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 Electrochemical deposition (ECD) has been a primary method of metal plating for 

a variety of applications for nearly 100 years.  Its popularity is due to its straightforward 

design, low cost, uniform results, and successful application to a wide range of metals 

and substrates.  Many factors have been shown to influence the composition, texture, and 

chemical properties of the resultant deposit, such as the current density, the nature and 

concentration of metal ions, the solution temperature and composition, the applied 

current waveform, the substrate surface, and agitation.  In particular, additives play a 

complex role in metal deposition due to their ability to greatly alter the growth 

mechanism and resultant deposit structure.  There exists a vast body of work related to 

the role of additives in various plating solutions, however the majority of investigations 

on additive effects are focused on planar deposition.  For instance, boric acid is a 

common additive found in nearly all aqueous transition metal plating solutions, yet its 

influence on metal nanostructure deposition has not been well studied.   

   In this work, we focus on the impact of additives on the growth of metal 

nanostructures.  Specifically, we investigate the role of boric acid in the ECD of nickel 

nanotubes (NTs) and nanowires (NWs).  First, we demonstrate the difference in the 



 

 

growth mechanism and nanostructure morphology in the presence and absence of boric 

acid with electron microscopy and electrochemical analyses.  The ECD conditions are 

modified to further probe the role of boric acid in the 1D growth of nickel nanostructures.  

The results confirm the function of boric acid in the surface-directed growth of nickel 

nanostructures.  Second, we employ the boric acid-controlled growth mechanism in the 

synthesis of advanced nickel nanostructures.  The potential for the role of boric acid to be 

applied to the deposition of additional metals is realized through the synthesis of nickel 

alloy NTs and NWs.  Additionally, the advantage of the boric acid-controlled surface-

directed growth mechanism is demonstrated through the straightforward synthesis of 

segmented nanostructures and a 3D interconnected nanotube network.  
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Anyone who has never made a mistake has never tried anything new. 

 -- Albert Einstein 
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Chapter 1: Introduction to the electrodeposition of nanomaterials 

1.1. Background and motivation 

The hard drive in a laptop is 23 times smaller than that of the first personal 

computer, yet it can hold 105 times the data.1, 2  The soaring demand for electronic 

devices with smaller dimensions and enhanced functionality has been a major driving 

force for the technological advances of the past 30 years.  Today’s flat screen televisions, 

cell phones, and mp3 players are all the result of the miniaturization of electronic 

components.  In addition to consumer products, analytical sensors, photonic systems, and 

medical devices are also experiencing a dramatic reduction in size.  As we look to the 

future, the continued enhancement and miniaturization of these devices will rely heavily 

on the use of nanomaterial synthesis and processing to generate smaller components with 

greater capacity.   

One class of nanomaterials that holds great promise for applications in all of these 

fields is one-dimensional metal nanotubes (NTs) and nanowires (NWs).  To date, metal 

NTs and NWs have been utilized in chemical and biochemical sensors,3-6 photocatalytic 

reactions,7, 8 medical diagnostics,9-11 fuel cells,12, 13 and data storage devices.14, 15  In order 

to incorporate 1D nanostructures into nanoscale devices, reproducible structures must be 

synthesized in a well-controlled and systematic fashion.  The uniformity required for 

these applications can be achieved using the versatile method of template-assisted 

electrochemical deposition (ECD).   
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1.2. Electrochemical deposition 

ECD, also referred to as electroplating, is a straightforward method that allows for 

the high-throughput deposition of a variety of materials.  There has been an upsurge in 

the study of electrodeposition over the last 30 years due to its application in the 

fabrication of integrated circuits, recording devices, and multilayer structures.16-18  The 

low-cost, versatile, and reproducible nature of ECD has helped make it a fixture in the 

industrial arena.  ECD of metals is currently used by numerous industries to impart 

particular properties onto the substrate.  The substrate is often selected for its mechanical 

properties, and the coating is added to impart properties, such as hardness, corrosion 

protection, and conductivity, which are lacking in the substrate material.19  This method 

has also been used to create zero-, one-, and two-dimensional nanostructures, including 

nanoparticles (NPs), NWs, NTs, and nanosheets.20-28    

The fundamental concept of template-assisted ECD makes it an ideal method for 

the fabrication of 1D nanomaterials.  The process follows a bottom-up approach to 

material synthesis with a nanoporous membrane acting as the template.  The typical 

electrodeposition setup for the synthesis of 1D nanomaterials into a nanoporous 

membrane, which is shown in Figure 1.1, is performed with a three-electrode cell, which 

contains a working electrode (cathode), a counter electrode (anode), and a reference 

electrode connected by a power source.  The membrane acts as the working electrode 

since it is the site of metal reduction.  The membrane is first made conductive by 

sputtering a thin layer of gold onto one side, and then placed in a solution containing the 

metal ion of interest.   
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When a potential is applied by the power source, the system moves away from the 

equilibrium potential and the electrodes become polarized.  The extent to which the 

electrode is polarized is referred to as the overpotential.  If the overpotential is great 

enough, an energy transfer occurs between the electrode and the electrolyte species in the 

form of oxidation-reduction reactions.  The reduction of metal ions at the working 

electrode is balanced by oxidation reactions at the anode.  In addition to balancing the 

charge, the counter electrode is used to measure the current passed during the redox 

reaction.   Conversely, a negligible amount of current is passed through the reference 

electrode so that a constant potential can be maintained.  This allows for a reliable 

measurement of the overpotential between the working electrode and the reference 

electrode to be determined. 

Although there are many other techniques that are capable of uniform deposition 

of materials, several disadvantages become apparent when these methods are used for 

Figure 1.1  Three-electrode cell for the electrodeposition of 1D nanostructures. 
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nanoscale synthesis.  For instance, spin-coating and sputtering are primarily thin film 

techniques designed for planar substrates.  During deposition with a nanoporous 

membrane, the pores of the membrane can be blocked before the entire nanochannel has 

been coated. Conversely, in ECD, the pores are fully wetted by the electrolyte prior to 

deposition.  As a result, deposition occurs deep into the narrow recesses of nanotemplate, 

allowing for facile synthesis of NTs and NWs.   

Moreover, techniques, such as chemical vapor and atomic layer deposition, 

indiscriminately coat the entire exposed surface, which does not allow for control over 

the length of 1D nanostructures.  Since ECD is a bottom-up approach, deposition of the 

material starts at the electrode base and can be stopped at any point to obtain precise 

control over the length of the resultant NTs/NWs.  Furthermore, both methods utilize 

precursor gas molecules to supply the metal of interest, which are not readily available 

for all types of metals.  On the other hand, ECD is a solution based technique that can be 

performed under aqueous, organic, acidic, or alkaline conditions.  The wide variety of 

available electrolyte solutions and additives allows for the deposition of nearly any metal.   

Finally, ECD is rapid, cost-effective, and environmentally-friendly method with 

parameters that can be modified to achieve the preferred structure and composition of a 

material. With the appropriate substrate, solution composition, applied potential, current 

density, and temperature, precise control over the dimensions, composition, and texture 

of the deposited material can be achieved.14, 29-37  The process often involves less energy 

and time than many other deposition techniques, which require extremely high 

temperature and/or pressure, and access to a clean room.    
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Since variation in any of the aforementioned parameters can significantly impact 

the resultant electrodeposited material, it is vital that ECD experimental parameters be 

well controlled.  In order to properly select the experimental conditions, one must fully 

understand the growth mechanism of the material to be deposited.  In this thesis, the 

focus is on the growth mechanism of nickel NTs and NWs.  Additionally, the synthesis of 

iron and cobalt nanostructures are discussed in Section 4.3.1.  Specifically, we investigate 

the impact that the substrate and electrolyte conditions have on the growth of these 

nanostructures, with the goal of understanding the role of experimental factors on 1D 

metal growth.   

1.3. Template materials 

The most common substrates for the ECD of 1D nanomaterials are nanoporous 

membranes composed of polycarbonate (PC) or anodized aluminum oxide (AAO).  PC 

templates are prepared using the track-etch method, in which high energy, heavy ions 

penetrate a thin polycarbonate film in order to form radiation-damaged tracks with a 

diameter of ~10 nm that traverse the organic polymer.38, 39  The tracks are then etched 

with a basic solution to form fully developed nanochannels with a diameter controlled by 

the etching time.  Figure 1.2 demonstrates the track-etched synthesis method and the 

resulting membrane surface.   

Since the bombardment of ions determines the concentration and location of the 

tracks, the nanochannels are randomly dispersed with a pore density of 104 - 108/cm2.  

Additionally, the pore axis may be angled up to 20° from the film normal due to the angle 

of ion incidence.40  As a result, the pores can intersect within the film.  
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While the track-etch method produces randomly oriented pores, the synthesis of 

AAO is a controlled, systematic process for the production of ordered, monodisperse, 

cylindrical pores.  AAO is formed through the anodization of pure aluminum in acidic or 

basic solution.  Figure 1.3A illustrates the process that occurs during anodization.  The 

applied potential ejects aluminum ions from the metal towards the electrolyte and oxygen 

species from the electrolyte toward the metal, which results in the formation of an 

alumina (Al2O3) surface layer.  A hexagonal array of pores with a pore density of 1010 

pores/cm2 develops in the alumina as a results of the anodization process (Figure 1.3B).41-

43  The distance between the pores, known as the cell size, is determined by the applied 

voltage, and the length of the pores is directly proportional to the anodization time.  

Whereas the pore diameter, which can range from 5 - 400 nm, is controlled by the 

composition, temperature, and duration of anodization, along with the pore widening 

step.42, 44, 45   

Figure 1.2  Schematic of the track-etched synthesis of a PC membrane by the (A) 

bombardment of heavy ions to form (B) radiation-damaged tracks, which are then (C) 

etched in a basic solution to form randomly oriented nanochannels.  (D) An SEM image 

showing the top view of a PC membrane. 
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Initially the pores develop in a random fashion, and then become ordered as the 

anodization process continues.  As a result, AAO templates are often prepared using a 

two-step anodization process.  The alumina film produced during the first anodization is 

chemically etched, leaving behind scalloped edges where the pores resided.  During the 

second anodization, the pores grow from the scalloped edges to produce AAO with 

uniform pores oriented perpendicular to the template normal forming a template with 

long-range order.  Due to its enhanced uniformity, our work primarily utilizes AAO.  

However, ECD with PC membranes is described in Section 3.3.2 as a way to demonstrate 

the importance of certain chemical properties of the nanoporous membrane during metal 

ECD.  

