfaces can also be 

an issue, however, coating the surface with a thin film of a conductive metal, such as 

gold, can create a conductive layer to ground the sample eliminating charging of the 

surface, which interfere with the image resolution. 
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Figure 3.2: Schematic of a scanning electron microscope (SEM) and electron focusing (retrieved from 

https://commons.wikimedia.org/wiki/File:Schema_MEB_(en).svg) 

Figure 3.2 shows the components of a scanning electron microscope and how the 

electrons are focused onto the stage. First the electron gun filaments (usually tungsten) is 

heated to roughly 2800 K to thermally excite the electrons off of the tungsten surface, and 

are directed towards the stage where the specimen is located [4]. The electrons travel 

through lenses and magnetic fields in order to focus the beam onto the surface. Once the 

electrons interact with the surface elastically and non-elastically scattered electrons and 

x-rays are released and used for the characterization of the surface. 

3.3 White Light Interference Microscopy (WLIM) 

 White light interference microscopy (WLIM) is a complimentary microscopy 

technique used in conjunction with atomic force microscopy (AFM). However it uses 

visible light instead of a mechanical tip in order to determine the surface topography. The 

disadvantage with this technique however, is the loss of lateral resolution that is 

determined by the diffraction of light limit and approximately equal to 2x the light wave 
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length. This technique is used when the surface of the sample becomes too rough (peak to 

valley roughness > 2µm) for the AFM to image. 

 
Figure 3.3: White light interference microscope apparatus (retrieved from 

https://commons.wikimedia.org/wiki/File:Interferenzmikroskop_Aufbau_sw.jpg) 

 Figure 3.3 shows how the light from the light source is passed through a beam 

splitter, which splits the beam into two. One beam is reflected off of a smooth reference 

mirror into the camera. The other beam is reflected off of the sample surface and back to 

an objective lens where it recombines with the reference beam. If the beam reflecting off 

of the surface is in phase when the two beams recombine constructive interference 

pattern is observed while all waves are out of phase will be destructive.  This can be 

translated into a topographical image of the surface. In order to acquire the vertical 

resolution needed to observe a 3D topographical image a piezoelectric transducer (PZT) 

translates the optical focusing lens which changes the interference pattern and can be 

translated to different features on the sample surface. [5–7] 
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3.3.1 Scaling Analysis 

 A process known as scaling analysis can be performed on the WLIM images to 

determine the overall surface roughness [8–10]. Using a square with a length of L, the 

standard deviation of the height, or root mean square (rms) of the surface height, within 

the given area can be estimated. The square is then stepped across the surface of the 

image in one-pixel increments in both the x and y directions. At each new position the 

standard deviation of the surface height is calculated. The average of all positions for the 

standard deviation of the surface height is completed for a given square L to determine 

the average rms roughness of the surface denoted σL. The size of the square is then 

increased and the calculations are completed again until a profile of the rms roughness of 

the surface is completed for all given L values of the image. At sufficiently large L 

values, a limiting roughness is achieved where the surface roughness reaches a plateau. 

The critical length and critical roughness are extrapolated using trend lines from the 

plateau and increase in the limiting roughness to an intercept. From this the peak to valley 

surface roughness can be calculated, which is four time the limiting rms roughness.  
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Chapter 4: Methodology 

 

4.1 Reagents 

 All solutions required for dissolution were provided by Vale Canada. The 

electrolyte used for the dissolution of the carbonyl nickel samples is a Watts Bath 

solution containing, NiCl2·6H2O (30-90 g/L), NiSO4·6H2O (240-300 g/L) and H3BO3 

(30-45 g/L) [1]. The Watts bath solution required pH adjustment to a value of 4 used for 

the dissolution conditions to match the industrial conditions. 18M H2SO4 was used to 

reduce the pH to between 3.6 and 4 which was the optimal range to be used during the 

dissolution experiment. Epoxy resin and hardener were used to mount the samples for the 

duration of the experiments. 

4.2 Glassware Cleaning, Samples, Electrolyte 

 All glassware is cleaned in a hot acid bath solution of 1 HNO3 : 3 H2SO4 for 60 

minutes or overnight in a heated bath. The glassware is then rinsed with Milli-Q water 

and dried in an over at  ̴ 50ºC.  

 The two types of carbonyl nickel samples were provided by Vale Canada. One 

contains two different growth conditions; one layer was grown at a temperature of 280ºC 

and a 5% carbonyl (Figure 1.3) gas concentration the other was grown at 200ºC and a 

40% carbonyl gas concentration. The other sample provided by Vale contains layers of 

varying temperatures with a constant gas concentration. The growth of the layers was 

completed by altering the temperature from 200ºC to 280ºC in 20ºC steps every 30 

minutes. 
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4.3 Sample Preparation 

 Titanium wire was welded to an edge of the sample to allow for the samples to 

connect the samples to the anodic wiring. The sample was then encased in resin so that 

dissolution of the Ni occurred at only one side of the carbonyl nickel sample.  

 A pristine surface was required for initial characterization therefore the surface 

being studied was polished to a mirror finish. Rough polishing of the surface is 

completed first using 240, 480, 600 and 1200 grit sand paper. The samples were washed 

with Milli-Q water after each polishing step to remove and residual particulate on the 

surface. Each polishing step removed large scratches or deformation before the next finer 

polishing step took place. Using a diamond suspension with specific sized particles, the 

samples were then finely polished to remove the finer scratches remaining after the final 

rough polishing step. The fine polishing process involved polishing the samples with the 

following particle sized suspensions: 15 µm, 6 µm, 3 µm, and 1 µm. The samples were 

manually polished, with the most important step being the 15 µm polishing step. The 

majority of the large scratches should be removed at this step and any remaining 

scratches should be faint or non-existent when observed visually. The surface was 

observed using an optical microscope to make sure the polishing process was proceeded 

with expected results. After each polishing step the sample was washed in methanol and 

then with Milli-Q water to remove any residues left from the polishing process. The ultra-

fine polishing was completed using a vibro polisher (Type: GIGA-0900, Pace 

Technologies, Tucson, Arizona, USA). A 0.5 µm colloidal suspension was used for the 

final polishing step on an ultra-fine polishing pad. After completing the polishing 

process, the surface should be very smooth with little to no visible defects (scratches) 
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even with the aid of a magnifying glass. As a final cleaning step to remove any polishing 

material not removed by washing, a final electropolish was completed. A 4% H2SO4 

solution was used to electrochemically dissolve the surface for 3 seconds. A potential of 

6V was applied to the surface of the selected sample with the counter electrode being a 

sheet of Ni. 

4.4 Dissolution Conditions 

 

Figure 4.1: Electrochemical cell 

 Figure 4.1 represents the electrochemical cell that will be used for the dissolution 

of the carbonyl nickel samples. Three electrodes will be used: a reference, counter, and 

working electrode. The reference and counter electrodes will be pure nickel. They will 

not introduce any impurities that would affect the dissolution of the samples. The 

working electrode will be the carbonyl nickel sample. The electrolyte, as stated 

previously, will be the Watts bath solution provided by Vale Canada.  

 The conditions for the anodic dissolution reaction are as follows: 60ºC, pH of 4, 

current density of 0.8 A/dm
2
. The dissolution times were 10, 20, 40, 60, 120 minutes 

NiCl2, NiSO4, B(OH)3 
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respectively. The total dissolution time of each sample will be 120 minutes however the 

dissolution will be incremented in order to create a dissolution profile of the samples 

throughout the full dissolution time. To determine the surface chemistry of the samples, 

cyclic voltammetry will be completed before and after each dissolution to determine the 

active, passive, and transpassive potentials.  The samples were washed after each 

dissolution period to remove and electrolyte or material stuck to the surface and dried 

before imaging the samples using SEM and WLIM. 

4.5 Imaging of the surfaces 

The sample morphology must be determined prior to dissolution in order to have 

a reference for comparison purposes. SEM imaging will be completed before dissolution 

in order to understand the surface texture of the carbonyl nickel sample, along with grain 

distribution. In order to make sure that the sample is grounded and electron charging does 

not occur during imaging of the surface, the titanium wire is passed through a hole in the 

sample plate and wrapped in carbon tape to make sure there is ample contact. WLIM will 

be used as a complimentary method for topographical imaging and depth profiling of the 

surface.  

After every dissolution interval, SEM and WLIM images will be recorded and 

analyzed for surface roughness, pit formation and pit growth throughout the dissolution 

process. Scaling analysis of the WLIM images provide the change in surface roughness 

over the dissolution period to and can be used to gain a better understanding of the 

morphological changes. 
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Abstract 

 Residue formation and dissolution mechanisms were investigated on a laboratory 

grown Ni sample obtained by a carbonyl method. The sample contained multiple layers 

corresponding to changes in the Ni(CO)4 decomposition temperature ranging from 200 to 

280 
o
C  to simulate the growth of Ni under industrial conditions (CN1 sample). Cyclic 

voltammetry and changes of the electrode potential with time during 120 min constant 

current dissolution of this sample were recorded. These measurements indicated that the 

dissolution of the sample proceeded in the transpassive region at voltages between 700 

mV and 300 mV versus Ni reference electrode. The potential versus dissolution time 

curves displayed oscillations indicating that the dissolution mechanism involved the 

breakdown of the passive layer and repassivation of the surface. The scanning electron 

microscopy (SEM) and white light interference microscopy (WLIM) were used to 

observe changes in surface morphology and surface roughness as a function of the 

dissolution time. The SEM images revealed pits with lacy covers formed on the surface at 

the initial stages of the dissolution. With increasing dissolution time, a transition to open 
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pits formation was observed. Quantitative analysis of WLIM images showed a rougher 

surface indicating preferential dissolution was observed on Ni layer grown at the higher 

Ni(CO)4 decomposition temperatures. However, SEM images obtained at longer 

dissolution times demonstrated that the preferential dissolution takes place at the 

boundary between laminas corresponding to Ni(CO)4 decomposition at different 

temperatures.  This preferential dissolution lead to the formation of deep crevice lines 

separating the laminas.  

