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The optimal conditions for deposition of nickel coating and Ni-layered double hydroxide 

metal matrix composite coatings onto stainless steel discs in a modified all-sulfate solutions have 

been examined.  Nickel films provide good general corrosion resistance and mechanical 

properties as a protective layer on many metallic substrates. In recent years, there has been 

interest in incorporation nano-dimensional ceramic materials, such as montemorillonite, into the 

metal matrices to improve upon the corrosion and mechanical properties.  Layered double 

hydroxides have been used as corrosion enhancer in polymer coatings by increasing mechanical 

strength and lowering the corrosion rate but until now, have not been incorporated in a metal 

matrix by any means. Layered double hydroxides can be easily synthesized in a variety of 

elemental compositions and sizes but typically require the use of non-polar solvents to 

delaminate into nanodimensional colloidal suspensions. The synthesis of a Zn-Al LDH has been 

studied and characterized. The effects of the non-polar solvents dimethylformamide and n-

butanol on the deposition and corrosion resistance of nickel coatings from a borate electrolyte 

bath have been studied, a nickel-LDH nanocomposite coating has been synthesized by 

electrochemical deposition and the corrosion resistance has been studied. Results indicate an 

improvement in corrosion resistance for the coatings with minimal change in the nickel matrix's 

internal strain and crystallite size. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Cost of Corrosion 

 In the year 2015, the cost of corrosion in the United States was estimated to reach $1 

trillion dollars. In 1998 that number was only $276 billion [1].  Corrosion of metals and 

formation of oxides is not preventable and great efforts are taken to minimize its impact on a 

global economic scale.  This cost is not just measured in dollars.  In 1992, a rusted fuse pin 

caused the crash of a Boeing 747 over Amsterdam, killing 54 people.  In 2000, a 30 " in. steel 

pipe carrying natural gas ruptured just outside of Carlsbad, NM killing 12 people due to fatal 

burns.  The cause was serious pitting damage observed on the inside of the pipe, not visible to 

the engineers. [2]  The focus of this thesis is on the development of a new nickel based 

composite coating capable of minimizing pitting corrosion of steel pipelines, with a focus on 

chloride attack in marine environments. 

 The harvesting, refining, and transport of fossil fuels and their derivatives is of great 

importance in the world today.  Fossil fuels and crude oil or their derivatives are used, directly or 

indirectly, in almost every industry on the planet. It is for this reason that research on protecting 

the machinery, structures, and pipelines that process or transport fossil fuels, are so vitally 

important.   

1.1.1 Corrosion Mediation  

 The use of stainless steels for tools, machinery, structures, pipelines and many other 

products are preferred for their mechanical strength, hardness, and price. Due to the harsh 
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environmental conditions protective coatings have proven to be advantageous methods of 

corrosion protection.  The use of coatings to delay oxidation or to prevent additional damage to 

stainless steels is the preferred method of corrosion mediation. Protective coatings comprise 

roughly 70% of corrosion mediation efforts in the oil and gas industry for off-shore drilling, 50% 

for on-shore drilling, and 32.7% of all corrosion control costs [3].  Figure 1.1 displays the use 

and cost breakdowns for corrosion mediation in the oil and gas industry.  

 

Figure 1.1: (a) Off-shore production for 1998 and 2001. (b) On-shore production for 2000 and 

2001. (c) Relative percentage of direct cost for specific corrosion control technologies in 

refineries [3].  

 Protective metallic coatings oxidize in place of the underlying steel, theoretically 

preventing damage to the underlying structure, and when the coating is sufficiently damaged, the 

structure can be recoated and used again. Cost increase is due to economic inflation and 

continuing increases in the cost of extracting fossil fuels, due to declining land based wells. For 

this reason, it is of interest to develop a new coating design that incorporates nickel, one of the 

less expensive coating materials, with anionic clays. Anionic clays were chosen as a cost 

effective additive with many advantages: they are inert, easily synthesized, and the elemental 

composition and platelet size can be easily controlled. 
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 There are four major types of corrosion resistant coatings for metal substrates: Metal and 

metal alloys, pure ceramic coatings, polymer and epoxy coatings, and composite materials [4]. 

Composite materials are a class of hybrid films synthesized by combining two or more of the 

other major types. Of these, cermets, metal ceramic composites, and polymer ceramic 

composites are most common in literature.  Figure 1.2 displays the results of a study recording 

the number and material type of accepted patents of different corrosion resistant coating 

materials in recent years. The use of ceramic and clay additives to form composite materials for 

corrosion resistance is a relatively new field but results indicate improvements over traditional 

films by complimenting the natural deficiencies in pure metal and polymer coatings [5]. These 

coatings can be used to protect against different types of corrosion, for example; sulfide or 

chloride attack and pitting corrosion. 
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Figure 1.2: The distribution of patents for corrosion resistant coating materials from 2005-2009 

[4].  

1.2 Corrosion Mechanisms   

1.2.1 Sulfide and Chloride Attack 

 Attack by hydrogen sulfide (H2S) and chlorides (Cl
-
) as well as cathodic and anodic 

reactions in aqueous environments are the leading causes of corrosion. For off shore drilling 

platforms, harsh aqueous and high temperature environments are encountered. Metallic coatings 

are preferred here because polymer coatings are susceptible to oxygen and water permeation and 

often lack the necessary hardness to stand up to high heat and pressure [6].  Metallic substrates 
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undergo generalized anodic corrosion as well as more severe localized corrosion. Localized 

corrosion accounts for most material failures because the area of visible corrosion is often too 

small to observe. Harsh anions such as Cl
-
 and H2S and other sulfate species are often associated 

with pitting corrosion, a severe form of corrosion that is often unobservable on the surface. 

Figure 1.3 displays corrosion mechanisms of these corrosion types, as an example in the Dhahran 

area oceans [7].  

 

 

Figure 1.3: An overall picture of the mechanism of atmospheric corrosion in Dhahran-

Dammam area [7]. Reprinted with permission from Emerald. 
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1.2.2 Pitting Corrosion  

 Pitting corrosion is one of the most dangerous types of corrosion. It is a form of localized 

subsurface corrosion that occurs in small crevasses within a material. The surface can often be 

coated with corrosion byproducts or can remain unseen. Figure 1.4 shows a schematic of the 

pitting process.  There are a few specific conditions under which pitting corrosion typically 

occurs. First, this only occurs when a passivating coating is present on the substrate, in stagnant 

water environments, and when pH is sufficiently high. In stagnant water conditions, when 

harmful species such as chlorides, thiosulfates, or other halides are present, they can eat through 

passivating coatings or diffuse through tiny pores or grain boundaries in a localized area. 

  

Figure 1.4: Schematic of a corrosion pit and process.  

The metal substrate readily oxidizes, releasing electrons and increasing the local pH inside the 

pit. This acidic environment generates a potential gradient across the two half-cell reactions 

(oxidation of metal, reduction of oxygen) that attracts the harmful species into the pit at the 
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corrosion site [8]. This process will often continue until material failure occurs. The major 

concern for this type of corrosion is that the process can lead to substrate failures without any 

visible signs of generalized corrosion until failure does occur, which is very dangerous.  

1.3 Nickel Coatings on Stainless Steel  

1.3.1 History and Types of Nickel Baths 

 Nickel has a long history as a plating material for both decorative and protective 

purposes. It has good mechanical properties and high natural corrosion resistance to many 

harmful chemical species [9].  Nickel's popularity is additionally linked to the various finishes 

that can be produced by careful adjustment of the plating process and parameters. Various bath 

conditions are used successfully, and in many cases, used to produce nickel coatings with a 

variety of properties like high hardness, ductile and tensile strengths. Below, Table 1.1 displays 

the various common nickel plating systems and their respective bath properties.  
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Table 1.1 Types of aqueous baths for nickel electrodeposition [9]. 

Type Composition (gL
-1

) pH Temp (°C) Current density 

(Adm
-2

) 

Watts' 

Nickel sulfate - 240-300  

Nickel Chloride - 30-90  

 Boric Acid - 30-45  

3.5 -4.5 40 - 60 2 - 7 

Sulfamate 

Nickel Sulfamate - 300 - 450  

Nickel Chloride - 0-30   

Boric Acid - 30  

3.5 - 4.5 40 - 60 2 - 15 

Fluoborate 
Nickel chloride - 225-300  

 Boric acid- 30-35  
2.5 - 4 38 - 70 3 - 30 

All-

chloride 

Nickel chloride -225-300  

Boric acid -30-35  
1 - 4 50 - 70 2.5 - 10 

All-sulfate 
Nickel sulfate -225-410 

 Boric acid - 30-45  
1.5 - 4 38 - 70 

1 - 10 

 

High 

sulfate 

Nickel sulfate - 75-100  

 Sodium sulfate - 75-100 

Ammonium chloride - 15-35 

 Boric acid - 15 

5.3 - 5.8 20 - 32 0.5 - 2.5 

Hard  

nickel 

Nickel sulfate - 180  

Ammonium chloride - 25  

Boric acid - 30 

5.6 - 5.9 43 - 60 2 - 10 

Black 

nickel 

Nickel sulfate - 100 

 Ammonium chloride - 15  

Zinc sulfate - 22  

Sodium thiocyanate - 15 

5.5 - 6 26 - 32 0.2 

 

Each particular system was developed from the Watt's bath to improve some aspect of the 

mechanical properties of nickel: 

Sulfamate - A major advantage of sulfamate nickel solutions is they possess low internal stress 

However, the chloride content should be kept low to achieve minimum stress, unless stress 

reducing additives are utilized. 

Fluoborate - This may be operated at very high current densities. Mechanical properties are 

similar to the Watts nickel deposits. Disadvantages are high cost and highly corrosive solutions.  
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All-chloride - This bath requires high current densities, are much more corrosive than Watts 

solutions, and therefore need special equipment. Deposits from this bath type produce fine-

grained and generally harder nickel coatings than Watt's bath.  

All-sulfate - The major use for these solutions is in applications involving the use of insoluble 

anodes. The absence of chlorides eliminates the problem of toxic chlorine gas being liberated at 

the anode.  Lead or graphite anodes are commonly employed. It is necessary to replenish the 

nickel ions and to control the pH through regular additions of nickel carbonate.  

High sulfate - These baths have good throwing power and have found limited use as a strike bath 

over zincate pre-treated aluminum.  

Hard nickel: These baths provide harder deposits and superior abrasion resistance without the 

use of organic additives. The higher hardness is achieved through the inclusion of ammonium 

ions. Close control of pH, temperature and current density is necessary for consistent 

performance. 

Black nickel - This bath has chiefly been applied for decorative purposes and also for some 

limited use on optical equipment or solar collectors. The coatings produced are almost always 

thin and therefore, black nickel is usually applied over a previous satin or bright nickel deposit, 

and coated with an organic finish, such as lacquer [9].  

1.3.2 Acidic Electrodeposition of Nickel 

 As was seen in Table 1.1, most nickel depositions are carried out under acidic conditions.  

They are possible at pH values between 0 to 10, as can be seen in the modified Porbaix diagram 

for nickel, Figure 1.5.  A Pourbaix diagram displays the species of molecules and ions that exist 
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or are in equilibrium with another for a given potential and pH value in an aqueous system. Solid 

lines represent specific acid- base equilibriums between species and dotted lines represent the 

effective stability regions of water in the system [10].   

 

Figure 1.5: Modified Pourbaix diagram of nickel in aqueous environment [10]. 

 The deposition of nickel involves a multistep reduction mechanism involving first the 

generation of NiOH, due to an increase in local pH at the electrode surface. The equations below 
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demonstrate the process, but it should be noted that the Ni
2+

complex in Eq. 1.1  is typically a nickel 

borate complex, where two boric acid species are each bonded to nickel through an  oxygen [11]. 

Ni
2+

complex + H2O ↔ NiOH
+
 + H

+
                                                                               (Equation 1.1)  

NiOH
+
 + e

-
 → NiOHad                                                                                                (Equation 1.2)  

NiOHad + H
+
 + e

-
 ↔ Ni(s) + H2O                                                                               (Equation 1.3)  

 The reason alkaline based bath systems are not as common, is that alkaline depositions 

produce more nickel hydroxide species at the electrode surface and require specific complexing 

agents thus limiting the variety of viable additives that can carry out deposition successfully, 

while still allowing release of the nickel ions at the electrode surface to undergo reduction. The 

reduction potential of nickel in alkaline systems is further in the hydrogen producing region, and 

there are certain additive salts, discussed later, that can mitigate hydrogen evolution at the 

electrode surface, which are unstable at higher pH. For these reasons, an alkaline deposition was 

not explored in this work. 

 There are 3 main reasons for choosing acidic conditions for this work.  First, acidic 

deposits release less hydrogen gas during plating. This is advantageous for a protective coating; a 

passivating coating deposit like nickel will not protect the underlying substrate if there are 

exposed areas.  Exposed areas of the substrate are often caused by excessive hydrogen evolution 

at the electrode surface. Second, alkaline deposits have a current efficiency between 40-65%, 

whereas acidic depositions can reach 85-90% efficiency during deposition. Third, optimal 

current density for nickel deposits under alkaline conditions requires large cathodic 

overpotentials, resulting in copious amounts of hydrogen evolution. This is because alkaline 

depositions produce more nickel hydroxide species and require very specific complexing agents 
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to limit the amount of hydrogen evolution, while still allowing release of the nickel ions at the 

electrode surface to undergo reduction [12]. Optimization of current density for nickel deposits 

under acidic conditions will be discussed in further detail in section 1.2.4. 

1.3.3 Sodium Borate as an additive for Nickel electrodeposition 

 The most common bath system still in use is the Watts' type bath, which takes advantage 

of the complexing effects of borate ions and its ability to cathodically shift hydrogen evolution 

during deposition [13 - 17]. Boric acid has a long history as an electrolyte for nickel 

electrodeposition. In fact, it is used as an additive in all previously listed nickel baths, except 

black nickel systems. The reasoning for this is simple, for acidic baths it has been shown to 

provide a buffering effect at the electrode surface which mitigates the production of NiOH and to 

decrease the amount of hydrogen embrittlement in Ni coatings [18, 19].  Though the mechanism 

is not well understood, borate forms a weak complex with nickel in solution that is advantageous 

for deposition at low current densities [11, 20, 21].  

 Sodium tetraborate, Na2B4O7, readily undergoes conversion to boric acid when in the 

presence of sulfuric acid [22]. This effect is very advantageous for acidic electrodeposition.  A 

0.1 M NiSO4 + 0.15 M Na2B4O7 solution has a starting pH of ~8.2, but with addition of H2SO4, 

the pH can be adjusted to acidic levels, yielding a nickel and boric acid bath that doesn't rely on 

high concentrations of nickel to maintain good conductivity throughout the deposition, because 

of the excess addition of sodium ions in solution. 

 The ability of borate to readily convert to boric acid allowed the creation of a novel all-

sulfate bath that uses a higher amount of sodium borate and a much lower concentration of nickel 

sulfate. Nickel films from this bath can be deposited at room temperature, as a cost effective 
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strategy, that still produces thick uniform coatings with minimal strain and low particle size. The 

bath system also has the unique property of allowing addition of high concentrations of organic 

and ceramic additives without any serious loss of current efficiency. 