1.4. Electrolyte composition 

The electrolyte composition is another parameter that significantly impacts the 

ECD deposit.  The basic components of an electroplating solution are the metal ions of 

interest, an acid or alkali, and one or more additives to improve the quality of the deposit.  

Typically, sulfate and/or chloride salts are used in acid solutions, whereas cyanide salts 

are used in basic solutions.  Due to the complex influence of additives, there have been 

Figure 1.3  Schematic depiction of (A) the growth of nanopores during the anodization 

of alumina in acidic electrolyte. (B) SEM image of the top view of an AAO membrane. 
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countless investigations into the mechanism of action of ions, molecules, and complexes 

in various electroplating baths.35, 46-55  

In general, additives can be classified into three categories: levelers, brighteners, 

and surfactants. Levelers are additives that cause a thicker deposit to form in the recesses 

of the substrate, compared to the peaks and edges, in order to achieve a smoother, more 

even deposit surface.  Additives that produce finer deposits are referred to as brighteners 

since the resulting material is capable of reflecting more visible light due to a smaller 

crystal structure.  Finally, surfactants are surface-active agents, typically anionic or non-

ionic compounds that reduce the surface tension and allow the substrate to be more easily 

wetted.  In addition to these effects, the presence of additives can impact many other 

factors of ECD, such as current efficiency and surface adsorption.  In this section, we 

review the various electrolyte compositions common to nickel deposition and the effect 

they have on the deposition process.  We also highlight popular electrolyte compositions 

for the ECD of other important metals.   

1.4.1. Nickel Electroplating Solutions 

Nickel is a highly versatile element that is extensively used in a range of industrial 

applications for its high strength, magnetic coercivity, corrosion- and oxidation-

resistance.  As a result, the ECD conditions and the growth mechanism for nickel 

deposition have been studied in detail.29, 35, 37, 47, 51, 52, 56-61  The most common nickel 

plating solutions are based on the Watts bath, which contains nickel sulfate and nickel 

chloride as Ni2+ suppliers and boric acid as a buffer.  Changes to the deposit structure are 

seen with variations in the concentration of these components and in the additives 

selected, as described below.   
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For instance, Holm and O’Keefe demonstrated that an unbuffered (i.e. boric acid 

free) nickel sulfate solution produced a dark, brittle deposit due to the precipitation of 

nickel hydroxide on the substrate surface.62  In order to improve the deposit appearance, 

the activity of nickel must be increased, either by increasing the nickel concentration or 

temperature, or decreasing the solution pH.  Similar results were found with deposition 

from unbuffered nickel chloride solutions, in which flaky, high stress nickel deposits 

were formed.59    

In the presence of boric acid, however, the appearance of the nickel deposit was 

greatly improved.  Instead of a brittle, irregular surface, a smooth, glassy nickel surface is 

formed with boric acid.  The improved surface structure has been attributed to the 

buffering ability of boric acid.34, 51, 63, 64  Further improvements were made by Mockute et 

al. using three additives: saccharin, 2-butyne-1,4-diol, and phthalimide.53  Saccharin and 

butynediol are well known brighteners for nickel ECD.29, 65, 66  Collectively, saccharin 

and 2-butyne-1,4-diol produce a bright deposit with small crystal size and low internal 

stress.  The addition of phthalimide further enhances the levelling and brightening 

capability, and increases the hardness of the deposit.53  A multitude of other organic 

additives have been studied with the nickel chloride and/or sulfate bath, including 

thiourea, coumarin, p-toluene sulfonamide, naphthalene trisulfonate, benzene sulphonate, 

and pyridine.29, 35, 52, 66, 67  

Alternative nickel sources have also been studied.  For instance, nickel sulfamate 

has been combined with nickel chloride for the high speed production of low internal 

stress, ductile nickel deposits.  Tsuru et al. showed that the effects of boric acid in a 

sulfamate bath are comparable to the Watts bath, with an observed buffering ability at the 
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electrode surface.68  As the boric acid concentration decreased, the pH near the electrode 

quickly increased from 4 to 5.75, while the current efficiency gradually decreased from 

100% to 63%.  Additionally, the change in boric acid concentration caused an increase in 

internal stress which led to the formation of cracks in the nickel film.  During the high 

speed deposition, passivation of the nickel anode occurred, which resulted in an increased 

deposition potential, sulfamate decomposition, and pH fluctuations.  To prevent 

passivation and promote dissolution of the anode, halide ions are often added to the 

sulfamate solution.35   

1.4.2. Other metals 

In addition to nickel, there is a variety of electrolyte compositions for the ECD of 

other metals.  Here, we briefly review electroplating solutions for several metals that are 

popular in industrial applications.  Copper is a widely popular coating that is used in 

electrical, automotive, and aerospace industries for its ductility, adhesion, corrosion-

resistance, and electrical and thermal conductivity.  Copper is typically deposited using 

the sulfate or cyanide salt in acidic or alkaline solutions, respectively.69-73  Due to its 

popularity, a great deal of research has been focused on the influence of additives in 

copper electroplating solutions.  Common additives for copper ECD include chloride, 

polyethylene glycol, thiourea, dextrin, and fluoroborate.46, 71, 74   

Metal coatings are also used for aesthetic purposes in which case the color and 

brightness of the material are of significant importance, along with its adhesion to the 

substrate.  Chromium is often used to coat decorative pieces, such as faucets and lighting 

fixtures.  The electrolyte solutions for chrome plating are fairly simple.  Typically they 

contain chromic acid and a small amount of sulfate.75  However, the addition of fluoride 
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anions, such as fluoride, fluoroborate, and silicofluoride, has shown to increase the 

efficiency of the deposition process.     

In addition to pure metal coatings, alloy deposits can be achieved with ECD.  For 

instance, lead-tin coatings, which are used in printed circuit boards, are prepared with a 

single solution containing the both metal salts.  The composition of the resulting alloy 

depends on factors such as the molar ratio of lead:tin, the presence of additives, current 

density, and solution temperature.76  Up until the 1980’s lead-tin electroplating solutions 

were based on fluoroborate compounds, however they have widely been replaced by 

methanesulfonate solutions.76-79  Typically, solutions also contain an aromatic aldehyde 

or ketone as a brightener, and a surfactant, such as Triton-X, peptone, and proprietary 

compounds.78, 80-82  

Regardless of the metal, the composition of an electrolyte plays a substantial role 

in the process of ECD.  Any modification to the contents of the solution can greatly 

impact the appearance and properties of the resultant deposit.  Therefore, a thorough 

understanding of the effect of all solution contents on the growth mechanism is 

fundamental to successful ECD.   

1.5. Atomistic growth models for metal deposition 

A description of the growth mechanism of metal deposition has been evolving for 

nearly 85 years.  The first theoretical explanation of the electrodeposition growth process 

was developed by Erdey-Gruz and Volmer in 1930.83, 84  It was assumed that the substrate 

surface was perfectly smooth.  Therefore a nucleation step was required in order for 

metal growth to occur.  By the late 1940’s, it had been determined that the surface 
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contained microscopic imperfections, which act as growth initiation sites.85, 86  As a result 

of this finding, several modified growth mechanisms were proposed, most notably by 

Bewick,87 Armstrong and Harris,88 and Scharifker and Hills.89   

To this day, the nucleation and growth models continue to evolve with the 

advancement of technology.  Through the use of powerful analytical instruments, a more 

in-depth investigation into the electrodeposition process is attainable.  For instance, 

surveys of the surface morphology with the scanning tunneling microscope and the 

atomic force microscope have greatly improved the understanding of the atomic 

processes that occur as a material is deposited.90-93  From these studies it is known that 

voltage, solution pH, and temperature greatly affect the crystallinity, alloy composition, 

and surface morphology of the deposited material.   

1.6. Nanomaterial growth mechanism 

As focus shifts from the deposition of planar coatings to micro- and 

nanostructures, a new understanding of the factors controlling the atomic process within 

the small, confined pores of nanotemplates becomes significant.  Therefore, a thorough 

investigation into the growth mechanism of metals within nanoporous templates is vital 

to the future of ECD.  While the above models provide great insight into the deposition 

onto planar surfaces, they fail to adequately describe the chemical and physical processes 

occurring within the nanoporous template during nanowire and nanotube synthesis.  At 

the nanoscale, factors such as substrate morphology, additive effects, and applied 

potential have an amplified effect on the structure and composition of the resultant 

deposit, compared to macroscale growth.  Therefore, novel mechanisms must be 
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presented to explain the growth of nanomaterials within the confined spaces of 

nanoporous templates.   

In this section, we address the main NT growth mechanisms that have proposed to 

date.  Although a variety of theories have been presented to describe the growth of metal 

NTs, we focus on four of the most prevalent proposed mechanisms: current-directed 

growth, complex formation, template modification, and hydrogen evolution.   

1.6.1. Current proposed nanotube growth mechanisms 

The growth mechanism of NTs is particularly intriguing since growth across the 

nanochannel does not occur in a uniform fashion, as it does with planar and nanowire 

growth.  Instead, the growth rate is significantly faster along the pore wall, compared to 

the central pore region.  In the past 20 years, numerous growth mechanisms have been 

suggested for the template synthesis of metal nanotubes that describe the role of various 

experimental conditions on the resultant morphology.  The basis for electrochemical 

nucleation and growth rely on the interplay between growth kinetics and 

thermodynamics.   When the growth rate parallel to the pore wall is greater than the 

perpendicular growth rate (i.e. v∥ > v⊥), nanotube formation is observed.94-97  However a 

complete understanding of the growth process of nanomaterials within a nanoporous 

template has been hampered by the difficulty of direct, in-situ observation.   

In this section, four main proposed nanotube growth mechanisms will be 

discussed.  Each mechanism provides detailed insight into the growth of metal nanotubes 

at the atomic level.  Although these mechanisms are presented individually, they are not 

mutually exclusive.  As previously discussed, metal deposition is a complex process, 
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which is easily affected by a wide array of variables.  Therefore, when analyzed 

thoroughly, it is possible to attribute the resultant morphology of electrodeposited metal 

nanostructures to a contribution of two or more mechanisms.25, 54, 58, 94-104 

1.6.1.1. Current-directed growth 

According to the current-directed mechanism two key factors determine the 

morphology of 1D metal nanostructures: the electrode surface morphology and the 

current density.  The electrode surface of a nanoporous template is formed by sputtering 

gold, or an alternative conductive metal, on the bottom of the template.  During the 

sputtering process, metal atoms penetrate and deposit up to several hundred nanometers 

into the pore, forming an annular shaped electrode.  When a potential is applied, the sharp 

curvature of the electrode leads to a greater accumulation of charge at its tip (i.e. along 

the pore wall).  A higher charge density means the tip of the annular electrode is more 

electrochemically active than the remaining area.  This phenomenon, which is referred to 

as the ‘tip effect’, causes the electrode tip to be the preferential site of metal nucleation 

and deposition.15, 95, 102, 105, 106  Therefore, deposition is more likely to occur at the pore 

wall compared to the central region and to result in the formation of NTs, as depicted by 

Figure 1.4 B. 