5.1 Introduction 

 Fifth in production worldwide (196,471 kilotonnes), Canadian nickel mining, 

contributes to roughly 10.5% of the worlds’ nickel stockpile [1]. With the natural passive 

state of nickel and its ability to resist corrosion, Ni is a sought after commodity, 

particularly for use in the automotive industry for electroplating. The oxide layer forming 

the passive state of nickel is only 0.9 nm - 2.5 nm thick, with a nickel hydroxide outer 

layer and an alternating lamellar inner layer of nickel and oxygen sublayers [2–8].   

 Electrolytic and carbonyl nickel purification methods are the two forms of Ni 

used to plate commercial products using the electroplating process. This study focuses on 

the nickel purified by carbonyl method. This method was discovered by Ludwig Mond in 

1890 [9,10]. The Mond process is completed by passing CO over solid nickel containing 

impurities at a moderate temperature of 50-60 °C which creates carbonyl nickel, Ni(CO)4, 

a volatile gas. The carbonyl nickel gas is then heated to its decomposition temperature 

(200-280 °C) where highly pure Ni(s) is formed. The residual CO gas left over can be 

recycled during the purification process [9,10]. The overall reaction is shown below: 
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𝑁𝑖(𝑠) + 4𝐶𝑂(𝑔)
50°𝐶−60°𝐶
→       𝑁𝑖(𝐶𝑂)4(𝑔)

200°𝐶−280°𝐶
→         𝑁𝑖(𝑠)𝑝𝑢𝑟𝑒 + 4𝐶𝑂(𝑔)                 (1) 

 Using the Mond process, pellets are produced for commercial use. A nickel 

decomposer is used to produce the pellets in a gradual process. “Seed” pellets, of roughly 

1 mm in diameter, are pre-heated to the desired temperature and transferred to a chamber 

where the carbonyl nickel gas is introduced to the seed pellets and decomposes to form 

pure nickel on the seed pellet surface. The process of growing the pellets layer by layer is 

repeated about 300 times until the optimal diameter of 10 mm is reached, at which the 

pellets are separated and some of them are further processed to form chips [11]. During 

the electroplating process, the pellets or chips are placed in a polypropylene bag which is 

then loaded into large titanium baskets and anodically dissolved at a constant current 

density in a plating electrolyte. The dissolution of these nickel pellets and chips form 

nickel residues in the titanium baskets and in the polypropylene bags, used in attempt to 

catch some of the anode fines. Additional voltage is required to maintain a constant 

current density during the dissolution process as the nickel residue begins to build up, 

which results in frequent shut downs and increased labour costs for nickel electroplating 

companies to remove these residues [2].  

The pellets have onion like laminar structure. Since the decomposition 

temperature may vary under industrial conditions of carbonyl production of Ni, the 

properties of each lamina may vary in some degree and these changes may affect the 

anodic dissolution behavior of the pellets.  The aim of this project is to investigate the 

dissolution behavior using a laboratory grown Ni sample where the decomposition 

temperature of each lamina was varied in a controlled fashion. In this manner, it is 
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possible to evaluate not only the effect of variable decomposition temperature on the 

anodic Ni dissolution, but also how the differences between dissolution of various lamina 

in a pellet may influence the residue formation. Electrochemical methods will be used to 

complete the dissolution of the carbonyl Ni and White Light Interference Microscopy 

(WLIM) will be used to observe the evolution of the surface morphology over the 

duration of the dissolution. Additionally, Scanning Electron Microscopy (SEM) will be 

used to analyze the texture, grain distribution, and analysis of residues formed during the 

dissolution process. 

5.2 Experimental 

 A laboratory grown carbonyl purified nickel sample (denoted CN1) was obtained 

from Vale Canada (Mississauga, Ontario). The sample consisted of five ~200 µm thick 

lamina of Ni obtained at the decomposition temperatures 200, 220, 240, 260 and 280
o
C, 

respectively. In order to observe selective dissolution along one face of the CN1 sample, 

it was encased in an epoxy resin. A titanium wire was also welded to the sample, prior to 

encasing in the resin, to provide contact between the sample and the anode connector 

during the dissolution experiment. The sample was cut in the direction perpendicular to 

the surface of the lamina and then polished to a mirror like finish in order to observe the 

initial grain structure. The LECO Vari/Pol system (Type: VP-50, LECO Corp., St. 

Joseph, Michigan, USA) was used to manually polish the sample using finer grit 

polishing paper (240, 320, 400, 600 and 1200 grit). Using a polycrystalline diamond 

polishing suspension (Pace Technologies, Tucson, USA) of different sizes (15, 6, 3, and 1 

µm) and polishing pads (Pace Technologies, Tucson, USA), the fine polishing was 

completed. This step is the most important in the polishing procedure in order to remove 
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any defects and scratches, which would interfere with imaging of the pristine grain 

structure. The final step is the ultra-fine polishing using a silicon suspension (0.05 µm) 

along with a ultra-fine polishing pad on a vibro polisher (Type: GIGA-0900, Pace 

Technologies, Tucson, Arizona, USA). This method gives a mirror finish with a surface 

roughness <0.05 µm allowing for precise grain structure imaging. In order to remove any 

residual polishing material remaining after washing, a 4% H2SO4 solution was used for 

electropolishing the surface at 6V for 3 seconds. To image the surface of our sample, 

grain structure, and elemental composition, scanning electron microscopy (SEM) (Type: 

FEI Inspect S50, Czech Republic) were used.  In order to gain information on the surface 

roughness white light interference spectroscopy (WLIM) (model: NT3300, WYKO, 

Tucson, USA) was used before and after the dissolution experiment.  

 After imaging the pristine sample with the SEM and WLIM, the dissolution of the 

sample was investigated. Using the Watts electrolyte (NiSO4·7H2O (240 g/L), 

NiCl2·6H2O (20 g/L), H3BO3 (20 g/L), commonly used in industrial electroplating 

practices, the sample was dissolved using a potentiostat/galvanostat (model: PG590, 

HEKA, Germany). The electrochemical conditions within the cell were mimicking 

industrial settings. The dissolution of the CN1 laboratory made sample was completed at 

60°C, pH of 4, and a current density of 0.8 A/dm
2
. The value of the current is a typical 

average current density used by electroplating companies. The first two dissolutions were 

completed at 10 minute intervals (10 and 20 minutes total dissolution time), the 

remaining dissolutions were completed at 20 minute intervals (40, 60 and 120 minutes 

total dissolution time). The sample was removed from the cell upon completion of each 

dissolution, washed with Milli-Q water, and then dried for imaging. Before and after each 
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dissolution interval, cyclic voltammetry was performed to understand the surface 

chemistry and active, passive, and transpassive range of potentials.  

 Imaging of the CN1 sample was performed in between each dissolution interval. 

SEM imaging was employed to understand surface texture and grain distribution. 

Imaging was completed using secondary electron detection (overall surface image) and 

backscattered electron detection (greater magnification images). WLIM was used to 

obtain topographical imaging of the surface and to understand the surface roughness and 

periodicity of surface features. Scaling analysis was applied to each image to understand 

how the surface roughness over the period of dissolution changed using the technique 

completed on similar research completed in our lab [12–14].  

5.3 Results and Discussion 

5.3.1 Pristine Sample 

 
Figure 5.1: (a) WLIM images of the CN1 sample – top row (b) backscattered SEM images of the CN1 sample –

bottom row 

 

(a) 

(b) 
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  The initial characterization of the sample surface was completed using SEM and 

WLIM. Figure 5.1 shows the WLIM (Figure 5.1- top row) and backscattered SEM 

images (Figure 5.1-bottom row) of the CN1 pristine sample. Along the x-axis, the WLIM 

image shows ~230 µm fragment of the sample, which approximately corresponds to the 

thickness of the lamina deposited at the decomposition temperature given in the below 

the image. The SEM images show the texture of the surface at about ten-fold higher 

magnification.  The decomposition temperature in this laboratory grown sample was 

increased from right to left. The WLIM and SEM images in Figure 5.1 show that the 

lamina deposited at ~200
o
C, has large grains consisting of large needle like crystals. 

As the decomposition temperature is changed (right to left), the grain structure 

and grain size also change. Figure 5.1 shows that in the central region (grown at the 

decomposition temperature ~240 
o
C), the size of the grains and needle-like crystals is 

reduced and the number of much smaller grains is increased. In addition, a slight increase 

in porosity of the surface could be observed. The images of the left lamina of the CN1 

sample obtained at ~280
o
C show significantly smaller grains than that on the right side of 

the sample (decomposition temperature 200
o
C).  The needle like crystals are still present 

but they are much smaller and narrower than those on the right side of the sample.  
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Figure 5.2: Cyclic voltammetry of the pristine surface of the CN1 sample. The blue line indicates the current 

density applied during electrochemical dissolution. The CV was recorded in Watts electrolyte at 60°C with a 

voltage sweep rate of 5 mV/s. A Ni sheet immersed in the Watts solution was used as the reference electrode. 

Potentials measured versus a Ni plate in the same electrolyte. 

Cyclic voltammetry (CV) was applied to determine electrochemical behaviour 

using a scan rate of 5 mV/s. Figure 5.2 shows a voltammogram of the CN1 sample. The 

surface has a very small active region between -300 mV and -70 mV, followed by a much 

larger passive region between -70 mV and 300 mV with the onset of the transpassive 

region beginning ~300 mV. The solid blue line crossing horizontally at 0.8 A/dm
2
 shows 

the current density that was applied for the dissolution experiment. This is a typical 

current density used in industrial nickel electroplating [14]. Recreating the industrial 

process is important to understand how the dissolution of the CN1 sample would dissolve 

under the same conditions as the Ni pellets used in electroplating. 
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5.3.2 Dissolution 

5.3.2.1 Changes of the electrode potential with time 

 Once initial characterization had been completed, the anodic dissolution of the 

CN1 sample was performed. The potential of the Ni electrode was monitored as a 

function of the dissolution time. The potential versus time plot is shown in Figure 5.3. 