1.3.4 Microstructure of Nickel as a Function of Current Density 

 It has been discovered that the current density, j (Acm
-2

), plays a major role in the 

microstructure and grain size of electrodeposited nickel [23]. The microstructure is known to 

decrease dramatically as the applied current density is decreased and the resultant coating will 

benefit in various ways. The corrosion resistance, hardness, and level of hydrogen embrittlement 

are shown to improve with lower current densities [23 - 25]. An extensive understanding of the 

bath conditions and parameters used to generate electrodeposited nickel films is needed to 

generate nickel coatings with sub 100 nm nanocrystalline nickel. There are several factors that 

influence the grain size and crystallite size of nickel: choice of additives, temperature, pulse 

reverse deposition, brightening or wetting agents, ceramic additives [26 - 29]. 

 Additive choice can refer to both an added salt or acid, such as sodium borate or boric 

acid, or any organic modifiers, like DMF, ethylene glycol, surfactants, or brightening agents. 

Borate as a salt additive has been discussed previously, and organic modifiers will be discussed 

in more depth later in section 1.3. Note that in these discussions, the parameters discussed do not 

apply necessarily to galvanostatic depositions. The choice of additives, and their concentrations, 

can play a role in the complexation of nickel ions in solution, changing the reduction potential or 

affecting the amount of NiOH colloid generated at the electrode surface. This has been shown to 

decrease the current density for direct potential depositions [26].  The temperature can also affect 

current density, and therefore, the microstructure.  By increasing the temperature for the 
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deposition, the activation energy needed for the reduction of nickel ions is lowered. Typical 

depositions usually have high stress in the film for low temperatures, or vice versa. However, B. 

Wang et.al. has shown that low stress coatings can be achieved at low temperature [27]. By 

developing a bath with room temperature deposition as a main axiom, the necessary parameters 

to grow nanocrystalline nickel are possible to achieve through experimentation.  

1.3.5 Pulse Plating 

 There is a long history and body of evidence that pulse plated nickel deposits improve the 

overall corrosion resistance of the coating in a wide variety of conditions [30].  A pulsed 

potential allows for greater control over the microstructure of nickel by limiting the internal 

stress of the deposits, lowering the grain size and porosity and even improving the formation of 

nickel-ceramic composite coatings [28].  Pulse plating typically refers to a square wave function 

of applied potential vs. time, or current vs. time, where the pulsed potential is negative and the 

drop down potential is chosen to produce 0 amps.  This is a DC based potential application, and 

for the on-time, nickel atoms near the cathode are quickly depleted during the reduction process. 

This allows for generation short-lived higher current densities, at lower potentials, that deplete 

the double layer concentration. The relaxation period allows enough time to replenish the ion 

concentration for continued deposition on the next pulse.     

 Pulse reverse deposition is a slightly newer technique for deposition of metals and metal-

alloys, including nickel. The technique typically uses a square wave DC potential vs. time 

application with one major difference over pulsed depositions. Instead of dropping the applied 

potential to the open circuit potential, the off-time pulse is scanned just past this value to a 

dissolution potential, inverting the current direction. This provides the beneficial relaxation and 
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migration time for the double layer to replenish and also dissolves the less stable surface 

deformations, resulting in much smoother deposits [31].  A sample diagram of the applied 

waveform is shown in Figure 1.6.  

 

Figure 1.6: General diagram of the applied waveform for a pulse reverse deposition. Er is the 

applied overpotential for reduction, and Ed is the applied dissolution or stripping potential, 

square wave widths are arbitrary. 

 In recent work, our research group has had success with what we call modified pulse 

deposition. The waveform maxima and minima are identical as well as their durations, when 

compared to a typical pulse reverse deposition. The difference however is in the slope of the 

potential switching step. A standard square wave has an "instantaneous" potential slope, but the 

modified pulse reverse system applies a gradual scan between the plating and dissolution 

potentials, typically in the 10-1000 mV/s range. This method has been shown to favorably 

improve the coating quality of nickel deposits especially, given the necessary overpotential and 

kinetic issues involved in electrodeposition [32]. 
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1.4 Organic Modifiers in Electrodeposition 

 Organic modifiers are non-electroactive species added to the electrochemical bath, 

usually in small millimolar amounts, that can act as wetting, brightening, or leveling agents, 

which affect the coating morphology.  There is a small but significant amount of research on this 

topic but no real database for compounds or functional groups on how each affects the properties 

of nickel deposits. There are three main classes of additives: wetting agents, brightening agents, 

and leveling agents.  Wetting agents are usually organic phosphoric ester derivatives, and are 

used to remove hydrogen that forms at the cathode surface due to the applied overpotential. If 

not removed, the hydrogen can cause pores within the nickel coating that is known to lead to 

pitting sites [33]. Brightening agents, have a wider variance of functional groups and can extend 

to some ionic surfactants, namely sodium dodecyl sulfonate. They have the ability to control 

crystallite size and limit it to nanometer sizes below the wavelength of visible light, defined as 

sub 400 nm.  Leveling agents are classified as purely organic components that act through 

adsorption-desorption reactions with the cathode, and cause the growth of new crystallite to be 

higher in recesses and lower at protrusions. This produces a coating that is more uniform in 

thickness. The reason for this is because the additive will adsorb on the larger protrusions on the 

coating, lowering the current density here but not in the recesses [34].  There are too many 

compounds to be discussed but relevant species will be discussed in the following sections, 1.3.1 

and 1.3.2. 

1.4.1 Dimethyformamide's Effect on Nickel Deposits 

 N, N-dimethylformamide (DMF) is a nonionic organic molecule that has been used both 

as an additive and as a solvent for the electrodeposition of metal, including nickel.  It also has 
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been used as a continuous phase for colloidal suspensions of layered double hydroxides [35]. 

This is what initially made it a suitable candidate for a nickel-LDH composite film bath media. 

 Previous work by Tikoo also showed that it was possible to deposited nickel in a 100% 

DMF solution from nickel chloride, pH adjusted with HCl to 4.7, at 40 °C and low current 

density (0.5 Adm
-2

).  This procedure produced nickel deposits with only minor microcracking 

due to internal stress at higher current densities, especially at the edges of the deposits. The 

hardness values were shown to improve at higher temperatures and a noted change in the finish 

that diminished in brightness as the temperature was increased [36].  

 It was also shown by Tikoo et. al. that smooth and bright nickel deposits can be produced 

on copper plates from a solution containing nickel acetate, boric acid, 5 mol% ( ~20% v/v) DMF, 

with a pH of  4.9-5.7 at 35 °C. There was a noted increase in hardness of the deposits seen in the 

higher pH system due to excess nickel hydroxide at the cathode center. The outer edges 

experienced microcracking due to strain as well [37]. This issue was not addressed in more 

recent research to my knowledge, nor has any literature published since then addressed the 

possibility of a DMF-water bath plating nickel from any other electrolyte systems, such as an all-

sulfate bath. Additionally, the work done by Tikoo and others addressed only the hardness and 

morphology of the deposits and not their corrosion resistance or barrier protection to pitting.  

1.4.2 Effects of Hydroxyl Groups on Nickel Deposits 

Comparatively, there is much documented evidence regarding the effects that alcohols 

have on the morphology and grain refinement of nickel deposits. The research places a large 

focus on comparing the modification of preferred orientations and the reduction potential of the 

deposited metal by aliphatic, allylic, and alkynyl alcohols.  In 1973, a review of a wide array of 
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organic molecules and their effects on the crystal growth of nickel was published by Costavasras 

et. al. This study detailed, in particular, the 1,4-butyl-diol series, as well as both cis- and trans- 

versions of 2-butene-1-ol [38]. The results indicated that monols have more kinetic activity than 

diol compounds, where-in the saturation plays a large part in the adsorption-desorption 

mechanism that were shown to beneficially remove hydrogen through a hydrogenation process. 

The more saturated species can inhibit growth modes as well, typically producing (110) 

orientations. This process is not well understood, because there is little adsorption to a substrate 

by the hydroxyl group. It is suggested that the hydroxyl group can destabilize the NiOH species 

in the double layer and affect the charge transfer process of nickel reduction, decreasing the 

crystallite size in this manner [39].  

 Kaneko et. al. also studied the effects of n-propyl, allylic, and proargylic alcohol on the 

deposition of nickel from a Watts' bath with additions of saccharin [39]. It was found that all 

three species did adsorb onto the surface of a low carbon steel electrode but that the adsorption 

ability increased inversely proportional to the degree of saturation. This was in agreement with 

Costavaras' findings. The reduction potential was also shifted to more negative (cathodic) values 

as the saturation of the propyl alcohol was decreased. Results depicted in Figure 1.7 show that 

when the steady state current is plotted versus potential, that the inhibition of nickel reduction 

occurs, and the cathodic shift increases proportionally with the bond order of the C-C group [38, 

39].  
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Figure 1.7: Current-potential curves of nickel ion in the presence of saccharin or aliphatic 

alcohols under potentiostatic conditions: (a) 1 g NiSO4 + 0.2 M NiC12 + 0.5 g H3BO3; (b) (a) + 5 

mM saccharin; (c) (a) + 5 m~ n-propyl alcohol; (d) (a) + 5 mM allyl alcohol; (e) (a) + 5 mg 

propargyl alcohol. Reprinted with permission from Springer. [39].   

  Both of these studies encompass the monol / diol comparison, as well as the effect 

of saturation within the molecule and how this affects the adsorption to the substrate surface. No 

specific information on the effect of butanol has been published to date, but the effects could be 

predicted from previous research. Both studies however, have shown that high volumes can often 

cause the deposition process to shut down.  This was observed in the range of 1-20% v/v, and it 

was observed by Costavaras when the more unsaturated species were added in concentrations 

above 50 mM.  
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 This is a major challenge in the present work, as it was shown by Adachi-Pagano that Zn-

Al readily delaminates in high loadings in pure butanol [40].  While the water-solubility of 

butanol is not as high as ethyl or propyl alcohol, it is high enough to dissolve in water up to 10% 

v/v. This makes butanol a choice  candidate as both as a textural modifier for nickel plating, and 

as a continuous phase for colloidal suspensions of LDH, though its affect on nickel deposition 

needs to be explored. This is the basis for the exploration of organic-aqueous medium for 

electrodeposition, for both electrodepositing nanocrystalline nickel by modifying the reduction 

potential, and as a suitable media for the inclusion of LDH for electrodepositing nickel-LDH 

composite coatings. 

1.5 History, Applications, and Properties of Layered Double Hydroxides 

 Layered double hydroxides are a class of anionic clays or brucite-like materials. Brucite, 

composed of divalent Mg(OH)2 , is one of the most abundant metal hydroxide minerals and has 

wide varying applications including; anion absorption, catalysis, and nanocontainers for 

corrosion inhibitors in polymer coatings. [41, 42]. Similarly, layered double hydroxides (LDH), 

have recently found use in many different applications. They have been successfully utilized in 

the areas of, water purification, sensor design, and aeronautical corrosion coatings [43-45]. As 

part of a composite, they have been successfully used as flame retardants, thermal stabilizers, 

and for improved mechanical strength in polymer films [46-48].  This class of materials is not 

naturally abundant but synthesis is relatively simple and can be carried out in a number of ways. 

Unlike traditional aluminosilicate clays, the crystal structure is relatively two dimensional, being 

composed of crystalline sheets, stacked together with anions and solvent in between [49].  
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1.5.1 Structure of Layered Double Hydroxides 

 Layered double hydroxides are generally described by the formula:  

[M
2+

1-xM
3+

x(OH)2] A
-
x/m·nH2O 

where M
2+ 

and M
3+ 

represent divalent and trivalent metal ions  respectively, x denotes the molar 

fraction of trivalent species, and A represents an anion, used to balance charge of the crystal 

sheet. An example of a general LDH structure is depicted in Figure 1.8. Whereas, typical 

phyllosilicate clays contain a mixture of aluminum oxides and silicates, that come in many 

geometries, LDH's are composed of a mix of divalent and trivalent metal hydroxides, 

 

Figure 1.8: Schematic representation of the LDH structure [50]  

arranged in large crystalline sheets, and this results in a net overall positive charge from the 

substituted trivalent species.  By using anions to balance charge between sheets, they can stack, 
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swell, shrink, and absorb species from their environment, typical of all clays. This makes them 

great candidates for harmful anion uptake or to intercalate larger anions for future delamination.  

There are a wide variety of possible M
2+

/ M
3+

 combinations, and within each combination, there 

is a certain amount of variability of the metal ratio [x / (x-1)]. Table 1.2 displays the list of 

successfully synthesized LDH's.  This allows for a large variety of LDH's to be designer 

materials for a given purpose.   

Table 1.2: A list of known LDHs that have been synthesized [41]. 

M
2+

/ M
3+

 Al
3+

 Ga
3+

 Sc
3+

 Cr
3+

 Mn
3+

 Fe
3+

 Co
3+

 

Mg
2+

 X X X X X X X 

Ca
2+

 X X X   X X 

Mn
2+

 X       

Fe
2+

 X     X  

Co
2+

 X X  X  X X 

Ni
2+

 X X  X X X X 

Cu
2+

 X   X  X  

Zn
2+

 X X  X  X X 

 

 As for the interlayer space, essentially any anionic species can exist there, but 

traditionally carbonate, chloride, nitrate, sulfate, and phosphate are the most common [51]. The 

only limit for an anion is that its area per unit charge should not exceed the charge density of the 

LDH into which it is intercalated [52]. These anions seek to electrostatically bind to the positive 

trivalent M(OH)3 species and balance charge between the layered crystal sheets. Neutral solvent 
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is present in the gallery as well and mitigates anionic repulsion but can also increase the basal 

spacing, or gallery height, between sheets, depending on the amount present. 

1.5.2 Synthesis of Layered Double Hydroxides 

 Layered double hydroxides are low energy materials and will form naturally, given the 

right set of conditions. There are a few main as well as some other lesser used methodologies for 

synthesis of LDH: coprecipitation, urea hydrolysis, and electrosynthesis.  Coprecipitation 

involves the addition of base to a metal salt (M
2+ 

+ M
3+

) solution to form metal hydroxides that 

then grow to form large crystal lattices. This can be carried out under variable or constant pH 

conditions. Under variable pH conditions, a base solution is added slowly to a metal salt solution, 

allowing metal hydroxides to form and precipitate. Aging this solution with heat and or time will 

allow the formation of large LDH crystals, through a process known as Ostwald ripening, but 

this typically leads to products that exhibit low overall crystallinity and often, some metal oxide 

contamination. Constant pH coprecipitation can be carried out by slow simultaneous addition of 

a base solution with a mixed metal salt solution. This produces higher crystallinity and lower 

amounts of contamination [53].   

 The urea hydrolysis method is beneficial in creating small crystallite sizes of LDH but 

suffers from a slower reaction time and a more complicated separation process [54].  It involves 

using urea as the base source which slowly hydrolyzes, releasing base to the surrounding mixed 

metal salts. This prevents the early base saturation in the solution and allows only for initial 

M(OH) formation of LDH to take place, thus separating the nucleation and  crystal growth step 

(ageing) . This produces primarily carbonate based LDH, which is not beneficial for secondary 

intercalation processes [51]. 
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 Recently, electrosynthesis of layered double hydroxide films has been studied. Films can 

be generated directly onto a substrate from a solution of the base metal salts from a potentiostatic 

deposition, at room temperature. These films can be designed to work as selective sensors, or 

plated thicker, to act as corrosion inhibitive coatings [55, 56]. The corrosion mechanism is 

understood to be a pure barrier film, and depending on orienting the platelets mostly parallel to 

the surface. There is additional interesting chemistry here, where-in additional groups, such as 

hydrophilic hydrocarbons, can be attached to the LDH surface by dip coating [57]. 