 

Figure 1.4  Schematic diagram of metal growth under the influence of the tip effect with 

(A) low current density to form nanowires, and (B) high current density to form 

nanotubes. 
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In addition to electrode morphology, current density plays a significant role in 

controlling the morphology of 1D nanostructures by altering the competitive growth 

rates, v∥ and v⊥.  When a high current density is applied, a large potential gradient is 

formed and the tip effect is intensified.94, 96  As deposition continues, a dynamic 

deposition interface and a dynamic metal ion diffusion layer develop and move with the 

growing NT.107  The metal ion concentration below the deposition interface becomes 

significantly low due to ion consumption at the interface.   

Current density is a measure of the rate of an electrochemical reaction, so a high 

current density ensures that the deposition rate will be significantly faster than the metal 

ion diffusion rate into the pore.  As a result, the concentration of metal ions cannot be 

replenished and deposition within the pore center is negligible.  Conversely, low current 

density has little effect on v∥ and v⊥, and the slower deposition allows bulk metal ions to 

diffuse into the entire length of the pore to overcome the tip effect.  Deposition then 

occurs uniformly across the entire pore to form NWs, as depicted by Figure 1.4 A.   

The effect of current density has also been described in terms of a critical 

deposition potential at which point v∥ ≈ v⊥.97  Ohm’s law states that current density is 

directly proportional to the applied electric field.  Therefore, if the applied potential does 

not surpass the critical threshold, the reaction rate is slow and thermodynamics control 

the deposition process.  Consequently, 2D plane growth occurs across the entire pore (v∥ 

< v⊥) to form NWs.  Alternatively, at potentials greater than the critical potential, kinetics 

control the deposition process so that propagation up the pore wall occurs faster than 

axial growth (v∥ > v⊥), which leads to the formation of NTs.   
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1.6.1.2. Complex formation 

The mechanism of complex formation has been studied in detail for the planar 

deposition of metals, yet few studies relate its effect to NT/NW growth.  In general, a 

chemical species capable of acting as a molecular anchor is added to the electrolyte.  The 

additive adsorbs to the cathode surface and complexes with metal ions in solution, which 

significantly increases the metal ion concentration at the cathode surface, as shown in 

Figure 1.5.  As a result, the rate of metal reduction along the pore wall is greater than that 

in the center void.46, 108, 109   

 

Some molecular anchors not only increase the metal ion surface concentration but 

are also capable of accelerating the rate of electron flow from the electrode to the metal 

ion.  Such additives are referred to as ion-bridging compounds.  For example, 

thiocyanate, a common electroplating additive, has been shown to increase the rate of 

deposition for transition metals due to ion-bridging.109   

To further understand complex formation and its effect on electrodeposition, we 

consider the influence of polyethylene glycol (PEG) and Cl- on Cu deposition.  

 

Figure 1.5  Schematic diagram of metal growth in the presence of a molecular anchor. 
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Considerable attention has been paid to the effect of additives on copper electroplating 

solutions since copper deposition is utilized for numerous industrial applications, such as 

corrosion protection and electronic connectivity.  Raman spectroscopy has shown that 

adsorption of PEG and Cl- to a copper substrate occurs to a greater extent when both 

additives are present in solution.110-113  For instance, Feng et al. used Raman studies and 

modelling calculations to determine that the surface complex involved a three-coordinate 

Cu atom with one Cl- and two ether oxygen atoms from the PEG chain acting as 

ligands.110   

An in-depth analysis on the influence of these additives by Bonou et al. 

established that the PEG:Cu:Cl complex does not exist in solution since the diffusion rate 

of Cu to the cathode was not affected by the incorporation of PEG and/or Cl-.74  This 

study also revealed that the presence of both additives altered the Cu deposition 

mechanism.74  Cyclic voltammograms of electrolyte containing Cu only, Cu with Cl-, and 

Cu with PEG show an intersection of the anodic and cathodic current.  It is well known 

that such a crossover indicates the formation of metal nuclei on the electrode.31, 74, 114  

When both additives were present in solution, no crossover was observed which signifies 

that the surface-bound complex inhibits nucleation and significantly influences the 

deposition mechanism.   

Chowdhury et al. demonstrated that the surface adsorption of the PEG:Cu:Cl 

complex had a significant impact on the morphology of electrodeposited 1D copper 

nanostructures.54  Solid Cu nanowires were synthesized from electrolytes containing Cu, 

Cu with PEG, and Cu with Cl-.  However, the presence of both PEG and Cl- in solution 

led to the formation of Cu nanotubes.  Additionally, nanotube growth has been shown to 
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occur via complex formation without the use of additives.  Immobilization of the metal 

ion at the template surface can occur through direct interaction with the surface groups.  

Tourillon et al. postulated that the synthesis of cobalt (or iron) nanotubes was the result of 

the electrostatic interaction between Co2+ (or Fe2+) ions and the –CO3
2- moieties of the 

polycarbonate membrane.115   

1.6.1.3. Template modification 

In a process that resembles complex formation, the pore walls of the nanoporous 

template is chemically modified to ensure an increased metal ion concentration along the 

pore wall.  The template surface is functionalized with a molecular anchor prior to ECD.  

Equilibration of the template in the plating solution generates a high concentration of 

metal along the cathode surface.  As a result, an increased rate of reduction is observed 

when a potential is applied.   

Template modification is one of the oldest known mechanisms for nanotube 

electrodeposition.  In fact, the first demonstration of template-assisted electrochemical 

synthesis of metal nanotubes by Brumlik and Martin was achieved by functionalizing an 

AAO membrane with organocyanide groups, which acted as a molecular anchors for the 

gold ions in the plating solution.  The interaction of gold with the surface groups lead to a 

thin coating of gold ions along the pore wall.25  When the appropriate potential was 

applied the increased concentration of gold led to preferential deposition along the pore 

wall, which ultimately generated gold nanotubes.  In the absence of the organocyanide, 

gold deposition within unmodified AAO formed solid gold nanowires.  In a similar 

fashion, AAO templates have been functionalized with organoamines, and PC templates 

with vinyl triethoxylated silane in order to synthesize nickel nanotubes.58, 100   
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Electroless deposition has also been used to decorate the pore walls with 

conductive nanoparticles for enhanced deposition at the pore surface.101  Rather than 

increase the concentration of the metal ion, the nanoparticles provide a conduction path 

for the current to travel along the insulating AAO surface.  As with organic 

functionalization, the use of conductive nanoparticles results in an increased rate of 

deposition along the pore wall to form nanotubes.   

1.6.1.4. Hydrogen evolution 

Hydrogen evolution is known to accompany the electrochemical deposition of 

many transition metals, including nickel, iron, and cobalt.  It has been hypothesized that 

nanotube growth is the result of a combination of hydrogen evolution and gas bubble 

suppression.30, 104, 116  The hydrogen evolution reaction (HER) can be broken down into 4 

steps: (1) diffusion of H3O+ to the cathode, (2) desolvation and partial reduction of H3O+ 

at the cathode to form chemisorbed hydrogen (M-H(ads)), (3) formation of M-H2(ads) either 

through the combination of two M-H(ads) hydrogen atoms, or of a M-H(ads) with a proton 

and electron, and (4) desorption and diffusion of molecular hydrogen as a gas bubble.117  

During electrodeposition within a template, the final step is hindered by the 

nanoscale dimensions of the pores.  Gas bubble formation is suppressed until 

supersaturation of hydrogen is reached inside the pore.104  The confined dimensions of 

the pore force the bubble to expand along the pore axis as the HER produces more 

hydrogen at the deposition interface, only desorbing and diffusing into the bulk when it 

reaches the pore opening.  Therefore, the generation of hydrogen obstructs the central 

pore region and restricts metal deposition to the pore wall, as shown in Figure 1.6.  
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For some transition metals, the hydrogen can act as a mild reducing agent which 

also enhances nanotube deposition.  For instance, Liu and Park demonstrated that 

adsorbed hydrogen was a contributing factor in the formation of palladium nanotubes.33  

Under the acidic conditions of PdCl2 plating solution, the AAO template developed a 

positive charge due to the protonation of surface hydroxyl groups.  A diffusion layer 

containing negatively charged Pd(II)-Cl complexes was formed in order to maintain 

electroneutrality.  Since the concentration of Pd at the template surface was distinctly 

higher than the bulk solution, the rate of Pd deposition was greater along the pore wall. 

Additionally, the reduced hydrogen that formed as a result of the applied potential 

adsorbed to palladium via an exothermic process and aided in the reduction of Pd(II) 

which enhanced v∥.118, 119   

1.6.2. Our proposed mechanism 

In this work, we investigate the growth mechanism of nickel NTs in the absence 

of physical modifiers, such as annular electrodes and template modification.  We present 

evidence for a surface-directed growth mechanism controlled by the adsorption of a 

Figure 1.6  Schematic diagram of metal growth in the presence of hydrogen evolution. 
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nickel-borate complex to the template surface.  In Chapter 2, we investigate the impact of 

boric acid on the morphology of the resulting nickel nanostructures.  Electrochemical 

analysis is also presented in order to explain the role of boric acid in nickel deposition.  In 

Chapter 3, the impact of the template surface chemistry on the deposition of NTs verses 

NWs is investigated.  Based on the data presented, a novel NT growth mechanism is 

introduced, which relies on the adsorption of the nickel-borate complex to achieve 

surface-directed growth.  Chapter 4 presents advanced electrodeposition experiments that 

are possible due to the surface-directed growth process.   
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Chapter 2: Borate effect on 1D metal growth 

2.1. Introduction  

The deposition of nickel onto planar substrates, such as nickel, copper and 

platinum, has been described in detail.29, 35, 37, 48, 50, 51, 53, 56, 59, 68, 120, 121  The established 

mechanism is depicted in Figure 2.1.  A complex between a Ni2+ ion and an anion, 

proven to be Cl- or OH-, forms in solution.  When the complex adsorbs to the electrode 

surface, two consecutive one-electron transfer reactions occur which reduce the nickel 

ion and release the anion.   

