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ABSTRACT

This dissertation proposed to initiate the research into the fabrication of metal/oxide
nanostructures by anodization process for biosensor, drug delivery and supercapacitor
applications by producing different nanostructures which lead to the potential for various
applications. This study focuses on the establishment of the knowledge and techniques
necessary to perform metal/oxide nanostructures on biological and energy applications. This
study will investigate: (1) the sensor and drug delivery applications of micro/nano structures;
(2) novel processes to innovate anodic aluminum oxide nanotube template; (3) the

supercapacitor applications of anodic titanium oxide.

First, the extremely high surface area AAO coated microneedle and microneedle
array can be developed as sensor and drug delivery devices. Due to the large surface area of
the AAO, the film can absorb indicators to make it sensitive to testing targets. pH detection
was demonstrated to show the sensing capability of the microneedle. Then, the microneedles
were further built as an array by combining micromachining technique. The microneedle
array provides a 3-D structure that possesses several hundred times more surface area and
capacity than a traditional nanochannel template. Second, the nanoengineering process was
conducted to innovate anodic aluminum oxide nanotube template. Guided anodization
assisted by nanoimprint process formed AAOQO arrays that can be formed on controlled
locations. More importantly, it shows the periodically ordered AAO array with different sizes
of nanopores. With the improved AAO template, melting injection, electro/electroless
deposition and sol-gel deposition were conducted to fabricate Ni nanowires/ TiO, nanotubes,

Ni/BaTiO3 core-shell nanotubes, and UHMWPE nanotubes. Third, various Ti-based alloys



were anodized to form ordered nanotubes for supercapacitor application. Ti alloy oxide
contains some porous layers which are not presented on TiO, nanotube film. Thus, Ti alloys
anodized oxide nanotubes have better supercapacitor behaviors than the conventional TiO,
nanotubes. However, a high surface area nanoporous Ti/TiO; structure, which was fabricated
by selective etching process, can accumulate large quantity of electrons and energy for
supercapacitor needs. Additionally, nanoporous metals obtained by dealloying hold a unique
combination of a highly conductive network and a bicontinuous open. The characteristics
formed through dealloying also present a nice charge/discharge behavior and a good

capacitance performance.
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1. INTRODUCTION

1.1 Background

The main purpose of this dissertation is to initiate our research into “Fabrication of
metal/oxide nanostructures by anodic process for sensor, drug delivery and supercapacitor
applications” by producing different kinds of nanostructures which are fit for various
applications. Before going in depth of this research, this subsection introduces a brief
background of porous structure, biosensing and drug delivery, and supercapacitor
nanotechnologies. These contents are important for better understanding of the purpose in

this dissertation.

1.1.1 Porous Metal and Metal Oxide Nanostructures

Nanoporous materials have been widely investigated for various applications due to
the high surface area, such as catalysis, sensors and energy devices. Metallic nanoporous
structure is especially suitable to create continuous network for electronic transfer. Other
than that, nanoporous metallic materials have useful unique properties, such as large surface-
to-volume ratio, light weight, and excellent electrical/thermal conductivity. They are able to
improve performance in chemical, electrical, optical behaviors, and they also can be used in

catalysis, mircofiltration, sensors, drug delivery system. [1-5]

Various approaches have been approved to fabricate nanoporous metals and [6, 7]
among these processes, selective removing is a promising method to generate uniform
metallic nanoporous structures. Materials for selective removing are prepared by two well-

mixed components, such as metal/oxide [8], metal/metal [9], and metal/polymer. [10]



Selective removing process is based on the difference of the stability of the two components,
and it can be done through thermal, chemical and electrochemical processes. For instance, a
three-dimensional colloidal crystal structure can first be filled with metal to form a
continuous metal network. The colloidal nanosphere can then be removed by either thermal
or chemical process to form a continuous metal nanoporous structure. The size and
uniformity of the nanoporous structure can be easily controlled by the size of nanosphere and
the arrangement of the colloidal crystal structure, respectively. Ni inverse opal nanoporous
structure was fabricated by thermally removing polystyrene colloidal crystals. [11] However,
there are some limitations to this method. For example, the metal filled into the 3-D colloidal
crystal structure by chemical reduction, such as electroplating and electroless deposition.