1.5.3 Intercalation of other anions 

 LDH's have a much higher charge capacity than typical alumino-silicate clays and 

therefore do not delaminate as readily. It is possible to delaminate LDH sheets but this process 

involves an additional step, namely intercalation of a large anion species [41, 58]. The attraction 

of anion species to the positively charge trivalent M(OH) decreases in the order of CO3
2-

 > SO4
2- 

> Cl
-
 >  NO3

-
 [51]. It is very difficult to displace carbonate anions, so typically, nitrate based 

LDH's are used.  Intercalation of a larger anion, like a surfactant, can increase the basal spacing 

between the crystal sheets, thus making delamination possible. This process has been carried out 

refluxing a nitrate based LDH in the presence of an excess of a large surfactant like sodium 

dodecyl sulfate or sodium dodecylbenzene sulfonate.  The polar sulfate group has a stronger 

affinity than nitrate for the positive charge sites on the LDH crystal lattice and can displace them. 

The hydrophobic tail will point perpendicularly from the sheet and through carbophilic 

interaction, they will increase the basal spacing [59].  X-ray diffraction can easily measure the 

change in the basal spacing and infrared spectroscopy can be used to identify the sulfate and -

CH2- functional groups.  
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1.5.4 Delamination of Layered Double Hydroxides 

 The delamination process involves the separation of the charged crystal sheets of LDH 

while suspended in a solvent. This leads to a colloidal suspension of nano-dimensional LDH 

particles that can then be used for additional processes. Delamination is typically difficult due to 

high charge density of the layers and, only under very specific conditions can it undergo this 

process in water [56].  The loading capacity for LDH colloidal dispersions has been reported 

between 1- 2 gL
-1

 [40, 48, 56]. LDH has been reported to undergo delamination in various 

alcohols, DMF, formamide, and water. The process can be carried out by agitation or sonication 

but most commonly, under heated reflux.  The initial cloudy suspension will turn transparent as 

delamination occurs due to the decreasing particle size. Once delaminated, these solutions can be 

stable for up to 8 months [40].  

1.6 Summary 

  An increasing amount of attention has been paid in the development of composite 

coatings for use as corrosion resistant materials in recent years. The mitigation of corrosion, 

specifically in the oil and gas industry, is a major economic focus. Metal-clay composite films 

are of interest as protective coatings, providing higher fracture toughness, thermal stability, 

resistance to acidic environments, and lower cracking propagation but mostly cationic 

aluminosilicate clays have been tested.   

 Layered double hydroxides appear to be a very interesting candidate for a new type of 

composite film within a metal matrix, both for novel and for advantageous corrosion and 

mechanical properties. The process involves additional hindrances due to its inability to 

delaminate in high concentrations within aqueous media but has been shown to delaminate both 
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in various alcohols and into DMF. There is limited information on organic-aqueous baths used to 

electrodeposit nickel but the information available on DMF is beneficial for nickel 

electrodeposition. Additionally, there is no information on BuOH-H2O baths but the information 

on monol and diols with various saturation have found promising results for the potential of 

BuOH to be used to create a new bath, capable of higher than normal percentage bath mixtures.  

 The synthesis, intercalation, and delamination for LDH has a long history and much 

variance.  The possibility of a Zn-Al LDH can be easily synthesized with a nitrate precursor, to 

be intercalated with sodium dodecylsulfate, and subsequent delamination in both a DMF-BuOH 

mixture, and a BuOH colloidal suspensions.  

1.6.1 This Thesis Work 

 This work seeks to design metal-layered double hydroxide composite films to provide 

better protection and durability than pure metal or polymer based coatings in aqueous 

environments. Layered double hydroxides are a class of anionic clays that have recently been 

studied for their ability to improve corrosion resistance as films or dopants in polymer and epoxy 

coatings. No studies however have been published to study their incorporation into metal 

substrates or electrochemical techniques that can be utilized to control their synthesis and 

composition.  This work will develop a synthetic technique to form metal-layered double 

hydroxide nanocomposite films on metal substrates and characterize the films and employed 

methods to provide optimal corrosion resistance and properties. 
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CHAPTER 2 

DEVELOPMENT OF AN AQUEOUS-ORGANIC BATH SYSTEM FOR NICKEL 

COMPOSITE DEPOSITION* 

2.1 The Case for Nickel Coatings 

  Corrosion inhibitive coatings are one of the most common ways used to prevent 

undesirable corrosion to the base substrates of many materials [1-5].  Electroplated nickel 

coatings are widely used to create protective coatings for marine engineering, aeronautical 

applications, and other general decorative applications [6, 7].  Nickel is valued for providing 

strong adhesion to stainless steels, good mechanical properties, and corrosion resistance to the 

underlying steel [8-12]. Electrodeposition of nickel from electrolyte solutions is advantageous 

for creating nanocrystalline coatings of nickel metal, which have shown increased resistance to 

pitting corrosion, but can have an increase in general corrosion [10, 13]. 

 Nickel's excellent corrosion resistance, ease of electrodeposition and well understood 

physical properties make it a prime candidate for inclusion of nanoparticles and characterization 

of such composite materials. This makes nickel a good first choice for attempting to 

electrochemically deposit a nickel - inorganic composite material. Inorganic materials such as 

silicate clays can be deposited along with nickel to produce such composites. The addition of 

montmorillonite, a 2:1 layered silicate, to nickel coatings enhances the corrosion resistance of the   

________________________ 

*Parts of this chapter have been previously published, either in part or in full, from Daugherty, 

R.E.; Zumbach, M.M.; Golden, T.D. The influence of an aqueous-butanol plating bath on the 

microstructure and corrosion resistance of electrodeposited nickel coatings. J. Appl. 

Electrochem. 2017, 47, 467-477. Reproduced with permission from Springer.
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deposits [14, 15, 16].  One type of inorganic materials that can also be used are alumina based 

anionic clays, such as layered double hydroxides (LDH).  LDH are a subset of anionic clays, 

used in many field including, corrosion, catalysis, water filtration, and pharmaceutical [17-19].  

 The composition of LDH are layered similarly to Montmorillonite (MMT) platelets, a 

phyllosilicate clay used previously in our lab as a nontoxic ceramic additive for nanocomposite 

coatings. Traditional clays can readily delaminate in water, due to the good solubility properties 

of the cations, typically sodium, used to intercalate between the negatively charged platelets. 

LDH is an anionic clay, using various transition metals in place of silicates, leaving positively 

charged sites on the platelet, and anions in the gallery. LDH does not readily delaminate in water 

so modified electrolyte solutions need to be developed to keep the LDH in the plating solution.  

Unlike MMT, the charge between platelets is both positive and much stronger than that of typical 

phyllosilicate clays. Due to this, delamination in water is impossible without special additives 

that, if used in a nickel deposition, may disrupt reduction and coating formation [20].  

Traditionally, LDH is delaminated in an organic solution, such as alcohols. This comes from the 

strong attraction between water, the intercalating anion (in between layers of LDH platelets), and 

the positively charged aluminum hydroxide species in the platelets. This strong charge binds the 

anions and addition water, through hydrogen bonding and prevents delamination. Special anions 

can be substituted into the LDH, discussed in chapter 3, in order to facilitate delamination in 

certain solvents. The work in this chapter discusses the electrolytes, additives, and parameters 

necessary to electrodeposit a nickel coating onto stainless steel in a medium that is also well 

suited to later LDH incorporation. The films will be characterized with various techniques, so 

that any improvements caused by the additional organic additives may be accounted for when 

understanding the benefits of a nickel-inorganic composite coating.  
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2.2 Electrolyte selection  

 It has long been known that the electrolyte choice for electrodeposition can have various 

effects on the resulting deposited metal coating. Electrolyte salts of various sizes, functional 

groups, cation choice, and complexing abilities are known to affect the reduction process. 

Namely, the reduction potential, pH range, surface energy, and crystal growth can be affected by 

electrolyte choice. Our group has developed multiple such baths for nickel deposition, and the 

focus of this work began with the development of a successful novel nickel electrodeposition 

bath. Of the common baths systems, discussed in chapter one, most, generally use a combination 

of nickel chloride (NiCl2) and nickel sulfate (NiSO4) [21]. Nickel sulfate is the primary nickel 

source and is relatively inexpensive. Nickel chloride is primarily used to deteriorate the nickel 

anode in a galvanic cell. It has shown to promote uniformity in the coating and also an increase 

in conductivity of the solution [22]. Additionally, chloride ions are known to be one of the 

strongest charge neutralizers and stacking ions for LDH, so nickel chloride was not considered as 

a suitable base electrolyte for the system for 3 reasons [23].  First, uniformity of coatings can be 

achieved through the use of organic additives in low amounts. Second, the conductivity increase 

is not necessary when starting from sodium borate and converting to boric acid, via a pH change; 

this leaves an excess of sodium atoms to improve conductivity throughout deposition. Lastly, as 

mentioned above, there is a probability of free chloride ions interacting with LDH platelets and 

leading to unwanted aggregation. NiSO4 has been shown to work well for nickel deposition in 

all-sulfate baths. The sulfate anion is similar to the head group of the intercalating ion sodium 

dodecylsulfate and a competitive reaction in solution was considered minimal. Sodium borate 

(Na2B4O7) and boric acid are very popular choices for additives in nickel baths and it has been 
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shown that in the presence of sulfuric acid, borate readily converts to boric acid [24]. For these 

reasons, NiSO4 was selected as the electrolyte nickel source for the electrodeposition process. 

2.3 Additive Selections 

2.3.1 Sodium Gluconate 

 In 2011, Ali Eltoum et al. published work showing a successful electrodeposition of 

nickel in a novel bath containing nickel sulfate, boric acid, ammonium sulfate, and sodium 

gluconate, showing good current efficiency, but necessitating a raised temperature of 50 °C [25]. 

Since room temperature depositions and acidic baths were important to the bath parameters, an 

attempt was made to modify these ingredients and develop a modified bath based on these 

findings. I experimented with using sodium gluconate as the primary electrolyte and as a cost 

effective method for depositing nickel coatings on stainless steel.  Table 2.1 shows the 

composition of a bath developed to deposit such films. Results of this work is discussed in 

section 2.6. 

Table 2.1: Chemical composition of the novel gluconate bath. 

Components Values 

 

Ni(NH4)2(SO4)2 

  

 

0.01 M 

C6H11NaO7 0.1 M 

 

pH 

 

3, 6, 9 ± 0.05 

Temperature 25 °C 
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2.3.2 Sodium Borate 

  Recently, a number of new electrolyte systems have been developed to lower the cost and 

widen the pH range of nickel deposits; however, the most common still in use are Watts' type 

baths, which take advantage of the complexing effects of borate ions and its ability to 

cathodically shift hydrogen evolution during deposition [26-30]. Boric acid has a long history as 

an electrolyte for nickel electrodeposition. It has been shown to provide a buffering effect at the 

electrode surface and to decrease the amount of hydrogen embrittlement in Ni coatings [31, 32]. 

Though the mechanism is not well understood, borate forms a weak complex with nickel in 

solution that is advantageous for deposition at low current densities [29, 33, 34].  

2.3.3 N, N-dimethylformamide 

 Research shows that additions of organic molecules can have advantageous effects on the 

mechanisms of crystal growth, morphology, and the resultant corrosion inhibition of nickel 

coatings [30, 35].  Previously, N, N-dimethylformamide (DMF) was successfully used as an 

organic modifier to control microstructure, current efficiency, and hardness for nickel 

electrodeposits [36, 37].  More recently, nickel based alloys and nanocomposite coatings 

electrodeposited in pure DMF were examined as aprotic solvent baths to deposit metals that 

typically can't undergo deposition in aqueous systems [38, 39].  Microcracking is often observed 

in these systems due to internal strain from the growth mechanism caused by large amounts of 

DMF [25-38].  

2.3.4 n-Butanol 

 Aliphatic alcohols have been used as modifiers to generate fine grained nickel 

electrodeposits. Addition of unsaturated alcohols such as 2-butyne-1, 4-diol and propargylic 
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alcohol into a nickel electroplating bath were shown by Macheras et. al. to induce inhibited 

growth modes on nickel crystallization during electrodeposition but it wasn't shown to be 

controllable for isolated or polycrystalline growth planes [40]. Kaneko et. al. studied the effects 

of n-propyl, allylic, and propargylic alcohol and found that these aliphatic alcohols caused a 

cathodic shift in the reduction potential of nickel as well as an inhibitory effect on the current 

efficiency in Watts' type baths increasing in order, respectively [41]. It was seen that the more 

unsaturated the species the more cathodically shifted the reduction became. It was also shown by 

Costavaras that both 1, 4-butenediol 1, 4-butynediol completely inhibit discharge of nickel above 

25 mM concentrations [35].  Oxygen containing species, like these diols, containing unsaturated 

bonds will adsorb parallel to the electrode surface to be hydrogenated which is beneficial but 

potentially decreases the natural efficiency of borate species for removing adsorbed hydrogen at 

the electrode surface [42]. This adsorption affinity also limits the amount of additive that can be 

added to solution.   

 Composite materials for use as corrosion inhibitive coatings containing nanoparticle size 

dopants of various composition is a growing field of research but, so far is limited to purely 

aqueous systems. It is of great interest to develop organic-aqueous bath systems that allow both 

the deposition of nickel coatings and the stabilization of any non-soluble dopants for these 

coatings [43]. In my literature survey, no information on n-butanol (BuOH) as a modifier for 

nickel electrodeposition was found. BuOH presents terminal alcohol properties and fully 

saturated bonds, which are expected to allow the deposition of nickel without the typical strong 

cathodic shift, or undesirable inhibition of the crystal growth, seen with the 1, 4 or propyl 

alcohols. Additionally, it was found recently that the important role borate plays in complexing 
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with nickel and facilitating the reduction process can be inhibited by diol compounds, known to 

complex with borate in solution [44].  

2.4 Experimental Motivation 

 The present work establishes a method to deposit smooth, semi-bright nickel coatings 

from both a novel gluconate bath and a modified sulfate bath at room temperature, the latter 

having large concentrations of DMF and butanol (BuOH). The morphology of these deposits is 

studied to determine the effect that DMF and BuOH have on the reduction potential, growth 

inhibition, and corrosion resistance to chloride attack for a series of nickel coatings deposited 

from baths containing 5 or 10% DMF, BuOH, or a 50/50 combination.   

2.5 Experimental Parameters 

2.5.1 Materials 

 All reagents were analytical grade and were used as received with no further processing.  

DMF (Lancaster 99%) and BuOH (Mallinckrodt) were used either alone or in a 50/50 ratio by 

volume.  All nickel coatings were electrodeposited from solutions containing components listed 

in table 2.2. By using the sodium borate and adjusting the pH to acidic levels, sodium cations 

initially increase conductivity of the solution and also maintain higher conductivity throughout 

the deposition, as Ni
2+ 

is precipitated out of solution.   
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Table 2.2: Components of the modified all-sulfate bath. 