 

Despite the consensus regarding the general mechanism of nickel deposition, 

there is continued research into the role of additives, particularly of boric acid.  Boric 

acid is a well-known additive that has been used in the ECD of a wide variety of metals, 

including nickel, cobalt, iron and zinc.34, 64, 122-126  As discussed in Section 1.4, additives 

play a significant role in the determination of the metal deposit texture, which is the non-

random orientation and distribution of crystallites.  Amblard proposed that the 

competitive growth rates between various nuclei control the orientation of growth 

crystallites, and ultimately the resultant deposit texture.29  The kinetics of this 

competition is primarily controlled by the solution pH and the cathodic reaction.   

Figure 2.1  Schematic depiction of the general mechanism of nickel deposition. 
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Therefore, many metal electroplating solutions, including the Watts bath, require 

the presence of a buffer to maintain the solution pH at the electrode during ECD.51, 127  

When the overpotential of metal ion reduction is greater than that of proton reduction, 

hydrogen evolution is observed in conjuction with metal deposition.  As a result, protons 

are readily consumed at the cathode, which significantly increases the pH at the electrode 

surface and decreases the current efficiency.  During nickel deposition, the rise in pH 

results in the precipitation of nickel hydroxide on the cathode, thereby passivating the 

surface and inhibiting further deposition.48, 120  When HER occurs in conjunction with 

nickel deposition, the resultant deposit typically appears dark, glassy, and flaky.51, 59, 62, 68, 

128   

Conventionally, boric acid has been added to nickel electroplating solutions to 

prevent surface passivation and generate smooth deposits by acting as a proton-donating 

buffer capable of maintaining the pH at the electrode surface.   Ji et al. demonstrated that 

a lower pH was maintained at the electrode surface during nickel deposition when boric 

acid was present in the electrolyte.127  As a result, the texture of the electrochemically 

deposited nickel was enhanced and a smooth deposit was formed.29, 61, 129, 130   

Since the pKa of boric acid is 9.2, it cannot effectively buffer in the pH range of 

acidic nickel electroplating solutions by simple proton dissociation.  Therefore, Durose 

proposed that the buffer capacity arose from the polymerization of boric acid 

molecules.50, 131  It was later determined that the buffering of nickel solutions below pH 5 

was the result of the complexation of nickel and two boric acid molecules.57, 132  Figure 

2.2 shows that the complexation results in the release of two protons.  Moreover, it has 

been observed that nickel preferentially complexes with boric acid over hydroxyl ions, 
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which acts to stabilize nickel ions and to limit the possibility of Ni(OH)2 precipitation.48, 

133   

 

In addition to buffer capacity, emerging evidence indicates that boric acid also 

acts as a homogeneous catalyst for metal deposition.60, 61, 134  Numerous studies report 

that the adsorption of boric acid on the cathode surface shifts the overpotential and 

inhibits nucleation of nickel ions, leading to smoother, more refined deposits.51, 120, 135, 136  

It has also been suggested that the adsorption of boric acid reduces the available surface 

area for proton reduction.135, 136  Despite the evidence that boric acid alters the deposition 

of nickel, a well-defined mechanism has yet to be proposed to support the claims.  

Furthermore, the role of boric acid on nickel ECD has yet to be extended beyond the 

study of planar deposition. 

Herein, we present the investigation of the impact of boric acid on the deposition 

of nickel nanostructures within an AAO template.  We demonstrate that boric acid alters 

the deposition mechanism presented in Figure 2.1, which significantly influences the 

resultant nanostructure morphology.  In the following chapter we describe a mechanism 

to support the findings presented here.  In order to focus our investigation solely on the 

influence of boric acid on nickel deposition we utilized flat-top base electrodes in lieu of 

annular electrodes in all of our electrodeposition experiments.   The flat-top electrodes 

eliminated the tip effect which has been cited as a primary factor in NT versus NW 

growth. 

Figure 2.2  Scheme depicting the complexation of nickel and boric acid 
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2.2. Experimental method 

2.2.1. Template synthesis of nickel nanostructures 

Nickel nanostructures were synthesized using commercial AAO membranes 

(Whatman) with a pore diameter of 200 nm and a membrane thickness of 60 μm.  One 

side of the membrane contained uniform, parallel pores, and the opposite side, referred to 

as the branched side, contained randomly interconnected pores.  A Denton Vacuum 

Desktop III was used to sputter a gold layer (ca. 100 nm) onto the branched side in order to 

generate a conductive surface for electrodeposition.  Following the sputtering process, the 

working electrode was assembled, as shown in .  Copper tape was attached to the gold 

side of the AAO membrane to provide an electrical contact for the working electrode.  

The AAO was sandwiched between two silicon spacers and two pieces of Teflon with an 

electroactive window of 0.1 cm2 that exposed the non-branched side of the AAO.    

  

All electrochemical experiments were carried out with a VSP Modular 

Potentiostat/ Galvanostat by Bio-Logic Science Instruments using a three-electrode cell 

setup with a platinum foil counter electrode and an Ag/AgCl reference electrode.  Unless 

otherwise stated, all potential measurements were recorded with respect to the reference 

electrode.  Prior to all electrodeposition experiments, the working electrode was 

Figure 2.3  Deconstructed representation of the working electrode. 
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sonicated in the electrolyte to ensure proper wetting of the template pores.  Gold NWs 

were electrochemically deposited from a commercial gold plating solution (OROTEMP 

24) under a constant current of -0.3 mA for 30 minutes and used as flat-top base 

electrodes for nickel deposition.  Unless otherwise stated, nickel was deposited from the 

standard aqueous electrolyte, which contained 0.5 M NiSO4, 0.4 M H3BO3, at a constant 

potential of -1V until 4 C of charge had passed.  Sodium sulfate was added to boric acid-

free (BA-free) solutions in order to achieve a high conductivity comparable to the 

standard electrolyte. 

2.2.2. Characterization of nickel nanostructures 

The morphology of the nickel nanostructures was investigated with a field 

emission scanning electron microscope (SEM; Hitachi S-4700) operated at 5 kV, and a 

field emission gun transmission electron microscope (TEM; JEOL JEM 2100F) operated 

at 200 kV.  For SEM analysis, the gold side of the membrane was attached to a specimen 

mount with carbon tape.  The AAO membrane was dissolved in 3 M NaOH for 30 min 

and rinsed several times with water.  For TEM analysis, the sputtered gold layer was 

removed by mechanical polishing to allow for the liberation of free-standing 

nanostructures.  The AAO was dissolved in 3 M NaOH and the solution was rinsed with 

water until a neutral pH was achieved.  The nanostructures were then dispersed in ethanol 

and a 7 μL sample was dropped onto a formvar/carbon-coated copper TEM grid.   
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2.3. Results and discussion 

2.3.1. Influence of boric acid concentration on nanostructure morphology 

Nickel was electrochemically deposited from solutions containing 0.5 M NiSO4 

and a range of boric acid concentrations.  According to Figure 2.4, well-defined NTs with 

a hollow center and uniform wall thickness of 12 nm were formed from the standard 

electrolyte.  This immediately suggests a surface-mediated growth mechanism may be 

dominant here, as the growth begins from a flat topped Au electrode. The structure of the 

NTs that originated from the base of the AAO template displayed branched junctions due 

to the interconnected pore network of the template.  Despite the abrupt change in 

template geometry, the hollow NT structure was maintained throughout the entire 

branched section.  The complete and uniform deposition of nickel within the branched 

pores indicates that the electrochemical growth occurred in a more complex manner than 

a simple 1D direction.  Based on these results, we propose a surface-directed growth 

mechanism controlled the ECD of nickel in the standard electrolyte.   
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 In contrast, deposition of nickel in the absence of boric acid resulted in NWs.  

Unlike the structures synthesized from the standard electrolyte, fully developed NW 

branches were not evident in the BA-free samples.  Several small protrusions can be seen 

on the NW in Figure 2.4, which indicates the initial site of NW branching.  However, the 

deposition was terminated at the pore junction, preventing the development of a fully 

branched region. The lack of defined branched NWs signifies that the electrochemical 

growth occurred in a 1D manner with no indication of surface-directed growth.  As the 

nickel was deposited up the template pore, the branched junction became blocked, which 

prevented further deposition into the depths of the branched region.     

 

Figure 2.4  TEM images of nickel nanostructures synthesized from (A, B) standard, and 

(C, D) boric acid-free electrolyte. 
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These results demonstrate the influence that boric acid has on the electrochemical 

growth and resultant morphology of nickel nanostructures.  Further evidence was 

observed by studying the morphology as a function of the boric acid concentration. The 

SEM images in Figure 2.5 illustrate the effect that the boric acid concentration had on the 

structural integrity of the nanostructures.  As the concentration of boric acid decreased, 

an increase in rigidity was observed.  As shown above, the standard electrolyte (0.4 M 

boric acid) generated uniform NTs.  The thin walls and large aspect ratio of the NTs 

caused them to collapse and form a NT film over the gold NWs when the AAO template 

was removed.   

As the concentration of boric acid decreased to 0.1 M and 50 mM, an increase in 

the rigidity of the deposited nanostructures was observed.  Figure 2.5 B and C show the 

structures from the NT film that begin to stand upright.  This is likely due to a thickening 

of the NT walls or a change in hardness of the deposited nickel. Finally, electrodeposition 

from a BA-free electrolyte produced rigid nickel NWs capable of remaining fully erect 

without the support of the template.   Despite the open ended nanostructures seen in 

Figure 2.5, TEM analysis revealed that fully-filled NWs with NT tips on the terminal end 

were synthesized from the BA-free electrolyte (Figure 2.6).   
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Figure 2.5  SEM images of nickel nanostructures synthesized from a solution 

containing 0.5 M NiSO4 and (A) 0.4 M H3BO3, (B) 0.1 M H3BO3, (C) 50 mM H3BO3, 

and (D) no boric acid. Blue arrows denote nickel NTs, and green arrows denote gold 

NWs.  Scale bar represents 5µm. 