Thus, metals with high reduction potentials are very difficult to fill, such as Al and Ti.

Another selective removing method, dealloying, has been demonstrated to be very
effective in generating free-standing 3-D nanoporous metals. Unlike traditional nanoparticle-
based materials, nanoporous metals obtained by dealloying hold a unique combination of a
highly conductive network and a bicontinuous open nanoporousity. Various nanoporous
metals can be obtained by dealloying process, such as Al, Ti, Cu etc. Additionally, pore size
and porousity can be determined by mechanical methods or heat treatments, such as rolling,
and annealing. Dealloying in aqueous solution is a promising technique for preparing
homogeneous nanoporous metals. Dealloying results are affected by many parameters, such
as alloy composition, solution composition, temperature, and treatment time. Some alloy
systems have been investigated to form uniform nanoporous structure, for example, Au/Zn,

Au/Cu, Au/Ag, Pt/Si, Pt/Cu, and Al/(Au,Ag,Pd), etc. [12-17] Therefore, various metals



nanoporous structures can be generated in order to create different desired characteristics,

such as high surface area and continuous conducting network.

1.1.2 Applications for Biosensing and Drug Delivery

Nanomaterials have unique properties which have developed into many
biotechnology applications. In fact, nanomaterials are the smallest structures can be used for
efficiently transport of electrons. A general nanomaterial property is exceptionally large
surface area. In particular nanoporous materials have an advantage of high aspect ratio that
can be applied on purification, separation, sensor and detection. First of all, nanomaterials
have been demonstrated that it can be used for bio-sensing applications. Biosensors are the
devices, which can produce optical, electrical or thermal output signals for further analysis.
The biosensors can be defined by sensing aspect, such as DNA, proteins, glucose,
microorganisms and even tissues. Additionally, nanostructures have been widely investigated
as devices for drug delivery applications. The purpose of controlled drug delivery is to
manage the necessary amount of drug to specific sites in the human body safely and

effectively.

1.1.3 Applications for Supercapacitors

Nanomaterials contribute many improvements and developments to supercapacitors.
There is a rising need for capacitors that can accumulate a large quantity of energy and then
deliver it rapidly. A variety of military, aerospace, and commercial applications need this
type of energy storage which can provide enough power with minimal reaction time.
Moreover, these applications often require higher power and energy densities as well as

higher charge/discharge rates. This growing demand has led to the creation of the



supercapacitor, which is an electrochemical double layer capacitor (EDLC). The charge
storage mechanism includes double layer capacitance and pseudo capacitance. Pseudo
capacitance involves electron transfer reactions, and when redox (the Faradaic reaction)
occurs in the electrodes it made generating higher power and energy densities possible.
However, nanomaterials have the potential to improve the performance of various types of
capacitors. Nanomaterials with large surface areas can provide larger interface for forming
double layer to charge/discharge in EDLCs. [18] Nanostructures also provide the possibility
for a better mechanism for ion transportation in the redox reaction. These properties of
capacitive nanomaterials can be applied to supercapacitors for a better and improved

performance. [19]

1.2 Dissertation Statement and Overview

As introduced above, nanostructures have been widely investigated in biology and
energy technologies. However, the current fabrication processes being used in these
applications appear to be too complicated. Therefore, we propose to conduct anodization
processes to develop nanostructures for biology and energy applications. Furthermore,
several improvements for these applications can be achieved by our efforts on combining

anodization and micromachining processes.

