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ABSTRACT 

Compared to the traditional physical vapor deposition or chemical synthesis 

methods, electrochemical deposition has the advantages of low cost, high yield, low 

processing temperature and is easy to scale-up. In this study, we aim to reveal the 

nanoscale electrochemical growth mechanism and develop efficient electrochemical 

based approaches to produce multifunctional nanomaterials and structures that are 

difficult to obtain by other synthesis methods. This study focuses on developing 

electrochemical based nanomanufacturing techniques to synthesize magnetic 

nanostructures with controllable size, morphology, composition and structure with cost 

efficiency and scalability. The dissertation includes two research themes: 1) 

Electrodeposition mechanism study of metallic nanostructure on carbon micro- nano-

structure surfaces; and 2) Electrochemical synthesis of non-spherical magnetic 

nanostructures for bio-medical applications. 

By combining synchrotron x-ray diffraction/fluorescence and special electrochemical 

experimental setup design, we demonstrated real time, non-contact and high resolution 

composition and structure characterization capabilities for electrochemical processes. As 

an example, we systematically studied the solution concentration, pH value and 

deposition potential effects on the Ni nucleation, growth, stability and dissolution on the 

surfaces of carbon micro- and nano-materials. When acidic electroplating solutions are 

used, the deposited Ni nuclei are found to have strong size dependent instability and can 

dissolve chemically. This stability also depends on deposition potential; a passivation 

layer can form under more negative deposition potential which can prevent chemical 

dissolution and even electrochemical dissolution. At the micron and below dimensions, 
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the substrate surface curvature also shows significant impact on the deposition rate and 

efficiency when compared to conventional flat substrates. 

To explore the unique synthesis capability of electrochemical synthesis and 

application potential of non-spherical nanomaterials, we have fabricated high aspect ratio 

Fe nanowires with sizes suitable for bio-medical applications. In situ synchrotron 

diffraction has again been used to provide real time compositional and crystallographic 

information during electrodeposition. The composition of nanowires with iron at the core 

and iron oxide at the surface can also be confirmed by TEM-EDS and XPS study. The 

biocompatibility of the Fe nanowires has been evaluated by using rat-2 fibroblast cells. In 

summary, through the study of nanoscale nucleation, growth and micro-structure 

evolution, this research helps to quantify the nanoscale electrochemical process, establish 

structure-properties correlation and develop novel magnetic materials applications. 
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1 Introduction 

In the past few decades, material synthesis and manufacturing techniques at the sub-

micrometer and nanometer scales have been greatly improved. Various physical process 

based top-down and chemical process based bottom-up techniques have been developed 

for nanoscale devices fabrication and/or nanomaterials properties characterization. 

Having the advantages of low cost, high yield, low processing temperature and is easy to 

scale-up; electrochemical synthesis shows great potential to become a powerful 

nanofabrication technique that can be complimentary to physical vapor deposition and 

chemical synthesis.  

Electrochemistry is a branch of chemistry that deals with the chemical reactions 

when electric current passes through an interface between an electrode and electrolyte. 

Concerned with the interaction between the electrical and chemical effects, 

electrochemistry encompasses a wide range of subjects including electrophoresis, 

corrosion, electroanalytical sensors, batteries, fuel cells, and electroplating, etc.  

A physical system in which the electrochemical reactions take place is called an 

electrochemical cell. A cell usually includes two electrodes separated by at least one 

electrolyte phase. Usually, the reactions occurring in an electrochemical cell make up of 

two independent half-reactions in responding to the interfacial potential differences at the 

two electrodes. At one electrode, the potential is more negative than the electrolyte and if 

the energy of electrons can be raised to reach a level high enough to transfer into vacant 

electronic states on species in the electrolyte, a reduction reaction will occur at that 

interface. On the other hand, the energy of electrons can be lowered by imposing a more 

positive potential at the other electrode, an oxidation reaction will occur with electrons 
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flowing from the solution to the electrode. The electrodeposition process is often referred 

specifically to the reduction process during which the cations in the electrolyte are 

reduced at the cathode to form deposits [1]. Electrodeposition has been traditionally 

served for the fabrication of various functional and decorative coatings.  

Electrochemical deposition can provide multiple degrees of freedom to engineer the 

film nanostructure and morphology through the control of mass transport, electron 

transport, and the nucleation/growth. One of the unique characteristics is its capability of 

coating complex shaped surfaces and forming high aspect ratio entities or filling deep 

trenches. Since the early 1990s, electrodeposited copper interconnects have replaced 

vacuum deposited aluminum wirings in integrated circuits after the damascene process 

was commercialized [2, 3]. Up to a 40-45% drop in the resistance of fully integrated 

devices with Cu interconnections compared to the Al(Cu) wiring has been demonstrated 

by D. Edelstein and coworkers [4].  Currently, interconnection lines with width less than 

0.02 microns can be fabricated by electrodeposition. Also, magnetic recording heads, 

discs and multilayer structures have been  electrodeposited [5] with high efficiency to 

meet the geometrical requirements. In this dissertation, we study the use of 

electrochemical synthesis to fabricate multifunctional nanomaterials and surface coating 

to introduce multifunctionalities that are difficult to obtain by other synthesis methods.   

Magnetic nanostructures will be the focus of the study in this dissertation. Magnetic 

nanomaterials with controlled size and morphology are of particular interests because of 

their important application potentials in information storage [6],  bio-medical imaging 

[7], biosensor [8], drug delivery [9], magnetic refrigeration [10], and ferrofluidic devices 

[11]. However, same as  many other nanomaterials, controlled growth of the magnetic 
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nanostructures at a cost effective and reproducible fashion remains challenging [12]. At 

the moment, almost all of the practical engineering applications of free-standing 

nanomaterials are limited to spherical particles.  

In our research, we focus on developing electrochemical based nanomanufacturing 

techniques to synthesize magnetic nanostructures with controllable size, morphology, 

composition and structure with cost efficiency and scalability. Two of the major research 

projects included in this dissertation are: 1) Electrodeposition mechanism study of 

metallic nanostructure on carbon micro- nano-structure surfaces; and 2) Electrochemical 

synthesis of non-spherical magnetic nanostructures for bio-medical applications. Through 

the study of nanoscale nucleation, growth and micro-structure evolution, this research 

will help to quantify the nanoscale electrochemical process, establish structure-properties 

correlation and develop novel magnetic materials applications.   
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1.1 Introduction to magnetic materials 

The origin of magnetism lies in the orbital and spin motions of electrons and nuclei, 

and how these particles interact with one another. All materials respond to an external 

magnetic field, because the non-static charged particles existing in substances have 

magnetic moments which can interact with external magnetic fields. In this study we 

focus on the magnetic behavior generated by the electrons and neglect nuclei magnetic 

responses.  

The best way to differentiate the different types of magnetism is to categorize how 

materials respond to magnetic fields. Normally, we categorize material magnetism into 

the following five types: diamagnetism, paramagnetism, ferromagnetism, 

antiferromagnetism and ferrimagnetism. 

Diamagnetism appears in all materials, and reflects the non-cooperative behavior of 

the electrons when exposed to an applied magnetic field. Diamagnetism is a very weak 

effect compared to the other types of magnetism, so it is only observed in purely 

diamagnetic materials which have no net magnetic moments (ie., all the orbital shells are 

filled and there are no unpaired electrons). Inert gases and most of the covalent and ionic 

crystals are usually diamagnetic materials. In paramagnetic materials, there are unpaired 

electrons and the magnetic moments of these unpaired electrons will tend to align along 

the direction of the applied field to lower magnetic free energy. Most of the transition 

metals are paramagnetic. For the diamagnetic and paramagnetic materials, there are no 

interactions between the induced and/or the spontaneous magnetic moments. 

For ferromagnetic, antiferromagnetic and ferrimagnetic materials, there are 

interactions among the individual magnetic moments, and magnetic ordering exists in the 
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absence of external fields. The strength of the interactions between the individual 

magnetic moment is termed as the exchange energy. Another term domain is used to 

define the region where all the moments are aligned with one another and pointed in the 

same direction.  

In ferromagnetic materials, parallel arrangement between neighboring moments is 

favored for lowering the system exchange energy. Although exchange interaction in 

ferromagnetic materials favors parallel spin alignment, it doesn’t mean all the moments 

in a ferromagnetic material will be necessarily aligned along the same direction to form a 

single domain state. This is because that in addition to the short range exchange 

interactions, there are long-rang magnetic static interactions (magnetic dipolar 

interaction) which tend to minimize spatial magnetic energy by favoring an anti-parallel 

moment alignment. The competition between the short range spin-spin interaction and the 

long range dipole-dipole interaction will result in the formation of multiple domains and 

domain walls in bulk materials. The formation of domains and domain structures will 

also be affected by the sample magnetization history. After magnetization saturation in an 

external field, most of the ferromagnetic materials will have a remnant magnetization 

when the external field is removed. These materials will display magnetic hysteresis 

loops in response to alternating external fields. During magnetization reversal, energy 

dissipation is determined by the integrated area enclosed by the hysteresis. 

Antiferromagnetic materials also include interacting magnetic moments, but with the 

magnetic moments arranged in a certain order that no net magnetization is presented to 

minimize exchange energy. In the most common case, the neighboring spins align anti-

parallelly. Similar to the ferromagnetic materials, the antiferromagnets can also form 
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domain structures, not due to the static magnetic interactions, but from the magnetic 

anisotropy. Another type of magnetic material with magnetic ordering similar to the 

antiferromagnetic material but with un-equal neighboring magnetic moments is called 

ferrimagnetic material. This type of material has a net non-zero spontaneous magnetic 

moment and the material magnetic response simulates a typical ferromagnetic material. 

Schematic drawings of spin and domain arrangement of these five different materials are 

shown in Figure 1.1. 
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Figure 1.1 Schematic drawing of spin and domain arrangement of five different 
magnetisms. 
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1.2 Kinetics of Electrodeposition 

 Electrodeposition is often referred to as the reduction process in an electrochemical 

cell during which the cations in the electrolyte are reduced on the cathode to form solid 

deposits. A typical electrochemical reduction reaction at the cathode can be written as:  

( )nM  ne M s+ −+ ⇒ ,    (1.1) 

where n is valence of the species M. Thermodynamically, the free energy difference 

between the reactants and the products of an electrochemical reaction can be manipulated 

by controlling the electrode potential, which determines the reaction direction. An 

equilibrium potential exists where the reduction reaction rate equals the oxidation 

reaction rate and there is no net electrochemical reaction. When the applied electrode 

potential is more negative than the equilibrium potential, the reduction reaction is 

favored and electrodeposition will proceed. 

Since the electric current reflects the charge transfer rate in an electrochemical 

reaction so it is directly proportional to the rate of the reaction. For most electrochemical 

processes, there are two types of rate control mechanisms: the reaction controlled process 

and the mass transport controlled process.  

In a reaction controlled process, the rate-determining step is how fast the electrons 

can be transferred between the electrode surface and ions in the electrolyte. This process 

is also called the charge transfer reaction which involves the transfer of charge carriers, 

including both ions and electrons, across the double layer. The rate of charge transfer 

reaction is strongly influenced by the applied overpotential, where the free energy 

difference between species determines the electrochemical reaction driving force. For a 

pure charge transfer process where species transport rates are high enough, the rate 
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controlling parameter is the applied potentials across the electrode/electrolyte interface. 

However, in most of the electrochemical systems, the diffusion process or the mass 

transport process is always involved in the overall electrochemical reactions and 

becomes an important rate determinant factor. The reaction controlled process can only 

be detected when using poorly conductive electrode and high concentration 

electroplating solutions. For most metal deposition on conductive electrodes including 

metallic and carbon substrates, the surface reactions can be very fast and the interfacial 

metal ions in the interfacial region can be limited by the diffusion process from the bulk 

solution and the reaction rate depends critically on the rate of mass transport [13, 14]. 

Three types of mass transport processes are often involved in a general 

electrochemical reaction. They are diffusion, convection and migration. Diffusion refers 

to the spontaneous transport of species from a high concentration region to a low 

concentration region. This is the most important mass transport process in 

electrochemical reactions since there is always a concentration gradient between the 

interfacial region and the bulk solution once the reactions start. The diffusion process can 

be mathematically described by the two Fick’s Laws. Fick’s first law can be used to 

determine the diffusion flux based on the concentration gradient, which can be written as 

cJ D
x
∂

= −
∂

,     (1.2) 

where J is the diffusion flux with the unit of amount of materials per unit area per unit 

time, D is the diffusion coefficient with the unit of area of per unit time, and c
x
∂
∂

is the 

concentration gradient.  
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The second important mass transport process in liquid is convection where a 

collective ion or molecule motion is imposed by the vibrations or stirring of the solution. 

It is a process of bulk motion of the medium. Even though the natural convection due to 

vibrations and density gradients cannot be completely eliminated, the effect of 

convection is much smaller than diffusion when an unstirred solution is used. 

For electrochemical reactions, the term “migration” refers to the movement of 

charged particles resulting from the electric field or field gradient in the solution. 

Migration can be eliminated by the addition of a supporting material, which is usually a 

fully dissociated inert electrolyte. This supporting material can significantly reduce the 

contribution of electroactive materials in response to the electric field between two 

electrodes, since all the ions in the solution will be involved in the measurement. 

In our research, we intend to minimize both the convection and migration processes 

and focus our study on the effects of diffusion controlled mass transport process.  To 

better understand the diffusion process during the electrochemical reactions, Nernst 

introduced the concept of a diffusion layer in 1904. Figure 1.2 shows the schematics of 

an ion concentration profile together with the Nernst model. This model simplifies the 

species concentration distribution by assuming a zero concentration at the electrode 

surface and a linear concentration increase across a distance to bulk concentration bC . δ is 

used to describe the thickness of this diffusion layer [13, 14]. 
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Rate of Electrochemical Reaction in Terms of Current 

During an electrochemical reaction, the rate of the reduction reaction v


, can be 

defined as,  

dmv
dt

=


, 
    

(1.3) 

where dm
dt

is the change in number of moles m with time t.  Based on definition, the 

amount of transferred charge q to form m mole of products  

mq mnF= ,     (1.4) 

where F is the Faraday’s constant. Since the reaction current I  can be represented as  

Figure 1.2 Schematic drawing of Nernst Diffusion-layer Model. 
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dqI
dt

= . 
    

(1.5) 

Combining Eqs. (1.4) and (1.5), we can get 

( )d mnF dmI nF
dt dt

= = .    (1.6) 

Since dm
dt

reflects the flux of the reactant at the electrode, from Fick’s first law, we have 

0( )x
dm cD
dt x =

∂
=

∂
.    (1.7) 

The rate of the reaction at the electrode surface is given by 

0( )x
cI nFD
x =

∂
=

∂
.    (1.8) 

According to the Nernst model, the concentration gradient 0( )x
c
x =
∂
∂

at the electrode surface 

is given by  

0
0( ) b

x
c cc

x δ=

−∂
≈

∂
.    (1.9) 

The combination of Eqs. (1.8) and (1.9) gives the rate of reaction in terms of the 

concentration gradient, 

0( )bc cI nFD
δ
−

= .    (1.10) 

When a linear concentration profile is assumed across the diffusion layer, the maximum 

value of the concentration gradient is achieved when 0 0c = , corresponding to a  

concentration gradient of bc
δ

. This also describes a steady-state diffusion problem where 

there is a constant concentration gradient. Correspondingly, a limiting diffusion current 

density LI can be derived based on Eq.(1.10), to be  
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b
L

nFDcI
δ

= .    (1.11) 

When the limiting current density is reached, the metal ions nM +   will be reduced as 

soon as they reach the electrode/electrolyte interface. In other words, under this condition, 

the concentration of nM +  at the electrode is always zero and the rate of reaction is 

controlled by the rate of transport of the reactant nM + to the electrode. 

If an overpotential exceeding the limiting current density requirement is applied, an 

external current greater than the limiting current can be forced through the electrode. 

Under this condition, the double layer will be further charged to limit the overpotential at 

the interface and additional current will be generated from other electrochemical 

processes. The limiting current density is of great practical importance when 

investigating the metal deposition including the deposit morphology and quality. It is also 

critical to understand the different nucleation and growth models during metal 

electrodeposition on different substrates. 