Figure 2.6  TEM images of (A) nickel NWs synthesized from the boric acid-free 

electrolyte with (B) a high magnification inset of the NT terminal end from (A). 
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In order to confirm that the current-directed growth mechanism did not play a role 

in the synthesis of the NT structure, nickel was potentiostatically deposited from the 

standard electrolyte at a variety of current densities.  The current density was modified by 

adjusting the magnitude of the applied potential, as shown by the current transients in the 

Figure 2.7.  In order to allow for comparison among deposits, the deposition was stopped 

after 4 C of charged had passed, which correlated to a 30 min deposition at -1 V.  

Previous reports that cited the tip effect as the controlling factor in NT growth 

demonstrated that a reduction in potential as small as 0.2 V altered the growth 

mechanism and resulted in NW formation.96, 97, 106  Figure 2.8 demonstrates that NTs 

were synthesized even at low current densities, where the current-directed mechanism 

predicts NW growth.  The current-directed growth mechanism relies on the presence of 

the tip effect, which was eliminated in our experiments by the flat-top base electrodes.   

  Figure 2.7  Current transient from the ECD of nickel from the standard electrolyte at -

0.2 V, -0.6 V, -0.8V, and -1 V.  All depositions were stopped once 4 C of charge had 

passed.  This plot shows the first 33 min of each deposition, however the observed 

current plateau was maintained until each reaction was terminated.   
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Therefore, we attribute the growth of NTs versus NWs to the presence and 

absence of boric acid, respectively.  These results indicate that boric acid not only acts as 

a buffer but also significantly influences the ECD of nickel.  The presence of boric acid 

alters the nickel deposition mechanism and allows for the surface-directed growth of 

nickel NTs. 

2.3.2. Chronoamperometric analysis 

The effect of boric acid on the deposition mechanism was further studied using 

chronoamperometry.  Chronoamperometry is an electrochemical analysis technique 

performed under potentiostatic conditions.  In a typical chronoamperometric analysis, the 

current response of the working electrode is monitored following the application of a 

potential step.  The results are then displayed in the form of a current transient, which 

illustrates the aggregate change in electrode current due to the various processes 

occurring during deposition. In this work, the potential was stepped from the open circuit 

potential (~ +0.26 V) to the deposition potential (-1V).   

Figure 2.9 shows the potentiostatic current transients from the nickel deposition in 

the standard and BA-free electrolyte.  The current response from the BA-free electrolyte 

shows a severe decrease during the initial 5 seconds of deposition, which can be 

Figure 2.8  TEM images of nickel NTs synthesized from the standard electrolyte at (A) 

-0.4V, (B) -0.6V, and (C) -1V. 
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attributed to the double layer charging brought on by the potential step.89, 137-139  The 

remaining transient exhibits traditional Cottrell behavior, signified by an exponential 

decay described by Equation 2.1.  This monotonic decrease in current is in accordance 

with the concentration profile of active species near the electrode surface.   

 

Prior to the potential step, the concentration of nickel ions at the electrode surface 

was equal to the bulk concentration (Cb).  At the onset of the potential step, the nickel 

ions at the surface were reduced.  Further reduction of nickel required diffusion of bulk 

species to the electrode.  As the deposition process continued, the diffusion layer 

gradually expanded into the bulk solution until the system reached steady state, as shown 

 

Figure 2.9  Current transient plots for nickel deposition from the standard and boric 

acid-free electrolyte. 

Equation 2.1  Cottrell Equation. 
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in Figure 2.10.  Under steady state conditions, the current was limited by the mass 

transport of nickel ions to the electrode surface, and is denoted by a plateau in the current 

transient.  

 

 

In comparison, the current transient from the deposition in the standard solution 

shows a well-defined peak.  From Figure 2.11, it is clear that the dramatic current 

decrease due to double layer charging was still present.  However, following this 

decrease the current rose to a maximum before exponentially decaying.  Finally, the 

current plateaued at the steady state current when the reaction reached diffusion control. 

The presence of a current maxima has long been viewed as an indication of a nucleation 

mechanism.31, 32, 74, 89, 128, 138, 140  The increase in current arises due to an increase in the 

active surface area brought on by the crystal growth at the various nucleation sites.  This 

is consistent with our expectation that surface mediated growth of nanotubes would result 

in an expanding active surface area along the tube walls. 

Figure 2.10  Concentration profile of active species that develops over time due to 

electrochemical consumption at the electrode surface and formation of a diffusion layer. 
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In order to analyze the nucleation process, the data was compared to the two 

theoretical models derived by Scharifker and Hills.89  The first model describes the 

instantaneous nucleation mechanism.  Instantaneous nucleation corresponds to the 

immediate activation of all nucleation sites at the onset of the potential step.  In contrast, 

the progressive model describes the situation in which the nucleation sites become active 

as deposition proceeds. The instantaneous and progressive nucleation processes are 

represented by Equation 2.2 and Equation 2.3, respectively.  

 

 

Figure 2.11  Initial portion of the current transient for nickel deposition in the standard 

electrolyte, highlighting the peak maxima occurring at 18.07 s. 

Equation 2.2  Theoretical model for the instantaneous nucleation mechanism. 
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Initially, the data closely followed the response predicted by the instantaneous 

nucleation model, as shown in Figure 2.12.  This indicates that, following the application 

of the potential step, nucleation occurred quickly and all at once.  However, at longer 

times, both models predict a drastic decrease in current, which denotes the terminated 

nucleation process due to the overlap of diffusion zones and active species concentration 

depletion.  The non-dimensional transient for the deposition of nickel from the standard 

electrolyte shows only a modest decrease in current that continues until the limiting 

current is reached.  The elevated current, compared to the theoretical models, indicates a 

higher concentration of nickel ions at the electrode surface than predicted by a simple 

diffusion model.   These results suggest that boric acid influences the nickel ion 

concentration at or near the template surface.  In Chapter 3, we further investigate the 

effect of boric acid on the surface nickel concentration. 

Equation 2.3  Theoretical model for the progressive nucleation mechanism. 
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The difference in current transients provides key evidence to the influence of 

boric acid on the mechanism of nickel ECD.  Whereas, the monotonic decrease observed 

in the absence of boric acid is characteristic of Cottrell behavior, the presence of a current 

maxima in the presence of boric acid denotes a nucleation-based mechanism.140  

Additionally, the concentration of nickel at the electrode surface appears to be higher 

than expected in the presence of boric acid.   The limiting current in the standard 

electrolyte is 6 times higher than that of the BA-free electrolyte.  Since the limiting 

current is a mass transfer-controlled process, we can deduce that nickel ions are more 

readily available at the electrode surface in the standard electrolyte.  This is consistent 

with strong surface interactions mediating the mechanism.  Although it is not possible to 

fully understand the growth mechanism by analysis of the current transient alone, these 

Figure 2.12  Non-dimensional i2/im
2 vs. t/tm transient plot of nickel deposition in the 

standard electrolyte.  Theoretical models for instantaneous and progressive nucleation 

are shown for comparison. 
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results demonstrate a clear difference in deposition mechanisms between the two 

electrolytes, due to the presence or absence of boric acid. 

2.4. Conclusion 

It is widely accepted that the planar deposition of nickel occurs through two 

consecutive one-electron transfer mechanisms that are mediated by a nickel-anion 

complex, and that additives greatly affect the resultant morphology of the deposit.  In this 

chapter, we demonstrated the significant impact of boric acid on the morphology of the 

deposited nanostructure.  Based on TEM and SEM images, we conclude that boric acid 

plays a role in controlling the ECD of nickel NTs versus NWs.  Through electrochemical 

analyses we were able to observe the fundamental differences in the growth mechanism.  

Both the microscopy images and electrochemical analysis indicate a surface-mediated 

growth process for the ECD of nickel in the standard electrolyte.  In the following 

chapter, we propose a mechanism to explain the effect of boric acid on the 

electrochemical growth of nickel nanostructures that allows for such observations.   
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Chapter 3: Complexation of nickel-borate to AAO membrane 

3.1. Introduction 

The conventional view of the role of boric acid adsorption in the nucleation and 

planar deposition of nickel was addressed in Chapter 2.  In this chapter we present a 

novel mechanism of action for boric acid adsorption and its impact on the ECD of nickel 

nanostructures.  We propose that the surface-mediated growth of nickel NTs in the 

standard electrolyte was achieved due the adsorption of the nickel-borate complex to the 

pore wall of the AAO template.  It is well known that boric acid binds to hydroxyl-

containing compounds with high affinity.  This interaction has been employed in the 

molecular recognition, separation, and transport of carbohydrates for over 50 years.141-150   

The interaction of boric acid with hydroxyl moieties extends to heterogeneous 

reactions with metal oxide surfaces.  Numerous studies have shown the ability of boron 

species to adsorb to metal oxide surfaces, specifically aluminum and iron oxides, in 

aqueous solutions.151-159  Reported logarithmic values for the surface complexation 

constant of boric acid absorption onto alumina, which range from 4.1-4.83, indicate high 

affinity of the alumina surface for boric acid.153, 154  Su and Suarez demonstrated the 

presence of presence of both the trigonal planar and tetrahedral boric acid species on the 

surface of amorphous aluminum and iron hydroxides.155  Peak et al. revealed the complex 

chemistry behind the interaction of hydrous iron oxide and boric acid with attenuated 

total reflectance FTIR.151  Although it was not possible to determine an exact 

complexation mechanism, it was suggested that a monodentate complex initially formed 

through an outer-sphere interaction between borate and a surface hydroxyl group.  The 
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loss of a proton or water molecule then resulted in the formation of an inner-sphere 

bidentate complex.   

From this data, it can be inferred that boric acid readily binds to the alumina 

surface of the AAO template.  Due to the high concentration of both nickel and boric acid 

in Watts-type plating solutions, and the knowledge that nickel-borate is a prominent 

species in such solutions, we propose that boric acid binds to the AAO surface as the 

nickel-borate complex.51, 60, 127, 132  Figure 3.1 shows the mono- and bidentate surface 

species of the nickel-borate complex that are predicted to be present on the template 

surface based on spectroscopic analysis of boron surface species.153, 155   Furthermore, we 

propose that the presence or absence of the surface-bound complex acts as a determining 

factor in the synthesis of NTs and NWs, respectively.   

 

 

Figure 3.1  Schematic depiction of nickel-borate adsorption on an AAO membrane.  

Counter ions have been omitted for simplicity. 
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The adsorbed complex facilitates the surface-directed growth of nickel nanotubes 

by modifying the concentration of nickel ions in the proximity of the pore walls.  