The goal of this dissertation is to establish knowledge and techniques necessary to
perform metal/oxide nanostructures on biological and energy applications. This study will
investigate: (1) the biological applications of micro/nano structures; (2) novel processes to
innovate anodic aluminum oxide nanotube template; (3) the energy storage applications of

anodic titanium oxide. To accomplish this goal, different electrochemical processes are



conducted to fabricate micro/nano structures, such as electrochemical polish, anodization,
selective etching, etc. Micromachining techniques and e-beam lithography also play assisting

roles to achieve our proposed results.

This dissertation contains seven chapters. Section 1 introduces the background and
motivation of this dissertation, followed by the research objective and overview. In addition
to literature reviews, Section 2 offers information required for better understanding of the
contents of this dissertation. The contents include fabrication and characterization techniques
and literature reviews. Section 3 shows the development of a microneedle with nanostructure
by combining different electrochemical processes. [20] We further expand this micro/nano
structure to build a 2-D array device. [21] Section 4 focuses on nanoengineering processes
that can improve anodic aluminum oxide nanotube (AAO) template, and various hybrid
nanowires and nanotubes that are fabricated with the help of AAO template. Section 5
studies the enhancement of capacitance performance of anodic titanium oxide nanotubes
from titanium base alloys. [10] Section 6 demonstrates a selective etching process for
producing a high surface area nanoporous structure for supercapacitor application. Final

conclusions and future works are described in Section 7.



2. BACKGROUND AND LITERATURE REVIEW

2.1 Background
To better understand the contents presented in this dissertation, prerequisite
knowledge regarding several different aspects of fabrication and characterization technology

is required and provided in this subsection.

2.1.1 Surface Treatment
Understanding the surface treatments is important to have a clear idea how these
processes assist to reach our expecting results. A chart of surface treatments is shown in Fig.

1, and there are two major categories which are removal and oxidation.

Surface Treatment

Mechanical Etchin Electro Anodization Chemical Thermal
Refining g polishing Passivation Oxidation

Figure 1 Chart of surface treatment

The first major surface treatment method is removal, including mechanical refining,
etching and electropolishing. Mechanical refining usually starts from steps of grinding with

hard materials, such as Al,O3, SiO,, WC and diamond. Mechanical refining usually follows



by polishing, which is a process to encourage the surface mobility to reach a smooth surface.
Another removal treatment is etching, that includes shifting of pH-value and complexation.
The thermodynamic stability of materials with pH-value can be referenced from the
Pourbaix-diagram. Etching rate could be increased by adding aggressive agents (acid or
alkaline) in order to accelerate pH-value shifting and break the thermodynamic stability.
Complexation reaction occurs at the interface between substrate and solution, and it causes a
high concentration gradient to increase etching rate. [22] Chemical polishing is a typical
etching technique to level substrate surface since higher dissolution rates happen at the rough
spot. However, chemical polishing is not able to flatten all metals because some substrates,
such as Ti and Al, have passive oxide layers that protect films from corrosion.
Electropolishing is therefore more useful for flattening the metal substrate. The polishing
occurs at the anode, and the reaction drives the equilibrium in Eq. 2-1 to the right to dissolve
metal. The dissolution rates change with modifying applied voltages until smooth plane

appears.

Me — Me™ + ne’ (Eq. 2-1)

The other major surface treatment is oxidation, which includes anodization, chemical
passivation, and thermal oxidation. Anodization will be stated more in Section 2.2,
anodization is an electrolytic process to grow a dense oxide layer on the metal surface.
Chemical passivation usually happens when a strong etching agent is present, and the
reactions are controlled by concentrations and bath temperatures. Lastly, thermal oxidation is
a process that operated in 200°C or higher. Oxidation time, air composition and temperature

can all contribute to influence the thickness and the composition of thermal oxide.



2.1.2 Material Characterization Technique

Material characterization of the micro/nano structure is a main focus of this
dissertation, and this portion will cover some of the techniques used to characterize these
features. Information and properties of our fabrications, such as thickness, feature size,
morphology, elemental composition, and crystal structure, are crucial to understanding the
micro/nano structure of the material. Three major techniques that are primarily used in this

dissertation, SEM, XRM and EDS, are discussed below.