Components Values 

 

NiSO4·6H2O  

 

0.1 M
 

Na2B4O7·10H2O 0.15 M
 

 

pH  

 

3 ± 0.05 (5 M H2SO4 ) 

Temperature 25 °C 

 

2.5.2 Electrodeposition of Nickel Coatings 

 An EG&G PAR potentiostat/galvanostat model 273A was used for all depositions. The 

electrode substrates used were 15 mm stainless steel 430 disks (Ted Pella), attached to copper 

leads with silver based epoxy and coated in resin epoxy to expose only one face. The stainless 

steel working electrodes were prepared by polishing from 320, 400, 600, and 1200 grit SiC pads, 

followed by a final polish with 0.30 µm alumina.  Electrodes were submerged in 5 M H2SO4 for 

120 s just prior to deposition and cyclic voltammetry studies.  Electrodeposition for all nickel 

coatings  was carried out by a modified pulse loop consisting of -1.08 V for 10 s followed by -

0.6 V for 4 s, scanning at 100.0 mVs
-1

 between steps, to a total charge of ~40.0 Coulombs.  

2.5.3 Characterization Techniques 

 Cyclic voltammetry (CV), open circuit potential immersion testing (OCP), linear 

polarization, and electrochemical impedance spectroscopy (EIS) studies were performed on with 

a PAR Parstat 4000 potentiostat. Cyclic voltammetry of the solutions was carried out in a three 

electrode cell system composed of a stainless steel (SS) working electrode, chromel counter 

electrode, and a saturated calomel (SCE) reference. Linear polarization scans, EIS, and OCP 
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were all carried out in a solution consisting of 3.5% sodium chloride diluted with deionized 

water. Coating morphology was characterized by an Environmental FEI Quanta 200 scanning 

electron microscope and by powder X-ray diffraction with a Seimens D-500 X-ray 

diffractometer from 30-100 degrees 2θ, with CuKα radiation source (λ = 0.15406 nm) set to 35 

kV and 24 mA. 

2.6 Results of Sodium Gluconate  

 The bath values were based on the combination of two CV calibrations, one being a 

series of concentrations changes in the concentration of nickel (Δ[Ni]) vs. Epc, while the 

concentration of sodium gluconate ([Gluc]) was held to 0.1 M. The other, Δ[Gluc.] vs. Ipc, where 

[Ni] was held to 0.01 M.  The results showed that the optimal values were those listed above in 

table 2.1.  Additional CV's were performed to determine the optimal pH of the solution for nickel 

deposition and are shown in figure 2.1 below. Varying the [Ni] will help to determine if there is a 

linear correlation between [Ni] and the current density in the bath. A linear growth was not seen 

in this case. [Gluc] was varied in order to understand the complexing strength of the gluconate 

ligand, any competing reactions it may have with the solvent. This result showed no linear 

increase in the Ipc. The pH was adjusted to determine if there are any conversions of the 

gluconate due to pH changes in the bath solution.  
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Figure 2.1: CV study of Ni-gluconate bath at various pH values of pH = 3 (black), pH = 6 (red), 

and pH = 9 (blue). Scan rate was 50 mV/sec. 

 At pH 9, the solution slightly hazy in appearance and there is no discernible Ni reduction. 

At pH 6, a small reduction peak for Ni(s) is present at -1.25 V.  At, pH 3, a strong nickel 

reduction peak was observed at -1.29 V, and has the largest separation of Ni reduction and H2 

evolution peaks.  Electrodeposition of nickel from this novel bath was carried out based on the 

quantities listed in table 2.1, at both pH of 3 ± 0.05 and 6 ± 0.05 at ambient temperature, and 

from both a direct potential and modified pulsed potential application. Initially, a constant 

potential of -1.25 V was applied, based on the CV scans, resulting in no visible deposition for 

either pH condition. The potential was shifted cathodically by -0.10 V until deposition of nickel 
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was observed.  The deposition of nickel was finally observed at a potential of -1.35 V, however a 

large amount of hydrogen evolution was also present, resulting in thin, spotty deposits. A 

modified pulsed potential step was applied next, in this manner: -1.3 V for 10 sec, a 100 mV/s 

scan to -0.6 V, held for 3 sec, before scanning back to -1.3 V at 100 mV/s. This resulted in thin 

coatings, displaying some uniformity, but very little adhesion to the underlying steel substrate, 

that would peel easily. After many attempts, a successful coating was never produced at either 

pH range. The work on gluconate was halted and the focus on borate was then tested.  

2.7 Effects of DMF and BuOH on Nickel Reduction Potential  

 Cyclic voltammetry was performed for each of the electrolyte bath systems, listed in table 

2.2, to determine the effects of DMF and BuOH on the reduction potential at pH 3 ± 0.05.  Each 

solution was scanned between -2.0 to 0.5 V, starting from OCP, at a scan rate of 10 and 50 mV/s. 

Scans of this nickel borate system at 50 mV/s are displayed in figure 2.2. As can be seen, the 

graphs display only small peaks in the region of -0.8 to -1.0 V, indicative of nickel reduction. 
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Figure 2.2: Cyclic Voltammetry of 0.1 M Ni(SO4) in 0.15 M Na2B4O7, pH = 3 at 50 mV/s. a) 

H2O + 0%, 5% and 10% DMF additions of total solvent volume, b) H2O + 0%, 5% and 10% 

BuOH additions of total solvent volume, and c) H2O + 0%, 5% and 10% of a 50/50 (v/v) 

DMF/BuOH mixture additions of total solvent volume. 

 Additionally, graphs a) and c) display a wider curve in the more cathodic regions, due to 

simultaneous reduction of nickel and the evolution of hydrogen. Nickel reduction is a 

complicated process known to be heavily affected by its kinetics, leading to a shift of the Epc to 

more cathodic potentials as the scan rate is increased. For this reason, additional CV's were 

performed at a lower scan rate of 10 mV/s. This slower scan speed allows the slow kinetics of 

nickel reduction to occur closer to the true formal potential and to be separated from much of the 

hydrogen evolution peak. The lower current generated was still substantial enough to be easily 

discerned from the background current generated during most CV scans.  
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 A new naming convention was also used for this work, to make sample identification 

more discernible, these names and their solvent composition are listed in table 2.3.  

 

Table 2.3: Solution compositions for each bath. 

 

 

Cyclic voltammograms for each sample bath, are displayed with and without the presence of 

nickel in figure 2.3. Electrolyte bath systems containing no nickel are shown with α designations 

and were performed to subtract any capacitive effects DMF or BuOH have in the bath.  

 

 

 DMF (%) BuOH(%) H2O(%) 

A1 0 0 100 

B1 5 0 95 

B2 10 0 90 

C1 0 5 95 

C2 0 10 90 

D1 2.5 2.5 95 

D2 5 5 90 
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Figure 2.3: Cyclic voltammograms of samples at 10 mV/s. a) A1, b) B1 and B2, c) C1and C2, 

and d) D1, and D2. α designations denote samples that did not contain Ni(SO4) and were 

included to show that the organic additives did not affect double layer capacitance during the 

scans. 

 For all samples, when scanned at a rate of 10 mV/s the nickel reduction is clearly visible 

and separated, to a large degree, from the evolution of hydrogen at the electrode. The α 

designated scans, containing only additives all show minimal capacitive effects in the double 

layer, which was expected, based on discussions of these species in chapter 1. Nonetheless, the 

effects were subtracted from the Ipc and Ipa values. All results of this study are displayed in table 

2.4 below.  

Table 2.4: Epc, Epa, Ipc, and Ipa for each sample determined by cyclic voltammetry at a scan rate of 

10 mV/s. 

  Epc (V) Ipc (mA) Epa(V) Ipa (mA) 

 

A1 

 

 

-1.22 

 

18.4 

 

-0.300 

 

0.484 

B1 

 

-1.19 16.6 -0.323 0.495 

B2 

 

-1.19 16.1 -0.323 0.696 

C1 

 

-1.33 15.0 -0.300 0.465 

C2 

 

-1.27 14.7 -0.287 0.853 

D1 

 

-1.19 16.5 -0.300 0.638 

D2 -1.19 16.0 -0.273 0.633 
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 Addition of DMF in samples B1 and B2 shifted the reduction potential of nickel more 

anodic versus A1. The current decreased as DMF percentage is increased, due to a larger amount 

of adsorption onto the electrode surface leading to a drop in conductivity.  Samples C1 and C2, 

containing BuOH, showed the largest cathodic shift in the reduction potential and the lowest 

current. This is consistent with Nakamura's findings that aliphatic alcohols do cause a cathodic 

shift in the reduction potential of nickel [33].  

The cathodic shift observed in C1 and C2, however, was offset when in the presence of DMF, 

seen in samples D1 and D2, and current does not appear to be affected. This suggests that DMF 

has a higher affinity for adsorption onto the stainless steel electrode. In each sample set B, C, and 

D, a decrease in Ipc was observed, showing a decrease in solution conductivity. Hydrogen 

evolution in the cathodic region is considerable but expected at such a large negative 

overpotential and the characteristic suppression, due to the presence of borate, is evident in this 

system.  Oxidation from Ni(0) to Ni2O3, Ipa, in all solutions is minimal, and each organic 

modifier appears to have little effect on the Epa and Ipa in that direction.  

2.8 Deposition Conditions of Nickel Coatings  

 A modified pulse reverse deposition provides more uniform coatings during deposition 

[12].  Based on the results of the CV study, a deposition potential of -1.08 V was selected, for 

two reasons. First, all of the reduction peaks occur simultaneously with the evolution of 

hydrogen. A reduction potential of -1.08 V minimizes production of hydrogen on the electrode 

surface, while still providing a large enough overpotential to deposit nickel from solution. 

Deposition of A1 was used as a bench mark to test the deposition quality between -1.0 V to -1.2 

V as the cathodic pulse potential.  It was found that -1.08 V produced good quality, uniform 
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nickel coatings with minimal hydrogen evolution. The dissolution potential of -0.6 V, 

determined experimentally; the potential at which a minor inversion in current flow was 

observed. A running scan rate of 100 mV/s between these potentials was selected because it 

produced more uniform deposits versus a square wave potential step method.  The deposition 

was cycled until ~40 C of charge was passed to provide full coverage of the stainless steel 

electrode. All coatings are similar and semi-bright in appearance. Pictures of the coatings are 

shown in figure 2.4.  

 

Figure 2.4: Surface of coatings after deposition on stainless steel substrate under conditions listed 

in Table 2.2.  

 2.9 X-ray Diffraction of Nickel Coatings 

 The effects of the borate and the additions of DMF, butanol, and the DMF/BuOH mixture 

on the preferred orientation of nickel was investigated using powder XRD, the results are shown 

in Figure 2.4.  There are two predominate reflections observed within each coating, the (111), 

and (220) planes. Those orientations are characteristic for fcc nickel, although (220) growth is 
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more intense in each system. This mixed phase is a result of the reduction potential of  -1.08 V 

applied during the deposition of the coatings being more cathodic than the reduction potential 

observed by cyclic voltammetry. It was found by both Abel and Cortes that a lower overpotential 

can cause a preference for [110] growth planes when there is a low current density, lower 

overpotential, or in the presence of wetting or brightening agents [45, 46].  Samples B1 and B2, 

containing DMF, showed a preferred (220) orientation which is consistent with the observed 

anodic shift in the reduction potential of nickel for these samples. Samples C1 and C2, 

containing butanol, display less (220) preferred growth, again consistent with the observed 

cathodic reduction potential shift of nickel. 

 



 
 

52 
 

Figure 2.5: Relative peak intensities for nickel coatings between 30-100° 2θ. Sample names 

follow conventions in Table 2.3. 

 When both DMF and BuOH are present in the plating bath, DMF displayed a stronger 

influence over the crystalline formation of nickel seen in samples, D1 and D2.  This is most 

likely due to DMF's potential to complex with Ni in solution, as opposed to BuOH, that affects 

Ni by adsorption to the substrate and dehydrogenation.  

 To better understand how addition of DMF influences the (220) preferred orientation by 

shifting the reduction potential more anodically, the relative peak intensities were analyzed by 

determining the relative texture coefficients of the 3 peaks present in the XRD patterns. 

Additionally, due to the polycrystalline nature of the coatings, determining which orientation is 

more beneficial for corrosion resistance was of interest as well.  The influence of each can be 

represented by calculating the relative texture coefficient for each orientation and comparing it 

with the corrosion resistance of the films.  Eq. 2.1 shows how this was performed, where Ip, hkl is 

the intensity of the peak for each sample at (111) and (220), and I°p, hkl is the intensity for the 

nickel standard reference (PDF# 00-004-0850). [47]. 

RTChkl = 
              

                
*100%                                                                                      (Equation 2.1)    

The reference provides a random orientation pattern to compare against any preferred orientation 

found in the samples.  Results are listed in Table 2.5. 
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Table 2.5: Relative texture coefficients for (111), (220), and (311) growth planes for each 

sample. 

 RTC111 RTC220 RTC311 

 

A1 5.26 72.32 17.66 

 

B1 4.21 88.18 6.04 

 

B2 2.96 93.65 2.51 

 

C1 8.09 71.84 15.74 

 

C2 7.80 72.66 15.26 

 

D1 2.92 90.58 5.12 

 

D2 4.67 82.66 10.06 

 

 Sample A1 has a relative texture coefficient of 72.32 for the dominant (220) reflection, 

5.26 for (111), and 17.66 for (311). This serves as the reference set to show how additions of 

DMF, BuOH, or the mixture affect the relative intensity of each growth plane. For samples sets 

B and D, the RTC for the (220) appear much higher, on average, than sets C or A1.  

Additionally, (111) values are lower in set B, with a correlation between the amount of DMF 

added and a lower RTC111. This shows a strong correlation between the anodic shift observed in 

the reduction potential for nickel and the associated growth mechanism. Additionally, samples 

C1 and C2 display RTC values similar to that of A1, at 71.84 and 72.66, respectively, which is 

also consistent with the observed cathodic shift in nickel reduction potential for C1 and C2.  The 

RTC for (111) is highest for C1 and C2 as well, at more than 2% higher than that of A1, which 

may affect the corrosion resistance of the coatings.  

 It was found previously, by Tikoo, that DMF addition into the coating bath can lead to 

microcracking and internal strain in nickel electrodeposits, so lattice strain and Williamson-Hall 
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analysis was performed to determine the grain size and strain.  A correction for instrumental 

broadening was performed using a Si powder 325 mesh (Alpha Aesar) and comparing against 

PDF# 00-027-1402 for silicon instrumental shift, was corrected using a combination of the prior 

Si standard and two stainless steel peaks present in each sample, at 64.92 and 82.18° 2θ against a 

Fe-Cr alloy, PDF# 00-041-1224. The particle size and strain was calculated by solving for the 

full width at half max (FWHM) of the nickel peaks for reflections (111), (220), and (311) using 

Eq. 2.2, where Br equals the FWHM of each peak due solely to the lattice strain and particle size, 

Bo is the observed FWHM of the nickel peaks, and Bi is the instrumental broadening. 

  
    

    
 

                                                                                                                                                                   (Equation 2.2)   

Williamson hall plots for each sample are shown in figure 2.6. Lattice strain and particle size 

were found by solving for the slope and intercept and are listed in table 2.6. The strain for each 

coating is minimal, most likely due to the presence of borate and absence of allylic groups on the 

two organic modifiers [45].  Particle size ranges from 14.34 to 43.88 nm, which was expected 

due to the addition of a borate electrolyte, the addition of organic modifier, and a pulse reverse 

deposition [10-12, 30, 35]. 
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Table 2.6: Strain and particle of each sample. 