1.3 Thermodynamics of Electrodeposition 

From a thermodynamic point of view, by varying the voltage applied across the 

cathode and electrolyte the Gibbs free energy difference between the reactants and 

products can be manipulated. The free energy difference can be quantified as:  

  0dG G RT lna nFUn
M

+= ∆ + + ,    (1.12) 

where 0G∆  is the standard free energy change of the reaction, an
M
+  is the activity of ions 

in solution, F = 96485 C/mol is the Faraday’s constant and U is the potential difference. 
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A standard equilibrium potential 0U is defined when dG 0= and a 1n
M
+ = . 0U can be written 

as: 

  0 0U G /nF= −∆ .    (1.13) 

After defining 0U , the equilibrium potentials under non-standard conditions can be 

determined by the so-called the Nernst equation as  

  0
eq eq

RTU U  lna
nF

n
M

+= + .    (1.14) 

  Ueq reflects the equilibrium potential where there are no net reactions under non-

standard conditions; at this potential the forward and backward reactions have the same 

reaction rate. When the potential difference between the solution and electrode is more 

negative than this equilibrium potential, the product phase is more stable and the metal 

ions in the solution will be reduced. If the applied voltage is more positive, the ionic state 

is more stable and thus the metal phase will dissolve. This potential difference between 

the applied and equilibrium potentials is called the overpotential (η), which was first 

introduced by Caspari in 1899 [15]. Overpotential can be written as: 

  eqU(I)-Uη = ,     (1.15) 

where U(I) is the potential of an electrode as a result of external current flowing. 
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2 Experimental Techniques 

2.1 Sample preparation 

2.1.1. Electrodeposition 

In this study, all the electrodeposition experiments were conducted at room 

temperature using a Princeton Applied Research 263A potentiostat with a traditional 3-

electrode setup. The three electrode setup includes a working electrode, a counter 

electrode, and a reference electrode as shown in Figure 2.1. A working electrode in an 

electrodeposition experiment is the electrode where the reactions we are interested in take 

place. In order to conduct the current there is a counter electrode that acts in the other half 

of the electrochemical cell. A reference electrode is used to monitor and control the 

potential across the working electrode/electrolyte interface.  

 

A reference electrode used in electrochemical experiments is usually made up of 

phases having essentially constant composition, which can provide a stable and well-

Figure 2.1 Schematic drawing of a 3-electrode setup. 
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defined electrode potential. The constant composition can be maintained by a redox 

system with buffered or saturated concentrations of each participants of the redox 

reaction. Due to this constant potential, any changes of applied potential in the cell can be 

ascribed to the working electrode. Therefore, the reaction within the working electrode 

can be precisely controlled. The standard reference electrode is the hydrogen electrode 

(SHE), based on the reduction reaction in the half cell as described by the following 

electrochemical reaction: 

( ) ( )22H aq   2e  H g+ −+ →  .   (2.1) 

The redox potential under the standard condition for a SHE (E0) is defined to be zero. 

The SHE is constructed by a platinum electrode immersed in a solution with the activity 

of hydrogen ions is unity (proton concentration of 1.00M). The platinum electrode is 

made of a small square of platinized platinum foil serving as a large surface area for the 

reaction to take place. Hydrogen gas with a pressure of 1 atmosphere is bubbled around 

the platinum electrode to keep the solution saturated at the electrode site with respect to 

the gas. This unique design and requirement makes the practical application of SHE to be 

very difficult and other alternative reference electrodes are often used.  

The most commonly used reference electrode is the silver-silver chloride (Ag/AgCl) 

reference electrode because of its simple, inexpensive, stable and non-toxic design. A 

typical Ag/AgCl electrode consists of a silver wire coated with a thin layer of silver 

chloride immersed in a saturated KCl solution. Ag/AgCl electrode has an equilibrium 

potential of 0.197V when compared to the SHE.  
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2.1.1.1 Surface treatment of carbon fiber by electrodeposition 

With the discovery of carbon based nanomaterials represented by the C60, carbon 

nanofibers (CNFs) and carbon nanotubes (CNTs), increasing scientific and industrial 

efforts have been devoted to explore new physics and develop new applications of these 

materials. However, cost and handling remain as two of the major bottlenecks affecting 

their commercialization and large scale engineering applications of carbon based 

materials, which are still limited to carbon black (whiskers and nanoparticles) and 

continuous carbon-fibers (diameter between 5-10 µm) synthesized by high temperature 

carbonization of organic processors such as pitch or polyacrylonitrile (PAN).  

In developed applications, polymer composites containing micro-carbon fibers show 

greatly improved mechanical (Young’s modulus, strength, fracture toughness, fatigue 

resistance, delaminating resistance, and impact strength), transport (electrical 

conductivity, and thermal conductivity), flame retardancy and barrier properties when 

compared to pure polymeric materials. Military and aerospace applications of these 

composites can be dated back to the early 1950s, and currently they can be found in 

commercial aircraft, industrial structures (such as wind blades and pressure vessels), and 

sports and leisure equipment [16]. 

 In addition to the direct utilization of the superior mechanical properties of carbon 

fibers, other physicochemical properties of carbon materials can also be modified or 

improved by surface coating of metallic materials. With improved electrical and thermal 

conductivity, catalytic activity, surface chemistry, and/or magnetic responses, carbon 

micro- and nano- materials can find further applications in the development of lightning 

strike prevention reinforced composites [17], EMI shielding materials [18, 19], 
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vibration/acoustic dampers [20], catalyst substrates [21], supercapacitors [22], 

biomaterials and bio/chemical sensors [23].  

Experiments on incorporating metallic materials with carbon can be dated back to the 

1970s. In 1976, Eustathopoulos et al [24] found that liquid aluminum could not wet 

carbon microfibers even at 1050K (Tm= 933.5K). Only when the temperature was 

increased to around 1273K, Al began to wet the carbon surface through the rapid 

formation of carbide.  Other metal coating techniques  have also been explored, these 

included the electroless deposition  of copper [25-27] , nickel [28, 29], and silver [30]; 

and the chemical vapor deposition (CVD) of titanium [31]. Uniform metallic layer 

formation on continuous carbon microfibers with film thickness above 0.2µm were 

reported in these literatures. These earlier studies indicate the difficultly of the controlled 

growth of metals on carbon surfaces, and this can be attributed to the fact that sp2 

hybridized orbit in a flat or low curvature graphene layer is chemically inert and only 

favors weak van der Waals type interactions [32, 33]. However, recent studies show that 

the electronic structures of single-walled carbon nanotube (SWNT) and multi-walled 

nanotube (MWNT) can be different from a flat graphene layer due to chirality and 

surface curvature. Ab-initio calculation [34] showed that Ni atoms can form covalent type 

of bondings on certain sites of SWNT due to curvature-induced sp2 and d-orbital 

rehybridization.  

In 2000, Dai et al carried out the first systematic experimental investigation of metal 

coating on single walled carbon nanotubes (SWNTs). In the reported experiments, 

SWNTs were directly grown on TEM grids and electron beam evaporation of Ti, Ni, Pd, 

Au, Al and Fe was studied [35] [36]. Ti, Ni and Pd were found to form a continuous or 
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quasi-continuous coating while Au, Al and Fe formed discrete particles on the SWNTs. 

The study confirms that the ability for metals to bond with carbon increases with the 

number of unfilled d orbitals. 

Since the conventional physical vapor deposition (PVD) methods including the 

electron beam evaporation are not suitable for coating a large quantity of microfibers or 

powder like carbon nanomaterials due to the shadow effect, other chemical based coating 

techniques have been explored. The electroless deposition of metals on carbon surfaces 

[37, 38] demonstrates the possibility of simultaneous coating formation on CNTs, but the 

morphology and microstructures of coatings depend greatly on the catalysts formation 

and often lack effective controls. P. Ayala et al. [39] deployed a chemical reaction route 

to form Ni nanoparticles on CNTs. CNTs were first put in a nitrate solution to form a 

coated layer, then through a high temperature dissociation and a hydrogen reduction 

treatment, randomly anchored Ni particles were then formed on the nanotube surfaces. 

This approach suffers from processing complexity and also a lack of material 

microstructure control. More recently, we demonstrated that Ni layers can be effectively 

deposited on assembled interconnected carbon nanofibers (CNFs) to achieved 

significantly improved electric conductivity and better magnetic field alignment using 

electrochemical synthesis [40]. The electrochemical approach provides multiple 

adjustable experimental parameters and is capable of simultaneously coating of complex 

shaped surfaces. With additional advantages of low cost, high yield, low processing 

temperature and easy scale-up, the electrochemical synthesis approach shows great 

potential to become a powerful nanofabrication technique complimenting the 

conventional PVD and other chemical synthesis methods [2]. 
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2.1.1.1.1 Electrodeposition on vapor grown carbon nanofiber [40, 41] 

In addition to investigating the electrochemical deposition of metallic materials on 

micron diameter continuous carbon fibers, we also studied electrochemical deposition on 

vapor grown carbon nanofibers. The carbon nanofibers used in this research were 

purchased from Pyrograph Products, Inc. with an average diameter of 100nm and length 

between 50-100 µm. These CNFs were produced by the decomposition of hydrocarbon 

gases using Fe catalytic nanoparticles at high temperatures.  

In order to facilitate surface functionalization of carbon nanofibers by 

electrodeposition, an assembled network structure called carbon nanofiber paper (CNP) 

was fabricated by a method similar to the ‘Bucky paper’ synthesis approach proposed by 

Wang et al. [42]. In our experiments, CNFs were dispersed in acetone at a concentration 

of 1g/liter using an ultrasonic probe homogenizer for 15 min at a power level of 60 watts, 

followed by vacuum-filteration through a porous polyester membrane with a pore size of 

200nm.  The precipitated CNFs network structure was then heated at 110 oC in a vacuum 

chamber to evaporate the remaining solvent. During this drying process, external stress 

can be applied to adjust the CNF volume percentage and CNP thickness. Measurement 

results presented in this paper are from samples fabricated under the same atmosphere 

condition without applying extra stress. 

Electrodeposition allows coating on all CNFs simultaneously through solution 

penetration and ion diffusion, in contrast to only forming a surface coverage by other thin 

film fabrication techniques. Electrodeposition was carried out in a beaker with a special 

designed lid where the working electrode (a piece of CNP), reference electrode (v.s. 

Ag/AgCl) and counter electrode (a platinum mesh) can be accommodated. The 
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electrolyte was used is 1M NiCl2 solutions with pH of 3.5 buffered by 2.2M NH4Cl and 

0.35M H3BO3. 

2.1.1.1.2 Electrodeposition on PAN-base carbon microfiber 

Polyacrylonitrile (PAN) based carbon microfibers, with their superior strength and 

modulus, high thermal and electrical conductivity, low thermal expansion coefficient and 

excellent chemical resistance, have seen increasing applications as a composite 

reinforcement component to achieve material performance enhancement in recent years 

[43-47]. Yet further improvement of the physiochemical performances of carbon fibers 

remains challenging due to both technical difficulties and cost effects. Due to the intrinsic 

inertness of carbon surfaces, wetting and bonding between the carbon fiber surfaces and 

foreign materials are often problematic [25]. Also the size and shape of the carbon fibers 

greatly limits the capability of conventional coating techniques and effective deposition 

of well-controlled layers on a large number of carbon fibers has proven to be difficult. 

Tzeng and Chang [19] reported on using the electroless plating method to coat Ni and Cu 

on PAN-based carbon fibers based on a two-step approach, where a  sensitization and 

activation pretreatment was first used to catalyze the carbon fibers surface, then followed 

by a acetone or high temperature treatment to minimize the sizing effect (sizing is a thin 

layer of coating with a number of functional groups such as C-OH, C=O, and COOH on 

the carbon fiber surface). Copper and nickel were deposited onto the carbon fiber from 

the corresponding salt solutions using two powder-like displacing agents (Mg and Zn) at 

90oC. However, the results show that this multistep electroless coating of carbon fiber 

surface lacks the material microstructure and uniformity control. More recently, Weiwei 

Li et al [48] reported on the study of Cu electrodeposition on PAN based carbon fibers 
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after surface treatment. It is found that the Cu deposition became more efficient after 

introducing surface functional groups. However, the experiments were performed on a 

bundle of carbon fibers under a single applied potential and quantitative characterization 

of the electrochemical processes are difficult to obtain.  

In order to better understand the metal nano-nuclei formation and growth on carbon 

fiber surfaces, we explored the development of  an in situ synchrotron x-ray based 

diffraction and fluorescence approach to obtain quantitative real-time structure and 

composition information of the deposits during the electrochemical processes [49]. For 

Ni deposition, isotropic growth of hemispherical Ni always forms on micron diameter 

single carbon fiber. The nuclei stability depends on their size and can be further 

controlled by electrochemical parameters. Based on this research, quantitatively 

controlled growth on carbon fiber surfaces is realized. 

Carbon microfibers used in this study are high temperature graphitized 

polyacrylonitrile (PAN) fibers from Sigmatex with a diameter of 6µm. Before 

electrodeposition, all fibers were acid treated in diluted hydrochloric acid (12 wt. %) with 

ultrasonication for 30 minutes to remove the residual surface amorphous layers and 

contaminations. No surface roughness change has been observed after the acid treatment. 

Electrochemical experiments were carried out at room temperature (298K) in ambient 

condition. For in situ synchrotron x-ray experiments, a custom-designed electrochemical 

cell with minimized x-ray passage length in solution was used [49]. 

2.1.1.2 Template assisted electrodeposition 

Material synthesis and manufacturing techniques at the sub-micrometer and 

nanometer scale have been greatly improved in the past decade. A large number of 
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research papers have been published on the production exploration of isotropic 

nanoparticles and some of the nanoparticles applications have been developed [50-52]. 

However, the spherical nanoparticles often lack anisotropy and multifunctionality, and 

thus there is increasing interest in the development of nonspherical nanostructures such as 

the nanowires and nanotubes. These structures have demonstrated novel electrical, 

thermal, mechanical, optical, magnetic, and biomedical functionalities that are 

unobtainable in spherical nanoparticles [53-56]. Among the currently available 

nanowire/nanotube fabrication techniques [53, 57-59], the template assisted 

electrodeposition method exhibits the greatest potential in becoming the leading 

nanomanufacturing method due to its versatility and cost effectiveness. This technique 

was first experimented by Possin [60], who reported the fabrication nanowires in mica in 

1970.  In 1987, Reginald and Charles [61] used this approach to fabricate ultramicro-Pt 

array electrodes with diameters in between 0.1μm to 1μm using nuclei tracked 

polycarbonate membranes. After that, this method has been widely utilized to fabricate 

various metal [62, 63], conductive polymer [64], semiconductor [65], and oxide [66] 

nanowires and nanotubes. The template assisted method has the advantage of easy size 

and aspect ratio control. With controllable and uniform porous structure, monodispersed 

nanomaterials with a diameter as small as 5 nm can be synthesized [67]. When 

appropriate electrochemical synthesis approaches are developed, composition modulation 

can be introduced along the nanowire axis to achieve multifunctionalities [68, 69]. 

Furthermore, synthesized nanomaterials can be easily released and manipulated and 

become the building blocks for various applications. 
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The procedure of template assisted electrodeposition is schematically shown in 

Figure 2.2. Commercialized filtration membranes or self-prepared nanoporous 

membranes are first coated with a conductive layer on one side to be used as working 

electrode. In our experiments, a layer of gold with thickness of 50nm to 500nm is 

sputtered deposited on porous templates depending on pore diameter. By using a 

customized electrochemical cell, electrolytes containing desired metal ions are used and 

allowed to diffuse into the pores (in some experiments, surfactants are used to improve 

the solution uptake in pores).  

With controlled overpotential or current density by a three electrode potentiostat, 

desired metal nanostructures can be deposited into the templates. After that, the templates 

with embedded metal nanostructures are rinsed with distilled water for multiple times to 

remove the residue electrolyte and then dried in vacuum. The magnetic properties of 

materials are usually measured after the samples are dried. In the last step, depending on 

different applications, there are two strategies to treat the sample. The first strategy is as 

indicated in Figure 2.2. The membranes can be carefully dissolved by using appropriate 

solvents, and free standing wires sticking to the bottom conductive electrode layer can be 

obtained. However, for most of the biomedical applications, these magnetic 

nanostructures need to be released into liquids for further applications. Therefore, in the 

second approach, the gold layer is first removed by Hg, and then followed by dissolving 

the template matrix materials. Nanowires can be collected by using the centrifugation 

method. For polymeric membranes, in order to completely remove the matrix material 

and reduce the amount of residual material on the nanowire surface, multiple washing 

with the corresponding organic solvent are required.  Also shown in Figure 2.2, the 
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template assisted electrodeposition allows the growth of multiple segments along the pore 

axes by using different electrolytes and/or applying different overpotentials. 