After the initial spike and oscillation within the first 100 seconds of dissolution the 

potential remains fairly constant at ~300 mV. The spike implies a breakdown of the 

initial passive film and oscillations its regrowth and repeated breakdown process.  

 
Figure 5.3: Potential vs Time plot during the first 10 minutes of dissolution of the CN1 sample  

in Watts electrolyte at 60°C using a current density of 0.8 A/dm2. The potential was measured against  

a Ni sheet placed in the same solution. 

Once the value of the potential becomes constant at ~300 mV the dissolution is 

predominantly occurring at the beginning of the transpassive region (refer to Figure 5.2). 

Figure 5.3 shows that the breakdown of the passive film is controlling the initial Ni 

dissolution. The composition and thickness of the passive film determines the dissolution 

rate. The passive nickel layer has been extensively studied by Marcus et al [8]. It has 

been determined that the passive layer has a bilayer structure with an outer hydrated 
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nickel hydroxide layer and an inner NiO layer [6,8,15,16]. The breakdown of this passive 

film has been proposed to involve three possible mechanisms: the penetration 

mechanism, film breaking mechanism and adsorption mechanism. These mechanisms are 

discussed in several studies of metal passivity and pit initiation [17–25]. The penetration 

mechanism describes the penetration of anions to the metal surface through the passive 

layer where dissolution occurs and the metal cations are transferred back through the 

passive film into solution [8,17,19,25]. The film breakdown mechanism describes the 

diffusion of anions from the electrolyte through the passive film either causing a pit to 

form or a metal anion complex to grow underneath the oxide film. This passive layer on 

top of this complex either collapses or fractures upwards, thus breaking passivity and 

allowing for open pitting to occur [8,25]. The final mechanism discussed is the 

adsorption mechanism which is caused by a noticeable potential drop at the interface 

between the electrolyte and the oxide layer causing metal cations to transfer across the 

film to the electrolyte, thinning the passive layer in the process [8,25]. It is also discussed 

that the presence of Cl
-
 ions, at high enough concentrations inhibits repassivation 

assisting the passive film breakdown and dissolution of metal surfaces [19].  

Figure 5.4 shows the potential time curves that illustrate how the sample 

dissolved over the extended period of period of time. After the initial spike peak to about 

550-700 mV, all potentials dropped to values between 200-300 mV. For 40 and 60 min of 

dissolution, minimal oscillations were observed after the initial dissolution period. 

However, for the 120 minute dissolution (Figure 5.4c) time recorded on the same sample 

as the 60 minute dissolution, significant oscillations began after roughly 100 minutes of 

dissolution with the excursion of spikes up to 1000 mV. This behavior indicates that the 
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surface had repassivated and that the extra potential was required to breakdown down the 

repassivated surface.  

 
Figure 5.4: : Potential vs time of the 40 (a), 60 (b), and 120 (c) minute dissolution with a zoomed in portion of the 

120 minute working electrode (d) showing the oscillation pattern during dissolution 

Figure 5.4d shows a zoomed in view of a section of the oscillation portion of the 

dissolution curve. It can be seen that the oscillations are quite regular with a periodicity 

of about 0.1 min, showing that the passivation and breakdown of the passive film and Ni 

surface occurs at regular intervals. This is observed once the surface has become very 

rough and significantly deep pitting has occurred. In order to understand the surface 

morphology and the mechanism of dissolution, SEM and WLIM are used to provide 

images of these changes with the dissolution time. 

(a) 
(b) 

(c) (d) 
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5.3.2.2 SEM Characterization Studies  

 
Figure 5.5: SEM Images after 10 minutes of dissolution. The red arrow indicates the growth direction of the 

sample (right to left). (a) overall view of the surface after 10 min of dissolution of a narrower region of the 

sample surface, (b) zoomed in image  of the 240°C-260°C section of the sample, (c) zoomed in image of the 

200°C-220°C section of the sample. 

Figures 5.5 shows the SEM images of the CN1 sample after 10 minutes of 

dissolution. The majority of the grain structure seen in Figure 5.1 was removed during the 

dissolution process leaving a rough surface with multiple micro pits and much larger 

visible pits. Figure 5.5a is the image of the whole surface of the sample. It shows that the 

dissolution progresses from the central to left portion of the sample corresponding to the 

200°C 

280°C 

30 µm 30 µm 
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Ni grown at decomposition temperatures between 240 and 280
o
C. The arrow on the 

image represents the direction of the growth of the lab sample which corresponds to 

changes of the decomposition temperature between 200 and 280
o
 C. Figures 5.5b) and 

5.5c) show zoomed in images of the left and right sides of the sample surface, 

respectively. Deep pits and clusters of pits with lacy covers have begun to form on the 

surface. The growth of these clusters of pits begins with a breakdown of the passive layer 

creating a single localized pit [26,27]. The pit then begins to grow and in the presence of 

Cl
-
 the repassivation is inhibited allowing for further dissolution inside the pit and 

increased flux of Ni
2+

 out of the pit [19]. This H3O
+
 concentration also increases inside 

the pit leading to a localized acidification around the pit. The H3O
+
 ions diffusion 

outward from the pit in a hemispherical geometry leading to aggressive species breaking 

down the passive layer within the hemispherical region and initiation of secondary pitting 

[19,28]. At this point, the process begins with the secondary pits decreasing the pH and 

more H3O
+
 ions diffusing into the surrounding solution creating autocatalytic progression 

of circular pits clusters. Budiansky et al. [29,30] have observed this phenomenon in 

corrosion of stainless steel and other group have also found that this mechanism is 

occurring during the anodic growth of TiO2 nanotubes [31,32]. 

Figures 5.6a to c provide further evidence that after 10 minutes of dissolution, the 

central to left side of the sample shows significantly higher dissolution with more open 

pits and pits with lacy covers compared to the right side of the sample.  
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Figure 5.6: Pits cluster formations after 10 minutes of dissolution. (a) Cluster one from the left portion of the 

sample (decomposition temperature ~260oC) (b) middle fragment of the sample (decomposition temperature 

~220oC  and (c) the right side (decomposition temperature ~200oC) (d) plot of the percentage of pits covering the 

cluster area at a given radius from the center of the cluster(e) partially collapsed lacy cover at the left side of the 

sample (decomposition temperature 260oC) 

 The pit clusters show a circular pattern distribution with the shape of pits within 

the cluster being non-uniform. The surrounding areas around the clusters appear to be 

relatively free of pits. This is more evident on the right section of the sample 

(decomposition temperature 200
o
C). The centre-left side (decomposition temperature 

~260
o
C), where more dissolution took place and shows that some of the lacy cover 

collapsed forming an open pit (Figure 5.6e). Figure 5.6d plots the percentage of area 

covered by pits in a disc with a radius r drawn from the center of the cluster as a function 

of the radius. The percentage is a measure of the pits density. For cluster 1 (Figure 5.6a), 

the percentage of pit coverage decreases with increasing radius r, indicating that the 

density of pits is higher at the center of the cluster. At a short distance from the center of 

(a) (b) (c) 

(d) (e) 

50 µm 50 µm 50 µm 

10 µm 
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the cluster, the density of pits is ~90%, but the pit coverage decreases with the distance 

and levels out to ~43%. Clusters 2 (Figure 5.6b) and 3 (Figure 5.6c) are observed at the 

right and central segments of the sample (decomposition temperature ~220
o
C- and 

~200
o
C, respectively) where the dissolution is not as progressed. In these cases, the 

distribution of pits within the cluster is more uniform. However, cluster 2, still shows a 

higher pit density in the region closer to the center of the cluster. 

 
Figure 5.7: SEM Images of the 20 minute dissolution stage. The red arrow indicated the growth direction of the 

sample (right to left). (a) 20 Minute dissolution overall view of the surface to the lower magnification limit of the 

SEM using the BSE detector (b) magnified area of the 240°C-260°C segment of the sample (c) magnified area of 

the 200°C-220°C segment of the sample 

200°C 

280°C 

50 µm 50 µm 
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Figure 5.7a shows images of the sample surface after 20 minutes dissolution. 

There is a deeper pitting occurring in the central region (Figure 5.7b) of the sample in 

which some of the lacy covers have been dissolved/collapsed and open pit formation has 

begun. The images 5.7b and c show that the left side of the sample (Figure 5.7b) 

dissolves faster with the formation of more open pits.  

 
Figure 5.8: The dissolution of the CN1 sample at 40 (a), 60 (b), and 120 (c) minutes of dissolution time. Arrows 

indicate direction of growth. 

 

The images of the CN1 sample after 40, 60, and 120 minutes of dissolution are 

shown in Figure 5.8a, b and c, respectively. The images show that with increasing 

dissolution time the surface becomes much rougher. The lamina formed at higher 

decomposition temperature (left side of the sample) becomes significantly rougher and 

the pits in the left and central regions penetrate more deeply into the bulk of the sample 

than that of the right side of the sample (formed at lower decomposition temperature). 

The lacy covers that were present at the initial stage of the dissolution disappear and open 

pit formations dominate the latter dissolutions.  Characteristically the open pits form 

array of stripes. One can distinguish four stripes of open pits that are separated by five 

smoother ~200 µm thick layers. This corresponds well to the laminar structure of CN1 

(a) (b) (c) 

200°C 280°C 

200°C 280°C 

200°C 280°C 

400 µm 500 µm 400 µm 
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sample and strongly suggests that the pitting and hence preferential dissolution takes 

place at the boundary between the five layers.     