The surface images of the morphology of micro/nano structures can be acquired by
scanning electron microscopy (SEM). The SEM utilizes a high-energy electron beam to scan
the specimen surface. [23] A variety of signals, typically including secondary electrons,
back-scattered electrons, and photons, are produced when the energetic electrons interact
with the specimen. Moreover, these signals are collected to produce a 2-D image containing
the information about the material surface morphology. FEI Qunta 600 and JEOL JSM-7500,
located in Texas A&M University, were utilized to inspect the topography of our micro/nano
structures. The resolution is 1 nm at 15 kV electron beam accelerating voltage for both

instruments. The magnification ranges from 25x to 600,000x in the SEM mode.

X-ray Diffraction (XRD) is able to determine the atomic and molecular structure of
our testing specimen by measuring the angles and intensities of the diffracted beams. Excited
metal target (Cu is the most common) generates incident X-ray with specific wavelengths,
and the incident X-ray interacts with the specimen surface. At certain angles, the incident X-
ray impinging the testing sample satisfies the Bragg Equation, constructive interference
occurs and a peak shows. [24] The patterns (angles and peaks) can identify the sample

composition and crystalline structure. Bruker D2 PHASER was operated for characterization,



and the scanning range is from 10 degree to 80 degree at 0.05 degree/s of scan rate in this

study.

Elemental analysis of a specimen can be done by energy dispersive X-ray
spectroscopy (EDX, or EDS). It works dependently on the interaction between the excited X-
ray and the sample. The abilities of characterization are based on the concept that every
element has a unique atomic structure allowing a unique set of peaks on its X-ray spectrum.
[25] When a high-energy beam is focused on our test specimen, the signal received by the
energy-dispersive spectrometer can determine the composition of the testing specimen.
Oxford EDS system was used for analyzing the composition of our testing specimen in this

dissertation.

2.2 Literature Reviews

The first part of this subsection presents anodization and anodic oxide nanostructures.
In addition, some innovative anodization process is also included. The second part introduces
the biosensing and drug delivery applications with AAO nanostructure. The third part

includes capacitor applications with anodic oxide nanostructures.

2.2.1 Anodic Metal Oxide Nanostructures

Anodization is an electrolytic process used to grow a passive layer on the metal
surface at the anode. Metals, which can be anodized, are able to form a thin oxide film in
oxygen-contented ambient. The dense and uniform layer of anodized oxide inhibits ionic
conductivity, thus they can be regarded as barrier oxides to effectively protect the metal from
further corrosion. [26] On top of that, the anodized oxide film can improve the surface

properties of metal, such as wearing, galling, adhesion, and dielectric layer. Transition metals



are a common source for materials used in anodization, metals such as Al, Ti, Mg, Zn, Ta
and W are often used during anodization process. Interestingly, some anodized metal oxide
films can also be applied as decorations since the colors of anodized films are variable, also

called interference layer. [27]

Fig. 2 shows an anodization cell, the working metal is set as the anode to oxidize
during the electrochemical process. The cathode can be any electronic conductor that would
not react in the anodizing bath. The electrolytes are chosen by the insolubility with the
anodized oxide, or a higher growth rate of oxide when compared to its dissolution rate. When
the reaction is taking place, electrons are withdrawn from the metal at the positive terminal,
allowing ions at the metal surface to react with the water in electrolyte to form a dense oxide
layer on the metal. The electrons later return back to the electrolyte where they react with

hydrogen ions to generate hydrogen.