 Strain (η) Particle Size (nm) 

 

A1 

  

  0.0083 

 

16.09 

 

B1 

 

0.0065 

 

20.69 

 

B2 

 

0.0017 

 

25.41 

 

C1 

 

0.0092 

 

19.05 

 

C2 

 

0.0175 

 

34.48 

 

D1 

 

0.0002 

 

43.88 

 

D2 

 

0.0094 

 

14.34 
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Figure 2.6: Williamson-Hall plots for each coating: a) A1, b) B1, c) B2, d) C1, e) C2, f) D1, and 

g) D2. 

2.10 Surface Morphology   

 All samples were examined with SEM after deposition. On the freshly deposited samples, 

shown in figure 2.7, we observe fine grained deposits of nickel, which were free from cracking 
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and uniform across the surface. All samples appear crystalline, consistent with XRD data, and 

similar in morphology.  The presence of (220) geometry appear as pyramidal structures but due 

to the mixed (111) and (220) reflections, the surface is comprised of a hybrid geometrical 

appearance throughout all samples [35].  Sample B1 (b) is similar in crystallinity to A1. Samples 

D1 (f) and D2 (g) appear consistent with results from XRD, with sample D1 and A1 displaying 

the largest microstructures of all samples.   
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Figure 2.7: SEM images of each nickel coating (a) A1, (b) B1, (c) B2, (d) C1, (e) C2, (f) D1, and 

(g) D2 fresh after deposition.  

2.11 Corrosion Studies 

2.11.1 OCP and Polarization Analysis 

  All coatings were submerged in a 3.5% NaCl solution and the OCP monitored for 14 

days prior to Tafel analysis. Pictures of the resulting coatings are presented in figure 2.8. OCP 

results can be seen in figure 2.9. None of the samples experienced a drastic change in OCP, but 

evidence of generalized corrosion on the surface was observed on all samples except for C1, for 

which no visible oxidation was observed. Sample C1 also maintained the most anodic open 

circuit potential at -0.280V, along with A1, suggesting a barrier like protection.  After 14 days, 

each sample was analyzed for corrosion resistance by linear polarization to determine Ecorr and 

Icorr values.  Samples were immersed in fresh NaCl (3.5%) for at least 30 min until a stable OCP 

was reached.  

 

Figure 2.8: Surface of coatings after 14 days immersion, EIS, and linear polarization.  
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Figure 2.9: Measured OCP vs. time for each nickel coating immersed in 3.5% NaCl. 

 Each film was then scanned at ±250 mV from OCP in both directions at a scan rate of 1.0 

mV/s. The Ecorr and Icorr values were measured by finding the intersection point of two 

extrapolation functions of the linear sections of the anodic (βa) and cathodic (βc) portions of the 

scan.  The results are listed in Table 2.7 and Figure 2.10 shows the linear polarization plots for 

the various coatings.  All sample sets containing organic modifiers (B, C, and D) display better 

passivation than sample A1, which can be seen by the angle of βa. Sample B2 displayed the 

lowest Icorr value at 1.92 E
-7

 Acm
-2

, which is lower than the nickel coating with no modifier, A1, 

which displayed an icorr of 1.99 E
-7

 Acm-
2
.  C2 displayed an Icorr value of 2.14 E

-7 
Acm

-2
; this 

shows that when adding only a single organic modifier to the bath, the higher concentration is 

preferred for corrosion resistance. This result was surprising but, ultimately, beneficial when the 
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goal is to increase the loading of colloidal LDH in the bath system. Samples D1 and D2 

displayed the highest Icorr values, at 1.02 E
-6

 and 1.32 E
-6 

Acm
-2

 respectively. This result suggests 

that addition of BuOH leads to a higher Icorr value than with the addition of DMF.  Additionally, 

this effect is true for sample set D, where the Icorr value is more influenced by the addition of 

DMF in the bath. This is consistent with the reduction potentials observed in Table 2.4. The 

result suggest that the amount of RTC220 character plays a role in the ability of the nickel coating 

to be forcibly oxidized. Electrochemical impedance spectroscopy was used to further elucidate 

the method of oxidation and to determine the best bath condition for the addition of LDH 

colloids.  

Table 2.7: Ecorr and icorr values calculated from Tafel analysis.  

 Ecorr (V) Icorr (A/cm
2
) 

 

A1 

 

 

-0.405 

 

1.99E
-7 

B1 

 

-0.374 3.42E
-7

 

B2 

 

-0.368 1.92E
-7 

C1 

 

-0.234 3.35E
-7

 

C2 

 

-0.343 2.14E
-7

 

D1 

 

-0.451 1.02E
-6

 

D2 -0.413 1.32E
-6
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Figure 2.10: Linear polarization curves for each coating in 3.5% NaCl after 14 days of 

immersion. a) Samples A1, B1, B2, b) C1, C2, D1, and D2.  

2.11.2 Electrochemical Impedance Spectroscopy  

 To better understand how DMF and BuOH affect the corrosion resistance of these 

electrodeposited nickel coatings, electrochemical impedance spectroscopy was performed. EIS 

was performed from OCP with a frequency scan range from 100 MHz to 25 mHz with a 

perturbation amplitude of ΔE = 10 mV.  ZView software was used to model EIS results with the 

equivalent circuit along with Nyquist plots of the results are shown in table 2.8. Values of each 

circuit element were calculated by ZView software.   

Table 2.8: Calculated circuit elements generated from ZView 

 Rs (Ω)
 

CPEf 

(µFcm
-2

)
 

α1 Rp (Ωcm
2
) CPEdl 

(µFcm
-2

) 

α2 Rct (Ωcm
2
) 

 

A1 

 

 

12.99 

 

7.53 

 

0.826 

 

945 

 

8.16 

 

0.625 

 

32653 

B1 

 

13.87 3.76 0.899 596 3.86 0.691 26652 

B2 

 

11.16 3.45 0.918 2060 8.82 0.661 22785 

C1 

 

10.13 7.318 0.813 1662 5.08 0.718 73672 

C2 

 

10.58 4.93 0.869 1656 3.83 0.610 69290 

D1 

 

9.98 5.17 0.874 369 6.83 0.619 27634 

D2 10.90 5.31 0.843 4404 8.43 0.660 57513 

 

 Each sample was normalized to a 1.0 cm
2 

area and modeled successfully. The circuit 

model contains 5 elements; 3 resistors and 2 constant phase elements, which model non-ideal 

capacitors. Rs represents the resistance of the 3.5% NaCl solution, Rct represents the charge 
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transfer resistance of the electrochemical reaction of the solution with the stainless steel by way 

of possible small pores in the metallic coating [48]. CPE1-T represents the capacitance of the 

electrical double layer and α1 is coefficient between 0 and 1, 1 being ideal, representing the 

behavioral deviation from an ideal capacitor and CPE2 and α1 represents the interfacial 

capacitance between the solution and the Ni coating. Rp is the polarization resistance. Values for 

Rs range between 9.98 and 13.87 Ωcm
-2

, shown in table 5, displaying a reliable fit for each 

sample.  

  Nyquist plots and fittings for each sample each show a distinct single semicircle pattern 

shown in figure 2.11. C1 and C2 display the largest semi circles, and also have the highest Rct 

values at 73,672 and 69290 Ωcm
2
, respectively. This increase is most likely due to the cathodic 

shift in reduction potential observed in the CV's. This most likely leads to deposits with smaller 

grain sizes and less porosity, demonstrated by their Rct values. Sample D2 also displays a higher 

Rp value than sample A1, indicating that the 5% BuOH is exerting a beneficial effect on the 

crystal growth and overall corrosion resistance of the nickel coating, even when in the presence 

of DMF. This is the first observed instance where the sample D1 shows a characteristic that is 

mainly influenced by the addition of the BuOH Samples B1 and B2, containing DMF only, show 

lower Rp values, a similar in a pattern corroborated by their measured Ecorr values.   

 The capacitive effects are caused by double layer capacitance of ions near the electrode 

surface (CPEdl) and by the porous oxide layer (CPEf ) that acts as a dielectric between the coating 

and the solvent medium. These values are consistent between sets, showing that the oxide layer 

formation is somewhat consistent through every sample. The disparity between α1, which 

represents the passive layer, and α2 which represents the double layer capacitance, is roughly 

0.15, meaning that the passive layer displays more pure capacitive behavior. This is consistent 
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with experiment for two reasons. First, the experiment is conducted under steady state 

conditions. This means that the coating is not heavily polarized at the surface and doesn't lead to 

a high amount of cationic distribution across the surface. Second, the passive layer truly acts like 

a dielectric, which is an important aspect of capacitors charge density.  

 

Figure 2.11:  Nyquist plots and fittings for nickel coating samples for the circuit shown. 

 The Bode phase angle plots were studied to determine how the phase angle affected the 

capacitive and corrosion resistant behavior of the coatings. All coatings tested display 2 time 

constants, shown in figure 2.12, which are consistent with the circuit model and fitting.  This 

suggests that there are two capacitive responses, first for the interface of the nickel coating to the 

substrate and second due to diffusion of solution through an outer nickel-oxide layer that is 
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formed. This is displayed as a second maxima in the lower frequency regions for all samples 

[48]. All coatings approach 0° in the high frequency region and the phase angle maximum 

occurred between the 30-50 Hz, for every coating except for sample C1, which occurred at 2 Hz.  

Samples B1 and B2, containing only DMF displayed the highest phase angles at their specific 

organic concentrations in this region but drop to lower angles an order of magnitude earlier than 

samples C1 and C2.  Sample D2 maintains the highest phase angle in the low frequency region, 

showing a stronger capacitive effect than any other coating. 
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Figure 2.12: Bode phase angle plots displaying the 2 time constants. a) samples A1, B1, B2, and 

b) samples C1, C2, D1, D2. 

 

2.12 Conclusions 

 Through this work, I have determined that the modified sodium gluconate bath was not 

successful and an increase in bath temperature may be required for successful deposition. This 

hindrance was not acceptable for the direction and purpose of this work and was therefore, 

discontinued. 

 By contrast, this modified all-sulfate bath, utilizing a 10 fold decrease in NiSO4, and a 

higher Na2B4SO4 content can successfully deposit nickel at room temperature, with comparable 
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current densities, nanocrystalline size, and little to no strain. These findings were unexpected and 

this is the first bath to accomplish these results.  

 The observation that the additions of DMF and BuOH at high concentrations did not 

hinder the growth of a nickel coating was significant. This proves that the addition of DMF is not  

dependent upon a nickel acetate electrolyte and the coatings can be deposited without added 

stress  cracking,  from a room temperature deposition with these parameters. The corrosion 

resistance, however, was diminished, making DMF a poor candidate for a continuous phase for 

LDH colloidal additions in the next phase of research. However, BuOH can be added to the 

novel nickel bath at percentages up to 10%, with no added internal strain and is shown to 

improve the corrosion resistance of the nickel films. The mechanism of improvement is not 

completely understood and should be studied further. BuOH appears to be a very suitable 

candidate as both a continuous phase for LDH and as an organic modifier for nickel deposition.  
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CHAPETR 3 

SYNTHESIS AND CHARACTERIZATION OF NICKEL-LAYERED DOUBLE 

HYDROXIDE METAL-MATRIX COMPOSITE. 

3.1 Introduction to Ni-LDH Composites  

 A substantial amount of research has been focused on metal matrix composites coatings 

to improve the corrosion resistance and to affect the physical properties of these coatings [1-4].  

Inclusion of, typically, ceramic nanoparticles into the metal matrix can add increase hardness, 

thermal stability, tribological properties, and corrosion resistance [5-7].  Nickel, magnesium, 

aluminum, and zinc are commonly used for their relatively easy coating formation and post 

processing. Nickel coatings provide toughness good general corrosion resistance but are 

susceptible to pitting and microbial induced corrosion, thus necessitating a need for alloying or 

inclusion of additives to improve their service life [8, 9]. This makes it a prime candidate for 

creating new metal matrix composites, especially from electrodeposition [10].  Many ceramic 

materials such as Al2O3, TiO2, CeO2, and ZrO2 have been successfully incorporated within nickel 

matrices and shown to improve the mechanical properties of electrodeposited coatings [11-14]. 

Additionally, previous work by our research groups has shown successful incorporation of 

exfoliated montmorillonite (MMT) nanoparticle platelets into nickel, Ni-Mo, and Cu-Ni 

coatings, all of which improved the corrosion resistance in sodium chloride (NaCl) and 

decreased the size of the matrix's crystallites [15-19].  Layered double hydroxides are similar in 

structure to MMT but provide a class of clay minerals with a wide variety of elemental 

compositions and properties. This makes them an interesting, and so far, unused, nanoparticle for 

inclusion into a metal matrix for improved properties.  
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 The most common class of hydrotalcite like minerals are layered double hydroxides 

(LDH). LDH are a class of anionic clays that are proving to be successful materials for corrosion 

resistance as pure coatings or as additives within polymer coatings but, to date, have not yet been 

incorporated into a metal matrix [20-22].  The crystallite layers consist of a combination of 

divalent and trivalent metal hydroxides in an anomalous sheet-like lattice framework with the 

general formula [M(II)(1-x)M'(III)x(OH)2]
x
A

n-
x/n·mH2O, where M is a metal species, A is a charge 

balancing anion, n is the valence charge of the anion, and m is the empirical molar coefficient of 

complexed water. The trivalent species substitution causes the LDH lattice to exhibit a strong net 

positive charge due to the forced octahedral geometry. Accompanying anion species each 

electrostatically bind to two of these sheets to form large, net-neutral layered structures. The 

elemental composition, size, and anionic exchange capacity are variable and can be controlled 

through the synthetic process. There are 56 known divalent-trivalent combinations, most of 

which are capable of exhibiting multiple M(II) : M(III) ratios, and not limited to what anion 

species is present to balance charge [23]. It of great interest to us to determine the viability of a 

metal-LDH nanocomposite material, as the many possible combinations could lead to functional 

composite materials with unique and tunable properties. 

 Studies have shown that it is more difficult to delaminate LDH than other silicate clays 

due to the increased surface charge, but it can be performed [22]. Chlorides and nitrate are the 

most common precursor anion for LDH synthesis due to the relative ease of substitution by 

intercalation of larger anion species, such as sodium dodecylsulfate [23-25].The intercalation of 

larger anion species is a common technique to facilitate the delamination process. This is 

commonly followed by delamination in organic solvents, such as formamide or various alcohols 

[25-27]. This is possible due to the lower Van der Waals forces of these solvents, and in which 
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colloids are most commonly produced. LDH delamination in water has only been reported under 

special circumstances in literature and was not considered a viable option for synthesis of a Ni-

LDH composite [28, 29].  Adachi-Pagano et. al. showed that delamination of Zn-Al LDH-DS 

could be carried out in the presence of a variety of alcohols, and of those, BuOH produced the 

highest LDH loadings of up to 1.5g/L [25].  This delamination process can be performed in a few 

possible ways, such as stirring, sonication, or heated reflux, but all still leads to relatively low 

amounts or suspended LDH colloids.   