 

The most commonly used nanoporous templates are summarized in Figure 2.3 [70, 

71]. These include the anodic alumina oxide (AAO), nuclear track etched polymers, 

nuclear track etched single crystal mica, phase separated diblock copolymers, 

nanochannel glass, and mesoporous structured thin films. Among these nanoporous 

structures, the AAO and track etched polymer templates are commercially available. 

Figure 2.2 Schematic Drawing of template assisted electrodeposition. 
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2.1.2 Self-prepared track-etched membranes 

2.1.2.1 Track and Etching Mechanism 

The basic process of nuclear track etching uses chemicals to enlarge the latent 

nuclear damage tracks formed in certain dielectric materials created by the passage of 

high energy  charged particles [72-74]. This method utilized the high chemical activity of 

the structurally damaged zone formed along the high energy particle passages to create 

pores in the matrix materials. A suitable solution with a large track to bulk etching rate 

ratio is needed to guarantee the parallelism of the pores.   

A more detailed analysis of the pore development in the irradiated template is shown 

in Figure 2.4 [74]. In this figure, I represents the initial material surface position, I’ shows 

Figure 2.3 SEMs of different porous templates (from references 70 and 71). 

100 nm 

Diblock copolymers Anodic oxidized 
alumina membrane 

Channel glass 

Track-etched mica 
Mesoporous silica 

Track-etched 
polycarbonate 
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the surface after etching, Vt is the etch rate along the particle trajectory (track etch rate), 

Vb is the etch rate of the undamaged regions of the material (bulk etch rate). Since the 

damaged zones are made up of defects with higher chemical activities, the etching 

solution can dissolve the damaged zones with a much higher rate compared to the 

undamaged region (Vt>> Vb). The tapering angle α of the pore wall is determined by the 

ratio Vt/Vb. A very small value of α can be expected if Vt>>Vb, where the pores with near 

cylindrical shape can be developed on the materials. At the same time, the bulk etching 

rate Vb can also result in the thinning of the membranes during the etching process (I→ I’ 

in Figure 2.4). In order to get more uniform pores without scarifying too much of the bulk 

material, a large Vt/Vb ratio is usually desired. The track etch rate can be further increased 

by the photo-oxidation effect without increasing the bulk etch rate for some polymeric 

materials [75, 76]. 

 

Two high energy particle sources were used in our experiments.  One is the K-500 

cyclotron from Texas A & M University.  Kr ions with an average energy of 1.26 GeV 

and fluences of 1×107 to 2×107 were used. Irradiation time from 1 to 250 seconds was 

used to achieve sample pore densities of 1×107 to 5×109 tracks/cm2. The other particle 

Figure 2.4 Schematic drawing of track 
etching technique. 
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source is the 1.7MV tandom accelerator from the Texas Center for Superconductivity at 

the University of Houston (TcSUH). Ni ions with 16.5MeV were used and pore densities 

were controlled between 1×107 to 1×1010 tracks/cm2.  

The track formation and template development of two types of materials are studied, 

single crystalline inorganic crystals represented by the muscovite mica and the polymeric 

materials represented by the polyethylene terephthalate and polycarbonate. 6.25N NaOH 

solution and 20% (v/v) HF solution were used as etchants for polymer and mica films, 

respectively.  

2.1.2.2 Track and Etching of Muscovite Mica 

The muscovite mica films with thickness of 5μm and 10μm were purchased from the 

Spruce Pine Mica Company. The chemical formula of muscovite mica used in this 

research is KAl(Al2Si3O10)(OH)2; the Muscovite mica has monoclinic unit cell structure 

(Figure 2.5). The Muscovite mica has a perfect (001) basal plane cleavage which 

provides an atomically flat surface [70]. 

 

b 

c 
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Figure 2.5 Unit cell of muscovite mica (from Dr. Li 
Sun’s thesis). 
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Initial tests on the 5μm thick mica thin films using the 16.5MeV Ni ions showed that 

the pores have depth between 2-3μm, as indicated by the SEM cross-sectional view 

images in Figure 2.6a and Figure 2.6b. Apparently, the energy of the Ni ions is not high 

enough to penetrate the entire 5μm of the mica films. Plane view SEM micrograph also 

provides the lateral etching rate information of mica in HF. Compared to the appreciable 

lateral pore size increase, the depth of the pores do not have measurable increase versus 

etching time, which confirms an almost zero bulk etching rate along the [001] direction 

of mica.  To form through pores in mica, Kr ions with a much higher energy of 1.26 GeV 

generated from the cyclotron source from Texas A&M University is used.  

From the SEM plan view images of Figure 2.6c and Figure 2.6d, we can see that the 

randomly distributed track-etched pores in mica have a well-defined diamond shape cross 

section with angles of 60o and 120o. This unique shape is the result of etching anisotropy 

which is related to the crystal structure of mica. The pore walls have been proven to be 

parallel to the { }110  planes in the mica lattice, because this family of oxygen terminated 

planes have the slowest etching rate in comparison to other crystalline planes [70]. 
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2.1.2.3Track and Etching of Polymers 

The nanoporous polymeric templates used in this research are polyethylene 

terephthalate (PET) and polycarbonate (PC). PET sheets were purchased from McMaster-

Carr and PC resin was purchased from Acros Organics. Before nuclear track and etching, 

polymer thin films were put down on flat substrates using spin coating after dissolving in 

the appropriate organic solvents.  

Spin coating has been used for the production of polymer thin films for several 

decades. This technique allows the preparation of uniform and defect-free polymer thin 

films from nano-scale thickness to micron-scale thickness with very low cost and high 

efficiency. A typical spin coating process involves the following 3 steps: 

1) Dissolve the polymer resin into solvent and make a uniform solution, 

Figure 2.6 SEM images of track-etched mica films. 
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2) Drop a certain amount of polymer solution on a substrate spinning at a low 

rate (typically around 50 rpm), 

3) Spin the substrate at a higher speed (typically around 1000-3000 rpm) and 

the centripetal acceleration will cause the resin to spread across the substrate 

surface, leaving a thin film of resin on the surface. 

Final film thickness will depend on the final spinning speed and the nature of the 

polymer solution including the viscosity, drying rate, concentration, surface tension, etc. 

The spin coater used in our experiments is a Brewer Cee 200 Spin Coater. 

Because the intrinsic properties (both physical and chemical properties) of polymers 

are totally different from those of mica, different etching processes and solutions are 

required.  The track-etched templates from these two materials also exhibit totally 

different properties. Table 2. 1 compares the two types of template matrix materials. 

 

 

 Polymer Mica 

Mechanical 
property soft and flexible rigid and brittle 

Thermal property Tm<200℃ Tm~1300℃ 

Chemical property chemically active chemically stable 

Thickness thickness 
controllable 

minimum 5μm with usable lateral 
dimension 

Pore shape cylindrical diamond shape 

Etching solvent NaOH HF 
 

Table 2. 1 Summary of the Properties of Track-etched Polymer and Mica Membranes 
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2.1.3 Sputtering 

After obtaining the nanoporous templates, a layer of conductive material is sputter 

deposited on one side of the membranes as the working electrode to initiate the nanowire 

growth. Sputtering deposition is a powerful thin film fabrication technique that allows for 

the deposition on versatile substrates (metals, polymers and ceramics); it can be used to 

fabricate uniform layers over a large area, and has the ability to deposit a wide range of 

materials with complex compositions.  

During the sputtering process, atoms are ejected from the target placed on the 

sputtering gun by the high energy ions bombardment. The ions are formed by the low 

pressure noble gas introduced in a vacuum chamber. The gas molecules are ionized by 

the electric field introduced between the sputtering gun and grounded chamber. In DC 

sputtering, the sputtering gun with target is usually negatively biased, and the positively 

charged gas ions in the formed plasma can be accelerated towards the gun, and bombard 

the target with enough energy for atoms in the target material to overcome the binding 

energy and drift towards substrate to form thin films. 

In our study, sputtering is used to form a conductive coating on one side of porous 

membranes to be served as a working electrode for template assisted electrodeposition or 

on the samples with low electric conductivity for SEM characterization. Sputtering has 

also been used in the reverse process to remove the surface layer of materials for 

composition analysis during x-ray photoelectron spectroscopy (XPS) experiments. The 

details of XPS study will be introduced in chapter 2.2.1.4. 



 

32 
 

2.2 Sample Characterization 

Two materials characterization strategies were used in this research: ex situ 

characterization and in situ characterization. Ex situ characterization is carried out after 

the samples are prepared and removed from the original fabrication conditions. A wide 

range of materials characterization techniques can be applied ex situ. On the other hand, 

in situ characterization refers to the study of materials properties during the synthesis 

process. In situ characterization can provide real time information to better understand 

the material evolution during preparation. However, only limited techniques have been 

developed for in situ materials characterization during the electrochemical reactions.  

2.2.1 Ex situ Characterization 

Six ex situ characterization techniques have been applied in order to systematically 

characterize the materials prepared by electrodeposition in this study. X-ray diffraction 

has been used to reveal the structure and phases of electrodeposited materials. Scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) provide the 

surface morphology, and microstructure information of materials. With the attached 

energy dispersive spectrometer (EDS) on both the TEM and SEM, sample compositional 

analyses have also been performed. Another surface elemental analysis technique x-ray 

photoelectron spectroscopy (XPS) has been used to quantitatively determine the surface 

composition and elemental valence of materials. The magnetic properties and 

biocompatibility were tested by using a vibrating sample magnetometer (VSM) and using 

a rat-2 fibroblast cell model, respectively. 
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2.2.1.1 X-ray Diffractometry 

X-ray diffraction is a common technique used to determine the atomic structure and 

phases of the materials. X-rays are electromagnetic radiation with certain short 

wavelength range. When an x-ray interacts with the electrons in materials, secondary 

irradiation will be emanated from the electrons excited by the x-ray electromagnetic field.  

Since crystalline materials are formed by atoms or ions with ordered arrangement, the re-

emitted x-rays from lattice sites will have fixed phase differences and will interfere with 

each other in a predictable way. In most directions these x-ray will have destructive 

interferences, but in certain directions, when the Bragg's condition is satisfied, 

constructive x-ray diffraction can be detected. The Bragg’s law can be expressed as: 

2 sind nθ λ= ,    (2.2) 

where d is the spacing between the same  set of diffracting planes, θ  is the incident angle, 

n is an integer, and λ is the wavelength of the x-ray beam. 

A basic lab x-ray diffractometer normally includes a fixed x-ray tube generating 

incident x-ray beam along a fixed direction, a sample stage capable of rotating around 

one axis (θ) and a detector with a parallel rotating axis as the sample with a coupled 

rotation speed twice that of the sample (2θ). From the constructive x-ray diffraction peak 

position, the corresponding diffraction plane spacing in the sample can be determined and 

useful atomic structure information can be deduced. A schematic drawing of the so-called 

θ-2θ diffraction setup is shown in Figure 2.7. Important structural information of the 

sample can be identified from the resulting intensity versus angle plot. Materials 

composition can also be determined by comparing the diffraction spectrum to standard 

powder diffraction data.  
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Besides the structural and compositional information of materials, x-ray diffraction 

can also be used to measure the strain existed in a sample. The effect of strain, either 

macrostrain or microstrain, will be reflected in the x-ray diffraction spectrum change with 

respect to standard diffraction. As being illustrated in Figure 2.8a [77], for a strain free 

sample, lattice spacing is the same in all grains and the diffraction pattern will be 

individual lines occurring at angles reflected by the standard diffraction data. Figure 2.8b 

shows the situation where a single grain is under a uniform tensile strain. The sample 

lattice spacing along the strain direction will increase and corresponding diffraction lines 

will shift toward lower angles according to the Bragg’s law, but the shape of diffraction 

peak will not change. This shift of diffraction peak position is the basis of macrostress 

determination using the x-ray diffraction method [78-80]. Now if the sample is bent as 

shown in Figure 2.8c, there is a distribution of strain across the specimen. In this example, 

the top portion of the sample is under tensile stress and the bottom is under compressive 

stress. Now the plane spacing of the sample has a distribution instead of having a single 

value. Accordingly, the diffraction peaks will be broadened. In real samples, uniform and 

Figure 2.7 Schematic drawing of a conventional x-ray diffraction experiment setup. 
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non-uniform strains are usually superimposed on each other and the measured diffraction 

peaks can both shift and broadened when compared to the standard diffraction data. 

Furthermore, for most of the polycrystalline samples the strain conditions can vary from 

grain to grain, and more complicated measurements and analyses are needed to quantify 

the strain distribution. 

 

Non-uniform strain distribution is only one source of the diffraction line broadening; 

the intrinsic characteristics of x-ray measurement instrumentation and sample properties 

will also cause broadening. When the instrument induced broadening can be neglected or 

calibrated, the sample broadening can be used for sample characterization. The most 

commonly used technique for evaluating the grain size or sample dimension effects on  

Figure 2.8 Effect of macrostrain (uniform strain) and microstrain (non-uniform) on 
diffraction peak position and width. (a) unstrained sample (b) uniform strained 
sample and (c) non-uniform strained sample [56]. 
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diffraction peak broadening is the use of  Scherrer’s equation [77], which can be 

expressed as:  

Kλτ=
βcosθ

,     (2.3) 

where K is the shape factor, λ is the x-ray wavelength, β is full width at  half maximum 

of the diffraction peak (FWHM) in radians, and θ is the Bragg angle. The values of K 

depend on the shape of the particle; it is 0.9 for spherical particles. The application of 

Scherrer’s equation is normally limited to nano-scale particles and it will not give the 

accurate estimation when the grains are larger than about 0.1 μm. 

2.2.1.1.1 Tube X-ray source (Cu-α) 

X-rays can be produced when charged particles with sufficient kinetic energy rapidly 

decelerates. In the lab, the x-ray is normally generated in a sealed vacuum tube by 

striking high energy electrons to a metal target. An x-ray tube source must contain an 

electron source, a metal target and also a high voltage source as well as a cooling system. 

The internal construction of a typical sealed x-ray tube is shown in Figure 2.9 [77]. 

At one end, a tungsten filament cathode is insulated in an evacuated glass envelope and 

the anode is usually a water-cooled block of copper with an attached desired metal target 

at the other end. A high voltage transformer is connected to the filament, and the metal 

target which is grounded by its own cooling-water connection. Electrons are emitted from 

filament by the heating of filament current, and rapidly drafted to the target by the high 

voltage (usually on the scale of tens of thousands of volts) between the two electrodes. 

The kinetic energy (KE) of the electrons on impact is given by the equation: 
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21KE  eV 
2

mv= = ,    (2.4) 

where m is the mass of the electron and v is the velocity of the electrons just before 

impacting with the target. Less than 1% of KE will be transformed into x-rays, and the 

rest of it will be converted into heat after the electrons strike the target. The common 

target materials used in the tube x-ray source are Mo, Cu, Co, Fe, and Cr.  

 

The x-rays coming from metal targets are usually found to have continuous varying 

wavelength.  Figure 2.10 shows the x-ray spectra from a Mo target as the function of 

applied voltage between the anode and cathode [77]. For every x-ray spectrum, there is a 

short-wave-length limit (SWL) where no x-ray with a shorter wavelength can be 

generated.  The intensity of the x-rays increases rapidly with wavelength initially and 

then decreases gradually. With increasing tube voltage, the intensity of the generated x-

ray intensifies for all wavelength and the SWL shifts towards shorter wavelength. On top 

of the continuous x-ray profile, certain intensity spikes will appear when the tube voltage 

Figure 2.9 Schematic drawing of internal construction of a typical sealed x-ray tube [77]. 
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is raised above a critical value. These are the characteristic x-ray irradiations determined 

by the electron configuration of the target material.   

 

2.2.1.1.2 Synchrotron X-ray source 

Rapid deceleration of charged particles can cause the rearrangement of the electric 

field, and this field perturbation is traveling away from the charge at the velocity of light, 

which is the observed electromagnetic radiation [81]. Synchrotron radiation is produced 

by high speed electrons or positrons accelerated by an electron synchrotron, and deflected 

along a curved trajectory by a magnetic field. The advantages of using synchrotron 

radiation for spectroscopy and diffraction research were realized in the early 1970s [82]. 