 
Figure 5.9: A magnified view of the 40 minute (a), 60 minute (b), and 120 minute (c) showing the lamellar 

structure and preferential dissolution at the boundary between the temperature changes during the growth 

process 

 

Figure 5.9 shows zoomed in SEM images of left, central and right sections of the 

sample (left to right in each row) after 40, 60 and 120 min dissolution time (Figures 5.9 a, 

b, c or top to down in each column). The images illustrate propagation of surface 

roughness and open pits formation with the dissolution time. They also show that the 

(c) 

(a) 

(b) 

100 µm 100 µm 100 µm 

100 µm 100 µm 100 µm 

100 µm 100 µm 100 µm 
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dissolution is not uniform and takes place preferentially at the left and central sections of 

the sample for which more significant dissolution is observed only after 120 min.  

5.3.2.3 WLIM Characterization Studies 

 
Figure 5.10: WLIM Images of the 10 minute (a) and 20 minute (b) dissolution. The arrow indicates direction of 

CN1 sample growth from 240°C - 280°C in (a) and 240°C - 280°C in (b) 

 The SEM provides 2D images of the Ni surface with the third dimension available 

only for a visual inspection as a grey scale. In contrast, the WLIM allows one to acquire a 

digital 3D image of the Ni surface with numerical information about the height for every 

pixel of the images of the surface. The WLIM was therefore employed to quantify the 

morphological information observed previously in SEM images. Figures 5.10 a and b 

show the WLIM images after 10 min (Figure 5.10a) and 20 min (Figure 5.10b) 

dissolution of the CN1 sample. These images were constructed by stitching together 

several 90 x 120 µm images of the surface to obtain a greater representation of the 

surface topography while maintaining high resolution.  The colour gradient shows the 

magnitude of the height of the features on the surface with respect to the average height. 

The positive and negative values indicate heights regions that are above or below the 

average value. The images show that the pits on the surface become deeper and the 

surface becomes rougher with time.  

(a) (b) 
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Figure 5.11: WLIM Images of the 40 (a), 60 (b), and 120 (c) minute dissolution. Arrow indicates direction of 

growth from 240°C - 280°C at 40 minutes of dissolution, 220°C - 260°C at 60 minutes of dissolution, and 240°C - 

280°C at 120 minutes of dissolution 

Figure 5.11 shows the topography of the CN1 sample after longer dissolution 

times. All of these stitched images were taken of the central area of the sample. SEM 

images showed that this is the roughest fragment of the surface.  Indeed, as the 

dissolution progresses the surface becomes much rougher and up to 60 min dissolution, 

time the pits become deeper. After 120 minutes of dissolution the pit depth does not 

increase. This may be due to the fact that the narrow pits with large aspect ratio provide 

insufficient resolution to measure the pit depth.  However, the surface looks much 

rougher. The scaling analysis of WLIM images in Figure 5.10 and 5.11 was used to 

quantify surface roughness following the procedure described by Moula et al [14]. 

In scaling analysis techniques [12–14], the root mean square (rms) of the surface 

height or the standard deviation of the surface heights was estimated within the square 

whose length was L. Then the square was moved step by step over the imaged surface by 

one-pixel increments in X and Y-directions. The standard deviation of the surface height 

was calculated for each new position of the square. The standard deviations 

corresponding to all positions of the square were averaged to determine the average rms 

roughness of the surface (σL) for a given length. At sufficiently large values of L, the 

parameter σL attains a limiting value called the limiting roughness. The peak to valley 

surface roughness is four-times of the limiting roughness.  
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Figure 5.12: Surface roughness calculation completed using the WLIM images after each dissolution time. The 

black line (1) indicates full image surface roughness calculation. Red line (2) corresponds to the smooth (red) 

areas of the WLIM images (Figures 9 and 10). Inset shows scaling analysis curve (red), trend lines (black) 

intersect at point where the limiting roughness can be determined 

 

The black points (curve 1) in Figure 5.12 show the average limiting surface 

roughness (rms of surface height) plotted as a function of dissolution time. The roughness 

progresses almost linearly with the dissolution time. However, SEM and WLIM images 

show that pits contribute chiefly to the roughness of the surface and that the areas 

surrounding the pits are much smoother.  Therefore, curve 2 (red points) plot limiting 

surface roughness calculated for these “smooth” regions of the surface. The roughness of 

the “smooth” fragment also increases with time, but these changes are about one order of 

1 

2 
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magnitude smaller than the roughness calculated for the whole image. This results show 

quantitatively that the CN1 sample dissolves predominantly through pitting rather than in 

a layer by layer fashion. 

 
Figure 5.13: Limiting roughness calculations completed across the WLIM Images at the different dissolution 

times. Sites A, B, and C are roughly 200 µm width sections of the WLIM image. 

 Figure 5.13 gives scaling analysis performed for three fragments of the image 

surface. The WLIM images acquired for the 10, 20, 40, 60 and 120 min dissolution time 

were split into three sections of roughly 200 µm in width and scaling analysis was 

completed on each of these fragments (marked as A, B, and C in the inset to Figure 5.13). 

The critical roughness was then calculated for each of those three fragments and their 

values were plotted as a bar diagram in Figure 5.13. These diagrams show quantitatively 

that the surface roughness changes in a non-uniform manner across the surface. The 

middle section B, corresponding to a boundary area between the 220 °C and 240 °C 

laminas is much rougher than sections A and B that represent dissolution within a given 

lamina and smoother boundary areas. The surface roughness for the section B is about 
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two times higher than the roughness of sections A and C. Section A, which corresponds 

to the decomposition at a higher temperature, is rougher than section C. However, these 

differences are small in comparison to the evolution of roughness in section B. In 

conclusion, the scaling analysis of WLIM images provided quantitative information that 

confirms a preferential dissolution of the laminar CN1 sample along the boundary lines.   

 
Figure 5.14: Residue formation after 10 minutes of dissolution was removed from the CN1 sample using 

adhesive carbon tape (a) image shows residues removed from the CN1 sample with the arrow showing growth 

direction (b) image of a residue particle (c) magnification of that residue particle showing multiple layers of the 

nickel surface being removed 

5.3.3 Residue Formation 

After the first 10 minutes of dissolution, a piece of adhesive carbon tape was applied to 

the surface in order to remove any loosely bound residue particles to gain an initial 

understanding of the residue formation. The tape was removed and adjusted before 

scanning to lay in the same direction as the sample during imaging. These residues, seen 

in Figure 5.14, were imaged by SEM to characterize and determine which areas of the 

 

200°C 280°C 

5 µm 
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sample were giving greater residues. In Figure 5.14a, an overall view of the sample area, 

denoted with the blue arrow, indicates that the residue formation is occurring on the 

center to left side of the sample where there is predominantly more dissolution occurring. 

Figure 5.14b and 5.14c show, in much greater detail, a portion of the residue itself. There 

are multiple layers seen in the image showing that more than one layer under the surface 

had begun to dissolve and was easily removed with the adhesive carbon tape. This is 

indicative of the lacy covering and pitting clusters seen in Figure 5.2 where after initial 

pit growth the dissolution occurs under the surface where acidity within the pit increases 

causing small initial pitting on the surface with a deep crevice created underneath [28]. In 

conclusion the residue present in this experiment is similar to that found by Moula et al. 

where, even though these residues are removed they are very porous allowing for it to be 

able to possibly be dissolved, however it is evident that the central to left portion of this 

sample shows significantly higher residue formation than the right side. This suggests 

that the conditions that were used to grow this portion of the sample may cause an 

increase in residue formation during dissolution of the carbonyl Ni.  

5.4 Summary and Conclusion 

  The dissolution of a laboratory made carbonyl Ni sample grown using the Mond 

process was investigated in order to understand the process of dissolution of the surface 

and the process of residue formation during anodic dissolution. The sample, CN1, was 

grown using different conditions, which could affect the dissolution rate of the sample 

and change the amount of residue produced during dissolution. Over the duration of the 

dissolution experiment, the sample from a pristine finished surface became covered with 

pits and lacy covered pit clusters. The greatest dissolution was observed to be completed 



 

63 

 

within the central and left portion of the sample while the right side only began to show 

significant roughening of the surface after the final dissolution was completed suggesting 

that dissolution was occurring in a layer-by-layer fashion. Roughness calculations of the 

WLIM images proved that over time the surface become significantly rougher in a nearly 

linear fashion. It was also determined that pitting initiation occurs at sites where the 

passive layer is weakest and that the cluster formations occur on the onset of crevice 

corrosion. The lacy pattern covers the deep pit that dissolves under the surface due to 

acidification of the localized area until the lacy cover becomes too weak and collapses 

and open pit dissolution proceeds. 

 In conclusion, the dissolution of the CN1 sample shows that different conditions 

of the growth of the carbonyl Ni sample provide significantly different dissolution 

patterns over the surface. This non-homogeneity could also be a significant factor in the 

residue formation causing the higher power requirement to maintain a specific current 

density and costly shut downs for cleaning. The greater dissolution occurring underneath 

the surface can lead to higher residue formations since the surface remains stable for a 

time until it collapses or is removed into the electrolyte. Greater homogeneity is required 

along with using one decomposition condition that show less residue formations in order 

to produce a carbonyl Ni product that produces significantly less Ni residues.  
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Abstract 

 The formation of residues from the dissolution of carbonyl nickel and the 

mechanism governing the dissolution of the laboratory samples of Ni grown using the 

carbonyl method were investigated.  The sample investigated had laminar structure and 

contained different alternately grown layers. Three low carbonyl gas concentration (5%) 

and high carbonyl nickel decomposition temperature (280 °C) layers (LC/HT) were 

grown between four high carbonyl gas concentration (40%) and low gas decomposition 

temperature (200 °C) layers (HC/LT) to simulate the two extremes found in an industrial 

decomposition chamber for nickel pellets grown using carbonyl method. In order to 

observe the changes in the sample characteristics, cyclic voltammetry and changes in the 

electrode potential were recorded during the 120 minute constant current dissolution 

experiment. Complementary to these measurements, morphological, textural changes, 
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and surface roughness were observed using Scanning Electron Microscopy (SEM) and 

White Light Interference Microscopy (WLIM) as a function of the dissolution time. 