 The incorporation of LDH into a metal matrix, to our knowledge, has not been attempted 

or discussed presently in literature. Previous research by our group showed that incorporation of 

MMT into a metal matrix could be carried out electrochemically and that it would incorporate 

itself through a combination of gravity, complexation with the metal cations, and a 

destabilization of the platelets' solubility due to pH effects in the double layer during deposition 

[15].  Additionally, we have studied the effects of butanol on the electrodeposition of nickel from 

a novel nickel bath to analyze the resultant morphology and corrosion resistance of nickel 

coatings, to differentiate the effects that incorporating LDH nanoparticles will add [30].  The 

results will allow me to determine the effects on morphology and corrosion resistance of a 

nickel-LDH nanocomposite film formed from an electrodeposition process in a novel bath with a 

LDH colloidal suspension dispersed into it at various amounts.  

3.2 Experimental Parameters 

3.2.1 Materials 

 All reagents were analytical grade and were used as received, with no further processing. 

LDH-NO3 was synthesized using Zn(NO3)2·6H2O (Alpha Aesar), Al(NO3)3·6H2O (Alpha Aesar) 
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and adjusted to pH 10 using 6 M NaOH (Fisher). Intercalation of sodium dodecylsulfate (SDS) 

(Fisher) into the LDH gallery was carried out under reflux conditions in a N2 atmosphere and 

then LDH nanoplatelets were suspended in BuOH (Mallinckrodt).  Ni-LDH composite films 

were electrodeposited from solutions containing 0.1 M NiSO4·6H2O (Alpha Aesar), 0.15 M 

Na2B4O7·10H2O (Fisher) and pH was adjusted using 5 M H2SO4 (EM Scientific).  

3.2.2 Synthesis of LDH-NO3 

 Nitrate (NO3) containing layered double hydroxide was synthesized from their native 

inorganic salts by coprecipitation.  A 600 mL solution containing 0.016 M Zn(NO3)2·6H2O and 

0.008 M Al(NO3)3·6H2O was stirred and refluxed under nitrogen atmosphere in decarbonated 

water at a constant pH 10 at 95°C for 24 hours, then aged for 24 hr at room temperature. Solid 

white products were centrifuged and washed repeatedly with ethanol and decarbonated water 

then dried in an oven at 100°C for 12 hours.  

3.2.3 Intercalation of Sodium Dodecylsulfate into LDH-NO3 

 LDH-DS products were formed by dissolving 1.00g of the dried LDH-NO3  and 3.0 g 

sodium dodecylsulfate (SDS)  into 600 mL of decarbonated water, then stirred and refluxed 

under nitrogen at 25°C for 72 hr. Solid white products were centrifuged then washed repeatedly 

with decarbonated water and ethanol prior to drying at 100°C for 12 hr.  

3.2.4 Colloidal Suspension of LDH 

 0.200 g LDH-DS was added to a 100 mL BuOH, sealed under nitrogen and refluxed at 

120°C for 16 hr, according to the procedure used by Adachi-Pagano [25]. During this procedure, 

a translucent layer and a miniscule solid layer were observed. The solid was collected and 
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weighed to show that the colloidal suspension was approximately 1.5 % LDH by weight, leaving 

a 1.5 g/L colloidal suspension that was kept under nitrogen atmosphere for storage.  

3.2.5 LDH Characterization 

 Characterization of LDH was carried out post drying for both the LDH-NO3 and       

LDH-DS containing species.  Infrared spectroscopy of the LDH powders was carried out on a 

Perkin Elmer Spectrum One FTIR Spectrometer from 450 - 4000 cm
-2

. Powder x-ray diffraction 

was performed on a Seimens D-500 X-ray diffractometer with a copper lamp set to 35 kV and 24 

mA. Samples were scanned from 2- 60° 2θ, at a step rate of 0.05 degrees and a dwell time of 1.0 

sec. Elemental analysis was on a Perkin Elmer Analyst 300 with both Zn and Al hollow cathode 

lamps. Particle size studies of LDH suspension and electrochemical baths were performed on a 

Beckman Delsa Nano-HC.  

3.2.6 Electrodeposition of Nickel and Ni-LDH Films  

 An EG&G PAR Potentiostat/galvanostat model 273A was used for all depositions. 430 

stainless steel electrodes were coated in epoxy to expose only one face and were prepared by SiC 

polishing from 400 to 1200 grit and final polished with a 1.0 µm alumina suspension on a felt 

pad. All electrodes were submerged in 5.0 M H2SO4 for 120 s, rinsed with DI water, and dried 

under nitrogen, prior to plating. Electrodeposition for both Ni films and Ni-LDH films was 

carried out by a modified pulse-reverse loop consisting of -1.08 V for 10 sec followed by -0.6 V 

for 4 s, scanning at 100 mVs
-1

 between steps, to a total charge of ~100 C. An SCE and coiled 

chromel wire were used as the reference and auxiliary electrodes, respectively. Bath 

compositions consisted of 0.10 M NiSO4, 0.15 M Na2B4O7, and additions of butanol (BuOH) at 

5% (B1) or 10% (B2) were used as controls, and the prepared BuOH based LDH colloid at 5% 
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(BL1), 10% (BL2), and  5% colloid + 5% BuOH (BL3). All solutions were adjusted to pH 3.00 ± 

0.05 with 5.0 M H2SO4. All depositions were performed at ambient temperature, 25° C. 

3.2.7 Characterization Techniques  

 Cyclic voltammetry (CV) of the plating baths were performed on a Pine Wave Now 

potentiostat at 10, 50 and 100 mVs
-1

 scan rates, starting from -0.245 V and scanning between      

-2.0 V and 0.5 V, respectively, then returning to -0.245 V. All films were characterized by an 

Environmental FEIQuanta 200 scanning electron microscope with an EDT detector coupled with 

an EDS energy-dispersive X-ray spectrometer. Powder X-ray diffraction was performed on 

coatings from 30-100° 2θ under the conditions listed in section 3.2.5, on a Seimens D-500 X-ray 

diffractometer.  

 To determine the corrosion resistant properties of Ni and Ni-LDH films, open circuit 

potential (OCP), electrochemical impedance spectroscopy (EIS), linear polarization (LPR) and 

potentiodynamic polarization were carried out on an EG&G PAR Parstat 4000 potentiostat, with 

a 1 cm
2
 working electrode area, with an SCE reference, and platinum counter electrode. 4 day 

immersion testing in 3.5% NaCl was performed, monitoring OCP.  EIS was performed after 

immersion, measured at frequencies from 1 X 10
5 

to 2 X 10
-2 

Hz, with a perturbation amplitude 

of 10 mV. To determine polarization resistance (Rp) values, linear polarization resistance (LPR) 

was performed on coatings by scanning ± 20 mV from OCP at a scan rate of 0.1667 mVs
-1

. To 

determine Ecorr and icorr values, potentiodynamic polarization scans were subsequently performed 

from ± 250 mV from OCP at a scan rate of 0.1667 mVs
-1

. 
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3.3 Theory of Ni-LDH Composite Formation   

 The Electrodeposition of metal matrix nano-composite provides a simple, often single 

step, method with heavy control over the properties of the species in solution and the bulk 

properties of the final coating.  A variety of ceramic nanoparticles discussed earlier have 

successfully been incorporated within a metal matrix, using electrodeposition in aqueous plating 

baths, but layered double hydroxides have only successfully been incorporated into polymer or 

resin matrices[31-33].  Incorporating nanoparticles of layered double hydroxides into a metal 

matrix presents challenges that are not present in the previously discussed nanocomposites. The 

net positive charge competes directly for anions that typically complex with Ni
2+ 

cations.  An 

organic continuous phase, at high concentrations, in the plating bath, is necessary for the 

delamination process, which could have damaging effects to the plating process.  The mass 

transfer method of both Ni and LDH platelets to the coating requires a modified potentiostatic 

pulse deposition. And lastly, the pH must be suitable for Ni deposition and LDH stability, while 

preventing flocculation of the platelets.  

 To address the authors concerns, the selection process of suitable organics were cross 

examined for both suitable continuous phases for LDH and as organic modifiers for nickel 

electrodeposition. The most common continuous phases are medium chain alcohols, but very 

little research has been conducted with monols as additives for nickel electrodeposition.  Butanol 

was selected as a prime candidate for delamination, due to its high loading capacity for LDH 

colloids but had not been studied as a plating bath additive. Previous work by the authors studied 

the effect of butanol addition in the plating bath at concentrations high enough to allow sufficient 

LDH into the plating bath [30].  Sodium borate was selected as a bath additive for its exceptional 

complexing ability with nickel electrodeposition. Additionally, it is not a strong binding anion 
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for LDH, due to its many coexisting forms in solution [34]. It can also be used in high 

concentrations to prevent adsorption on the LDH platelets from affecting complexation with Ni. 

An acidic pH of 3 allows for suitable acidic deposition whole not damaging the crystalline 

structure of LDH during deposition, though all plating baths were pH adjusted prior to the 

introduction of LDH and BuOH. A modified pulse reverse loop was constructed to address the 

migration problems, due to the low mobility of the nanoparticles into the double layer. The pulse 

loop was described in section 3.2.6, with a scanning rate of only 100 mVs
-1

 to allow sufficient 

repopulation of species near the electrode. By addressing these issues in the design of the plating 

bath and the plating parameters, the authors have successfully synthesized the first occurrence in 

literature of a Ni-LDH metal matrix nanocomposite.  

 3.4 Experimental Steps for Ni-LDH Composite Formation 

 Figure 3.1 represents the overall process of synthesizing the layered double hydroxide 

platelets, their intercalation, delamination.and introduction into the plating bath.  
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Figure 3.1: Overview of the layered double hydroxide colloid synthesis and Ni-LDH metal 

matrix composite coating process. 
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3.5 Synthesis and Characterization of LDH-NO3 and -DS  

 Synthesis of LDH-NO3 was carried out under nitrogen atmosphere to prevent 

contamination of CO2 and subsequent poisoning of the LDH with carbonate anions.  A 

coprecipitation method was chosen because the resultant LDH precipitate is of medium size, and 

readily delaminates, unlike more crystalline samples derived from urea methods [35, 36]. For 

both the coprecipitation steps and SDS intercalation, the precipitate was isolated by repeated 

washing with decarbonated water and ethanol, to remove adsorbed contaminants and excess 

surface water. The products were dried after washing, at 100°C for 12 hours. This temperature 

allowed for rapid desorption of excess water and some of the interlayer water without calcining 

the product. This step was necessary for both FT-IR and powder XRD spectroscopy on the -NO3 

and -DS intercalated LDH.  Intercalation of the dodecylsulfate ion into LDH was carried out 

under nitrogen, in decarbonated water and at room temperature.  1.000 g of LDH-NO3 was added 

to 3.0 g SDS, in 600 mL of decarbonated water and stirred for 72 hr. The product was 

centrifuged out and washed repeatedly with decarbonated water and ethanol, then dried at 100°C 

for 12 hr prior to characterization, or delamination.  

 Elemental analysis results indicate that for a 2 Zn : 1 Al starting ratio, a crystalline solid 

formed, that had a ratio of  61 Zn : 39 Al ± 2.  

 Results for FT-IR, shown in Figure 3.2, are consistent with literature and display a 

crystalline product with appropriate anion peaks [34].  Spectra (a) for LDH-NO3 displays 2 

prominent peaks: a broad peak at 3568 cm
-1

, which is due to -OH stretching for both metal 
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Figure 3.2: FT-IR spectra of a) LDH-NO3 (solid line), and b) LDH-DS (dotted line) from 450-

4000 cm
-2

. 

hydroxides and for interlayer water. The sharp peak at 1385 cm
-1

 is due to NO3 stretching in the 

interlayer spacing. A small peak at1621 is due to asymmetric stretching of water, and signifies 

that the large -OH peak is due mainly to Zn and Al hydroxides but that water in still present in 

the in the gallery.  FT-IR results are consistent with LDH-DS, notably, the 2 C-H stretching 

peaks at 2854 and 2923 cm
-1

, and S-O stretching from the sulfate head at 1207 cm
-1

. The 1385 

cm
-1

 nitrate peak is not present, indicating successful intercalation.  
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   Powder XRD spectra were taken for both LDH-NO3 and LDH-DS from 2 - 60° 2θ, 

displayed in Figure 3.3. Due to the low temperature drying process, the powder appears slightly  
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Figure 3. Powder XRD spectra of a) LDH-NO3 (solid line), and b) LDH-DS (dotted line). 

amorphous as a result of water still present in the gallery. Basal spacing for LDH-NO3 is 9.06 Å, 

indicated by the (003) reflection, appearing slightly higher than typically reported, presumably 

due to the additional water [27]. Both FT-IR and pXRD results show no evidence of carbonate 

contamination, which can inhibit intercalation and delamination.  LDH-DS results show that both 

the (003) and (006) reflections are shifted to lower 2θ values. This shift signifies an increase in 
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basal spacing. This indicates again that intercalation was successful and that at an angle of 2.348 

2θ for the (003) reflection, the basal spacing is 37.56 Å, consistent with literature [30].  

 Delamination of the LDH was observed after reflux, leaving 1.5 ± 0.08 g of precipitate in 

the colloid. The colloid appearance changes from cloudy to translucent after the procedure, as 

seen in Figure 3.4. Particle size analysis was performed to measure the size of delaminated LDH  

 

Figure 3.4: Image of the LDH colloidal suspension in BuOH.  

platelets and how this is affected by the adjustment of pH and the addition of electrolyte salts. 

Values are listed in Table 3.1. LDH samples were all diluted to 20% LDH colloid : 80% 18.2 

MΩ H2O and left to homogenize for at least 60 min prior to analysis. Samples (a) and (b) show  
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Table 3.1:  Particle size of delaminated LDH platelets where (a) colloid diluted to 20% in 

millipore H2O, (b) sample (a)  adjusted to pH 3, (c) (b) + 2.6286 g NiSO4, (d) (b) + 5.7206 g 

sodium borate, (e) (c) 5.7206 g sodium borate acid. 

 NiSO4 (M) B(OH)3 (M) BuOH/H2O (%) pH LDH (wt. %) Particle size (nm) 

a 0 0 20 8.2 0.04 631 ± 43 

b 0 0 20 3.0 0.04 673 ± 198 

c 0.1 0 20 3.0 0.04 620 ± 128 

d 0 0.15 20 3.0 0.04 1793 ± 438 

e 0.1 0.15 20 3.0 0.04 1335 ± 623 

 

that pH has no affect on particle size difference with a pH adjustment to 3.0, and show a lateral 

dimension measuring 600-800 nm. Sample (c) shows that the particle size of LDH is essentially 

unaffected by the addition of NiSO4 electrolyte. Sample (d) shows a 3 fold increase in the 

particle size, due to adsorption of a large amount of boron species. The addition of both nickel 

and borate species in solution in sample (e) results in particle size between samples (c) and (d), 

showing that when both LDH platelets and Ni cations are present they both compete to adsorb or 

complex with boron species, respectively.   