From then on, with the revolution of technology, accelerator synchrotron radiation 

became more intense and its applications became more diverse. Now, with the insertion 

Figure 2.10 X-ray spectrum of molybdenum as a function of applied voltage [77]. 
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devices constructed in the storage ring of the third generation synchrotron radiation, the 

radiation intensity and intrinsic brightness of the x-ray have been significantly increased. 

The magnitude of intensity and brightness are usually several orders higher than the 

conventional tube x-ray sources. With additional advantages such as the wide tunability 

in photon energy (desired wavelength can be selected by momnochromator), high 

collimation (small angular divergence of the beam), and low beam emittance (the product 

of source cross section and solid angle of emission is small), etc., the third generation 

synchrotron x-ray source has been widely used in the fundamental research of chemistry, 

physics, materials science, life science, and environmental science. Figure 2.11 

summarizes brightness as a function of x-ray wavelength for some of the synchrotron 

radiation sources and tube x-ray sources [77]. We can see the energy of x-rays from the 

third general synchrotron source has very wide tunability compared to the traditional tube 

x-ray source, and also the brightness of synchrotron x-rays is 8 to 10 orders higher.  
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Figure 2.11 Intensity of synchrotron radiation as a function of photon energy for various 
sources: ALS (Advanced Light Source, Lawrence Berkeley National Laboratory), APS 
(Advanced Photon Source, Argonne National Laboratory), NSLS (National Synchrotron 
Light Source, Brookhaven National Laboratory), SSRL (Stanford Synchrotron Radiation 
Laboratory). Some conventional tube x-ray sources are also shown for comparison. 
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The synchrotron X-ray source used in our experiments was the 2-ID-D beamline of 

the Advanced Photon Source (APS) at the Argonne National Laboratory. APS 

constructed with insertion devices is a representative third generation of synchrotron x-

ray source, which provides the brightest storage ring-generated x-ray beams for research 

in almost all scientific disciplines in the United States. Figure 2.12 shows the sky view of 

APS. We can see a big circular construction in the picture which is the building for 

accommodating the storage ring where electrons are accelerated. There are more than 40 

beamline stations located around this storage ring building, and the energy ranges from 

"soft" x-rays (3-5 keV) to "hard" x-rays at 100 keV. Different scientific disciplines with 

corresponding beamline stations are shown in the beamline map in Figure 2.12b. 

 

Figure 2.13 shows the schematic drawing of the experiment setup at the 2-ID-D 

beamline at APS. Electrons or positrons are accelerated with very high velocities in a 

Figure 2.12 Sky view of APS (a) and beamline map (b) (from http://www.anl.gov/). 

a 

b 
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storage ring. The curved trajectory is controlled by intense magnetic fields which are 

produced by bending magnets periodically situating around the storage ring. As a third 

generation of synchrotron source, insertion devices called the wiggler magnets or the 

undulators are placed between the bending magnets to increase the radiation intensity or 

optimize photon beam quality. Irradiated x-rays will go into the beam line and pass 

through a device called a crystal mononchromator. The function of this device is to filter 

the broad synchrotron radiation spectrum and select the x-rays with desired wavelength 

based on the Bragg’s law. The relative wavelength resolution of the monochromator is 

determined by the quality of the crystal and by the angular width of the photon source 

[83]. Parallel x-rays coming from the crystal monochromator can be further focused by a 

zone plate to experimental station. For the beamline 2-ID-D we used at APS, there are 

one 6-direction position stage and three detectors installed at the end of the beamline. 

 
Figure 2.13Schematic drawing of experiment setup at 2-ID-D beamline at APS. 
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2.2.1.2 Scanning electron microscopy 

Scanning electron microscopes (SEM) is a type of electron microscope which uses 

the secondary electron emission from the sample to provide enlarged surface morphology 

information. With other analysis add-ons, SEM can also be used to provide composition 

information and microstructure information. In an SEM, the sample is scanned by a 

focused electron beam with energy ranging from 0.4keV to 40keV, and several types of 

signals can be produced due to the electron-material interactions, which include the 

emission of secondary electrons, back-scattered electrons (BSE), and characteristic x-rays, 

there is also a specimen conduction current and transmitted electrons generated.  

2.2.1.3 Transmission electron microscopy 

A transmission electron microscopy (TEM) is a type of electron microscope which 

can collect signals from transmitted electrons when an electron beam is interacted and 

penetrate the ultra thin specimen. TEM can provide both imaging and electron diffraction 

data with a much higher resolution than SEM, but the sample preparation and data 

analysis can be complicated since the sample thickness is limited to be very small and the 

electron-material interactions can be affected by many factors. 

2.2.1.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique 

that can provide the elemental composition and electronic state information of a sample. 

The XPS technique was developed by Dr. Siegbahn and his research group in the mid 

1960’s. The Nobel Prize in Physics was awarded to Dr. Siegbahn for the development of 
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this technique in 1981. In XPS study, the sample is radiated by a monoenergetic x-ray 

beam which will interact with the core electrons of the atoms. The core electrons are 

those closely bound to the nuclei with their binding energies reflecting the characteristics 

of the particular elements. The elements present in the surface layer of the sample can be 

identified by comparing the detected binding energy of the electrons to a characteristic 

set of standards. The atomic ratio of surface elements can also be quantified based on that 

the number of detected electrons generated. Normally, an ultra high vacuum environment 

is required in an XPS measurement to prevent contamination and reduce signal scattering. 

Although the x-ray penetration depth in conversional materials is on the order of 

micrometers, but the photon-emitted electrons that can escape the sample surface are 

limited to the top 10 to 12 nm layer and other photo-emitted electrons deeper in the 

materials will be trapped in various excited states, so the  XPS analysis is a surface 

characterization technique. 

2.2.1.5 Vibrating Sample Magnetometer 

Vibrating sample magnetometer (VSM) is an equipment used to characterize the 

magnetic properties of materials. Figure 2.14a shows the schematic drawing of the main 

components of a VSM. During measurement, a sample is mounted on a nonmagnetic 

sample holder, and placed in a uniform magnetic field. The sample holder is connected to 

a vibrator which typically is a piezoelectric material or an acoustic speaker, so that the 

sample vibrates at a fixed frequency.  The sample vibrates perpendicularly to the 

magnetic field and causes a periodic change in magnetic flux in the nearby pickup coils. 

The induced voltage generated in the pickup coils by the flux variation is proportional to 

the sample’s magnetic moment.  To detect the weak electrical signal, a lock-in amplifier 
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is usually used based on the vibrateor frequency. By determining sample magnetization 

as a function of externally applied magnetic field generated by electromagnets, the 

magnetic hysteresis curve (materials magnetization, M vs. applied fields, H) of a material 

can be obtained. A typical hysteresis loop for a ferromagnetic sample is shown in Figure 

2.14b. From the hysteresis loop, several characteristic parameters can be extracted to 

describe the magnetic properties of a sample. These parameters include, the remnant 

magnetization (Mr) which indicates how well a material can hold its magnetization after 

an external field has been removed; the coercive field (Hc) which refers to the external 

field required to reduce the magnetization to zero; and the saturation magnetization (Ms) 

which is the maximum magnetization a sample can reach when all the material magnetic 

moments are aligned along the same direction. Under this state, further increasing the 

field strength around the material will not yield an increased magnetization.  
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2.2.1.6 Biocompatibility test 

Even though the term Biocompatibility has been used in scientific literature for more 

than two decades, there still exists a great deal of discrepancy on what it actually means. 

According to David F. Williams’ definition in 2008 [84], the sole requirement for 

biocompatibility for a medical device intended for long-term contact with the tissues of 

the human body is that the material shall do no harm to those tissues, achieved through 

chemical and biological inertness. The term can be defined as: “the ability of a 

biomaterial to perform its desired function with respect to a medical therapy, without 

Sample Holder 

Figure 2.14 Schematic drawing of a VSM (a), and a hysteresis loop (b). 
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eliciting any undesirable local or systemic effects in the recipient or beneficiary of that 

therapy, but generating the most appropriate beneficial cellular or tissue response in that 

specific situation, and optimizing the clinically relevant performance of that therapy.”  

Yet all artificial materials and devices introduced in into the human body can cause a bio-

reaction, therefore the biocompatibility now focuses on evaluating the biotoxicity of 

foreign objects.  

There are several levels of biocompatibility testing, and appropriate procedures 

should be taken to evaluate the chemical, physical and biological properties of a medical 

device or material. The nature, degree, frequency and duration effects of the exposure of 

a material or a device to the body need to be tested at different levels from molecular, to 

cellular, to tissues, to organs and to the whole body. In general, these tests include: the 

Cytotoxicity Test, Genotoxicology / Mutagenicity Test, Hemocompatibility Test, 

Implantation Test, Irritation/Intracutaneous Reactivity Test, Pyrogenicity Test, 

Sensitization Test, Subacute Toxicity Test, Systemic (Acute) Toxicity Test, Chronic 

Toxicity and Carcinogenicity Test, and the Finished Product Release Test. However, 

depending on varying characteristics, the nature of contact, and the specific target organ, 

additional tests may be needed for certain devices and materials. A biocompatibility 

testing flow chart from the Blue Book Memorandum #G95-1distributed by the U.S. Food 

and Drug Administration (FDA) is shown in Figure 2.15 [85]. For some materials that 

have been well characterized chemically and physically in the published literature and 

have a long history of safe use, it may not be necessary to conduct all the tests suggested 

by the FDA. 
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The cytotoxicity test is normally the first stage bio-compatible evaluation which 

involves the exposure of test material to one or two cell culture lines which are extremely 

sensitive to minimum quantities of leachable chemicals and readily display characteristic 

signs of toxicity in the presence of potentially harmful materials. This test is frequently 

used during the product planning stages to qualify the use of a material or as a periodic 

check for routinely used materials to ensure that no shift in quality has occurred. In this 

dissertation, the cytotoxicity test using an epithelial tissue model composed of rat-2 

fibroblast cells will be reported. 
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Figure 2.15 Biocompatibility testing flow chart (from http://www.fda.gov). 
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2.2.2 In situ Electrochemical Processes Characterization 

Although the study and industrial application of electrochemical synthesis have a 

long history [86], only few material characterization techniques can be utilized to provide 

quantitative real-time analysis capability during complex electrochemical processes. 

Specifically designed atomic force microscopy (AFM) [87-89], scanning tunneling 

microscopy (STM) [90-92], and transmission electron microscopy (TEM) [93] techniques 

have been developed to characterize the nucleation and growth process in 

electrochemical deposition. However, due to the existence of multiple species and phases, 

intertwined mass and charge transfer processes, and complicated surface reactions and 

diffusion, these explorations demonstrated that to achieve a high resolution in situ study 

results remained very challenging. In this study, in situ synchrotron x-ray micro 

diffraction and fluorescence measurements have been utilized to reveal metal nuclei 

formation and dissolution on individual carbon microfiber surfaces and flat thin film 

substrates. It is demonstrated that combined x-ray diffraction and fluorescence detection 

can provide real time, non-contact and high resolution information of the composition 

and structure information of the electrochemical processes.  

X-Ray Mass Attenuation 

The Beer–Lambert law describes the material absorption of light as a function of 

sample thickness, which can be written as 

0
lI I e µ−= ,    (2.5) 

where 0I  is the incident light intensity, I is the transmitted light intensity after traveling a 

distance l  in the substance, and µ is the light attenuation coefficient. 
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The x-ray interacts with the electrons in a sample, so the material electron density 

plays an important role in x-ray attenuation.  It is found that x-ray attenuation can also be 

described by the exponential attenuation law as: 

( / )
0/ xI I e µ ρ−= ,    (2.6) 

where /µ ρ is the mass attenuation coefficient, and x  is mass thickness defined as the 

mass per unit area. For most of the elemental materials, compounds and mixtures, the 

value of /µ ρ has  been well studied [94, 95]. Figure 2.16 shows the values of the mass 

attenuation coefficient /µ ρ as a function of photon energy for elemental Ni (a) and Fe 

(b). 

 

For a solution, both the water molecule and the ionic species dissolved in the 

solution can strongly absorb x-rays. Thus for the electrolyte, x in Eq.(2.6) is directly 

related to the concentration of solutions and thickness of the x-ray path in the solution. 

Since the x-ray absorption increases exponentially with the electron density of materials, 

Figure 2.16 Values of the mass attenuation coefficient, μ/ρ, and the mass energy-
absorption coefficient, μen/ρ, as a function of photon energy, for element Ni (a) and Fe 
(b). (From http://www.nist.gov/pml/data/xraycoef/index.cfm). 

b a 

http://www.nist.gov/pml/data/xraycoef/index.cfm�
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the x-ray absorption by ions also shows an exponential increase in proportion to the 

chemical concentration. To reduce solution x-ray adsorption and obtain high detection 

sensitivity, we need to minimize the x-ray passage length in the solution and choose a 

suitable ion concentration. Considering the beamline setup at the Argonne National Lab, 

a specially designed electrochemical cell as shown in Figure 2.17was developed. The x-

ray passage length in this electrochemical cell has been minimized to 2mm. 

 

  

Figure 2.17 Schematic drawing of the electrochemical cell used for 
in situ study. 
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3 Electrodeposition Mechanism of Metallic Nanostructure on 

Carbon Microfiber Surfaces 

3.1 Pretreatment of PAN Based Carbon Microfiber 

Carbon microfibers used in this study are high temperature graphitized 

polyacrylonitrile (PAN) fibers purchased from Sigmatex with a diameter of 6µm.  These 

PAN-based carbon fibers are fibrillar in nature, and previous studies show that the 

graphitized carbon layer planes in PAN-based carbon fibers do not have a regular three-

dimensional order, instead they have a structure as shown in Figure 3.1a [96]. Sizing, thin 

layers of functional groups such as C-OH, C=O, and COOH, are usually introduced to the 

surface of the carbon fiber to improve the interfacial bonding and thus the shear strength 

of reinforced polymer composites [97]. In our experiments, before electrodeposition, all 

fibers were acid treated in diluted hydrochloric acid (12 wt. %) and acetone with 

ultrasonication for 30 minutes each, followed by rinsing with distilled water. This 

procedure can effectively remove the residual surface amorphous carbon layers and 

contaminations, and minimize the sizing effect. No surface roughness change has been 

observed after the acid and acetone treatment as shown in Figure 3.1b and 3.1c. 
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3.2 Electrochemical Deposition of Ni on Single Carbon Fiber 

3.2.1 In Situ Study of Electrochemical Processes of Metal Nano-nuclei Formation, 

Growth and Stability on Single Carbon Microfiber for Surface 

Multifunctionalization 

Electrochemical experiments were carried out at room temperature (298K) in an 

ambient condition. A custom made three-electrode electrochemical cell was used for the 

synchrotron experiments in which the x-ray passage length was minimized to reduce 

solution absorption. During the experiments, the individual carbon microfiber was fixed 

on a frame and used as a working electrode. A Pt gauze counter electrode, an Ag/AgCl 

electrode (EAg/AgCl=0.203V vs. SHE) and a 0.05M NiCl2 (pH≈3 adjusted by HCl) aqueous 

solution were used in the experiment. The equilibrium potential for the Ni2+ /Ni redox 

Figure 3.1 (a) Schematic three dimensional representation of structure in PAN-based 
carbon fiber. Fibers with low modulus will have a more disordered structure. 
(fromJohnson [88]) PAN-based carbon fiber surface before (b) and after (c) pre-treatment. 

a b 
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couple is determined to be -0.499v versus Ag/AgCl reference based on the Nernst 

Equation. The synchrotron x-ray experiments were conducted at the 2-ID-D beamline of 

the Advanced Photon Source (APS) at the Argonne National Laboratory. The energy of 

the photons were selected by a Si(111) double-crystal monochromator to be 10.4 keV, 

corresponding to a wavelength λ of 0.1192 nm for our experiments. This is a micron 

beam facility having the capability of focusing the x-ray beam to a minimum size of 

0.2×0.2 µm2 using a zone plate, but in this experiment the beam was de-focused to a size 

of 6.0×6.0 µm2 to cover the entire carbon microfiber diameter in each measurement. 

Electrochemical reactions were controlled by an EG&G / Princeton Applied Research 

263A potentiostat. The intensity of diffracted x-rays was recorded by a CCD area 

detector covering a 2θ range determined by the sample and camera distance. Fiber 

position was monitored and adjusted based on the transmission image obtained from an 

x-ray CCD camera located at the downstream of the electrochemical cell which collects 

the x-ray transmission signals through the sample. Scattered fluorescence signals were 

simultaneously recorded by an energy-dispersive detector placed at a 90o angle with the 

incident x-ray direction.   