Electrochemical measurement concluded that the dissolution of the sample proceeded in 

the transpassive region at voltages above 300 mV. A passive layer was observed to 

breakdown and regrow on the surface of the nickel samples shown on the potential versus 

dissolution time curve as oscillations. Images taken by SEM and WLIM during the 

dissolution revealed formation of pits with lacy covers during initial stages of dissolution. 

With increasing dissolution time, the LC/HT regions dissolved significantly quicker than 

the HC/LT regions and the lacy covering was removed and transition to open pit 

dissolution was observed. Surface roughness calculated using the help of WLIM images 

showed significant increase over the dissolution time. Average depth and width 

calculations of the trenches corresponding to the LC/HT regions grew over the 

dissolution time. The results of this study show preferential dissolution of the LC/HT 

regions of the laminar sample. The dissolution of the HC/LT region was much slower and 

showed a layer- by-layer dissolution characteristic. 

6.1 Introduction 

 Nickel is an important element in many industrial sectors along with being an 

abundant resource that ranked among the highest mined resources annually [1]. The 

natural ability of nickel to resist corrosion makes it a viable metal for use as aesthetics 

along with corrosion resistant coatings used in the automotive industry. In order for the 

nickel to resist corrosion, a passive film only 2.5 nm thick is required [2–8].  

There are two methods of purification of refined nickel which is used for 

industrial electroplating process. They are: electrolytic and carbonyl purification 
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methods. The experiments conducted in this study use Ni purified through the carbonyl 

process. Discovered in 1890 [9,10], by Ludwig Mond, the carbonyl process uses heated 

CO (50-60 °C) to pass over the refined nickel. The CO bonds with the nickel creating a 

Ni(CO)4 complex, which is very toxic gas. The process is completed when the 

decomposition temperature is reached (200-280 °C) and the highly pure Ni(s) is formed. 

The decomposed CO gas can be then be recycled and reused in the carbonyl process 

[9,10]. The overall reaction of the Mond process is shown below: 

𝑁𝑖(𝑠) + 4𝐶𝑂(𝑔)
50°𝐶−60°𝐶
→       𝑁𝑖(𝐶𝑂)4(𝑔)

200°𝐶−280°𝐶
→         𝑁𝑖(𝑠)𝑝𝑢𝑟𝑒 + 4𝐶𝑂(𝑔)           (1) 

 Commercial production of Ni pellets is completed using this Mond process where 

a nickel decomposer gradually grows the “seed” pellets from a diameter of roughly 1 mm 

to an optimal diameter of 10 mm. This is completed by pre-heating the seed pellets to the 

desired decomposition temperature of the carbonyl gas and then passing the pellets 

through the decomposition chamber where the pure nickel is deposited onto the pellet 

surface. To produce the 10 mm pellet, the process is repeated roughly 300 times growing 

the pure nickel layer by layer. Some of these pellets will be processed by compressing to 

create nickel chips [11]. During industrial electroplating, the pellets or chips grown using 

the Mond process are placed in a polypropylene bag. This bag is then placed into a 

titanium basket and then into a plating electrolyte. The pellets are dissolved anodically at 

a constant current density which results in Ni plating at the cathode. During this 

dissolution, the pellets and chips produce small amounts of residue that builds up on the 

titanium basket and the polypropylene bag. This causes shut downs for removal of the 
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residues increases labour and operating costs are the main concerns for industrial 

companies [2].  

In the production of nickel pellets, the composition of the laminar structure is 

changing due to the varying temperatures and gas pressures within the decomposition 

chamber.  The different compositional properties of each layer affect the dissolution 

behavior of each pellet. The aim of this research is to investigate the mechanism of 

dissolution of nickel produced by the carbonyl method in an attempt to understand the 

source of residue formation during anodic dissolution. In previous research, by Morrison 

et al [12], the investigation of the dissolution of laboratory made samples were produced 

at a constant carbonyl gas pressure and a variable decomposition temperature. The 

research completed in this paper is a complementary study of a laboratory sample made 

using variable temperature and gas pressure, which correspond to the two extreme 

conditions that can be expected to occur within the decomposition chamber using the 

carbonyl method. Each layer corresponds to a low carbonyl gas pressure and high 

decomposition temperature or a high gas pressure with a low decomposition temperature. 

The goal of the study is to measure the rate of anodic dissolution at each condition and 

understand the structure of the nickel surface. To complete the study electrochemical 

methods will be conducted to dissolve the carbonyl Ni sample. Over the duration of the 

dissolution experiment, White Light Interference Microscopy (WLIM) will be used to 

examine the overall change in the surface morphology. Complimentary to the WLIM, 

Scanning Electron Microscopy (SEM) will be used, to analyze texture and grain 

distribution of the surface and determine morphology of the residues formed during 

dissolution.  
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6.2 Experimental 

 Vale Canada (Mississauga, Ontario) provided a laboratory grown carbonyl 

purified nickel sample (denoted CN2). The sample synthesized using two different 

growing conditions. Each condition was set to mimic the extremes during the industrial 

growing process, one with low nickel carbonyl gas concentration (5%) and a high 

temperature (280 °C) (LC/HT), the other with a high nickel carbonyl gas concentration 

(40%) and a low temperature (200 °C) (HC/LT). These conditions were alternated during 

growth of the sample giving a lamellar type structure. The growth times for each layer 

were set to roughly 30 minutes each. Due to the difference in the gas pressure, the lamina 

grown at the lower gas pressure was approximately five times thinner than the lamina 

grown at the higher gas pressure. They corresponded roughly to 50-60 and 275-300 μm, 

respectively. The sample was cut in the direction perpendicular to the surface of the 

laminas. Selective dissolution of the CN2 sample was investigated by encasing the 

remaining portion of the sample in an epoxy resin and attaching a titanium wire to the 

back of the sample. This provides a connection to the sample during anodic dissolution. 

The initial grain structure was then observed by polishing the cut surface of the sample to 

a mirror finish.  The remaining experimental steps were completed as described in the 

previous paper Morrison et al. [12]. The morphology of the polished sample was 

investigated with the use of scanning electron microscopy (SEM) and white light 

interference microscopy (WLIM). These techniques were also used to determine changes 

in the surface morphology and texture during the 120 minutes of the anodic dissolution. 

All conditions for the dissolution process were the same as the previous paper by 

Morrison et al [12]. Watts Electrolyte (NiSO4·7H2O (240 g/L), NiCl2·6H2O (20 g/L), 
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H3BO3 (20 g/L), is the common electrolyte used in industrial electroplating. The 

dissolution was investigated using a potentiostat/galvanostat (model: PG590, HEKA, 

Germany) at 60°C, pH of 4, and a current density of 0.8 A/dm
2
. Ten minute intervals 

were used for the first two dissolutions (10 and 20 minutes total dissolution). The next 

two dissolutions were completed at 20 minute intervals (40 and 60 minutes total 

dissolution) and the final dissolution was completed for 60 minutes (120 minute total 

dissolution time). After each interval, the samples were removed from the 

electrochemical cell and washed with Milli-Q water, dried and imaged using SEM and 

WLIM for surface changes. Cyclic voltammetry was completed before and after each 

dissolution interval to observe the active, passive, and transpassive ranges in potential. 
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6.3 Results/Discussion 

6.3.1 Pristine Sample 

 
Figure 6.1: SEM images of the two different layers representing the two different growth conditions used in the 

production of the CN2 sample (a) image of zoomed out region showing larger area of the sample whole and the 

laminar structure (b) SEM image of HC/LT layer (c) SEM image of LC/HT layer. The images were acquired 

using backscattering mode. 

 Prior to the nickel dissolution, the characterization of the pristine sample was 

initially performed using both SEM and WLIM.  Figure 6.1 shows the SEM images of 

the CN2 pristine sample. Only the SEM images are presented as both the WLIM and 

SEM images show similar characteristics. However SEM images acquired in the 

(a) 

(b) (c) 

10 µm 

50 µm 

10 µm 
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backscattering mode gave better detail of the texture and grain structure of the pristine 

sample surface.  There are two different decompositions conditions within this sample as 

displayed in Figure 6.1. The conditions are alternated with 3 LC/HT layers (5% gas 

concentration and 280 °C) in between HC/LT (40% gas concentration and 200 °C) layers. 

A larger surface area is shown in Figure 6.1a to reveal the grains present in the broad 

HC/LT bands while the smaller grains are present in the narrower LC/HT bands, which 

are porous. Figure 6.1b shows a HC/LT layer within the CN2 sample, which contains 

large grains throughout the surface. The LC/HT layer (Figure 6.1c) shows a much 

different surface feature with smaller grains and a more porous surface.  

 
Figure 6.2: Initial cyclic voltammetry of the pristine surface. The blue line in the figure indicates the current 

density applied during electrochemical dissolution. Standard experimental conditions used in the dissolution 

experiments were used to record the CV with a voltage sweep of 5 mV/s. The reference electrode used was a 

nickel sheet immersed in the Watts solution and the potential was measured versus a Ni plate in the Watts bath 

solution. 

 When the texture and morphology of the pristine sample were determined with 

the help of SEM, initial characterization of its electrochemical behavior was performed 
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by recording cyclic voltammetry (CV) using a scan rate of 5 mV/s. Figure 6.2 represents 

the electrochemical behaviour for the pristine CN2 sample. The surface displays an active 

region between -200 mV and 50 mV and a passive region between 50 mV and 300 mV. 

Continuing in the direction of positive potentials, the transpassive region begins at above 

300 mV. The 0.8 A/dm
2
 current density applied to the sample during the subsequent 

dissolution experiment is marked as the horizontal blue line in Figure 6.2. This is the 

typical current density that is used for industrial electroplating [13].  