3.6 Cyclic Voltammetry of Ni-LDH Solutions 

  It was shown previously in chapter 2, that the presence of butanol is known to 

cause cathodic shifts in the reduction potential of nickel by destabilizing the nickel borate 

complex in the double layer and by adsorbing on the electrode [33]. Cyclic voltammetry in the 

presence of nonelectroactive nanoparticle platelets like MMT, should have little effect on the 
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reduction potential of nickel in solution. Figure 3.5 shows cyclic voltammagrams for each 

sample, scanned at 10 mV/s. Insets display Randles-Sevcik plots for scan rates of 10, 50 and 100 

mV/s. The reduction potentials (Epc) of each bath are displayed in Table 3.2, along with current 
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Figure 3.5: Cyclic voltammetry scans for a) B1, b) B2, c) BL1, d) BL2, and e) BL3. Randles-

Sevcik plots are inset, displaying scan rates of 10, 50, and 100 mV s
-1
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Table 3.2: Reduction potentials and maximum currents. 

        Epc ( V vs. SCE) Ipc (mA) 

B1 -1.244 14.91 

B2 -1.209 16.14 

BL1 -1.259 16.35 

BL2 -1.213 16.70 

BL3 -1.291 19.15 

 

values (Ipc). In the presence of positively charged nanosheets of LDH, sample BL1 showed a 14 

mV cathodic shift of the reduction potential, versus B1. Samples BL2, and BL3, containing 

differing amounts of LDH at 10% BuOH, show a 4 to 84 mV cathodic shift in the reduction 

potential of nickel, versus Sample B2. The low shift amount for BL2 suggests that this larger 

amount of LDH shows some agglomeration, negating the effects seen with the smaller amounts 

of LDH in BL1 and BL3. BL3 shows the largest shift in reduction potential, suggesting that there 

is some separation of BuOH from the bath, leaving more LDH to interact with the substrate, 

shifting the reduction potential of nickel to the most cathodic potential of all observed samples.  

 There is also a noticeable increase in the current with addition of LDH, which was 

unexpected, so the baths were tested at various scan rates. Inset into each graph is a Randles-

Sevcik plot, detailing the increase in current density versus square root of the scan rate. All baths 

increased linearly with the square root of scan rate, with B1 displaying the highest slope, 

understandable as it contained the lower amount of BuOH and no LDH. B2 displayed the lowest 

slope, consistent with larger addition of BuOH to the bath. Surprisingly, both BL1 and BL2, and 
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BL3 exhibited higher slopes than B2, suggesting that LDH facilitates the nickel reduction 

process. Sample BL3 displayed a slope between that of BL1 and B2, suggesting that a larger 

amount of BuOH will lower the current density of the reduction process but LDH addition, even 

at the smaller 0.01 wt% does increase current density.  Every system also displayed a crossover 

point near -1.08 V, indicative of nucleation of Ni onto the electrode during scanning.  

3.7 Deposition Conditions  

 The plating conditions, listed in section 2.6, were optimized in our previous work, and 

based on cyclic voltammetry studies, addition of LDH to the plating bath did not inhibit 

deposition of smooth and uniform films under these conditions.  Depositions were carried out in 

an inverted electrochemical cell, similar to previous work performed by Tientong et. al. [17 -22]. 

The inverted cell design allows for better inclusion of LDH into the nickel films, where gravity 

assists the migration of platelets to the electrode surface, with no observable flocculation. N2 was 

bubbled through solution to for convection and to prevent any possible flocculation of LDH on 

the electrode surface, which can inhibit deposition. 

3.8 Crystallite Grain Size and Strain of Nickel-LDH Coatings 

 Figure 3.6 displays pXRD patterns of the coatings. All scans display a preferred (220) 

orientation with, consistent with previous findings for samples B1 and B2.  Similar orientations  

are seen in BL1, BL2, and BL3, suggesting that addition of LSH platelets does not affect the 

growth of nickel in the Ni-LDH composite coatings. To determine the effects of LDH inclusion 

on the morphology of the electrodeposited nickel coatings, Williamson-Hall analysis was 

performed to measure the crystallite size and particle strain of the coatings. Results listed in 

Table 3 show larger amounts of butanol will increase the crystallite size of nickel in B2 versus 
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B1. Addition of LDH in sample BL1 show little to no change in crystallite size of nickel. Sample 

BL2 shows a decrease in crystallite size to 25 nm, offsetting the increase in particle size caused 

by an increase of BuOH into the plating bath B2. Sample BL3 has a crystallite size of 57. 95 nm, 

similar to B2, but with the lower amount of LDH present in the coating. This comparison 

between B2 and BL3 shows consistency with the results of B1 and BL1, where lower amounts of 

LDH do not have an effect on the crystallite size of the nickel matrix in the NI-LDH coatings.   

 Strain in all coatings was minimal, but highest in sample B1. The higher percentage of 

water in the plating bath allows for higher conductivity and a faster rate of growth, likely leading 

to the increased strain. The presence of LDH in the bath likely affects the double layer  
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Figure 3.6: Powder X-ray diffraction analysis for samples a) B1, b) B2, c) BL1, d) BL2, and e) 

BL3. 
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concentration gradient of Ni and the conductivity due to the adsorption of boron species on LDH 

in the bulk. In all coating samples, strain was minimal, showing a beneficial inclusion 

mechanism of LDH into the coatings.  To understand the mechanism of growth of nickel, with 

and without LDH inclusion, relative texture coefficient analysis was calculated. Relative texture 

coefficient analysis was calculated using the method previously employed [30]. Values are listed 

in Table 3.3.  

Table 3.3: Crystallite size and strain from Williamson-Hall analysis and results of relative 

texture coefficient analysis. 

 Crystallite size (nm)  Strain    RTC111    RTC200     RTC220    RTC311 

B1  37.54 ± 27 0.0228 ± 0.013  10.04 ± 5.5 5.84 ± 2.2 75.93 ± 9.0 8.19 ± 1.5 

B2 60.20 ± 21 0.0192 ± 0.001 9.86 ± 6.0 8.66 ± 4.6 72.36 ± 12.0 9.12 ± 2.0 

BL1 41.16 ± 2   0.0120 ± 0.007 6.25 ± 0.2 3.40 ± 1.0 84.94 ± 4.5 5.41 ± 3.3 

BL2 25.10 ± 6 0.0158 ± 0.017 8.22 ± 1.8 5.88 ± 3.3 78.91 ± 8.6 6.99 ± 3.7 

BL3 57.95 ± 22 0.0183 ± 0.006 8.28 ± 5.6 8.26 ± 6.0 67.66 ± 22.1 15.80 ± 10.7 

 

 All samples have a strong (220) character with smaller amounts of (111), (200), and 

(311) growth. B1 and B2 show (220) coefficients of 75.93 and 72.36, respectively. This result is 

consistent with our previous analysis of these samples. Samples BL1 and BL2 have noticeably 

higher (220) character, showing that the lateral growth planes expressed by the (220) reflection 

are inhibited when there is LDH platelet inclusion in the nickel matrix. BL3 displays lower (220) 

character but displays a larger standard deviation, potentially within bounds of the increased 
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(220) character of BL1 and BL2. (111) character shows no significant change when the amount 

of BuOH or LDH is increased in the plating baths.  

3.9 Surface Morphology and Elemental Analysis of Coatings 

 Williamson-Hall analysis showed a change in the crystallite size of Ni in sample BL2, b 

so the authors wanted to observe if LDH has an effect on the Ni grain size and if LDH platelets 

could be observed directly in the coatings. SEM and EDS analysis was carried out under the  

conditions listed in section 3.2.7.  Electron dispersion spectroscopy (EDS) was carried out with 

an Everhart-Thornley detector, and samples are displayed in Figure 3.7.  SEM figures B1 (a) and 

B2 (b) display sharp images with small grain sizes, with B2 displaying a slightly increased grain  

 

 

 



 
 

97 
 

 

Figure 3.7: SEM images of each nickel coating a) B1, b) B2, c) BL1, d) BL2, and e) BL3. 

size, consistent with previous work. Samples BL1 (c) and BL2 (d) and BL3 (e) display a slightly 

larger particle size.  Sample BL2 appears to have the largest grain size of the LDH containing 

samples, suggesting that both BuOH and LDH increases in the plating bath lead to larger grain 

sizes.  It is suggested by Binea that grain size of nanocomposites is largely affected by the 

current density, with lower current densities leading to lower grain sizes [37]. A Neutral of 

negatively charged nanoparticle will often lower total charge in the double layer, limiting the 

current efficiency.  Ni-LDH grain size differs from affects that neutral or negatively charged 

nanoparticles have on the matrix, due to the positively charged platelets. This effect is caused by 

an increase in current density due to the positive charge of the platelets migrating into the double 

layer because they are attracted to the cathode. 

 EDS analysis was analyzed to determine the elemental composition of the coatings and is 

listed in Table 3.4. Aluminum is found in all coating samples, due to the alumina activation step 

in coating preparation, listed in section 3.2.6. Aluminum concentration for samples B1 and B2 

was found to be 0.338% and 0.370% respectively. The zinc concentration of these samples was 

below the limit of detection for samples B1 and B2, and assumed to be zero. For LDH containing 
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Table 3.4: Results of EDS elemental analysis measuring K shell backscattered electrons for Ni, 

Al, and Zn. 

 % Ni % Al % Zn  

B1 99.66 0.338    -- 

B2 99.63 0.370    -- 

BL1 98.97 0.468 0.565 

BL2 98.83 0.575 0.595 

BL3 99.03 0.434 0.538 

 

samples, BL1, BL2, and BL3, aluminum concentration was found at higher levels than that of B1 

and B2, suggesting inclusion of LDH into the coatings.  Zinc concentration was found to be 

0.565, and 0.538 % for samples BL1 and BL3, respectively. Showing consistent inclusion of 

LDH at that concentration. BL3 displays a slightly higher zinc concentration, at 0.595 %, 

showing that as LDH concentration in the plating bath leads to an increase in the coating, but that 

inclusion is not 100 % efficient. This result showed successful incorporation of the LDH 

platelets within the coatings.  

3.10 Corrosion resistance of Ni-LDH Coatings 

3.10.1 Open Circuit Potential during Immersion in 3.5% NaCl 

After deposition, all samples were rinsed thoroughly with DI water, dried, and immersed in 3.5 

% NaCl solution to monitor the passivation process.  The open circuit potential (OCP) was 

monitored for a period of 14 days to assess the degree of passivation of all samples, to determine 

the optimum time at which to perform corrosion testing on each sample, shown in Figure 3.8.  
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After 14 days, B1 and B2 both end with an OCP cathodic to the LDH containing species, and 

some visible signs of Fe2O3 on the coating surface. This indicates failure of the coatings. BL1 and 

BL3, initially shift cathodically for the first 5 days of immersion before passivating at -0.350 and 

-0.352 V, respectively, with BL1 reaching its most anodic point at 10 days.  BL3 appears to 

initiate and stay cathodic to both BL1 and BL2, showing that, at the lower inclusion of LDH, and 

higher BuOH in the plating bath, these conditions are not as favorable. Samples BL1 andBL2 

display the most anodic initial OCP values, with BL1 showing to be more anodically shifted than 
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Figure 3.8: Open circuit potential of Ni (B1, B2) and Ni-LDH (BL1, BL2, BL3) monitored over 

14 days in 3.5% NaCl. 



 
 

100 
 

that of BL2 initially. BL2 shows a relatively steady OCP trend, indicating a slower passivation, 

due to the high LDH inclusion. All coatings were damaged during the length of this study, so the 

authors used this as a guideline to test each coating at the height of its passivation. 4 days 

immersion was selected for samples B1 and B2, and 10 days for BL1, BL2, and BL3.  Data for 

these samples is shown in Figure 3.9. 
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Figure 3.9: Open circuit potential of Ni-LDH (BL1, BL2, BL3) coatings monitored over 10 days 

immersion 3.5% NaCl. Inset displays open circuit potential of B1 and B2 for 4 days. 
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3.10.2 Electrochemical Impedance Spectroscopy 

 Electrochemical Impedance spectroscopy was performed on each sample coating after 

immersion in a 3.5% NaCl solution for times discussed in the previous section. Coatings were 

scanned once a new stable OCP was reached, typically after a 1 hr immersion in fresh 3.5% 

NaCl.  Zview software was used to analyze Nyquist, shown in Figure 3.10 and Figure 3.11, and 

Bode phase angle plots, shown in 3.12, to predict the behavior of the coatings based off of a 

circuit model shown in the inset of Figure 3.10. All coatings were normalized to an area of 1 

cm
2
. 

 
The circuit consisted  
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Figure 3.10:  Nyquist plots and fittings for BL1, BL2, and BL3 coatings after 10 days immersion 

in 3.5 % NaCl. Black lines are the Zview fitting curves and symbols represent experimental data.  

of 3 resistors and two constant phase elements. Resistors include a value for the solution 

resistance (Rs), the pore resistance of the nickel oxide layer (Rpo), and the charge transfer 

resistance (Rct). Each constant phase element has two values: the overall capacitance and a α 

coefficient, which represents its ideality to a real capacitor from 0 to 1. Cdl1 represents the 

capacitance of the oxide layer formed after immersion, and is associated with α1. Cdl2, and the 

associated α2, represents the double layer capacitance between the electrolyte interface in the 

stagnant layer at the bottom of any micro pores to the oxide layer, and the nickel coating.  Values 

for all Zview fittings are shown in Table 3.5.  

Table 3.5: Electrochemical impedance spectroscopy of B1 and B2 after 4 days, and BL1, BL2, 

and BL3 after 10 days immersion in 3.5% NaCl. 

 Rs (Ω) Cdlpo (µFcm
-2

) α1 Rpo (kΩcm
2
) Cdlct (µFcm

-2
) α2 Rct (kΩcm

2
) 

B1  14.3 ± 3.3  27.0 ± 1.4 0.883 348.83 ± 68.7 50.3 ± 28  0.735 1.65 ± 1.25 

B2 16.4 ± 1.6 37.3 ± 12 0.848 219.65 ± 20.8 41.2 ± 4.3 0.818 1.55 ± 0.52 

BL1 16.7 ± 0.7 115 ± 10.8 0.800 128.57 ± 11.1 52.08 ± 45.1 0.880 143.60 ± 88.9 

BL2 15.9 ± 1.0 70.0 ± 33 0.830 124.82 ± 20.1 46.12 ± 18.8 0.920 96.65± 49.7 

BL3 15.9 ± 0.2 84.4 ± 29  0.910 48.67 ± 31.6 41.87± 18.3 0.900 12.01± 10.0 

All Nyquist plots display a single semicircle shape.  The largest semicircle displays the largest 

combination of all resistors, The Rs value is between 14.3 - 16.7 Ω for all samples, affected by 

the  distance between the counter electrode and coating samples in solution. This shows 

continuity of the modeling for all coatings analyzed.  Samples B1 and B2 display the largest Rpo 

values, at 348.83 and 219.65 kΩcm
2
.  This is indicative of a well developed oxide layer. B1 has a 
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higher measured resistance, which is consistent with the higher surface area of the coatings, 

observed in SEM images. Additionally, Rct values for these coatings are 1.65 and 1.55 kΩcm
2
, 

respectively. This result suggests that an oxide layer forms readily with such a low coating 

resistance.  After 4 days immersion, Ni-LDH coating samples all have much lower Rpo values, as 

indicated by the much smaller semi-circle patterns.  This is because the added LDH decreases the 

rate of passivation of the composite coating. However, after 10 days immersion, passivation for 

BL1, BL2, and BL3 is observed. This is indicated by the similar α1 values that are indicative of 

the oxide layer capacitance.  Rpo values for LDH containing samples are still significantly lower 

than non LDH containing coatings.  BL1 and BL2 are similar, with Rpo values of 128.57 and 

124.82 kΩcm
2
, respectively, while BL3 has only a Rpo of 48.67 kΩcm

2
, indicating a failed 

passivation mechanism.  This suggests that the inclusion of LDH, does slow the rate of 

passivation, but may also affect how thick the passive oxide layer can become.   
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Figure 3.11:  Nyquist plots and fittings for BL1, BL2, and BL3 coatings after 10 days immersion 

in 3.5 % NaCl. Black lines are the Zview fitting curves and symbols represent experimental data.  