Many properties of these transition metals anodic oxides become more and more
important when we explore the possibilities on a micro or nano scale. Anodic oxide films,
with the inherent nanoporous structure, exhibit high surface area, and short solid-state
diffusion path for catalysis, electrochemical devices, and energy applications. The other
advantage of the anodic oxide micro/nano structures is that the fabrications are achieved by
chemical or electrochemical processes that are relatively simple and cost effective. The
morphologies of anodic oxides include powders, rods, wires and tubes. Materials ranging
from Al, Ti, Zr, W to Ta have all been investigated to form self-assembly nanotubes
structures. [28] Among these transition metals oxide nanotubes, anodic aluminum oxide
(AAO) and anodic titanium oxide (ATO) are among the most widely studied for their

functional properties.
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Figure 2 Schematic diagram of the anodizing cell

The AAO fabrication reaction can be described as below. At the anode, aluminum at
the oxide/metal interface will be oxidized as AI** cations when electric field is conducted.

(Eq. 2-2)
Al > AB* + 3e” (Eq. 2-2)

The O% anions are coming from separation of water at the electrolyte/oxide interface.

(Eq. 2-3)
“H,0 - 3H* + 20% (Eq. 2-3)

Aluminum oxide is the product of the entire reaction. (Eq.2-4)

11



AP* 4 202" > Al,0; (Eq. 2-4)

When the water continues decomposing, the H* ion will dissolve the alumina layers.

(Eq. 2-5)
~ALO; + 3H* - AP*+ 2H,0 (Eq. 2-5)

However, the rate of water electrolysis is slower than the rate of aluminum oxide
generation, so the aluminum oxide layer will not be dissolved completely. At the cathode, the

H* ion reduces to form hydrogen. (Eq. 2-6)
H* + e™ > ~H, (Eq. 2-6)

It is important to note that the main reason of the formation of the nanoporous
structure is caused by the uneven electric field. [29] The irregularities of the aluminum
surface will induce different electric field concentration. With the electric field concentrated
in depressions results in a higher rate of ejection of Al3*and a lower rate of oxide deposition.
As the oxide thickens in other area, the concentrated electric field continues to prevent
further crystallization in the bottom of the pores, forming the hollow structure that
contributes to the nanaporous characteristics of AAQO. The size and distribution of the

initiating nanopores are adjusted until the reaction is stable, as shown in Fig. 3.
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Figure 3 The schematic of electric field and ion concentration on aluminum surface during
anodization

Anodic aluminum oxide (AAO) nanotubes can be formed in certain anodizing
conditions. AAO nanopores are formed randomly on the aluminum surface, and nanopores
self-assembly to a hexagonal structure. Self-assembly is a spontaneous organization of
materials through noncovalent interactions without external interference. This phenomenon is
evident in the highly ordered oxide nanotubes with high aspect ratios and the honeycomb
arrays. It is possible to alter the tube lengths, pore sizes and densities by changing certain
variables, such as acid electrolytes, voltages, temperatures and anodizing time. [30] However,
extra sub-holes can still be found on the nanopores array. Fig. 4 demonstrates a mechanism
of self-repaired process to remove the extra sub-holes. Under heat, aluminum and oxygen in

ambient are able to diffuse easily into the AAO channel to react with the aluminum oxide,
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and in doing so speed up the AAO self-diffusion process the lead to the reduction of the sub-

holes. [31]

0,

I

AAO self-repaired to
uniform nanochannel

Figure 4 The schematic diagram of AAO self-repair mechanism

A two-step anodization is required to obtain an even AAO nanopores template since
electropolishing does not guarantee a defect-free surface. The morphology of pre-anodizing
aluminum is not a defect-free flat surface even after electropolishing. Therefore, sizes and
inter-pore distances of AAO nanopores that are formed on a pretreated aluminum are not as
uniform as one would expect. In order to obtain a uniform AAO nanopores template, a two-
step anodization process is conducted. Fig. 5 is a process flow of the two-step anodization.
After the first anodization, AAO nanoporous layer is removed and an ordered pattern with
bowl-shape indentations is left on the aluminum surface. Nanopores formation follows the
pattern during the secondary anodization. As a result, a much more uniform AAO

nanoporous structure can be achieved.
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Figure 5 The flow chart of two-step anodization process