6.3.2 Dissolution 

6.3.2.1 Potential Changes of potential of the nickel electrode with time 

Following initial characterization of the surface, anodic dissolution of the CN2 

sample was investigated using the constant current of 0.8 A/dm
2
. In order to gain insights 

into the dissolution mechanism, the potential of the working electrode (the CN2 sample) 

was monitored over the dissolution time. The plot of potential versus time recorded at the 

initial stages of the dissolution is presented in Figure 6.3. It shows a distinct initial peak 

to potentials of the transpassive region during the first few seconds of dissolution 

followed by a drop to potentials between 300-350 mV. Comparing this potential vs time 

plot with Figure 6.2, it can be concluded that the dissolution was initiated by the 

breakdown of the passive layer and later continued at potentials corresponding to the 

border between the passive and transpassive regions. At dissolution times longer than 5 

minutes, small and irregular oscillations between 300 and 400 mV begin to occur. This 

behavior showed that after the initial breakdown of the passive film further dissolution 

was controlled by regrowth and the breakdown of the passive layer. 
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Figure 6.3: Potential vs time plot during the initial 10 minutes of dissolution of the CN2  

sample completed at 60°C at 0.8 A/dm2 in Watts Electrolyte, measured against  

a Ni sheet in the Watts electrolyte. 

                Morrison et al [12] (previous chapter) discussed the mechanism of the passive 

film breakdown and the passive film formation. This phenomenon has been extensively 

researched [1]. The passive film has a bilayer structure that consists of an outer NiOH 

and an inner layer of nickel oxide [6,8,14]. Three mechanisms of the breakdown of this 

passive layer have been proposed in the literature; namely the adsorption mechanism, 

penetration mechanism and film breaking mechanism [15–24]. These mechanisms are 

discussed in several studies of metal passivity and pit initiation [15–24]. The penetration 

mechanism describes the penetration of anions to the metal surface through the passive 

layer where dissolution is initiated and the metal cations are transferred back through the 

passive film into solution [8,15,17,23]. The film breakdown mechanism describes the 

diffusion of anions from the electrolyte through the passive film either causing a pit to 

form or a metal anion complex to grow underneath the oxide film. This passive layer on 

top of this complex either collapses or fractures upwards, thus breaking passivity and 
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allowing for open pitting to occur [8,23]. In the adsorption mechanism, the breakdown is 

caused by a noticeable potential drop at the interface between the electrolyte and oxide 

layer causing metal cations to transfer across the film to the electrolyte, thinning the 

passive layer in the process [8,23]. It is also discussed that the presence of Cl
-
 ions, at 

high enough concentrations inhibits repassivation assisting the passive film breakdown 

and dissolution of metal surface [17]. 

 After the initial 10 min dissolution, the experiment was interrupted and the 

surface of the sample was examined with SEM and WLIM. The sample was then re-

immersed into the electrolyte and the anodic dissolution was continued for the next 10 

min. Figure 6.4a shows the transient recorded during the next 10 min that is between 10 

and 20 min of the sample dissolution. The initial spike is smaller than in Figure 6.3 for 

pristine sample indicating that the passive layer was weaker. After the initial spike, the 

potential of the sample dropped down again to a value between 300 and 400 mV. The 

sample was immersed again and examined by SEM and WLIM. The results of this 

analysis will be reported later as corresponding to 20 min of dissolution. The procedure 

was then repeated and the sample was introduced into the electrochemical cell and 

dissolved by passing the anodic current. The sample was removed after additional 20 min 

electrolysis and its surface was examined. The transients corresponding to the period of 

electrolysis between 20 and 40 min is shown in Figure 6.4b. This procedure was repeated 

two more times and Figures 6.4c and d display the variation of the potential for the 

periods of electrolysis between 40 and 60 min and between 60 and 120 min.   

Interestingly, each transient shows different characteristics after each dissolution time. 

After 20 minutes (Figure 6.4a) of dissolution there were no significant oscillations 
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observed after the initial peak at ~475, mV however, there was a slight increase in the 

potential versus the reference Ni sheet from ~300 mV to ~350 mV suggesting a slightly 

greater passivation of the surface. After 40 minutes (Figure 6.4b) of dissolution, the 

potential/time curve shows significant oscillations throughout the dissolution time with 

the higher frequency of oscillations occurring in the last 6 minutes of the dissolution 

period. The high initial spike and significant oscillations show that the breakdown and 

repassivation of the surface is the main mechanism of the dissolution.  

 
Figure 6.4: Potential vs time of the 10 to 20 minutes (a), 20 to 40 minutes (b), 40 to 60 minutes (c), and 60 to 120 

(d) minutes of dissolution  

 Figure 6.4c, shows a similar trend as the 20 minute dissolution plot (Figure 6.4a) 

with a similar value of ~300 mV after the initial voltage peak. After 50 minutes an 

(a) (b) 

(c) (d) 
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increase in oscillation was observed at much lower magnitude than that of the 40 minute 

dissolution plot. Figure 6.4d shows the final dissolution of the CN2 sample, which has 

similar characteristics as the 40 minute dissolution plot (Figure 6.4b). After the initial 

spike, the potential remains fairly constant with small oscillations until approximately 80 

minutes of the dissolution where oscillations with much higher amplitude begin. At 95 

minutes, the oscillation become very significant, indicating that significant breakdown 

and repassivation of the surface is occurring. This can also be seen in work completed by 

Morrison et al [12] with another carbonyl nickel sample described as CN1. However, the 

lack of systematic changes in the profile of the transients shown in Figure 6.4 may 

suggest that the interruption of the dissolution, cleaning and drying of the sample may 

cause irreproducible changes in the passive layer causing irreproducibility in the 

dissolution behaviour.   

 
Figure 6.5: Independent study of the CN2 sample from pristine to the final 120 minutes of dissolution without 

interruption 

An independent study was conducted to determine if the initial spikes and changes in 

each of the potential vs time plots were causing irreproducibility with the interruption to 
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the dissolution. Figure 6.5 shows the initial spike in potential, consistent with the 

beginning of the dissolution and a decay of the potential to a lower stable potential for a 

short time. A significantly larger oscillation can be seen at around 8 minutes which could 

the initial passive layer breakdown since the oscillations return back to the stable state. At 

roughly 13 minutes the oscillations begin again, however, they are much more stable and 

constant throughout the remainder of the 120 minutes. Overall it can be seen that once the 

initial dissolution has been passed, the breakdown and repassivation of the surface 

consistent with the oscillations becomes systematic and remains constant for the majority 

of the dissolution experiment.   

Below SEM and WLIM studies show the surface morphology of the CN2 sample to 

provide physical images of the surface over the course of the dissolution periods.   
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6.3.2.2 SEM Characterization Studies  

 
Figure 6.6: SEM images after 10 minutes of dissolution. (a) shows an overall view of one of the LC/HT bands 

along with HC/LT bands on either side and this image was used for obtaining the clusters for the calculation. 

The clusters are all within the HC/LT band due to the high dissolution occurring at the LC/HT band and being 

more defined (b) zoomed in image of the HC/LT area (c) zooming in image of the LC/HT area  

 Figure 6.6 shows backscattering SEM images of the sample surface taken after 

10 min of the dissolution. Figure 6.6a shows two layers of the HC/LT bands with a 

LC/HT band in the center. After 10 min of dissolution the surface of the CN2 sample is 

10 µm 10 µm 

(a) 

(b) (c) 

 

 

 

 

Cluster 3 

Cluster 2 

Cluster 1 

Cluster 4 
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much rougher than at the pristine sample in Figure 6.1. The grain structure observed in 

the images of the pristine sample has been removed and replaced by large pits. The 

images show a more pronounced dissolution in the LC/HT band and micro pit formations 

across the HC/LT bands. More pronounced dissolution is observed in the LC/HT band 

where open pit formation has begun while portions of the top layer still remain attached 

to the surface. Figures 6.6b and 6.6c show the magnified images of the two lamina 

surfaces. The HC/LT band (Figure 6.6b) shows a roughening of the surface with multiple 

micro pit formations. The LC/HT band (Figure 6.6c) shows completely different 

characteristics with open pitting occurring with breakdown of the lacy covers on the 

surface. The lacy coverings and pit clusters begin as the passive layer thins in a localized 

area creating a single pit [24,25]. Once the first pit has formed, it begins to grow with the 

assistance of Cl
-
 inhibiting repassivation, which allows for increased Ni

2+
 diffusion from 

the surface [17]. Further breakdown of the surrounding passive layer is achieved with the 

increase of the local H3O
+
 concentrations. With the diffusion of the H3O

+
 ions from the 

pit, it creates a hemispherical diffusion wave assisting in the breakdown of the passive 

layer and initiating secondary pitting leading to creation of pits clusters seen in Figure 5a 

[17,26]. The secondary pits contribute further to the increase of the H3O
+ 

concentration. 

The diffusion of hydronium ions decreases the pH within the hemispherical area around 

the existing pits. This creates an autocatalytic process growing the pit cluster in a circular 

area. This phenomenon has also been observed in the corrosion of stainless steel [27,28] 

along with the anodic growth of TiO2 nanotubes [29,30]. 
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 This phenomenon is observed on the majority of the CN2 surface. However, in 

the LC/HT regions the lacy covering has already begun to collapse. In contrast, only the 

initial stages of pit clusters are forming in the HC/LT regions.  

 
Figure 6.7: Formation of pit clusters after 10 minutes of dissolution. Plot of the percent coverage of pits over the 

entire cluster of pits from the centre of the cluster out to a given radius.  