Considering the surface hydroxyl concentration of alumina typically ranges from 3 to 15 

OH/nm2, the adsorption of nickel-borate to hydroxyl moieties can substantially increase 

the nickel concentration at the template surface, compared to the bulk solution.33, 160-163  

The localized concentration of nickel results in enhanced deposition along the pore wall 

to generate nickel nanotubes.  This mechanism is similar to the complex formation 

mechanism presented in Section 1.6.1.2.  However, the boric acid-mediated mechanism 

allows for controlled NT growth without any additional molecular anchor.   

Herein, we provide data to support the proposed mechanism for the adsorption of 

the nickel-borate complex and its influence on the growth of nickel nanostructures.  

Specifically, we show that nickel adsorption on the AAO surface occurs to a greater 

extent when boric acid is present in the solution.  Additionally, we demonstrate that the 

ECD of nickel NTs requires the presence of both boric acid and template surface 

hydroxyl moieties.   

3.2. Experimental method 

3.2.1. Detection of surface adsorbed solution species 

The presence of adsorbed species on the AAO template was analyzed with x-ray 

photoelectron spectroscopy (XPS).  Commercial AAO membranes were immersed in 

standard electrolyte (0.5 M NiSO4, 0.4 M H3BO3) and BA-free electrolyte (0.5 M NiSO4, 

0.06 M NaSO4), and allowed to equilibrate for 5 min.  Solutions of pure deionized water, 
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and 0.4 M boric acid were used as controls (see Appendix).  The AAO was removed and 

washed with methanol to remove unbound species.  XPS measurements were performed 

on a Kratos AXIS 165 spectrometer. 

3.2.2. Electrodeposition with rinsed AAO templates 

Electrodeposition was performed as described in Section 2.2.1 with some 

modifications.  Briefly, flat-top gold NWs were deposited within the pores of the exposed 

AAO of the working electrode.  The working electrode was equilibrated in the standard 

electrolyte for 10 minutes, thoroughly washed with methanol, and then equilibrated in 

methanol for 3 minutes.  The electrode was placed in a 1 M sodium sulfate solution, 

along with a platinum counter electrode and Ag/AgCl reference electrode.  Nickel was 

electrodeposited at -1 V for 10 min.  Characterization of the resulting nanostructures was 

performed as described in Section 2.2.2. 

3.3. Results and discussion 

3.3.1. Surface adsorption of solution species 

The first step in validating the nickel-borate surface-directed growth mechanism 

was to confirm the increased concentration of adsorbed nickel on the AAO surface in the 

presence of boric acid.  The adsorbed species were detected by XPS.  XPS is a valuable 

method of surface analysis due to its ability to detect all elements with an atomic number 

of 3 or higher that are present in the top ca. 10 nm of a material.  The chemical and 

electronic state of the elements in a material are determined by measuring the number and 

kinetic energy of ejected electrons following irradiation with an x-ray beam.  Each 

element emits a unique set of electrons with characteristic binding energies, which allows 
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for elemental analysis.  The elemental composition of a material is presented as a 

percentage, which is calculated by dividing the measured signal intensity by the relative 

sensitivity factor (RSF), and normalizing the results.   

Figure 3.2 and Figure 3.3 show the full XPS spectra and the Ni 2p spectra of an 

AAO membrane after equilibration in the standard and BA-free electrolyte, respectively.  

The ratio of Ni:Al was analyzed in order to compare the degree of nickel adsorption 

between the two solutions.  For the standard electrolyte sample the Ni:Al ratio was 0.056, 

whereas the ratio for the BA-free sample was 0.035.  Therefore, the concentration of 

adsorbed nickel was 1.6 times greater following equilibration in standard electrolyte, 

compared to the BA-free solution.   
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Figure 3.2 (A) Full XPS spectra and (B) Ni 2p spectra of an AAO membrane 

following equilibration in the standard electrolyte, with corresponding (C) data table. 
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From these results, we conclude that boric acid enhanced nickel adsorption to the 

AAO surface through the binding of the nickel-borate complex, as shown in Figure 3.1.  

Figure 3.3  (A) Full XPS spectra and (B) Ni 2p spectra of an AAO membrane 

following equilibration in the boric acid-free electrolyte, with corresponding (C) data 

table. 
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The small nickel signal detected in the BA-free sample was due to the direct interaction 

of nickel with the metal oxide surface.  It is well known that transition metals, including 

nickel, adsorb to metal oxides in aqueous solution.164-167 However, the low signal 

intensity indicates that the nickel - alumina interaction was not as favorable as the 

interaction between boric acid and the alumina surface.  In the standard electrolyte, nickel 

was affixed to the surface through the nickel-borate complex.  The stable interaction 

between borate and the oxide surface allowed the complex to remain bound to the AAO 

following the methanol wash.    

3.3.2. Inhibition of surface complex adsorption 

In order to demonstrate the role of nickel-borate adsorption onto the template 

surface in the growth mechanism of nickel NTs, the ECD conditions were modified in 

such a way as to inhibit the formation of the surface complex.  This was achieved through 

two methods: (1) the use of a template lacking surface hydroxyl groups, and (2) the 

addition of a competitive binder to the electrolyte.   In the first method, a PC membrane 

was used as a template in place of AAO.  The PC membrane is a porous polymer 

membrane composed of bisphenol carbonate monomers, shown in Figure 3.4.  The 

absence of surface hydroxyl moieties was confirmed with XPS analysis by Latella et 

al.168  As expected, C=0 and C-O bonds from the carbonate species was detected on the 

surface PC substrates.  However, hydroxyl groups were only detected after a water-

plasma pre-treatment was performed.   

XPS analysis by Latella et al. demonstrated the absence of hydroxyl moieties on 

the surface of PC substrates.  As expected, only C=0 and C-O bonds from the carbonate 

species was detected on the PC substrates.  It should be noted that phenolate moieties 
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form on the nanochannel surface during the track-etch processing of the PC membrane.  

However, XPS analysis revealed that nickel was not present on the PC membrane surface 

following equilibration in the standard and BA-free electrolyte, as shown in Figure 3..  

Therefore, it was concluded that no significant interaction occurred between the PC 

surface and nickel-borate complex. 

  

As a result, the use of a PC template resulted in the ECD of NWs from the 

standard electrolyte (Figure 3.).  The absence of sufficient surface hydroxyl moieties on 

the PC template prevented the nickel-borate complex from interacting with the template 

surface.  Without a disproportionate nickel ion concentration within the pore, deposition 

occurred uniformly across the entire nanochannel to form NWs.   

 

Figure 3.4  Chemical structure of a PC membrane. 
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Figure 3.5  XPS spectra of a PC membrane following equilibration in (A) standard and 

(B) boric acid-free electrolyte, and corresponding (C) data table. 
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Figure 3.6  TEM images of nickel NWs synthesized within a PC membrane from the 

standard electrolyte. 

The second method used to inhibit surface complexation involved the introduction 

of a competitive binder with enhanced affinity to boric acid, compared to Ni2+, to the 

standard electrolyte.  A 0.4 M aliquot of ethylene glycol was added to the electrolyte 

prior to ECD under standard conditions.  The vicinal diol has been shown to successfully 

bind to boric acid and its derivatives in aqueous solutions.141, 169  Therefore, nickel ions 

must compete with the polyol for boric acid binding in the standard electrolyte.     

Figure 3.7 shows that nickel NWs were formed as a result of the competition 

between nickel and ethylene glycol.  Since ethylene glycol does not readily react with 

nickel ions, the NW formation was attributed to its interaction with boric acid.  Reports 

from the literature demonstrate that the equilibrium constant for the formation of the 

ethylene glycol-borate complex is greater than that of the nickel-borate complex by 

approximately 10 orders of magnitude.132, 141  Therefore, borate preferentially interacted 

with ethylene glycol in the standard electrolyte. Figure 3.8 depicts the mechanism by 

which ethylene glycol impeded the accumulation of nickel along the pore wall.  With the 

lack of disproportionation between the nickel concentration at the pore wall and central 
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pore region, nickel ECD once again occurred uniformly across the entire nanochannel to 

form NWs.   

 

 

Figure 3.7  (A) TEM and (B) SEM image of nickel NWs synthesized from a solution 

containing 0.5 M NiSO4, 0.4 M H3BO3, and 0.4 M ethylene glycol. 

 

 

 

 

 

 

Figure 3.8  Schematic depiction of the adsorption of the ethylene glycol-borate 

complex to the AAO surface.  Counter ions have been omitted for simplicity. 
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3.3.3. Effect of solvent rinsing on nanostructure morphology 

The role of nickel-borate adsorption was further investigated by performing ECD 

in nickel-free electrolyte.  Prior to ECD, the template was equilibrated in the standard 

nickel electrolyte for 10 minutes to allow sufficient time for the surface adsorption of the 

nickel-borate complex.  The template was then washed with methanol to remove all 

unbound nickel ions.  Deposition was performed in a 1 M NaSO4 solution.   

Figure 3.9 shows that very thin NTs were synthesized.  Due to their fragile nature, 

the thin NTs were easily broken during TEM preparation, which made imaging intact 

NTs difficult.  However, EDS analysis confirmed that the NT segments were in fact 

nickel.  When the experiment was repeated with the BA-free electrolyte, no nickel 

nanostructures were observed.  Since deposition was performed in a nickel-free solution 

after thoroughly washing the template, it can be concluded that the formation of NTs 

occurred through the reduction of surface adsorbed nickel ions.  Following the methanol 

wash, the amount of adsorbed nickel in the absence of boric acid was not enough to 

facilitate continuous nickel deposition.   

   

 

Figure 3.9  TEM image and corresponding EDS line scan of nickel NTs synthesized 

from 1 M NaSO4 following equilibration in the standard electrolyte and a methanol 

wash. 
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Following the success of the solvent rinse experiment with the standard nickel 

plating solution, a series of equilibration-rinse-electrodeposition (E-R-D) steps were 

performed in sequence.  The template was equilibrated in the standard Ni plating solution 

and rinsed with methanol as described above.  Following ECD in NaSO4, the template 

was reimmersed and sonicated in the Ni plating solution.  Figure 3.10 shows TEM 

images of the resultant NTs obtained from 6, 9, 12, and 15 E-R-D cycles.  Figure 3.11 

clearly shows a linear correlation between the number of E-R-D cycles performed and the 

NT wall thickness. 