Highly-ordered AAO nanoporous structures have been used for various fields,
including sensors, separation membranes, templates, and there are also breakthroughs in the
fabrication of AAO. There are two main processes to fabricate AAO, one is mild anodization
(MA) and the other is hard anodization (HA). Mild anodization is the traditional process that
produced AAO with low current density. Under low current density, the slower process of
MS allow for more time for the nanopores to form a highly-ordered structure. However, the
time consuming process of MA limits the use in industrial manufacturing. Generally, HA is
conducted under low temperature and high current density in order to increase the growth
rate. [32] As a result, nanopores from HA are less ordered and easier to crack. Therefore,
combining MA and HA has been reported to keep advantages of both anodization processes.
[33] Pulse anodization process was demonstrated to fabricate a 3-D nanostructure by

alternating MA and HA. [34]
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Although AAO nanoporous template is a self-ordering structure, pretreatment shows
a promising potential on controlling the AAO nanoporous structure. According to the
concept of two-step anodization, many groups focus on the pretreatment of aluminum surface
and attempt to control nanopores locations. Lee’s group used the traditional photolithography
fabrication to replicate a nickel imprint stamp with defectless hexagonal pattern in order to
produce an ideal AAO nanoporous structure. [35] Focus ion-beam lithography [36], scanning
probe microscopic lithography [37], optical diffraction grating [38], and microbeads [39]
have been investigated as pretreatments for aluminum. However, these fabrication processes
are slow and expensive. Comparing to the alternatives, nanoimprint method seems to be a
promising technique to pre-pattern with low cost and high yield advantages. [40] Square
array AAO nanopores were fabricated on Si assisted by nanoimprint. [41] Using nanoimprint
pre-pattern can change the nanopore distance from the lattice constant. [42] Furthermore,
AAO was not only fabricated long-range location controllable, but also created different
sizes of nanopores on the same aluminum substrate with nanoimprint guiding anodization.

[43]

Other than aluminum, titanium is another material widely recognized by its anodic
oxide structure. There are various nanostructures of anodic titanium oxide (ATO), shown in
Fig. 6, that can be obtained by controlling temperature, applied potential, viscosity,
electrolyte and solvents etc. [28] As a result, different nanostructures can be formed, such as
a flat compact film, a random porous structure, an ordered nanoporous film and a highly
ordered nanotubular oxide layer. Self-ordered anodic titanium oxide nanotubes can also be
formed in fluoride containing electrolytes, we will cover more details on this topic in Section

5.
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Figure 6 The schematic diagram of the titanium anodic oxides

2.2.2 AAO for Biosensing and Drug Delivery Applications

The ordered nanoporous structures are often used as templates for fabricating other
nanoscale materials with specific functions. Processes have been developed to generate
nanoporous structures, such as fibrous meshes [44], self-ordered block copolymers [45],
silica [46], or metal oxides [28]. This dissertation will focus mainly on Anodic aluminum
oxide (AAO), its nanopores have been found many applications on biotechnology due to its
uniformity, high aspect ratio, highly ordered array, wide range of pore size and tube length
and controllable porosity. AAO can also be fabricated on various substrates, such as Si, SiO,
and Ti. [47, 48] More importantly, aluminum oxide is non-toxic, biocompatible and insoluble
in aqueous solution, and it is also demonstrates remarkable chemical, physical and thermal
stabilities. Therefore, AAO has recently been noticed and explored for many biotechnology

applications that are listed below.