 Figure 6.6a shows distinct pit clusters of different radii, which have a quasi-

circular shape. The LC/HT regions show significant dissolution and open pit formations 

making it difficult to find single clusters of pits that have not already begun to open up 

and the lacy covering collapsing. The HC/LT regions have more clusters of pits with 

minimal open pit formations than the LC/HT regions. The distribution of pits within a 

cluster is analyzed in Figure 6.7 which shows the percentage of pit coverage as a function 

of radius r from the center of the cluster. The pit density has been shown to be larger in 

the central area of the pit and then becomes more uniform. For example, clusters 1, 3 and 
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4 showed a 10-15% higher pit density within a radial distance of 2 µm. At radial 

distances higher than 4 µm, clusters 1 and 3 showed relatively constant pit density, while 

in cluster 4 the pits density continues to decrease slowly with the distance from the 

cluster center.    

 
 

 
Figure 6.8: SEM images after 20 minutes of dissolution (a) overall view of the multiple HC/LT (wide bands) and 

LC/HT (narrow deep bands) layers within the sample (b) zoomed in view of the LC/HT region (c) zoomed in 

view of the HC/LT region 

 After the second dissolution, (20 min in total) the SEM images in Figure 6.8 

show roughening of the surface and open pit formations. The LC/HT region dissolves 

(a) 

(b) (c) 

30 µm 30 µm 

LC/HT HC/LT 
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much faster than the HC/LT region and deep trenches corresponding to the LC/HT bands 

displayed in the image. Figure 6.8a shows an overall section of the CN2 sample with four 

HC/LT regions and three LC/HT regions. The HC/LT regions show no lacy covering as 

presented in Figure 6.6 and only open pit dissolution along with more roughening of the 

smoother areas of the region. Figure 6.8b shows the LC/HT region with the open pit 

dissolution propagating deeply into the sample with some lacy covering remaining at the 

rim of the open pit. Figure 6.8c shows a zoomed image of the HC/LT region with an open 

pit surrounded by a roughened surface. The dissolution around the pit shows layer by 

layer character. 

 
Figure 6.9: Dissolution of CN2 sample at 40 (a), 60(b), and 120(c) minutes of dissolution. Deep crevice lines 

indicated LC/HT regions; the other more uniform with some pits indicated the HC/LT region. 

 Figures 6.9a, b and c represent the dissolution of the CN2 sample after 40, 60, and 

120 minutes of dissolution, respectively. As displayed in the HC/LT region, the surface 

roughness increases with dissolution time. Open pit formation is predominant and the pit 

density and size increase with the dissolution time. The depth and width of the LC/HT 

trenches increases with the dissolution time. The lacy coverings of the pits are not visible 

in the images. Dissolution of the LC/HT region seems to be much faster than that of the 

HC/LT region. Apparently, the increase in H3O
+
 concentration and decreasing the pH 

within the trenches is allowing for the faster dissolution in the direction normal to the 

(a) (b) (c) 
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surface and widening of the trenches due to the dissolution of the edge of the HC/LT 

region. The images show that preferential dissolution is occurring within the LC/HT 

region.  

6.3.2.3 WLIM Characterization Studies 

 
Figure 6.10: WLIM Images of the CN2 sample after 10 minutes (a) and 20 minutes (b) of dissolution. In each 

image two of the LC/HT regions are in view with the greatest depth with one full HC/LT region in the centre 

and two portions of the HC/LT regions on the outside 

 The SEM images presented in the previous section provided qualitative 

description of changes in the surface topography as a function of the dissolution time.  

However, 3D images of the surface obtained with the WLIM, provide the opportunity to 

quantify these changes. Therefore, WLIM was used to provide supplementary 

information about the surface. Figures 6.10a and b show 3D WLIM images of the sample 

surface after 10 minutes (Figure 6.10a) and 20 minutes (Figure 6.10b) of dissolution. The 

deeper regions (blue) in both images correspond to the LC/HT bands and the smoother 

(red) regions to the HC/LT bands. The images in Figure 6.10 are a compilation of smaller 

images stitched together to form a larger image without losing the resolution. Each 

stitched image was roughly 90 by 120 µm in size. In both images, the LC/HT band has 

dissolved significantly more than the HC/LT band. The surface of the HC/LT band in 

Figure 6.10b shows more roughening than the 10 minute dissolution.  

(a) (b) 
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Figure 6.11: WLIM Images of the 40 (a), 60 (b), and 120 (c) minute dissolution of the CN2 sample. Distinct dark 

regions are the LC/HT regions with the brighter (red) regions being the HC/LC regions 

 The WLIM images of the 40, 60 and 120 minute dissolution are seen in Figure 

6.11a, b, and c, respectively. As the dissolution progresses, the surface becomes rougher 

as the depth of the LC/HT region increases. It can be noted that the HC/LT region 

roughens throughout the dissolution process, as shown in the SEM images (Figure 6.9), 

but does not show significant deep pit formation. This suggests that the surface dissolves 

more uniformly than the LC/HT region which has a much higher dissolution rate. The 

depth of the LC/HT region grows increasingly deeper with respect to the surface of the 

sample. In addition, greater dissolution is also occurring within this region. In order to 

understand the roughness numerically scaling analysis of the WLIM images were 

performed using the procedure described by Moula et al [13]. 

(a) (b) (c) 
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Figure 6.12: (a) Surface roughness calculations completed using scaling analysis on the CN2 sample using the 

WLIM images (Figures 6.10 and 6.11) taken after each segment of the dissolution. The red line shows the total 

surface roughness calculations while the black is sections of the HC/LT regions (b) measured average of the 

LC/HT regions of the width of the trenches over the dissolution time using the WLIM (Figures 6.10 and 6.11). 

Width averages were taken from both trench of each WLIM image. 

 In order to determine the surface roughness, a scaling analysis technique was used 

[31–33]. To properly calculate the limiting roughness of the surface, the standard 

deviation within a given square with a length of L of the surface heights on the sample 

are estimated. This square is then moved in one pixel increments across the surface in 

both the X and Y-directions where the standard deviation is calculated at each new 

position. Using the average of the standard deviations the average rms roughness of the 

surface (σL) can be determined for any length of L. Once the value of L become large 

enough the rms roughness of the surface plateaus to a limiting value which is known as 

the limiting roughness [12].  

 Figure 6.12a shows the completed limiting roughness calculations for the entire 

surface, represented in red, and for the smoother HC/LT regions, represented in black. 

After the first 10 minutes of dissolution, the roughness of the entire image and the HC/LT 

region are fairly similar. The roughness increases with dissolution time with the overall 

surface becoming significantly rougher at later dissolution times. However, the roughness 

(a)

) 

(b)
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of the HC/LT region is much smaller than the overall roughness. This can be explained 

by the significant dissolution of the LC/HT regions, which contributes predominantly to 

the increase in the overall surface roughness. After 40 minutes of dissolution the overall 

roughness of the surface attains a plateau, which can be due to the limit of WLIM to 

probe the depth of the trenches corresponding to the LC/HT bands. Overall, it can be seen 

that the HC/LT region dissolves predominantly as a layer by layer whereas the LC/HT 

region predominantly dissolves through pitting.  

Figure 6.12b shows the measured average of the width corresponding to the 

LC/HT regions taken from the WLIM images. The first 40 minutes of dissolution, the 

width of the trenches grows, and attains a limiting value approximately equal to the width 

of the LC/HT lamina when t>40 mins. The width, measured at 10 minutes, with an 

average of 57.26 µm increases to 79.45 µm by 40 minutes. Compared to the final width 

at 120 minutes of 90.24 µm, the increase of 22.19 µm is seen in the first 40 minutes of 

dissolution and 10.79 µm width growth for the final 80 minutes of dissolution.  
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Figure 6.13: cross-sectional view of the layer depth of the CN2 sample after 120 minutes of total dissolution time 

(a) overall view of the three LC/HT regions on the CN2 sample circled in red, (b) (left), (c) (centre) and (d) 

(right) are the zoomed in views of the individual trenches and the measured depths of the trenches 

Supplementary to the measurement of the trench width by WLIM, a cross 

sectional measurement using SEM was completed to confirm the depth on the sample 

after 120 minutes of dissolution. Figure 6.13a shows the cross-section of the CN2 sample 

with the three LC/HT regions (circled in red) clearly visible penetrating deeply within the 

sample surface. The depth of the trenches, Figures 6.13b, c and d, were 116.0 µm, 128.2 

µm, and 113.7 µm, respectively. Using the WLIM width measurements and the cross-

sectional depth measurements, it indicates that the LC/HT lamina dissolves 

predominantly in depth with dissolution times > 40 minutes. The maximum depths, 

shown in Figures 6.10 and 6.11 shows a significant increase from the initial to the final 

dissolution however, in later dissolution times, the depth measurements are very difficult 

to attain due to the limits of the white light microscope and the profile of the trench. 

Using this information, it can be shown that the dissolution in the first 40 minutes was 
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related to the surface whereas the later dissolution can be shown to be preferential within 

the depths of the trenches away from the surface.  

 
Figure 6.14: Residues removed from the surface of the CN2 sample after 10 minutes of dissolution (a) image 

shows distinct areas with greater residues than other corresponding to the LC/HT regions (b) magnified residue 

from the LC/HT band showing multiple layers removed from the surface 

6.3.3 Residue Formation  

 To understand the initial residue formation that occurs on the surface of the CN2 

sample, adhesive carbon tape was used to remove the loosely bound nickel from the 

surface. Figure 6.14a shows the regions of the CN2 sample that gave great residues. 

Three linear regions on the adhesive tape corresponding to the LC/HT regions show 

significantly greater residues on the tape compared to the HC/LT regions, which 

contained only a few small pieces of residue. Figure 6.14b is a magnified image of one 

piece of the residue removed from the LC/HT region. At 10 minutes of dissolution, it can 

be seen that multiple layers of the CN2 sample have been affected and that dissolution 

has occurred below the surface. Figure 6.14b shows multiple layers that have been easily 

removed from the surface. This corresponds to a lacy covering where initial pitting 

occurs on the surface of the sample, but continues to grow beneath the surface, 

 (a) (b) 
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weakening the top layer, which allows for easy removal using the adhesive tape [26]. 