3.2.1.1 Cyclic Voltammogram 

The cyclic voltammogram (CV) measurement is usually the first step in 

characterizing an electrochemical process. During such an experiment, the potential 

applied across the reference and working electrodes is scanned at a fixed rate, and the 

resulted current is recorded to reflect the electrochemical reaction ratio versus the 

potential across the liquid/electrode interface.  
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Figure 3.1 compares the first scan cyclic voltammogram measured on three 

substrates with the same potential sweep rate of 2mV/s. The solution used in this 

experiment is the 0.05M NiCl2 solution with a pH of 3 adjusted by HCl. The current 

density is calculated based on the deposition area calculated for individual samples. As 

indicated in the figure, the onset potential of significant Ni growth on the carbon 

microfiber and the glassy carbon surface is found be more negative than that on the 

Au/Cr/Si substrate. For carbon microfibers, the ratio between the integrated oxidation 

reaction charge and the integrated reduction reaction charge has a much lower value than 

that for the other two substrates (on carbon fiber: 0.042, on flat carbon: 0.439, and on Au: 

0.543) in the identical potential scan range. However, under the same reduction potential, 

the carbon microfiber has the largest current density. These observations indicate that Ni 

deposition on the carbon microfiber is more difficult than that on the Au surface with 

more significant hydrogen evolution. Sequential cyclic voltammogram measurements 

show that the Ni surface passivation intensifies and the Ni oxidation reaction on both the 

carbon and the Au surface diminishes with an increased number of cycles. 



 

57 
 

 

3.2.1.2 In situ X-ray Diffraction and Fluorescence Study 

Figure 3.2 shows the representative simultaneously recorded time dependent current 

transient, x-ray diffraction and Ni x-ray fluorescent signals from a serial of in situ 

experiments. During the experiments, a potential of -1.1V was first applied (region I) 

followed by an open circuit period (region II) and finally a potential of 0.4V was applied 

(region III). X-ray diffraction patterns were continuously recorded by the area CCD 

-1.5 -1.0 -0.5 0.0 0.5 1.0
-10

-8

-6

-4

-2

0

2

 

 

I (
mA

/cm
2 )

E (V) V.S. Ag/Cl

Onset potential -0.95V 

(a) 

-1.5 -1.0 -0.5 0.0 0.5 1.0

-2

0

2

Onset potential -0.75V

 

 

I (
mA

/cm
2 )

E (V) V.S. Ag/Cl

(c) 

-1.5 -1.0 -0.5 0.0 0.5 1.0

-2

-1

0

1

Onset potential -1.0V

 

 

I (
mA

/cm
2 )

E (V) V.S. Ag/Cl

(b) 

Figure 3.1 Cyclic voltammograms for the 50mM NiCl2 solution on (a) a 
single carbon microfiber, (b) a flat glassy carbon substrate, and (c) a flat 
Au/Cr/Si substrate. 
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detector with an exposure time of 20s for each frame. Figure 3.2d shows the diffraction 

patterns recorded corresponding to the time labels A to J on Figure 3.2b and Figure 3.2c. 

The brightness of the image indicates the diffracted x-ray strength and radial directions 

represent the x-ray diffraction angle 2θ. Before the solution was added, the entire 

diffraction image was black and no diffraction from the carbon fiber can be detected. For 

diffraction patterns taken during the electrochemical process, there is a low 2θ angle halo 

caused by the liquid scattering. The narrow bright bands represent the diffraction from 

crystalline deposits formed on the carbon fiber surface. The partial diffraction rings are 

mostly continuous with uniform brightness, which indicates the polycrystalline nature of 

the Ni deposits. Only very few unpredictable bright spots can appear during 

electrodeposition indicating the fast growth of random grains with certain orientations. 

In region I, Ni diffraction bands emerge and intensify when the Ni deposition 

progresses. By integrating the diffraction x-ray strength over the detector plane along the 

same 2θ angle and removing the scattering signals, the resulted x-ray diffraction strength 

which resembles the conventional θ-2θ spectrum can be obtained. The inset in Figure 

3.2e shows such a diffraction spectrum, and using the Ni (111) diffraction peak full width 

at half maximum (FWHM), the average grain size was estimated using Scherrer’s 

equation. A grain size increase during this electrochemical deposition process can be 

observed.  

In the open circuit state of region II, although there were no electrochemical 

reactions, the deposited Ni became unstable and chemical dissolution was evident. Both 

diffraction and Ni fluorescent signals decrease versus time. An interesting discovery is 

that the average grain size calculated from the diffraction peak width shows a slow 
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increase during this chemical dissolution process. Scherrer’s equation tends to 

underestimate the grain size estimation because the peak broadening is mainly caused by 

the smallest grains. The shift of the remaining grain size towards the larger values during 

dissolution indicates the quicker disappearance of the small grains and better stability of 

larger grains. Further studies also show that the electrodeposited Ni grain stability 

improves with increasing the amount of the total Ni deposits and also the average grain 

size. This Ni dissolution should be a result of the replacement reaction between the Ni 

and H+ in the solution. Thermodynamically, the driving force for this reaction depends on 

the Ni surface curvature which influences the free energy of the grains. This can also 

explain the slower dissolution in thicker layers and deposits with larger grain size.  

In region III, a potential more positive than the Ni2+/Ni equilibrium potential was 

applied to induce electrochemical dissolution. Right after the positive potential was 

applied; the fluorescent signal increased and displayed a peak before leveling off. This 

peak should come from the sudden initial increase in nickel ion concentration around the 

carbon microfiber at the beginning of the Ni dissolution. Figure 3.2f summarizes the 

grain size change during the entire experimental process. 

 



 

60 
 

 

 

Figure 3.2 In situ characterization of Ni nuclei on individual carbon microfiber. (a) Schematic 
drawing of the electrochemical cell for synchrotron experiments; (b) current transient under 
different periods of applied over-potential; (c) in situ Ni x-ray fluorescence signals; (d) in situ 
x-ray diffraction patterns recorded during the electrochemical processes; (e) corresponding 
diffraction spectra and (f) time evolved Ni grain sizes obtained from x-ray diffraction data. 
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Ni deposition under seven discreet potentials ranging from -0.8V to -1.5V was 

studied and similar electrochemical behaviors with dissolution under open circuit were 

observed. When comparing the Ni grain sizes grown under different potentials with the 

same amount of charge transfer, it is observed that there is a trend of grain size increase 

with increasing negative deposition potential. Table 3. 1 summarizes the average Ni grain 

sizes obtained under different potentials with the same amount of charge transfer of 

1.47C/cm2. For the last two applied potentials, since the time to reach the set amount of 

charge transfer is shorter than the 20s single exposure time, no dependable x-ray 

diffraction patterns and grain size estimations were obtained. 

Stability of the deposited Ni strongly depends on grain size and the total amount of 

Ni deposited. As shown in Figure 3.3, Ni deposited at -0.8V can be totally dissolved 

under open circuit potential; the grain size after electrodeposition is about 16nm (the total 

amount of charge transfer is 1.47C/cm2). In comparison, the average size of Ni deposits is 

about 38 nm when a deposition potential of -1.5V was applied. These larger sized grains 

are much more stable, and under open circuit condition Ni dissolution is very limited and 

the grains remain stable even after applying a positive potential of 0.4V. The x-ray 

diffraction pattern confirms that the remaining material on the carbon fiber surface is 

mainly Ni with no other materials detectable from the diffraction signals.  
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Applied Potential 
(Voltage) 

Deposition time 
to1.47C/cm2 (second) Grain size (nm) 

-0.8v 2700s 16nm 
-0.9v 1151s 17nm 
-1.0v 212s 19nm 
-1.1v 158s 20nm 
-1.2v 90s 27nm 
-1.3v 18s N/A 
-1.5v 8s N/A 
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Figure 3.3 Current transient spectrum (top) and corresponding X-ray 
fluorescence signals (bottom) for two distinct applied deposition potentials: 
(a) at -0.8V and (b) at -1.5V. Inset is the diffraction pattern obtained at time B. 

Table 3. 1 The grain size analysis 
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3.2.1.3 Ex situ SEM study 

To reveal the morphology of Ni deposits on carbon microfibers, an ex situ SEM 

study was performed. A serial of samples corresponding to the different stages of 

electrochemical deposition under various potentials were prepared, and Figure 3.4 shows 

the representative SEM images of three samples with Ni deposition potentials of -1.5V, -

1.1V, -0.8V, respectively. By comparing the deposits morphology after the same amount 

of charge transfer, it is noticed that nickel growth is much more efficient with more 

negative overpotentials. Ni nucleation is more difficult with small over potentials, but the 

nucleation speeds up versus time. Also observed is that hemi-spherical particles formed 

on carbon fiber actually contain multiple grains as shown in Figure 3.4d and Figure 3.4e. 

This observation is in consistence with the in situ x-ray diffraction analysis where the 

measured grain size is on the order of tens of nanometers.   
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3.2.1.4 Conclusion 

Electrodeposition provides an effective approach to coat the carbon surface thus 

altering the physiochemical properties of carbon fibers. To better understand the 

electrochemical growth mechanism of metals formation on carbon micro- nano- materials 

and to control the morphology and microstructures of deposits, it is necessary to develop 

in situ materials characterization capabilities. It is demonstrated that combined x-ray 

Figure 3.4 SEM images of electrostatic deposited Ni at different potentials: (a)-1.5V; (b), 
(d), (e)-1.1V and (c)-0.8V. 

(a
 

(b) 

(c
 

(d
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diffraction and fluorescence detection can provide real time, non-contact and high 

resolution information of the composition and structure information during the 

electrochemical processes. To meet the challenges of a strong solution and ion x-ray 

adsorption and small diameter of individual carbon microfibers, in situ studies were 

performed at a microbeam synchrotron facility at the APS, Argonne National Lab using a 

specially designed electrochemical cell. Study shows that Ni nucleation on the carbon 

surface is much more difficult compared to that on the flat Au surfaces. With more 

negative reduction potentials, the efficiency of Ni reduction as compared to hydrogen 

revolution increases significantly. Three dimensional nucleation and growth of 

polycrystalline Ni are observed. Ex situ SEM study shows the formation, growth and 

coalition of hemi-spherical particles during deposition, but these particles are not made of 

single grains but contain multiple three dimensionally grown grains. Ni grain size 

increases with growth time and after the same amount of charge transfer for 

electrodeposition, larger grains can be obtained with more negative overpotentials. X-ray 

diffraction analyses indicates the Ni grain sizes are between 16-38nm in the experiments. 

Deposited Ni is found to be not stable under the open circuit and will dissolve chemically. 

The Ni deposit stability increases with grain size, while grains grow at -0.8V can be 

totally removed electrolessly, the Ni grown at -1.5V are stable even after the application 

of a +0.4 V dissolution voltage due to surface passivation. This study indicates the 

chemical and electrochemical activity of metals can be significantly influenced by the 

grain and deposit size at the nanoscale and materials-substrate interaction. With better 

understanding of materials formation, growth and stability; grain size, morphology and 
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the surface activity of metals can be controlled on carbon based material to achieve 

desired physicochemical performances for large scale engineering applications. 

3.2.2 Electrochemical Study of Ni Deposition on Carbon Microfiber from 

Unbufferred Electroplating Solution 

For Ni electrodeposition, large amounts of ammonium chloride and boric acid were 

usually added to electrolytes as buffering agents to maintain solution pH at a low value 

and increase current efficiencies over a wide range of current densities. However, these 

added chemicals may increase the complexity of electrochemical reactions, and more 

importantly increase the cost of the raw materials, so large scale engineering applications 

of electrochemical deposition can be limited. In this part of the study, in order to have a 

better understanding of the Ni nucleation and growth mechanism on the carbon 

microfiber electrode, and develop a cost effective method for deposition of magnetic 

nanostructures on carbon fibers, unbuffered NiCl2 solutions (pH7, simply dissolve the 

NiCl2∙6H2O salt into distilled water) with Ni2+ concentrations of from 0.05M to 1.2M 

were used as electrolytes. Electrochemical reactions were controlled by an EG&G / 

Princeton Applied Research 263A potentiostat. X-ray diffraction (XRD) studies were 

conducted using a conventional diffractometer with Cu Kα radiation on simultaneously 

grown Ni on carbon fiber bundles. Reported X-ray diffraction results are confirmed by 

the single fiber synchrotron diffraction experiments but the data obtained from multiple 

fibers using the conventional lab tube x-ray diffraction reflect more statistically important 

information. SEM characterizations are performed using a Philips/FEI XL30FEG 

scanning electron microscope.   
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3.2.2.1 Ex situ X-ray Diffraction and Fluorescence Using Tube X-ray Source 

Due to the small amount of materials deposited on individual fibers, conventional 

XRD data are collected from bundles of carbon microfibers with simultaneously grown 

Ni deposits. Figure 3.5a shows the XRD spectra of the samples from the three NiCl2 

solutions (0.05, 0.5 and 1.0M) under the identical applied potential (-1.5V) and the same 

amount of charge transfer (15C). Ni (111), (200) and (220) can be clearly identified for 

all three samples in the scanned angle range, indicating the polycrystalline nature of all 

Ni deposits. The relative intensity of Ni XRD peaks (with respect to the C (002) peak) 

increases with increasing solution concentration, reflecting the higher reduction 

efficiency from the more concentrated solutions. This can also be clearly identified from 

SEM observations (Figure 3.5b-Figure 3.5d). 

Previous study on Ni deposition from unbuffered aqueous solutions by Cui and Lee 

[98] suggested that Ni deposition on flat substrates is significantly inhibited by the 

formation of poorly conductive Ni hydroxide with Ni2+ concentrations ranging from 0.05 

to 0.5M. However, as shown in the inset of Figure 3.5a, in our experiments, only very 

weak Ni(OH)2 (100) peak can be observed in the deposits from the 0.05M NiCl2 solution. 

This discrepancy may come from the cylindrical shaped diffusion zone around the carbon 

fiber and resulted in faster ion diffusion when compared to the planar diffusion zone 

formed around the conventional flat surface.  
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3.2.2.2 Electrochemical Reaction and SEM 

From the unbuffered solution, the electrochemical processes of Ni reduction is not 

just a single step Ni2++2e→ Ni reduction. Instead, reactions (3.1) to (3.4) listed below can 

all occur [98-100] and the entire reduction process includes the formation of an 
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Figure 3.5 (a) XRD patterns and (b-d) corresponding SEM images of electrodeposited 
Ni on a bundle of carbon microfibers from unbuffered NiCl2 solutions with 
concentrations of 0.05M, 0.5M and 1M. The applied potential is -1.5V and total charge 
transfer is 15C. 
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intermediate nickel monohydroxide complex (Reaction (3.1)), followed by a one-electron 

transfer reduction reaction and the formation of an adsorbed intermediate species 

(Reaction (3.2)). Then this nickel monohydroxide layer is subsequently reduced to nickel 

based on two parallel reactions (Reactions (3.3) and (3.4)). These reactions are 

suppressed at the acidic environment where there is a high concentration of H+ and Ni 

ions will directly be reduced to Ni. 

2+ + +
2Ni + H O  Ni (OH)  + H→ ,    (3.1) 

+ -
adsNi (OH) + e   Ni (OH)→ ,    (3.2) 

2+ -
ads ads Ni (OH) + Ni + 2e Ni + Ni (OH)→ ,   (3.3) 

- -
adsNi (OH) + e Ni + OH→ .    (3.4) 

These electrochemical reactions together with the solution concentration, applied 

potential and the curved carbon surface result in the unique electrochemical deposition 

characteristics, coating morphology and microstructures in our study. First the deposition 

potential effects on the surface morphology of Ni deposits on carbon fiber surface were 

studied on serials of single fiber samples prepared from the 1M unbuffered NiCl2solution. 