The use of E-R-D cycles provides control over an additional NT dimension that 

had not been realized previously.  Previous reports indicated that the wall thickness could 

be adjusted based on the sputtering time prior to ECD, however, strong correlative data 

was not evident.15, 170, 171 Conversely, the results above demonstrate that the nickel-borate 

surface-directed mechanism allows for controlled manipulation of the NT wall thickness.  

Exploiting this new parameter can lead to the synthesis of more robust and rigid 

nanostructures.    
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Figure 3.10  TEM images of nickel NTs synthesized from a series of (A) 6, (B) 9, (C) 

12, (D) 15 equilibration-rinse-electrodeposition cycles. 

Figure 3.11  Plot depicting the change in NT wall thickness with successive series of 

equilibration-rinse-ECD cycles. 
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3.4. Conclusion 

In this chapter we demonstrated the ability of the nickel-borate complex to adsorb 

to the AAO surface.  The adsorbed complex plays a pivotal role in the determination of 

the morphology of electrochemically deposited nickel nanostructures.  Adsorption of the 

complex to the alumina surface of the AAO template results in preferential deposition 

along the pore wall to form NTs.  By inhibiting the adsorption of nickel-borate, through a 

competitive binder or lack of surface hydroxyl moieties, the growth of NWs is achieved.  

It was also demonstrated that the thickness of the NT walls can be controlled by 

removing non-adsorbed species from the template prior to deposition.   
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Chapter 4: Synthesis of advanced nanostructures via boric acid-controlled 

ECD 

4.1. Introduction 

With a clear understanding of the role of boric acid in nickel ECD, we are able to 

modify the morphology of various nanostructures simply by changing the electrolyte 

conditions.  Additionally, the surface-directed electrochemical growth of metal deposits 

allows for well-controlled, conformal deposition onto intricate templates.  As a result, the 

straightforward fabrication of complex nanostructures can be achieved.  In this chapter 

we demonstrate the synthesis of nickel alloy, multisegmented, and three-dimensional 

(3D) nanostructures.  In addition to demonstrating the ability of boric acid to direct the 

growth of nanoscale deposits, the experiments presented in this chapter were used as a 

proof-of-concept for the facile synthesis of intricate nanostructures for application in 

magnetic data storage, nanoelectronics, and energy storage.  

4.2. Experimental method 

4.2.1. Codeposition of nickel alloys  

The electrodeposition of nickel alloys was carried out using the procedure 

described in Section 2.2.1.  Briefly, flat-top gold NWs were deposited into the pores of 

the exposed AAO in the working electrode.  Nickel alloys were synthesized by 

codeposition from electrolyte solutions containing iron and/or cobalt, according to Table 

4.1.   A potential of -1 V was applied for 30 min in all deposition experiments.   

The resultant nanostructures were characterized by TEM and SEM as described in 

Section 2.2.2.  In addition to imaging, energy-dispersive X-ray spectroscopy (EDS) was 
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performed using an Oxford (INCA 250) system to analyze the elemental composition of 

the alloys.  During EDS, an accelerating voltage of 10 kV was used.   

 

4.2.2. Synthesis of segmented nickel nanostructures 

Following the electrodeposition of gold NWs, sequential deposition cycles were 

performed in the standard and BA-free electrolyte to generate NT and NW segments, 

respectively.  Prior to each cycle, the working electrode was sonicated in the appropriate 

electrolyte for 10 min to ensure diffusion of the new electrolyte into the template pores.  

After each cycle, the electrodes were washed and sonicated in deionized water before 

being placed in the next solution.  For the first 7 cycles, ECD with the standard 

electrolyte was performed at -1 V for 2 minutes, whereas ECD with the BA-free 

electrolyte was performed at -1 V for 45 seconds.  The deposition times were shortened 

for the last 4 cycles in order to observe its effect on segment length.  The potential was 

applied for 1 minute with the standard electrolyte and 20 seconds with the BA-free 

electrolyte.  Characterization with TEM analysis was performed as described in Section 

2.2.2.   

Alloy Description NiSO4 CoSO4 FeSO4 H3BO3 NaSO4 

NiFe standard 0.25 M -- 0.25 M 0.4 M -- 

NiFe BA-free 0.25 M -- 0.25 M   0.06 M 

NiCo standard 0.25 M 0.25 M -- 0.4 M -- 

NiCo BA-free 0.25 M 0.25 M -- -- 0.06 M 

NiFeCo standard 0.16 M 0.16 M 0.16 M 0.4 M -- 

NiFeCo  BA-free 0.16 M 0.16 M 0.16 M -- 0.06 M 
 

Table 4.1  Electrolyte composition for the synthesis of nickel alloy nanostructures.  All 

solutions were prepared in deionized water. 
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4.2.3. Synthesis of 3D nanostructures 

A 3D interconnected porous AAO membrane with regular branched regions was 

prepared in-house with a two-step anodization process, as previously reported.172  Briefly, 

pure aluminum foil was degreased in acetone and electropolished in a 1:5 perchloric acid: 

ethanol solution at 15 V, 3 °C for 5 min.  Both anodization steps were performed in a 0.3 

M oxalic acid solution maintained at 8 °C.  During the first anodization, a constant 

potential of 40 V was applied for 7 hours.  The resulting porous alumina film was etched 

in a mixture of phosphoric acid (6 wt%) and chromic acid (1.5 wt%) at 60 °C for 4 hrs 

and 40 min.  Voltage stepping was used during the second anodization to generate 

interconnected, branched pores.  Figure 4.1 shows the voltage profile for the synthesis of 

one branched region.  The voltage was stepped from 40 V to 20 V in 2 V increments with 

each step lasting 30 s each.  The voltage was ramped down to 15 V at the end of the 

second anodization to thin the barrier layer.   

The pore diameter was enlarged to ca. 80 nm with a pore widening step.  To 

achieve this, the AAO was placed in a 5% H3PO4 at 38ºC for 11.5 minutes.  The template 

was then immersed in a solution containing 0.4 M copper chloride and 5% HCl until the 

porous AAO film separated from the aluminum foil.  Gold was sputtered on the branched 

side of the resultant AAO membrane to ensure for good electrical contact during ECD.  

The deposition was performed as described in Section 2.2.1.   
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4.3. Results and discussion 

4.3.1. Nickel alloy nanotubes 

The ability of nickel to alloy with most metals has been exploited in a variety of 

industries, including the manufacturing of aircraft turbines, medical instruments, and 

nuclear power turbines.  Nanostructures of nickel alloys hold great promise for 

applications in ultra-high density magnetic data storage.48, 173-179  The use of periodic 

arrays of magnetic nanostructures has been shown to provide 2.5 times the storage 

density compared to conventional magnetic thin film media.180  As a result, a shift 

towards the investigation of the magnetic properties of 1D alloy structures has recently 

occurred.15, 28, 56, 94, 100, 181, 182  Typically, alloy nanostructures composed of nickel, cobalt, 

and iron are studied for magnetic applications, due to the success of these alloy 

compositions in thin film studies.174, 175, 180  In this section, we present alloy NTs and 

Figure 4.1  Voltage profile of a voltage step for the synthesis of branched pores within 

an AAO membrane. 
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NWs that were synthesized based on the boric acid-controlled surface-directed 

mechanism described in Chapter 3.   

Figure 4.2 shows TEM images with corresponding EDS line scans of the NiFe, 

NiCo, and NiFeCo nanostructures synthesized with boric acid.  As predicted by the boric 

acid-controlled surface-directed growth mechanism, NTs were formed from all three 

standard electrolytes.  The hollow NT void is clearly visible in the TEM images.  

Additional support for the NT structure was obtained from EDS line scans performed 

perpendicular to the NT axis.  The shape of each of the elemental line scans is 

characteristic of the NT structure.  A low signal intensity was obtained throughout the 

central region of the structure due to the hollow void.  Conversely, the outer edges 

exhibited the highest signal intensity due to the thickness of the NT wall.  Based on a 

comparison of the overall signal intensities for each metal, elemental analysis revealed 

that the NTs comprise approximately equivalent concentrations of each metal.  This 

result corresponds with the elemental composition expected for ECD from an equimolar 

alloy plating solution.   

Figure 4.3 shows SEM images of the alloy nanostructures prepared from standard 

electrolytes.  As described before, the large aspect ratio and thin walls of the NTs that 

form in the presence of boric acid cause the structures to collapse onto one another to 

form a NT film over the gold base electrodes.  The NT film can be seen in all three alloy 

samples synthesized from standard electrolytes.   
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Figure 4.2  TEM images with corresponding EDS line scans of nickel alloy NTs 

synthesized from (A) NiFe standard, (B) NiCo standard, and (C) NiFeCo standard 

electrolytes. Scale bar represents 300 nm. 
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Figure 4.3  SEM images and corresponding EDS spectra of nickel alloys synthesized 

from solution (A) NiCo standard, (B) NiFe standard, and (C) NiFeCo standard 

electrolytes. 
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In comparison, the alloy nanostructures synthesized from BA-free solutions were 

capable of remaining upright following the removal of the AAO template, as seen in 

Figure 4.4.  Despite the appearance of NT tips, the TEM images in Figure 4.5 reveal that 

the rigidity of the nanostructures originates from the fully-filled NW morphology.  These 

results are consistent with the nickel NT structures formed from the BA-free electrolyte 

in Chapter 2.   

In addition to the TEM images, analysis of the EDS line scans provides further 

support for the NW morphology.  Unlike NTs, the thickest point of the NW structure is 

the core.  Therefore, a high signal intensity at the center of the nanostructure is indicative 

of NW morphology.  With the exception of the NiFe NW, the signal intensities revealed 

that the NWs comprise approximately equivalent concentrations of each metal, which 

again was expected from the equimolar alloy plating solutions.  The disproportionate 

ratio of Ni: Fe can be attributed to the varying influence of the deposition conditions on 

each metal.  Factors such as overpotential and additives may affect the deposition of 

nickel and iron to different degrees, leading to a higher deposition of iron.  The 

disproportionate concentration is likely more apparent in the fully-filled NWs due to the 

greater volume of analyzed material.    
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Figure 4.4  SEM images and corresponding EDS spectra of nickel alloys synthesized 

from (A) NiCo BA-free, (B) NiFe BA-free, and (C) NiFeCo BA-free electrolytes. 
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 These results reveal that the role of boric acid on the growth mechanism of nickel 

is maintained during ECD from a mixture of metal ions, providing a facile approach to 

the synthesis of nickel alloy NTs and NWs.  Furthermore, it can be suggested that boric 

acid is capable of directing the 1D electrochemical growth of other transition metals, 

including iron and cobalt, through the formation of a surface complex.  However, a more 

detailed investigation is required in order to confirm the borate effect is maintained 

during ECD of such metals.  The resultant alloy nanostructures presented in this section 

can be further studied for use as magnetic data storage media.  