Double layer capacitance values for the oxide layer (Cdl1) show consistent deviations between 

Ni and Ni-LDH coatings.  B1 and B2 display a statistically insignificant difference in 

capacitance, both around 30 µFcm
-2

. BL1 displays the highest capacitance at 115 µFcm
-2

, which 

is much higher than its control sample B1. Similarly, BL2 has a statistically capacitance than B2, 

suggesting that the surface energy of the coating and passive oxide layer is much different due to 

LDH incorporation. BL3 is also high, but has a higher variance from sample to sample.   
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 Rct values for B1 and B2 are much lower than LDH containing species, at 1.65 and 1.55 

kΩcm
2
, respectively.  BL1 displays a Rct value of 143.60 kΩcm

2
, which is higher than that of 

BL2 at 96.65 kΩcm
2
, which contains higher amounts of LDH. BL3 displays the highest Rct value 

at 53,802 kΩcm
2
, showing that the lower amount of LDH, and larger grain size, due to higher 

amounts of BuOH, lead to the best combination of additives.  The inclusion of LDH leads to 

remarkably higher Rct values over B1 and B2, suggesting that the Ni-LDH composite coating 

will likely improve corrosion resistance to chloride attack. However the standard deviation in Rct 

for BL1, and BL2 suggests no statistical difference in the amount added, at these selected levels. 

It would be of interest to study methods of increasing the amount of LDH that can be added to 

the metal matrix. 

 Bode phase angle plots were analyzed to understand the mechanism of oxidation for each 

of the samples, shown in Figure 3.12.  A larger grain size within a coating signifies a lower 

overall active surface area for oxidation.  BL1 displays the highest phase angle maxima in the 

high frequency region at consistent with the highest Rct value. B1 is close in phase maxima, both 

having maxima above 80° out of phase. B2 and BL2 also consistency in the high frequency 

region, where BL2 displays a slightly larger maxima, though both display a similar phase 

maxima in the 77°, slightly lower than B1 and BL2.  This suggests that higher BuOH 

concentrations inhibits phase maxima, while LDH addition does increase the out of phase 

response. BL3 displays a similar maxima to B2 and BL, consistent with BuOH concentration. 

BL3 also begins to lower its phase angle earlier than all other samples, suggesting a less 

protective mechanism than either BL1 or BL2. Towards the lower frequency region, both B1 and 

B2 appear highest at the 0.1 Hz frequency. At this frequency, all Ni-LDH coatings are lower, 

though BL2 is higher than BL1 due to increased LDH in the coating. BL3 appears much less out  
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Figure 3.12:  Bode phase angle plots for nickel (B1, B2) after 4 days and Ni-LDH (BL1, BL2, 

BL3) coatings after 10 days immersion in 3.5% NaCl. Black lines are the Zview fitting curves 

and symbols represent experimental data. 

of phase in this region. In the lower frequency regions, Ni-LDH samples end at lower phase 

angles, suggesting that there is heterogeneity in the coating interface to the electrolyte. 

 3.10.3 Potentiodynamic Polarization  

  After EIS analysis, each sample was analyzed using linear polarization resistance (LPR) 

and potentiodynamic polarization. Initial LPR scans are plotted as a linear line in the form E=R*i 
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where potential (E) is plotted on the Y axis, current in the x axis, and the polarization resistance 

(Rp) is the slope. This value determines the overall corrosion resistance of the films.  This value 

is then used to determine the corrosion current (icorr) of the coatings using corrosion potential 

(Ecorr), and both the anodic (βa) and cathodic (βc) slopes of the potentiodynamic scans. icorr can 

then be determined by the Stern-Geary equation, displayed in Eq. 1.  

icorr  
     

                   
                                                                                               (Equation 3.1) 

Results of the LPR and potentiodynamic polarization process can be seen in Figure 3.13 and 

Table 3.6.  Ecorr values are all similar, except for BL1, which appears 60 mV anodic to all other 

samples. Rp for all samples is above 200 kΩcm
2
, except for BL3, which showed to not form as 

strong an oxide layer, or to have a large Rct. B1 displays the largest Rp of all samples showing 

that it displays the most well formed oxide layer, consistent with EIS results. BL2, with the 

larger amount of LDH in the coating, displays the second largest Rp, roughly 100 kΩcm
2 

higher 

than that of BL1.  This is due to the larger amount of LDH in the coating as well as a slower 

forming passive layer, due to the better resistance of the coating itself. The anodic Tafel slope, βa 

shows the in clearer detail. B1 displays a lower slope than B2 by 100 mVdec
-1

, suggesting a less 

dense oxide layer. This same trend is true for BL1 and BL2, but not for BL3. Both BL1 and BL2 

show and observed slope increase of 100 mVdec
-1 

compared to their control samples, due to the 

inclusion of LDH and the difference between the BL1 and BL2 slopes is the same as that of ZB1 

and B2, consistent with the increase in BuOH in the plating bath.  Cathodic Tafel slopes (βc)  
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Figure 3.13: Linear polarization curves for Ni (B1, B2) and Ni-LDH (BL1, BL2, BL3) coatings 

after 4 days immersion in 3.5% NaCl.   
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Table 3.6: Potentiodynamic polarization of B1 and B2 after 4 days, and BL1, BL2, and BL3 after 

10 days immersion in 3.5% NaCl. 

 Ecorr (V vs. SCE) icorr (µAcm
2
) βc mVdec

-1
 βa mVdec

-1 
    Rp (kΩcm

-2
) 

B1 -0.330 ± 0.03  0.296  -0.167 ± 0.004 0.323 ± 0.127 412.5 ± 18.4 

B2 -0.323 ± 0.02 1.008  -0.158 ± 0.034 0.433 ± 0.178 232.4 ± 22.8 

BL1 -0.273 ± 0.06  0.820 -0.158 ± 0.03 0.427 ± 0.23 232.3 ± 10.3 

BL2 -0.315 ± 0.04  1.177  -0.200± 0.05   0.567 ± 0.16 342.5 ± 27.7 

BL3 -0.331 ± 0.01 1.566  

   

-0.214 ±0.02 0.355 ± 0.05 

 

69.7 ± 2.30 

show no significant difference, suggesting again that all coatings were measured at the same 

level of passivation.  B1 displays the lowest Icorr value at 0.296 µAcm
-2

, which is 4 times lower 

than that of BL1 at 0.819 µAcm
-2

. This is likely due to an overall thinner oxide layer that does 

form more readily under a high applied overpotential (η).  BL2 is slightly higher than that of 

BL1, suggesting an even thinner passive oxide layer. BL3 displays the highest icorr of all, 

consistent with previous tests, indicating this coating fails to form a proper oxide layer.  The 

disparity in here suggests that LDH, does improve the overall corrosion resistance of the coating 

and drastically affects the growth rate of the passive oxide layer. 

3.11 Conclusions 

 Layered double hydroxide platelets are an easily synthesized and can readily be 

delaminated in BuOH at a 1.5 g/L loading. The intercalation of sodium dodecyl sulfate allows 

for delamination of the platelets that would not be possible from just the nitrate form. The 

apparatus for synthesis of LDH-NO3 is successful for preventing carbonate contamination that 

may otherwise prevent delamination. The intercalation of SDS can be easily carried out to 
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completion as seen in the FT-IR and pXRD results. Addition of LDH into the plating baths has 

no effect on the deposition potential of nickel but does affect the grain size of the coatings. 

Williamson-Hall analysis on the coatings suggest that the lower current density in BL2 is 

advantageous for creating a Ni-LDH film that also has a lower crystallite size, beneficial for 

corrosion resistance, But lower amounts of LDH in BL1 and BL3 did not have any significant 

effect. Larger amounts of LDH in the plating bath likely lead to a small amount of agglomeration 

that can negatively affect the initial monolayer growth of the Ni-LDH film. This larger amount 

of LDH does lead to higher amounts of LDH incorporated into the films as observed from EDS. 

 Ni-LDH composite coatings display a much larger coating charge transfer resistance that 

slows the rate of formation of the initial passive oxide layer. This suggests that Ni-LDH will 

perform better than pure nickel coatings in aggressive chloride media. Results suggest that larger 

amounts of BuOH in the plating bath lead to larger grained deposits, which also limits the initial 

growth of a passive oxide layer. The addition of LDH in the coating also limits the thickness of 

the passive oxide layer based on longer term immersion and EIS testing. Larger amounts of LDH 

likely affect the growth mechanism of Ni-LDH coatings but the LDH within the coating 

consistently increases corrosion resistance. The LDH platelets in the coatings slow the initial 

oxidation process of the nickel at the surface-solution interface and create a more tortuous path 

for solution to substrate electron transfer. Further studies are needed to understand the 

mechanism and additional solvents for the LDH colloid that could lead to both higher loading of 

LDH and less detrimental effects on the coating growth mechanism. 
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CHAPTER 4 

FUTURE WORK 

 

4.1 Synthesis of Layered Double Hydroxides 

 The coprecipitation method for synthesizing the layered double hydroxides (LDH) is 

beneficial for creating multiple elemental compositions but lacks good crystallinity, as noted in 

the XRD patterns of the LDH-NO3 and LDH-DS species. Using urea hydrolysis, as a method for 

creating LDH species with high crystallinity, is of interest in determining the optimum 

parameters for the LDH composition [1]. This route however produces much larger platelets and 

limits the choices of the starting anion. Additionally, it would be of interest to synthesize LDH 

under constant pH conditions, rather than mass base addition, which was covered in this work. 

This could lead to LDH with better defined structure for optimization within the metal matrices. 

4.2 Elemental Composition and Size of LDH 

 Varying both the M(II)/M(III) ratio and the choices for M(II) and M(III). The scope of 

this work was to determine if delaminated LDH could be incorporated into a metal matrix and to 

verify and increase in corrosion resistance over pure metal films. This project covered only the 

ability to delaminate a Zn/Al LDH species into a well-defined nickel matrix via 

electrodeposition. It would be of great interest to evaluate a series of Zn/Al ratios to determine 

how the physical properties of each affect the overall corrosion resistance of the composite 

coating.  As seen in section1.5.1, there are many additional element choices for LDH, shown in 

Table 4.1, all of which have specific properties that may affect the bulk corrosion resistant  
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Table 4.1: A list of known LDH's that have been synthesized, with combinations of future 

interest highlighted [2]. 

M
2+

/ M
3+

 Al
3+

 Ga
3+

 Sc
3+

 Cr
3+

 Mn
3+

 Fe
3+

 Co
3+

 

Mg
2+

   X X X X X X X 

Ca
2+

 X X X   X X 

Mn
2+

 X       

Fe
2+

 X     X  

Co
2+

 X X  X  X X 

Ni
2+

 X X  X X X X 

Cu
2+

 X   X  X  

Zn
2+

 X X  X  X X 

 

properties. Specifically studying Mg/Al, Ni/Al, Ni/Cr, and Zn/Cr varieties may be of interest. 

Mg/Al is the most commonly found LDH species, and is expected to perform well as a corrosion 

inhibitor because of the inertness and stability of the species. Ni/Al species would be of interest 

to study to determine if having a LDH of similar elemental composition affect the platelet in any 

way. Some cation exchange may occur at low levels during the electrodeposition process so a 

species of this type would not likely undergo any cation exchange. Ni/Cr and Zn/Cr would also 

be of interest due to the stability of chromium oxides in nature. This addition is not necessarily 

desirable due to the toxic nature of tetravalent chromium. However, the inclusion of such species 

would still occur at much lower levels than traditional chromium passivation processes and a Cr 

containing LDH may result in superior corrosion resistance, though this has not been studied. 

 Studies by Xu et. al. showed that under coprecipitation conditions, the temperature and 

duration of the synthesis can have and affect on the overall size of the LDH platelets [3]. This 
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could be an advantageous route of study as differing sizes of platelets. Smaller nanoparticles 

have been shown to increase hardness in composites which could lead to high hardness forms of 

the composite coating material [4]. Additionally, smaller sizes could affect the colloidal loading, 

which is beneficial for increasing the amount of LDH in the plating bath without additional 

organic content. Lower organic content is advantageous for the grain and crystallite size, which 

lead to better corrosion resistant properties. A panel study of multiple LDH elemental 

compositions at various M(II)/M(III) ratios and platelet sizes would allow for better optimization 

of the plating process and best corrosion resistance.   

4.3 Delamination of LDH 

 The delamination process for LDH can be difficult due to the need of organic and less 

polar solvents. During the study of this thesis new work by both Hibino and Jaubertie has shown 

that with different anion selections such as sodium lactate, it is possible to delaminate LDH in 

decarbonated water [5, 6]. Delamination in water precludes the use of organic additives that have 

set limits for V/V addition within the bath. This route could make it possible to include 

concentrations higher that 0.02 wt.% LDH into the plating bath. A water stable LDH colloid is 

less likely to undergo agglomeration during the plating bath and potentially allow optimization 

for the LDH amount incorporated into a metal matrix for corrosion resistance. Studies would 

need to be carried out to determine if sodium lactate has any effect on the electrodeposition or 

morphology of nickel coatings, similar to work in chapter 2.   

4.4 Study of Other Metal Matrices and Alloys for LDH Composite Coatings.  

 A study of other metal matrices is of interest for this class of metal-LDH coatings (M-

LDH). This could include inclusion of LDH into zinc and copper coatings for additional 
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corrosion resistance. Alloys are known to enhance the corrosion resistant properties of pure 

metals. It was shown in section 3.X that LDH platelets in the electrochemical bath have no 

detrimental effect on the deposition potential of nickel. The same may be true of other metal and 

alloy systems. The creation of Zn-Ni-LDH, Cu-Ni-LDH, or Ni-Mo-LDH are all of interest here 

for various types of environments. This could open a wide new set of studies for study towards 

environment specific corrosion resistant coatings. 

4.5 Mechanical Properties of M-LDH Coatings 

 The scope of this project did not cover the testing of mechanical properties of the Ni-

LDH coatings. Additional work testing the hardness, adhesion, shear testing and surface 

chemistry via XPS are all of great interest. Sections 4.1-3 covered various methods for changing 

the physical and chemical properties of LDH's, all of which could have interesting effects on the 

hardness or corrosion resistance of this class of coatings. It is of interest to combine the variances 

in coating composition and resultant mechanical properties to optimize their properties. 

4.6 Final Notes 

 Given the wide scope of future work for this new class of coatings, it could be possible to 

tune different combinations of LDH and possible metal matrices for specific environments. This 

could allow for coatings that specialize in areas covering a wide range of humidities, 

temperatures, and chemical species that cause corrosion. All of which may be created using a 

low cost room temperature electrodeposition process that is scalable, and potentially less 

impactful than current protection methods 
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