Figure 3.6 shows the SEM images of four sets of samples deposited with potentials 

between -1.5V to -0.8V at different stages of electrodeposition. By comparing the 

deposits formed with the same amount of charge transfer, it is noticed that the efficiency 

of Ni growth from the 1M unbuffered NiCl2solution is not significantly affected by the 

applied potentials, unlike those from the acidic buffered solutions [49]. It is also observed 

that the size of hemispherical nickel deposits grow with the progress of electrodeposition 

and more negative overpotentials result in smaller deposit sizes.  
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3.2.2.3 Cyclic Voltammogram 

Figure 3.7a and Figure 3.7b show the cyclic voltammograms measured on a carbon 

microfiber with a potential sweep rate of 5mV/s from the 0.05M and 1M NiCl2 solutions 

(pH≈7), respectively. No Ni ions diffusion limited peaks can be found from either curve, 

which can be attributed to the higher hydrogen evolution rate at more negative applied 

potentials suppressing the reduction current density from Ni2+ reaction. Current densities 

are much smaller from 0.05M NiCl2 solution compared to that in the 1M solution at the 

same applied potential. The oxidation of Ni deposits can also be observed, which is found 

Figure 3.6 SEM images of electrodeposited Ni on single carbon fibers using 1M NiCl
2
 solution 

with applied potentials of -1.5V(a), -1.2V(b), -1.1V(c) and -0.8V(d); Charge densities are 
controlled from 0.59C/cm

2
 to 5.90 C/cm

2
. 
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to be significantly inhibited by the formation of a poorly conductive Ni hydroxide layer 

when potentials were scanned to the more positive direction in both solutions. 

 

3.2.2.4 Potentiostatic Coulometry 

Electrochemical characterization of Ni deposition from the 1M unbuffered NiCl2 

aqueous solution also shows several unique characteristics. Figure 3.8a and Figure 3.8b 

compare the current transients when applied potential varies between -0.8V to -1.5V. In 

all experiments, deposition was stopped when the charge transfer on each single carbon 

fiber reached 0.59C/cm2. When applied potential decreases from -0.8V to -1.1V, a clear 

trend of the average current density increase can be observed (Figure 3.8a). Current 

density then stabilizes and remains close to a constant value when the potential decreased 

to -1.3V. Further decreasing in the applied potential leads to the reduction of the average 

current density (Figure 3.8b). This is a counter intuitive observation but can be attributed 

to the formation of the poorly conductive intermediate adsorbed layer. At higher applied 
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potentials, the hydrogen evolution will dominate the electrochemical reduction reactions 

on the carbon fiber electrode and results in the increase in local pH value in the 

surrounding solution which favors the intermediate nickel monohydroxide formation at 

the carbon surface as described by reactions (3.1) to (3.3). This intermediate layer has 

poor conductivity which can slow down the reduction reactions.  

When the applied potential was maintained in between -1.0V to -1.3V, Ni deposition 

current transient curves displayed periodic spikes. Cross-sectional SEM images in Figure 

3.8c show the samples deposited in this potential range have a layered structure and the 

number of layers equals to the number of current peaks in transient plots.  This 

phenomenon can only be repeated on the carbon fiber surfaces and could not be observed 

on flat glassy carbon and gold substrate. Also only the unbuffered solution exhibits this 

layered growth behavior. An explanation taking into account the combination of substrate 

geometry, solution pH value and the applied potential range requirements for this unique 

growth mode to happen is as following. For the unbuffered solution used in these 

experiments local pH can be greatly affected by the hydrogen evolution, the change in 

local OH- concentration will result in the formation of intermediate species to affect the 

Ni nucleation and growth. Different from flat substrates where the deposited metals will 

initially have a semispherical shape and followed by the formation of a uniform diffusion 

layer for continuous growth; the cylindrical surface of carbon fibers will result in the 

formation of anisotropic diffusion layer and metal growth rate will differ along the fiber 

radial and axial  directions. This effect becomes more significant with the increasing 

deposit size to the carbon fiber radius ratio. The influences of the Ni ion diffusion, 

hydrogen evolution rate and local solution pH change, intermediate materials formation 
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and Ni reduction rate will affect the current transient and the growth of Ni. Under certain 

combined influences, the Ni deposition shows periodic fluctuation, including nucleation 

and growth to form the layered structure. Detailed simulation of diffusion zone 

evolvement and ion transport process are under investigation.    

 

3.2.2.5 Nucleation and Growth Modeling 

Ni cluster nucleation and growth on the carbon fiber surface at the beginning of the 

electrodeposition process can provide important information in controlling the deposit 

microstructure and morphology. To quantitatively evaluate the initial metal nucleation 

and growth process, the analytical model derived by Scharifker and Hills (SH model) was 

investigated [101]. For the diffusion controlled electrochemical process, two distinct 
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Figure 3.8 Current transients of electrodeposition of Ni on single carbon microfiber from 
1M unbuffered NiCl2 solution under different applied potentials from (a) -0.8V to -1.1V, 
and (b) -1.2V to -1.5V; (c) cross-section view of corresponding SEM images. Charge 
density is controlled at 0.59C/cm2. 
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nucleation and growth mechanisms have been considered in this model: the instantaneous 

nucleation and the progressive nucleation. Figure 3.9 shows the 2D schematic drawings 

depicting these two nucleation mechanisms. Instantaneous nucleation refers to a process 

where all active nucleation sites are activated at the beginning of the electrodeposition 

and no new nucleation sites will form when electrodeposition progresses. In this process, 

the nucleus density keeps as a constant after the initial nucleation. The current density is 

only determined by the nuclei growth. In comparison, during a progressive nucleation 

process the nucleation sites are activated gradually during the course of electrodeposition. 

New nucleation sites are continuously activated together with the growth of previously 

formed grains. Both the growth of existing nuclei and the formation of new nuclei 

contribute to the current density. The following is the derivation of the current transient 

of these two growth modes and the comparison with some experimental observations.  
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Figure 3.9 Schematic 2D drawing of instantaneous (a) and progressive (b) nucleation and 
growth model. 
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Instantaneous nucleation  

For instantaneous nucleation, all nucleation sites are formed before substantial 

growth occurring, so the number of nuclei remains the same throughout the 

electrodeposition process. The total number of nuclei at time t can be given by 

0N(t)=N ,    (3.5) 

where N0 is the number of initial nucleation sites formed on thesubstrate. A hemispherical 

diffusion zone is assumed surrounding the individual nucleus with a radiusδ  increases 

versus time and determined by:  

( ) ( )1/2 t   kDtδ = ,    (3.6) 

where D is the diffusion coefficient, and k is a numerical constant determined by 

experimental conditions. The planar area of a single diffusion zone is given by:  

( ) ( )2S t  t kDtπδ π= = .   (3.7) 

Assume after the electrodeposition is initiated, N number of nuclei forms instantaneously 

in unit area, then, at a later time t, the fraction of area covered by diffusion zones without 

taking overlap into account will be:  

exθ=NπkDt .    (3.8) 

The actual fraction of the area covered, θ, can be related to exθ  by the Avrami theorem: 

1 exp( )exθ θ= − − .   (3.9) 

The current density could be expressed by the Cottrell equation: 

1/2

1/2 1/2

zFD cI
t
θ

π
= .    (3.10) 
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Conservation of mass requires that the amount of material entering the diffusion zones 

equals to the amount of materials being incorporated into the growing nuclei and the 

current density to the whole electrode surface, plug Eqs. (3.8) and (3.9) into Eq.(3.10): 

[ ]
1/2

1/2 1/2 1 exp( )zFD cI N kDt
t

π
π

= − − .   (3.11) 

For instantaneous nucleation, at very short times, N kDtπ «1, so 

1 exp( )N kDt N kDtπ π− − ≈ . Thus, in the limit Nt  →0, Eq.(3.11) becomes: 

3/2 1/2 1/2
0NtI zFD c Nkt→ = .   (3.12) 

The current of growth of a single hemispherical nucleus is  

( )3/2 1/2 1/2

1, 1/2

2
t

zF Dc M t
I

π
ρ

= ,   (3.13) 

where c is the bulk ion concentration, M and ρ are the atomic weight and density of the 

deposited materials [102]. 

For the early stages of transient, instantaneous nucleation is given by: 

( )3/2 1/2 1/2

, 1/2

2
N t

zF Dc M Nt
I

π
ρ

= .  (3.14) 

By equating Eqs. (3.12) and (3.14), the numerical constant k can be given by 

1/2(8 / )k cMπ ρ= .    (3.15) 

Progressive nucleation 

For progressive nucleation, nucleation sites are activated during the course of 

electrodeposition, the nucleus density increases linearly with time, 



 

78 
 

( )N t  = AN t∞  .    (3.16) 

For the progressive nucleation, Eq.(3.8) becomes 

2

0
' ' / 2

t

ex AN k Dtdt AN k Dtθ π π∞ ∞= =∫ .   (3.17) 

Plugging Eqs. (3.17) and (3.9) into Eq. (3.10), the current density for progressive 

nucleation can be written as  

1/2
2

1/2 1/2 1 exp( ' )zFD cI AN k Dt
t

π
π ∞ = − −   .  (3.18) 

From literature 94 [102], for progressive nucleation, Eq. (3.14) becomes: 

( )3/2 1/2 3/2

, 1/2

2 2
3N t

zFAN Dc M t
I

π
ρ

∞= .   (3.19) 

The numerical constant k' can again be evaluated in the limit of 0AN t∞ →  and by 

comparison of Eqs. (3.18) and (3.19), we can get 

1/24 (8 / )
3

k cMπ ρ′ = .    (3.20) 

Analytically, the maximum current Im and its corresponding time tm can be evaluated by 

equating the first derivative of the I-t relations in Eqs (3.11) and (3.18) to zero. The 

transient can be presented in a non-dimensional form by I2/Im
2 vs t/tm. In either case, the 

current increases and passes through a maximum, before reaching the diffusion limited 

current. Initial current increase comes from both the increasing of the number of nuclei 

and the growth of the individual nucleus. The resulting expressions for these quantities 

for both instantaneous and progressive nucleation are summarized in Table 3. 2. From the 

experimentally measured current transient data, Im and tm can be determined and the non-
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dimensional I2/I2
m versus t/tm plot is often used to evaluate the initial nucleation and 

growth mechanism. 

 

Instantaneous Nucleation Progressive Nucleation 

( ){ }

1/ 2
m
2 2
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2
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Figure 3.10a and Figure 3.10b show the current transient plot during the initial stages 

of electrodeposition with different applied potentials. The time (tm) to reach the 

maximum current density under different applied potentials is indicated for each curve in 

both figures. As been summarized in Figure 3.10c, tm decreases quickly when the applied 

potential drops from -0.8v to -1.0v. Further decrease in the applied potential only has a 

small effect on tm. These observations indicate that the formation of the diffusion 

controlled process is much easier at more negative applied potentials, because the 

reactions under these potentials are much faster resulting in the higher consumption rate 

of Ni ions at the interface of carbon fiber and solution. 

Table 3. 2 Summary of non-dimensional form of SH model 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

(3.26) 

(3.27) 

(3.28) 
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One of the essential requirements for the SH model to be valid is that the 

electrochemical reactions at the electrode surface must be diffusion controlled. For most 

metal electrodeposition processes on conductive substrates, the surface reaction or charge 

transfer is very fast, and the rates of reactions are generally controlled by diffusion. A 

charge transfer controlled process usually has the following three characteristics. One is 

the reaction rate of an electrochemical reaction is very sensitive to small changes of 

electrode potential. Current density increases exponentially with increasing  overpotential 

and is governed by the following equation [103]:  

Figure 3.10 Current transients of electrodeposition of Ni on single carbon microfiber 
from 1M unbuffered NiCl2 solution under different applied potentials from (a) -0.8V 
to -1.0V, and (b) -1.1V to -1.5V; (c) plotting of applied potentials versus time required 
for reaching maximum current density. 
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0

(2.3 / ) log iRT nF
i

η α= ±  ,   (3.29) 

where η is overpotential, and α is the symmetry coefficient which describes the shape of 

the rate-controlling energy barrier. The second characteristic is that a diffusion limited 

peak can usually be found at the cyclic voltammogram study. Figure 3.11a shows a 

typical cyclic voltammogram scan obtained on a flat glassy carbon substrate with the 

potential sweep rate of 20mV/s from 0.01M CuSO4 aqueous solution. The diffusion 

limited peak is found at around -0.5V for this system, so when the applied potential is 

more negative than the -0.5V, the electrodeposition is diffusion controlled. On the other 

side of the peak, when the applied potential is more positive than -0.5V, the process is 

surface reaction controlled. Thirdly, when the electrochemical process is under diffusion 

controlled, the growth of deposits usually has certain preferred orientations.  

The SEM images in Figure 3.11b and Figure 3.11c show the two different 

morphologies of Cu deposits on the carbon fiber surface under the reaction controlled and 

diffusion controlled processes, respectively. On the other hand, the hemispherical shape 

of deposits can usually be found at the diffusion controlled process because a 

hemispherical diffusion zone is always formed on the top of flat substrates (working 

electrodes) under this condition. In our experiments, partial cyclic voltammogram scans 

of Ni electrodeposition on a single carbon fiber surface from unbuffered NiCl2 solutions 

with concentrations of 0.8M, 1.0M and 1.2M are shown in Figure 3.12. The applied 

potentials (more negative than -0.8V) versus current density curves have the shape close 

to the linear growth model instead of the exponential growth model, especially for the 

curves from 0.8M and 1.0M solutions, so all the Ni electrodeposition experiments carried 

out from the concentration lower than 1.0M NiCl2 solutions with applied potentials more 
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negative than -0.8V should be diffusion controlled.  However, at the full scans of cyclic 

voltammogram measurements, the diffusion limited peak cannot be identified in the case 

of Ni electrodeposition no matter how low the concentration of the NiCl2 solutions we 

used as shown in Figure 3.7, which is due to the more negative applied potentials which 

are required for the Ni electrodeposition, and the hydrogen evolution significantly 

increases the current density under these conditions. The hemispherical shape of Ni 

deposits on carbon fiber surfaces can always be found when the applied potentials are 

more negative than -0.8V as shown in Figure 3.4 and Figure 3.6, and the current density 

increases with the concentration of solutions at the same applied potentials (from -0.8V to 

-1.5V) as shown in Figure 3.12, which further confirm the diffusion controlled process.  
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Figure 3.11 (a) The first cyclic voltammogram scan obtained on a flat glassy carbon 
substrate with the potential sweep rate of 20mV/s from CuSO4 aqueous solution. SEM 
images of electrostatic deposited Cu on single carbon fiber surface controlled by 
charge density of 0.15 C/cm2at applied potentials of (b)-0.075V and (c)-1.0V. Insets 
are high magnification images with scale bar of 1 µm. 
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Figure 3.13a shows the morphology of the Ni nanoclusters formed on the carbon 

fiber surface in the initial stage of electrodeposition. Since the size of nuclei is on the 

order of a few nanometers when they are first formed, the surface curvature of used 

carbon microfiber can be ignored. The SH model derived from the electrodeposition on 

flat substrate should be valid in this early stage of nucleation in our experiments. In the 

inset of Figure 3.7b, non-dimensional forms of Eqs (3.11) and (3.18) are plotted as I2/I2
m 

versus t/tm corresponding to the two models. The initial Ni deposition current behavior 

described in Figure 3.10a and Figure 3.10b can also be plotted in terms of I2/I2
m versus 

t/tm under various applied potentials and compared to the ideal instantaneous and 

progressive nucleation models shown in Figure 3.13b. A transition from progressive to 

instantaneous nucleation can be identified when the applied potential was decreased from 

-0.8V to -1.0V. Further decreasing in applied potentials results in increasing deviation 
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Figure 3.12 Partial cyclic voltammogram scan obtained on a carbon microfiber from -
0.5V to -1.5V with the potential sweep rate of 5mV/s. The concentration of solutions is 
also indicated in the figure. 
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from both models. This can be attributed to the increasing effect of hydrogen evolution at 

higher applied overpotentials.   
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Figure 3.13 (a) SEM image of nanoscale Ni clusters on carbon fiber 
surface at the beginning of electrodeposition; (b) normalized current 
transients compared with SH model. Inset is the non-dimensional 
plotting of SH model. 
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3.2.2.6 Magnetic Anisotropy of Ni Coated Single Carbon Microfiber 

The magnetic property of a Ni coated single carbon fiber was measured by VSM. 