4.3.2. Segmented nickel nanostructures 

Recently, considerable attention has been focused on 1D heterostructures due to 

their unique properties and their potential application in nanoelectronic devices, and 

resistive random access memory.  To date, the majority of longitudinally segmented 

 

Figure 4.5  TEM images with corresponding EDS line scans of nickel alloy NWs 

synthesized from (A) NiFe BA-free, (B) NiCo BA-free, (C) NiFeCo BA-free 

electroltyes. Scale bar represents 300 nm. 
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heterostructures found in the literature are composed of NW segments of various 

semiconducting materials.183-190  Several reports cite the synthesis of NT segments 

composed of carbon or silicon.191, 192  However, there have been few demonstrations of 

heterostructures  containing metal NT segments.193  Additionally, the synthesis methods 

employed often limit the number of NT-NW segments that can be incorporated into the 

structure.  The majority of the research has focused on nanostructures containing a 

maximum of 2 NT segments.  Since the material and structure greatly affect the 

properties of the resultant structure, it is important to synthesize as many permutations as 

possible.   

In order to remedy the current deficiency, we exploit the role of boric acid in the 

ECD of nickel to synthesize multisegmented 1D nanostructures composed of nickel NT 

and NW segments.  The various NT and NW segments were generated by successive 

electrodeposition cycles in the standard and BA-free electrolyte, respectively.  Figure 4.6 

shows that segmented 1D nanostructures composed of well-defined NT and NW sections 

were formed.  Due to the encapsulation of electrolyte during synthesis, some of the NT 

sections ruptured under the high vacuum of the TEM.  As mentioned in Section 4.2.2, 

two different deposition schemes were employed during the synthesis of the segmented 

nanostructures.   

The length of each NT segment is provided in Figure 4.6 D.  From this data, there 

does not appear to be a definitive demarcation between segments originating from the 

long and short deposition cycles.  However, it can be stated with considerable confidence 

that the 1718 nm and 3010 nm segments were synthesized from a 2 min deposition cycle, 

whereas the segments between 420 nm and 973 nm likely originated from a 1 min 
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deposition cycle.  The wide variation in segment size can be attributed to the incomplete 

rinsing of the nanochannel prior to equilibration in the new electrolyte. 

Initially, fresh electrolyte must to travel tens of microns to reach the deposition 

interface.  Despite the sonication step, the previous electrolyte may not have been fully 

rinsed out of the nanochannel prior to sonication and equilibration in the new electrolyte.  

Therefore, applying the potential resulted in continued deposition and growth of the same 

NT or NW segment.  In the case of the NT segment, it is possible that the nickel-borate 

complex remained attached to the pore wall even after the electrolyte had been washed 

away, which would results in enhanced deposition along the wall before the formation of 

the NW segment.  Further optimization of the rinse and equilibration steps is required in 

order to achieve precise control over the synthesis of uniform NT and NW segments.  
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Figure 4.6  TEM images of (A-C) nickel segmented nanostructures synthesized from 

successive deposition cycles in the standard and BA-free electrolyte. Subsets represent 

high magnification images of individual segments. (D) Table of NT segment lengths 

corresponding to A-C. 
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4.3.3.  Three-dimensional nanostructure network 

Finally we employed the surface-directed growth of nickel to the preparation of 

3D nanostructures as a model for the fabrication of multidimensional electrical energy 

storage devices.  The study of nanostructures for energy storage has matured to such a 

point that a drastic change is required to further advance the technology.  Three-

dimensional nanoelectrodes offer a means to increase energy storage without hindering 

power storage, and propel energy storage devices beyond the current limits.194, 195  

Common approaches to the synthesis of 3D electrodes include atomic layer deposition 

and ECD with modified AAO templates.  In order to generate a 3D AAO template, the 

aluminum anodization process is altered to generate interconnecting channels at 

designated positions along the pore axis.  A critical aspect of 3D nanostructure 

fabrication is the conformal deposition of material throughout the horizontal and vertical 

nanochannels.   

ECD provides an ideal method of synthesis for these structures since the 

electrolyte is capable of reaching into the deep recesses of complex nanotemplates prior 

to the onset of the overpotential.  However, traditional deposition methods generate 

growth primarily in the direction of current flow, i.e. perpendicular to the electrode 

surface.  Fast deposition along the vertical nanochannels can impede sufficient deposition 

within the horizontal nanochannels, as was observed with the ECD of nickel from the 

BA-free electrolyte in Chapter 2.  As a result, complete deposition into the horizontal 

nanochannels may be impeded which would prevent the formation of a fully 

interconnected 3D electrode.  In contrast, the surface-directed growth mechanism 
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presented in Chapter 3 provides a synthesis method that ensures uniform growth 

throughout the entire template geometry.   

SEM images in Figure 4.7 show the nickel nanostructures synthesized from the 

3D interconnected AAO membrane in the standard electrolyte.  The first branched region 

was observed 4 μm from the base of the membrane.  The high magnification images 

reveal the Y-shaped branched structure, with the main, parallel structure appearing more 

rigid than the branched structure.  Although it is difficult to discern with SEM, the 

branched structure resembles the collapsed NT film obtained from the commercial AAO.  

After the first 6 μm the typical NT film is observed for the entire 3D network.    

  

Figure 4.7  SEM images of a 3D nickel nanostructure network synthesized within a 

homemade 3D AAO template in the standard electrolyte. 
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The interconnected network allowed neighboring NTs to remain intact following 

the removal of the AAO template, which complicated TEM imaging of the structures. 

Figure 4.8 A shows a typical aggregation of nanostructures that was observed due to the 

interconnected branched structures.  The drastic decrease in pore diameter compared to 

the commercial AAO resulted in the deposition of NWs.  However, as Figure 4.8 B 

demonstrates, NTs were also present in the sample.  Optimization of the deposition 

conditions must be performed in order to ensure uniform NT growth.  Despite the 

presence of nickel NWs, there appears to be NT growth at the branched regions, which 

corresponds well with the SEM images.    

 

Figure 4.8  TEM images of nickel nanostructures synthesized from the standard 

electrolyte with the 3D interconnected AAO template. 
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4.4. Conclusion 

In this chapter we demonstrate the practical applications for the boric acid-

controlled surface-directed ECD growth of metal nanostructures, beyond the generation 

of simple NTs and NWs.  Boric acid was shown to direct the ECD of alloy nanostructures 

comprised of nickel, iron, and cobalt.  As a result, the NTs and NWs with nearly identical 

chemical composition can be compared to determine the influence of morphology on the 

magnetic properties.  In addition, the surface-directed growth mechanism was employed 

to generate segmented nickel nanostructures. The formation of the heterostructures by 

simple electrolyte exchange not only offers further proof for the role of boric acid, but 

provides a novel route to synthesizing multisegmented nanostructures for application in 

nanoelectronic devices.  Finally, the surface-directed growth of nickel was applied to the 

synthesis of a 3D nanostructure network.  Despite the presence of NTs and NWs in the 

sample, the microscopy images indicate that the deposition followed the complex 

template geometry to form an interconnected network.   
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Chapter 5: Summary and Future Work 

5.1. Summary 

The overall goal of this research was to investigate the factors controlling the 

ECD of NT versus NW structures in the absence of physical modifiers, such as annular 

electrodes and template modification.  We demonstrated that boric acid concentration 

was a determining factor in the morphology of the 1D nanostructures.  In doing so, we 

have highlighted the importance of fully investigating the effects of additives in 

electrochemical plating solutions, specifically for the deposition of nanostructures.  The 

conventional view of boric acid in electroplating solution is that of a buffer.  Yet we have 

clearly confirmed it plays a significant role in the determination of 1D nanostructure 

morphology.   

In Chapter 2, electrochemical analysis of nickel deposition revealed that the 

presence of boric acid in the electrolyte drastically modified the deposition mechanism.  

The fundamental requirement for nickel NT growth, in the absence of physical modifiers, 

was proven to be the surface adsorption of the nickel-borate complex to the template 

surface.  Inhibition of the complex adsorption, by removing the surface hydroxyl groups 

or adding a competitive binder to the electrolyte, resulted in NW formation.  

Additionally, the adsorption of the nickel-borate complex allowed for enhanced control 

of the NT wall thickness with multiple E-R-D cycles.   

Finally the surface-directed ECD of nickel was employed to synthesize a variety 

of advanced nanostructures.  The role of boric acid was shown to control the ECD of 

nickel alloys, indicating that this growth mechanism can be applied to additional metals.  
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Multisegmented nanostructures were synthesized by simply alternating the electrolyte 

solution between the standard and BA-free solutions.  Additionally, the surface-directed 

growth allowed for continued deposition on the horizontally and vertically-aligned pores 

of a modified AAO template, which generated a 3D interconnected nanostructure.   

5.2. Future Work 

Throughout this work, we have thoroughly demonstrated the effect of boric acid 

on the morphology of 1D nickel nanostructures.  Continued work in this area will involve 

the study of this growth mechanism in the ECD of additional metal nanostructures.  For 

instance, the alloy NT and NW synthesis indicates that iron and cobalt 1D morphology 

may also be controlled by boric acid.  The experiments performed in this work would 

need to be applied to the deposition of these metals in order to confirm the boric acid 

effect is maintained.   

Additionally, the advanced structures require further optimization before they can 

be investigated for their respective applications.  Optimization of the multisegmented 

nanostructure requires improvements in the rinse step of the deposition process.  In order 

to obtain uniformity in the segment lengths, the old electrolyte must be fully removed and 

replaced by new electrolyte before the potential is applied.  Furthermore, the charge 

transferred can be monitored to determine the deposition duration and to provide more 

control over the length of each segment.  Optimization of the 3D nanostructure network 

involves modifying the deposition conditions to suit the diminished pore size.  The 

synthesis of NWs from the standard electrolyte indicates that the deposition must be 

shortened.  It is likely that NTs initially form, but become fully-filled NWs as the 

deposition continues for an extended period of time.     
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Appendix 

Figure A.1  XPS spectra and corresponding data table for an AAO membrane 

following equilibration in deionized water.  
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Figure A.2 XPS spectra and corresponding data table for an AAO membrane 

following equilibration in 0.4 M boric acid. 
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