Similar experiments previously conducted by Moula et al. and Morrison et al., show 

similar residue formations on other carbonyl nickel samples. The CN2 sample shows 

significant residue formation on the LC/HT bands suggesting that growth conditions of 

the carbonyl nickel affect the amount of residue formed during the dissolution process. 

6.4 Summary and Conclusion 

 The investigation into the dissolution of a laboratory made carbonyl nickel sample 

was completed to understand the mechanism of dissolution and creation of residues 

during the dissolution process. Using the Mond process, the CN2 sample was grown 

using two different conditions mimicking the two extremes of temperature and gas 

concentrations within the industrial growth chamber. This chamber creates the carbonyl 

purified nickel pellets used for electroplating. The experiments conducted were used to 

understand how the surface morphology changed from a pristine polished surface to one 

with significant pitting and roughening of the surface. Two different conditions were 

grown to create this sample. A high concentration of carbonyl gas (40%) with a low 

temperature (200 
o
C) was used as one of the layers. The other in between the HC/LT 

regions where a low gas concentration (5%) and a high temperature (280 
o
C) region was 

grown. This LC/HT region showed the greatest dissolution causing deep crevices being 

created in the sample during the anodic dissolution. The HC/LT region showed 

significant roughening but without deep crevice corrosion occurring where the 

dissolution is completed in a layer-by-layer fashion. The roughness calculations of the 

CN2 sample was completed using scaling analysis on the WLIM images, which shows 

roughening of the HC/LT regions over the dissolution time while the overall surface 
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roughness increased significantly to 40 minutes of dissolution and then remained 

relatively stable for the remainder of the dissolution process. Lacy covering of the surface 

was found to precede open pitting by mean of localized acidification and thinning of the 

passive layer creating clusters of pits. From these pits, crevice corrosion occurred 

underneath the surface decreasing pH and increasing dissolution until the surface became 

too unstable and collapsed.  

 In conclusion, it has been determined that the different layers grown within the 

CN2 sample exhibit significantly different dissolution patterns. This can affect the overall 

dissolution of the industrial pellets grown due to the non-homogeneity creating residue 

formations. These residues are the cause of costly maintenance and shutdowns for 

cleaning and higher potentials required to maintain specific current densities. The results 

of this study shows that more uniform decomposition conditions of the sample growth 

would produce less residues during anodic dissolution. 
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Chapter 7: Conclusions and Future Work 

 

7.1 Summary and Conclusions 

 This thesis has described the anodic dissolution of two laboratory nickel samples 

grown by the carbonyl method. Each sample was grown using different carbonyl nickel 

decomposition conditions to understand how the growth conditions affect anodic 

dissolution of industrially fabricated pellets. The first sample (CN1) contained carbonyl 

nickel gas concentrations that remained constant over the duration of the growth, 

however the temperature was incremented in 20 °C steps from 200 °C – 280 °C 

throughout the sample growth. This sample provided information how different 

decomposition temperatures are affected the anodic dissolution process. The second 

sample (CN2) contained two different growth conditions used alternatively to create a 

lamellar structure. One layer was grown using a low temperature (200 °C) and a high gas 

concentration (40%)  (LT/HC), the other grown with a high temperature (240 °C) and 

low gas concentration (5%) (HT/LC). This sample provided information on how 

inhomogeneity of the Ni sample affected its anodic dissolution. 

 The initial characteristics of the CN1 and CN2 samples were performed after 

mechanical polishing and electropolishing of the selected surface under study was 

completed. SEM and WLIM were used to determine the initial grain structure and surface 

features of the samples. CN1 demonstrated larger grain structures consisting of large 

needle like crystals in the low decomposition temperature region of the sample. As the 

decomposition temperature was increased from 200 to 280°C, the grain structure began to 

shrink and the grains and needle like crystals that were observed on the surface were 
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much smaller than those at the decomposition temperature 200 °C. The CN2 sample 

displayed significantly larger grain structure on the HC/LT regions of the surface whereas 

the LC/HT regions revealed smaller grains with a more porous surface. Cyclic 

voltammetry was used to characterize the surface and obtain the polarizability curves for 

the surface. Both samples showed that anodic dissolution proceeded in the transpassive 

region.  

 The dissolution of CN1 and CN2 samples were conducted for a total of 120 

minutes. The samples were removed from the electrochemical cell and washed at 10, 20, 

40, 60 and 120 minutes of the dissolution time in order to understand how the surface 

morphology changes during the dissolution. SEM and WLIM were used to image the 

sample after each dissolution interval to determine the change in its morphology and 

roughness. Scaling analysis was completed on the WLIM images to calculate the surface 

roughness. Initially, the CN1 sample showed that significant dissolution was occurring at 

the higher decomposition temperature regions. In the latter part of the dissolution it was 

evident that the higher temperature regions of the surface were still dissolving quicker via 

crevice corrosion. In contrast, the lower temperature regions dissolved more uniformly. 

However, it became clear that dissolution had progressed preferentially between the 

boundaries of the layers of this laminar sample. Scaling analysis showed that the overall 

roughness of the sample came from the boundary areas.  The surfaces between the 

boundaries dissolved in a layer-by-layer like fashion. 

 The dissolution studies of the CN2 sample showed that preferential dissolution of 

the LC/HT region occurred from the initial stages. The HC/LT regions showed a 

transition from lacy covered pits to open pits with time. This was proceeded by a layer-
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by-layer dissolution once open pit dissolution was established. The LC/HT region 

dissolution characteristic also showed an initial formation of pits with lacy coverings. 

However breakdown of this region was significantly faster and non-uniform dissolution 

occurred deep into the sample. By the end of the 120 minute dissolution, the depth of the 

LC/HT region was significantly large showing preferential dissolution of this layer over 

the HC/LT region. Scaling analysis of the surface revealed that the increase in roughness 

was only significant in the final 60 minutes of dissolution on the HC/LT layer whereas 

the overall roughness increased throughout the dissolution time. Measurements of the 

width of the LC/HT layer showed a more rapid increase in the first 40 minutes of 

dissolution that the remaining dissolution suggesting that the dissolution was focused 

within the layer rather than across the surface of the sample.  

 Scotch tape method was used to measure residue formation after 10 minutes of 

dissolution for both samples. This method removes the lacy covers from the pits. The 

location of the residue correlates to the areas with pits with lacy covering on the surface 

of the sample. The CN1 sample showed higher residues occurring in the high temperature 

regions along with the boundaries between each different decomposition temperature. 

The CN2 sample showed significantly less residue formation in the HC/LT region with 

the majority coming from the LC/HT regions on the surface. In conclusion, the present 

study demonstrated that variations in the decomposition conditions during the growth of a 

Ni sample by the Mond method result in a nonhomogeneous dissolution of that sample. 

This nonhomogeneous dissolution may result in the delamination and significant 

roughening of the sample leading to the formation of residue. 
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7.2 Future Direction 

 Although the mechanism for passive layer breakdown and pit propagation has 

been explained in this thesis, there is still much more research needed to fully understand 

how the process works. Along with the development of lacy covering on the surface, it is 

still unknown why certain areas form these coverings and other do not. Finally, transport 

of cations into solution from the pits and the localized acidification of the sample is 

believed to be the origin of the lacy patterns. Modelling of the transport of cations should 

be performed in order to create and overall mechanism for the lacy cover formation [1].  

 Further studies of the carbonyl samples are required, however, the samples should 

consist of a single decomposition characteristic to observe whether the dissolution 

characteristics seen during this research is consistent with these samples. Longer 

dissolution studies should be completed to understand how the dissolution progresses 

within the sample itself or whether the sample dissolves uniformly until it is completely 

dissolved. Further analysis and characterization should be completed on the residues to 

understand their composition. To obtain a better understanding of the surface species 

spectroscopic techniques can also be used along with determining the surface structure of 

the passive layer.  
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Figure 7.1: Before and after images of industrial carbonyl nickel pellets that were used for the long term 

dissolution study 

 With what has been understood with the laboratory grown samples and the 

inhomogeneity of the dissolution of the different layers, long term dissolution 

experiments should be completed on industrial samples in order to understand the 

dissolution characteristics. Initial research has been completed on industrial pellets placed 

in a titanium basket and dissolved for 4 days. Figure 7.1 shows a comparison between the 

samples before and after the long term dissolution experiment. It is easily seen that 

certain pellets have dissolved more than other. It seems that the samples that were placed 

closer to being in contact with the titanium basket used dissolved quicker than those only 

in contact with the current density through other pellets. The pellets were placed in resin 

and cross sectioned to determine what was occurring on the surface and within the 

sample itself.  



 

102 

 

 
Figure 7.2: Cross sectional SEM images of the five pellets used in the long term dissolution study. (a) and (b) are 

the pellets that were not in contact with the titanium basket (c) was partially in contact with the titanium basket, 

the side shown was the side in contact (d) and (e) were the sample that were in contact with the titanium basket 

 

 Figure 7.2 shows the initial analysis of the cross sectional SEM images of the five 

pellets used in the dissolution. Figures 7.2a and b show the least amount of dissolution 

with only small amounts removed from the surface. Figure 7.2a does show more 

dissolution however area of the sample that was not imaged shows very little dissolution. 

Figure 7.2c shows greater dissolution which can be attributed to partial contact with the 

titanium basket. Finally, Figures 7.2d and e show significant dissolution on the entire 

(a) (b) 

(c) 

(d) (e) 
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surface attributing to substantial contact with the titanium basket. All samples, however, 

showed small amounts of layers of nickel that were not dissolved during the dissolution. 

The nickel remaining in the areas that were dissolved has been shown to create a shell 

around the outside of the pellet and eventually fall apart after becoming to brittle and 

creating residues. Further research into these pellets and long term dissolution of them 

should be studied. 
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