Figure 3.14a and Figure 3.14b show the angular dependent normalized magnetic 

hysteresis loops for the Ni coated single carbon fiber prepared using 1M unbuffered 

NiCl2 (pH≈7) and buffered NiCl2 solution (pH≈3), respectively. The corresponding SEM 

images are also shown in the inset. The applied deposition potential was -1.2V for both 

samples and the total charge transfer was controlled at 5.9C/cm2. With different applied 

field directions, both the Ni coated carbon fiber exhibit clear anisotropic magnetic 

behaviors. The ratios of remanence perpendicular and parallel to the fiber axis /R RJ J⊥  are 

0.44 and 0.17 for the unbuffered and buffered solution, respectively. This is because the 

Ni deposition is more efficient with a thicker Ni layer formed from the unbuffered 

solution. 
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Figure 3.14 Hysteresis loop of Ni coated single carbon fiber at different applied field 
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3.2.2.7 Summary 

Electrochemical deposition of the Ni on carbon microfiber surface has been carried 

out using the unbuffered NiCl2 solutions to reveal the nucleation and growth of magnetic 

metallic coatings for multi-functionalization. Compared to the conventional acidic 

solutions, the unbuffered solution shows higher metal reduction efficiency and the 

efficiency increases with Ni concentration in the solution. Pure polycrystalline Ni 

deposits are formed except when the very low concentration solution where a small 

amount of Ni(OH)2 can be detected. Using the 1 M unbuffered solution, a layered Ni 

growth mode has been identified in a certain applied potential range.  

This phenomenon can be a result of the high solution pH, and provides an effective 

approach to control the Ni deposit surface morphology. Substrate geometry and applied 

potential also contribute to this layered structure formation. Detailed current transient 

analyses indicate that initial Ni formation on a carbon surface has a transition from 

progressive to instantaneous nucleation when applied reduction potential decreases in a 

certain range. This model can be used to study the nucleation and growth of Ni on carbon 

fiber surfaces only at the beginning of electrodeposition when the deposits physical sizes 

are very small and the surface curvature of the substrates can be ignored. Ni 

electrodeposition on carbon microfiber surface follows the progressive nucleation model 

at lower applied over-potentials, and instantaneous nucleation at higher applied over-

potentials. Ni coated carbon fibers exhibit clear anisotropic magnetic behaviors, and the 

ratio of remanence perpendicular and parallel to the fiber axis /R RJ J⊥  can be controlled 

by the thickness of the deposits. 
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4 Electrochemical Synthesis of Non-spherical Magnetic Iron 

Nanostructures for Biomedical Applications 

4.1 Experimental Characterization of Electrochemical Synthesized Fe 

Nanowires for Biomedical Applications 

Material synthesis and manufacturing techniques at the sub-micrometer and 

nanometer scale have been greatly improved in the past decade. Extensive research 

papers have been published on the production and application exploration of isotropic 

nanoparticles [50-52]. To introduce anisotropy and multifunctionality, there is an 

increasing interest in the development of nonspherical nanostructures such as nanowires 

and nanotubes. These structures are able to deliver novel electrical, thermal, mechanical, 

optical, magnetic, and biomedical functionalities that are unobtainable in spherical 

nanoparticles [53-56].  

Among the available nanowire/nanotube fabrication techniques [53, 57-59], template 

assisted electrodeposition exhibits great potential in becoming the leading nano-

manufacturing method due to its versatility and cost effectiveness. This approach has 

been utilized to fabricate various metals [62, 63], conductive polymers [64], 

semiconductors [65], oxides [66], nanowires and nanotubes. Using this method, the size 

and aspect ratio of the synthesized nanomaterials can be effectively controlled. With a 

controllable and uniform porous structure, monodispersed nanomaterials with a diameter 

as small as 5 nm can be synthesized [67]. Furthermore, during electrodeposition, the 

composition modulation along nanowires can be realized [68, 69].  
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Among all currently synthesized nanomaterials, Fe based nanostructures are of great 

interest to researchers in the biomedical fields because of their extensive application 

promises in medical diagnosis and treatment resulting from their high saturation 

magnetization and excellent biocompatibility. Magnetic properties of different forms of 

iron and iron oxide structures are summarized in Table 4. 1.  

Synthesis and application of superparamagnetic Fe3O4 and γ-Fe2O3 nanoparticles in 

hyperthermia, magnetic resonance imaging and targeted delivery have been extensively 

studied [50, 104, 105]. With increasing recognition that magnetic anisotropy can be 

utilized to manipulate and control nanomaterials, biodistribution/pharmacokinetics [106, 

107] and the possibility of delivering multiple bio-medical functionalities in a single 

structure through composition modulation [108, 109], results in rapidly growing interest 

in synthesizing nanowires. However, studies on the Fe based nanowires only appeared 

very recently. Haehnel et al. [110] reported the electrochemical synthesis of Fe nanowires 

in anodic aluminum oxide (AAO) templates, and Song et al. [111]  reported on the 

biocompatibility and cytotoxicity study of electrodeposited Fe nanowires extracted from 

AAO templates using HeLa cells. However, the detailed material microstructure and 

composition information are not available due to the lack of efficient materials 

characterization capability on the high chemical active Fe and the co-existed multiple Fe 

compounds. Biocompatibility and the magnetic properties of Fe nanowires can be 

significantly affected by synthesis chemistry, nanowire size, and material nanostructure. 

Here we studied the fabrication, characterization and biocompatibility test of Fe 

nanowires electrodeposited in nuclear track etched polycarbonate templates. Using in situ 
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synchrotron x-ray diffraction, real time Fe nucleation, growth and microstructure 

evolution have also been investigated. 

 

 

4.1.1 Experimental Setup 

In this study, electrodeposition experiments were carried out at room temperature 

under ambient conditions using two aqueous electrolytes of 0.1M FeCl3 (pH≈2.5) and 

0.1M FeCl2 (pH≈2.5 adjusted by HCl). Nanowires synthesis was conducted using a three-

electrode cell, where the single side coated nanoporous polycarbonate (PC) membranes 

from Whatman (two specified pore diameters 50 and 100 nm) were used as the working 

electrode. An Ag/AgCl electrode was used as the reference electrode (EAg/AgCl=0.203V vs. 

SHE) and a Pt gauze was used as the counter electrode. For in-situ synchrotron x-ray 

experiments, a custom-designed electrochemical cell with minimized x-ray passage 

length in solution was used [112]. 

Name Formula Mineral 
Form Property 

M
S

* 

(emu/g) 
T

N
/T

c
 

(K) 

Iron Fe α-Fe Ferromagnetic 218 T
c
=770 

Iron(II) 
Oxide FeO Wüstite Paramagnetic  

T
N
=200 

Iron(II,III) 
Oxide 

Fe
3
O

4
 Magnetite Ferrimagnetic 90-92 T

c
=853 

Iron(III) 
Oxide 

α- Fe
2
O

3
 Hematite 

Ferromagnetic 
(weak) 

Antiferromagnetic 
0.4 

T
c
=948 

T
N
=260 

Iron(III) 
Oxide 

γ-Fe
2
O

3
 Maghemite Ferrimagnetic ~80 T

c
=743 

Table 4. 1 Magnetic properties of different forms of iron and iron oxide 
 

 

*All Ms is measured at room temperature 
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The synchrotron experiments were conducted using the 2-ID-D beamline at the 

Advanced Photon Source (APS) in Argonne National Laboratory. The energy of the 

photons was selected by a Si (111) double-crystal monochromater to be 10.4 keV, 

corresponding to a wavelength λ of 0.1192 nm. The x-ray beam in this experiment was 

de-focused to a size of 6.0×6.0 µm2. The intensity of diffracted x-rays was recorded by a 

CCD area detector.  

Ex situ characterizations of the nanowire morphology, microstructure and 

composition were performed using scanning electron microscopy (SEM), transmission 

electron microscopy (TEM) with energy dispersive spectroscopy (EDS) and x-ray 

photoelectron spectroscopy (XPS). The magnetic properties of nanowires when 

embedded in templates were characterized using a vibrating sample magnetometer 

(VSM). The biocompatibility test was carried out using rat-2 fibroblast cells. 

4.1.2 Results and Discussion 

4.1.2.1 Structure and Composition: In Situ X-ray Diffraction and Fluorescence 

To better understand the reduction reaction and deposit formation of iron on a carbon 

surface, real time electrochemical reactions were studied by synchrotron x-ray diffraction. 

Au coated x-ray transparent Kapton substrates were used as working electrodes to allow 

transmission diffraction measurements. Figure 4.1 shows the representative 

simultaneously recorded time dependent current transient, x-ray diffraction patterns and 

corresponding integrated θ-2θ x-ray spectra during iron electrodepositon. In the 

experiment, a potential of -1.2V was first applied (region I) followed by an open circuit 

period (region II) as shown in Figure 4.1b.  The dramatic increase of the current density 
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on both figures indicates that Fe nucleates very fast once the experiment is initiated, and 

followed by a diffusion controlled deposition process. X-ray diffraction patterns were 

continuously recorded with an individual exposure time of 20s. Figure 4.1a shows five 

representative diffraction patterns recorded corresponding to time labels A to E in Figure 

4.1b and Figure 4.1c. The brightness on the pictures indicates the diffracted x-ray 

strength and the radial directions indicate the X-ray diffraction angle 2θ. Without solution 

the entire pattern was dark and no diffraction can be detected. After solution was added, a 

low 2θ angle halo caused by the liquid scattering can be observed.  The narrow bright 

bands on certain pictures represent the diffraction from crystalline deposits. From the 

band position and x-ray intensity, the deposit composition is determined to be metallic Fe. 

All diffraction bands show a continuous structure indicating the polycrystalline nature of 

the Fe deposits.  

During electrodeposition in region I, Fe diffraction bands gradually emerge and 

intensify when deposition progresses. By integrating the diffraction strength over the 

detector plane and plot as a function of 2θ, curves corresponding to the conventional θ-2θ 

powder diffraction can be obtained. Figure 4.1c shows such diffraction spectra at 

different stages of the electrochemical experiment. The diffraction indices from the 

deposited Fe and the Au electrode substrate are indicated. Fe (110) can be clearly 

distinguished from the Au (200) phase from the magnified figure as shown in the inset of 

Figure 4.1c. From the Fe (110) diffraction peak full width at half maximum (FWHM), the 

average grain size was estimated by using Scherrer’s equation. Table 4. 2 summarizes 

grain size evolution corresponding to the time labels B to E in Figure 4.1. It is observed 
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that Fe grain size does not have significant increase during this electrochemical 

deposition process where progressive nucleation is dominant.   

 

Time labels B C D E 

Grain size (nm) 40.46 44.37 44.67 44.37 
 

Table 4. 2 Grain size analysis from X-ray diffraction results 
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Figure 4.1 Characterization of Fe nuclei on Au/Cr/Kapton substrate: (a) In situ x-ray 
diffraction patterns recorded during the electrochemical process. (b) Current transient 
under different periods of applied over-potential, inserted is current transient for 
electrodeposition in a 100nm pore size PC template. (c) Corresponding diffraction 
spectra. Inserted is the enlarged Fe (110) peak. 
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4.1.2.2 Shape and Morphology: SEM and TEM Study 

To reveal the morphology and composition of nanowires after extraction from the PC 

templates, ex situ SEM and TEM with energy dispersive spectrum (EDS) study was 

performed. Figure 4.2a to Figure 4.2d show the SEM images of nanowires deposited at -

1.2V in PC membranes with pore diameter of 50nm (Figure 4.2a and Figure 4.2c) and 

100nm (Figure 4.2b and Figure 4.2d) from solutions of 0.1M FeCl3 (Figure 4.2a and 

Figure 4.2b) and 0.1M FeCl2 (Figure 4.2c and Figure 4.2d), respectively. The length of 

the continuous wires can be up to 6 µm from the FeCl2 solution, which is longer than the 

maximum length of 2.7 µm obtained by using anodized alumina membranes with the 

same pore diameters reported by Haehnel et al. [110]. High magnification TEM images 

of the Fe wires are also shown in Figure 4.2e and Figure 4.2f. An oxidation layer with a 

stable thickness of about 5nm can be clearly identified. This observation is in good 

agreement with previous reported work [111].  The TEM-EDS analysis also shows that 

the majority of elements that can be identified are Fe at the nanowire core, but a higher 

percentage of oxygen exists at the nanowire surface.  
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4.1.2.3 Statistic Study of Electrodeposited Fe Wires 

To better evaluate the size distribution and uniformity of electrochemical deposited 

Fe nanowires, a statistic study using imaging processing software was performed.  The 

results on the length and diameter of Fe wires electrodeposited at four different 

Figure 4.2 SEM and TEM images of electrostatic deposited Fe nanowires using:  0.1M 
FeCl3 solution and PC membranes with pore size of (a, e f) 50 nm, (b) 100 nm; 0.1M 
FeCl2 solution and PC membranes with pore size of (c) 50 nm, (d) 100 nm. Insets are 
images with higher magnification. a-d: SEM; e -f : TEM. 

e 

c 

f 

b a 

d 
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conditions corresponding to Figure 4.2a to Figure 4.2d are shown in Figure 4.3 and 

Figure 4.4, and summarized in Table 4. 3.  

From the nanowire length distribution, we can see that the wires deposited from 

FeCl3 solution with the average length less than 2μm are much shorter than the wires 

deposited from FeCl2 solution where the wire average length is about 4μm. The largest 

portion of the wires has a length in between 4 to 6μm when FeCl2 solution was used. 

Considering the thickness of membranes is 6μm, longer wires can be expected when 

electrodeposition is carried out using thicker membranes. From the diameter distribution 

study, it is observed that the wires have average diameters much larger than the pore sizes 

claimed by the manufacturer. This is because the major application of these porous 

membranes is filtration, so only the smallest diameter along the pores counts. 

 

Figure 4.3 Length distributions of Fe nanowires prepared using:  0.1M FeCl3 solution and 
PC membranes with pore size of (a) 50 nm, (b) 100 nm; 0.1M FeCl2 solution and PC 
membranes with pore size of (c) 50 nm, (d) 100 nm. 

c 

b 

d 

a 
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Correspondin
g Conditions 

Figure 4.2a Figure 4.2b Figure 4.2c Figure 4.2d 

Length Diamete
r Length Diamete

r Length Diamete
r Length Diamete

r 

Average (µm)
± Stand. Dev. 

1.5±
0.5 

0.12±
0.02 

1.8±
0.7 

0.19±
0.03 

3.5±
1.6 

0.13±
0.01 

4.5±
1.3 

0.23±
0.02 

Number of 
Counting 25 

Maximum(µ
m) 2.7 0.16 3.5 0.24 6.0 0.16 6.0 0.26 

Minimum(µm
) 0.8 0.08 0.7 0.16 0.9 0.11 0.7 0.18 

Ave. Aspect 
Ratio 12.9 9.1 26.7 19.5 

  

Figure 4.4 Diameter distributions of Fe nanowires prepared using:  0.1M FeCl3 solution 
and PC membranes with pore size of (a) 50 nm, (b) 100 nm; 0.1M FeCl2 solution and PC 
membranes with pore size of (c) 50 nm, (d) 100 nm. 

d c 

b a 

Table 4. 3 Statistic study of length and diameter of electrodeposited Fe nanowires  
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4.1.2.4 Surface Composition: XPS Study 

In order to further confirm the composition and chemical states of the nanowires, a 

two- step XPS study has been performed.  First, the surface composition of a bundle of 

as-prepared nanowires was analyzed; followed by the XPS analysis after removing a 10 

nm surface layer from the nanowires by Ar sputtering under a high vacuum. The high 

resolution XPS spectra of the Fe and O signals before (I: dotted lines) and after (II: solid 

lines), the Ar sputtering is shown in Figure 4.5. Before removing the surface layer, strong 

Fe3+ signals with binding energies of 712eV (2P3), and 726eV (2P1) can be clearly 

identified. As shown in the spectrum II, peaks corresponding to the metallic iron emerge 

after the Ar sputtering. After extracting the O XPS signals the atomic ratio of oxygen 

from metal oxide to iron was found to be 2:3, confirming the surface layer of the 

nanowires to be Fe2O3. 

 

Figure 4.5 High-resolution XP spectrum of Fe and O 
before (I) and after (II) Ar sputtering. 
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4.1.2.5 Magnetic Anisotropy of Fe Nanowires: Hysteresis Loop from VSM 

Angular dependent normalized magnetic hysteresis loops measured from a PC 

template filled with Fe wires (diameter 80nm to 100nm; length 1 µm to 2 µm) are shown 

in Figure 4.6. Strong room temperature ferromagnetism and magnetic anisotropy can be 

observed. With different applied field directions, aligned Fe nanowires exhibit an 

anisotropic magnetic behavior. The ratio of remanence perpendicular and parallel to the 

wire axis /R RJ J⊥   is 0.3, which is close to the ideal value of zero for a perfect orientation 

of magnetization along the wire axis [110]. 

 

  

-15000 -10000 -5000 0 5000 10000 15000

-1.0

-0.5

0.0

0.5

1.0

 

 

__ 90 deg

__ 60 deg
__ 45deg
__ 0 deg

No
rm

ali
ze

d M
om

en
tu

m

Applied Field (Oe)
Figure 4.6 Hysteresis loop of Fe nanowires with different applied field directions. 
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4.1.2.6 Biocompatibility of Fe Nanowires 

The biocompatibility of the Fe nanowires was tested using an epithelial tissue model 

composed of rat-2 fibroblast cells. The cells were exposed to different concentrations of 

nanowires for 72 hours and were allowed to grow. The dose response curve (Figure 4.7a) 

indicates that increasing exposure leads to higher levels of cellular mortality, with an 

estimated LD50 value of 0.3 mg/ml.  The phase contrast micrographs shown in Figure 

4.7b compare a pristine culture to one that has been exposed to the nanowires. These 

images indicate that the fibroblasts are uptaking the nanowires and nanowire clusters are 

formed within the cell. After floating the cells from the substrate using tripsin, cell 

alignment using the external magnetic field was realized.  

 

Figure 4.7 Biocompatibility test of Fe nanowires with rat-2 fibroblast cells (a) and phase 
contrast images of cells with concentration of Fe nanowires of 0 µl (b) and 100 µl (c). 

(b) 
(a) 2×105wires/ µl 
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4.1.3 Summary 

In summary, it is shown that Fe nanowires can be successfully synthesized from the 

template assisted electrodeposition. To better understand the electrochemical growth 

mechanism of Fe and to control the morphology, microstructures and composition of 

deposits, it is necessary to develop in situ materials characterization capabilities. It is 

demonstrated that combined x-ray diffraction and fluorescence detection can provide real 

time, non-contact and high resolution information of the composition and structure 

information of the electrochemical processes. The released Fe nanowires can be oxidized 

once exposed to water or air and a thin layer of iron oxide will form on the surface. The 

composition of nanowires with iron at the core and iron oxide at the surface can also be 

confirmed by TEM-EDS and XPS study. At room temperature, aligned Fe nanowires 

exhibit a strong anisotropic magnetic behavior. Fe nanowires can be uptaken by fibroblast 

cells and form clusters within the cell. Increasing exposure leads to higher levels of 

cellular mortality, with an estimated LD50 value of 0.3 mg/ml. With better understanding 

of Fe nanowires growth mechanism and increasing recognition that magnetic anisotropy 

can be utilized to manipulate and control nanomaterials, this research opens the door to 

develop more complicated nanostructures which may have the possibility of delivering 

multiple bio-medical functionalities. 
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4.2 Electrodeposition of Nanowires in Self-prepared Templates 

4.2.1 Electrodeposition of Ni and Fe Nanowires from Track-etched Polymer 

Membranes 

Since the major application of commercialized track-etched polymer membranes is 

filtration, the reported diameters cannot reflect the real pores sizes and the misalignment 

of the pores can be as large as 15o. The quality of membranes also changes from batch to 

batch, plus there is only a very limited choice for pore sizes, film thickness, and pore 

density, so there are increasing interests to develop track-etched membranes with 

designed size and morphology. With controllable thickness, pore density and size, track-

etched membranes can be used to develop more novel nanostructures for 

multifunctionalization.  

 Two polymer systems have been studied in this research. Polycarbonate pellets 

(MW= 45.000) purchased from Acros Organics were dissolved in chloroform and 

semicrystalline PET films purchased from McMaster Carr were dissolved in a mixture of 

solvent chloroform: trifluoroacetic Acid (v./v.=5:1) to form polymer solutions. Using 

spin coating, the thickness of these films formed on a flat substrate can be controlled by 

the viscosity of the solution (controlled by the concentration of polymers) and final 

spinning speed. For example, a 0.09 g/ml solution with spinning speed of 500rpm can 

usually give a PC film thickness of 2μm. In order to remove the residual solvents, all 

polymer films were baked in a vacuum at 185 oC for two hours, and then slowly cooled 

down to room temperature. 

After being irradiated by higher energy ions generated from a cyclotron accelerator 

at Texas A&M or a tandom acceleratorat TcSUH, the polymer films are then etched by 
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6.25N NaOH solution to form the porous structure. The pore size can be controlled by 

etching time. Figure 4.8 shows the top view of SEM images of polycarbonate films 

etched at different times; the pore size information is summarized in Table 4. 4. The pore 

size was controlled down to 40nm, and with a shorter etching time, even smaller pore 

size can be expected. 

 

  

Figure 4.8  SEM images of nuclear track-etched polycarbonate membranes. All 
membranes are etched in 6.25N NaOH solution for (a) 15 mins, (b) 30 mins, (c) 60mins 
and (d) 90mins. Insets are images with high magnification. 

c d 

a b 
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Magnetic nanowires were fabricated using these self-prepared track-etching 

polycarbonate membranes. Figure 4.9 and Figure 4.10 show the current transients and the 

SEM images of electrodeposited Ni and Fe nanowires, respectively. A clear three-step 

process, including the initial nucleation -the one dimensional wire growth and -the three 

dimensional overgrowth, can be identified from the current transients of Ni 

electrodeposition as shown in Figure 4.9a and b. However, the current transients of Fe 

electrodeposition does not show the clear third stage overgrowth as displayed in Figure 

4.10a and b, which could be due to the random growth of Fe nuclei after the pores have 

been filled in with the Fe wires, unlike the hemispherical shaped deposits formed after 

the overgrowth of Ni wires. The effect of surfactant Akanol 6112 on the pore structures 

has also been studied. Figure 4.9c, d and Figure 4.10c, d show that the surfactant can 

reduce the bulk etching rate and create nanowire surface roughness.  

Figure 4.11 shows the top-view of SEM images of track-etched PET membranes and 

Ni deposits released from these membranes after electrodeposition. The large 

hemispherical structures are from the significant overgrowth of Ni deposition. Pores 

formed in the PET membranes have a tapering structure. There are several factors that 

Sample 
Etching time 

(min) 
Average size 

(nm) 
Stand. Dev. Of 

different pore size 

Figure 4.8a 15 39.9 2.4 

Figure 4.8b 30 96.3 4.6 

Figure 4.8c 60 177.1 4.7 

Figure 4.8d 90 267.1 20.8 

Table 4. 4 Statistics study of Pore Sizes and Distributions 



 

105 
 

can cause this phenomenon. First, the ratio between the track etching rate Vt and bulk 

etching rate Vb is relatively small. The second can be that the NaOH solution is difficult 

to diffuse into the pores of PET films because of the stronger hydrophobicity of PET in 

comparison to PC. The third reason is that the ionization threshold energy of PET is 

higher than the PC and the Ni ions generated by the linear accelerator used in this study 

do not have high enough energy.  
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Figure 4.9 Current transients of electrodeposition from Ni Sulfamate solution using 
polycarbonate membranes etched by 0.25g/ml NaOH with (a) and w/o (b) surfactant 
Akanol 6112; (c) and (d) are corresponding SEM images. 
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Figure 4.10 Current transients of electrodeposition from FeCl2 solution using 
polycarbonate membranes etched by 0.25g/ml NaOH with (a) and w/o (b) 
surfactant Akanol 6112; (c) and (d) are corresponding SEM images. 



 

108 
 

 

4.2.2 Electrodeposition of Ni Nanowires in Track-etched Mica Films 

Since the mica film cannot be tracked through by 16MeV Ni ions from TcSUH, all 

the mica films were irradiated by the high energy ion beam from Texas A&M. The pore 

sizes of track etched micas can also be controlled by etching time. Current transients of 

Figure 4.11 Top view SEM images of track-etched PET membranes etched by 0.25g/ml 
NaOH with (a) 90 mins (b) 60 mins; Corresponding SEMs of deposits using 90 mins 
etched PET membranes (c-f). 

c d 

a b 

e f 



 

109 
 

electrodeposition of Ni in track etched mica templates with different etching time are 

shown in Figure 4.12. Clear over-growth current curves can be found at a longer etching 

time, but it is difficult to get over growth when the etching time is less than 15 mins as 

shown in Figure 4.12a, where the current density is much smaller than that from longer 

etched samples when the porosity is taken into account. Side view SEMs of Ni wires 

embedded mica films with 15 mins and 40 mins etching are shown in Figure 4.13 and 

Figure 4.14, respectively. The mica films with thickness of 10 μm can be tracked and 

etched through, and the pores sizes can be controlled from 20 nm to 200 nm. 
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Figure 4.12 Current transients of electrodeposition of Ni wires from Ni Sulfamate solution 
on Mica membranes etched by 20% HF with (a) 15 mins (b) 20 mins (c) 30mins and (d) 
40mins. 
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Figure 4.13 SEMs of Ni wires grown from mica etched by 20%HF for 40 mins: cross 
section of as deposited wires/mica after sputter coating a layer of Au. 

a 

c 

b 

d 



 

112 
 

 

4.2.3 Summary 

Track-etched templates with controllable thickness, track density, pore size and 

shape have been successfully fabricated. Using these self-prepared templates, magnetic 

a 

c 
c 

Figure 4.14 SEMs of Ni wires grown from mica etched by 20%HF for 15 mins: cross 
section of as deposited wires/mica after sputter coating a layer of Au. 

c d 

a b 

e f 
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nanowires (Ni and Fe) with controllable shape and aspect ratio can be synthesized by 

template assisted electrodeposition. Cylindrical nanowires with a diameter from 40 nm to 

267 nm were fabricated from track-etched polycarbonate membranes, but the nanowires 

from PET membranes have very non-uniform tapering structures which could be due to 

the relatively low Vt /Vb ratio, poor wettability of etching solution, and/or nonuniform 

tracked polymer structures. Free standing Ni and Fe wires on the substrates have also 

been demonstrated to be possible. 

Nearly perfect parallel pores can be created on mica films after track and etching. 

The diameter of nanowires from mica templates can be controlled from 20 nm to 

hundreds of nanometers. 
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5. Conclusions and Suggestions for Future Work 

5.1 Conclusions 

Electrodeposition provides an effective approach that is capable of producing 

multifunctional nanomaterials and structures that are difficult to obtain by other methods. 

In this research, electrochemical based nanomanufacturing techniques have been 

developed to synthesize magnetic nanostructures with controllable size, morphology, 

composition and structure with cost efficiency and scalability. To better understand the 

electrochemical growth mechanism of metals on different substrates and control the 

morphology and microstructures of deposits, it is necessary to develop in situ materials 

characterization capabilities. It is demonstrated that combined x-ray diffraction and 

fluorescence detection can provide real time, non-contact and high resolution information 

of the material composition and structure during the electrochemical processes. To meet 

the challenge of strong solution and ion x-ray adsorption, in situ studies were performed 

at the microbeam synchrotron facility at the APS, Argonne National Lab using a specially 

designed electrochemical cell. 

Physiochemical properties of carbon materials can be altered by coating functional 

materials on the surface. Electrodeposition of Ni on carbon fiber surfaces can introduce 

magnetic anisotropic property, thus expanding the applications of carbon based materials 

in different fields. Effects of electrochemical conditions including the concentration and 

pH of electroplating solutions, applied potentials, deposition time and types of substrates 

have been systematically studied. To better understand the electrochemical growth 

mechanism of metals on carbon micro- nano- materials and control the morphology and 
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microstructures of deposits, the synchrotron microbeam facility at the APS has been used 

for in situ x-ray diffraction and fluorescence study.  

Results show that Ni nucleation on the carbon surface is much more difficult than on 

the flat Au surfaces. With increasing negative reduction potentials, the efficiency of Ni 

reduction as compared to hydrogen revolution increases significantly. Three dimensional 

nucleation and growth of polycrystalline Ni are observed. Ni stability increases with 

grain size which can be controlled by the deposition potential. Ex situ SEM study shows 

the formation, growth and coalition of hemi-spherical particles during deposition, these 

particles are not single grains but contain multiple three dimensionally grown grains.  

Electrochemical deposition of Ni on a carbon microfiber surface has also been 

carried out using unbuffered NiCl2 solutions with a pH of 7 to reveal the nucleation and 

growth mechanisms. Compared to conventional acidic solutions, the unbuffered solution 

shows higher metal reduction efficiency and the efficiency increases with Ni 

concentration in the solution. Using the 1 M unbuffered solution, a layered Ni growth 

mode has been identified in certain applied potential range. This phenomenon can be a 

result of a higher solution of pH, and provides an effective approach to control the Ni 

deposit surface morphology. Substrate geometry and applied potential also contribute to 

this layered structure formation. Detailed current transient analyses indicate that initial Ni 

formation on the carbon surface has a transition from progressive to instantaneous 

nucleation when the applied reduction potential decreases in a certain range. This model 

can be used to study the nucleation and growth of Ni on carbon fiber surfaces only at the 

beginning of electrodeposition when the deposits are so small that the surface curvature 

of substrates can be ignored. Ni electrodeposition on a carbon microfiber surface follows 
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the progressive nucleation model at lower applied over-potentials, and instantaneous 

nucleation at higher applied over-potentials. This study indicates the chemical and 

electrochemical activity of metal, which can be significantly influenced by size at the 

nanoscale and materials-substrate interaction. With better understanding of materials 

formation, growth and stability; grain size, morphology and surface activity of metals 

which can be controlled on carbon based material to achieve desired physicochemical 

performances for large scale engineering applications. 

Fe nanowires are successfully synthesized from the template assisted 

electrodeposition. Released Fe nanowires from the templates can be easily oxidized once 

exposed to air to form a thin layer of iron oxide.  The composition of nanowires with iron 

at the core and iron oxide at the surface can also be confirmed by TEM-EDS and XPS 

study. At room temperature, aligned Fe nanowires exhibit a strong anisotropic magnetic 

behavior. Fe nanowires can be uptaken by fibroblast cells and form clusters within the 

cell. Increasing exposure leads to higher levels of cellular mortality, with an estimated 

LD50 value of 0.3 mg/ml. With better understanding of Fe nanowires growth mechanism 

and increasing recognition that magnetic anisotropy can be utilized to manipulate and 

control nanomaterials, this research opens the door to develop more complicated 

nanostructures which may have the possibility of delivering multiple bio-medical 

functionalities. 

Electrochemical deposition with great advantages of low cost, high yield, low 

processing temperature and easy to scale-up has become a powerful nanofabrication 

technique. Through the study of the nanoscale nucleation, growth and micro-structure 

evolution, this research will help to quantify the nanoscale electrochemical process, 
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establish structure-properties correlation and develop novel magnetic materials 

applications.   

5.2 Suggestions for Future Work 

1. Development of a theoretical model to include the effect surface curvature on the 

diffusion zone, and try to explain the formation of layered Ni structures on carbon fiber 

surface under certain conditions. 

2. Development of polymer system which is capable of creating uniform tracked-etched 

pore structures 

3. Development of a multilayered nanoporous template structure composed of layers with 

distinct chemical properties; allowing precise control of pore sizes in individual layers 

and selective dissolution of constituent matrix materials. These nanopores templates will 

allow the efficient and reproducible synthesis of unique nanostructures to deliver 

functionalities that are un-obtainable in nanoparticles or nanowires/nanotubes.  Figure 5.1 

schematically shows the fabrication process of a unique nanostructure, nanotag, by using 

this proposed multilayer nanoporous template. It has been demonstrated that this structure 

can provide distinguishable localized fields which make “color-coding” in MRI possible 

[113]. 
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Two layers of polymer 
were coated on both 
sides of mica by spin 
coating or solvent casting 

mica polymer 
Commercialized natural 
mica with thickness 
3µm to 5µm was 
purchased 

Au was sputtered 
on one side of 
polymer layer 

Nuclei tracked from 
another polymer layer 
by heavy metal atoms 

Nuclei tracked pores were further 
etched by different etching agents 
for different layers, the pore size 
on each layer can be controlled by 
etching time  

Magnetic nanotags can 
be grown in the pores 
by electrodeposition 

Au layer can be 
dissolved by Hg 

After mica and polymer 
is dissolved by HF and 
chloroform, nanotags 
will be released 

Figure 5.1 Schematic drawing of the fabrication process of nanotag by template 
assisted electrodeposition from customized multilayer templates. 
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