First of all, AAO has been demonstrated that it can be used for bio-sensing

applications. Biosensors are the devices, which can produce optical, electrical or thermal
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output signals for further analysis. The biosensors can be defined by sensing aspect, such as
DNA, proteins, glucose, microorganisms and even tissues. AAO nanoporous structure
provides a highly ordered array and controllable pore sizes from 10 nm to 500 nm for
developing novel biosensors. For instance, AAO can be used for counting and identification.
[49] It was designed for use as an identifier to capture targeted particles (as shown in Fig. 7a)
and its sensitivity is considered to be ten times more than polycarbonate membranes. [50]
Combining MEMS and anodization processes can produce a high-throughput micro-Petri
dish for sensing microorganisms. [51] In addition, connecting other molecules to the inert
AAO surface has enormous potential to utilize the high surface area of AAO. Fig. 7b shows a
schematic diagram of attaching sensing materials within AAO nanotubes. A DNA
hybridization sensor was investigated by ionic conductance through AAO nanoporous
electrode to immobilize ss-DNA for detecting the target DNA. [52] Surface modification is
able to change the basic properties of aluminum oxide, such as wetting ability, reflectivity,
surface affinity, and selectivity. AAO can also be adjusted to become a hydrophobic material.
[53] Polymer absorption or monolayer formation are usually applied for modifying the
properties of AAQ, for instance, coating polymer on AAO will allow the material to be able
to bind with DNA structure. [54] DNA hybridization was successfully detected by using a
capacitance sensor array with AAO template. [55] Au nanowires in the nanopores was coated
as bottom electrode, and Au film on the surface of AAO served as top electrode. Therefore,
the AAO-based sensor is highly sensitive for DNA detection since its large sensing area. A
gold-deposited AAO layer chip has also been developed as an optical biosensor with
localized surface plasmon resonance coupled for DNA detection. [56] In addition, biosensors

can increase sensitivities when improved imagine technology assisted by AAO can lead to
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higher resolution. Raman enhancement can be achieved by changing the properties of AAO
surface. [57] AAO has low background signal with fluorescence measurements, thus helpful
to improve the imaging technology for biosensors. [58] An AAO film platform was
developed for Surface-Enhanced Raman Scattering (SERS) to examine protein and bacterial

cells. [59]

Other than directly using AAO, various processes can produce nanostructures
assisted by AAO template for building biosensors, such as nanowires, nanorods, nanotubes
and even nanoparticles. For instance, polymer nanowires have been synthesized by extrusion
through AAO template for cell research, such as tissue engineering or cell regeneration. [60]
Fig. 7c presents that nanowires array can be isolated by dissolving AAO with NaOH solution.
[61] Individual SiO, nanotube can be fabricated as a nano sensing tube assisted by AAO
template and RIE process. [62] Nanoparticle sizes can be controlled by pore sizes of AAO
with photo-polymerizing when monomer passing thru AAO. [63] Similarly, quantum dots,
which can be grown within the AAO nanopores, increased the sensitivity of DNA detection.
[64] More importantly, AAO-based glucose biosensors can offer faster and higher response
than other nano biosensors. A glucose oxidase (GOXx)/polymer nanofiber array biosensor
based on AAO template was introduced [65], and they successfully improved the sensitivity
to glucose. Fig. 7d is a schematic diagram of filling various sensing materials into AAO
nanopores with a conducting layer for transmitting signal. Additionally, AAO-based
nanostructural SnO, can be covalently attached with GOx as a biosensor. An improved
sensitivity and a linear response can be observed with glucose concentration changes from

the SnO,/AAO biosensor. [66]
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Figure 7 Schematic diagrams of types of sensing mechanism
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Nanostructures have been widely investigated as devices for drug delivery
applications. The purpose of controlled drug delivery is to manage the necessary amount of
drug to specific sites in the human body safely and effectively. Traditionally, drug delivery
devices fabricated by top-down approaches provide better controllability of the pores
position and uniformity, but the fabrication based on photolithography is slow and costly. [67]
On the other hand, bottom-up fabrications utilize self-assembly materials, such as AAO and
block copolymer. AAO template as a membrane is a promising candidate for drug delivery,
separation and purification. [68, 69] Recently, AAO nanopores have been widely
investigated to satisfy the strong demand for controlling accurate drug delivery to cells, tissue
and organs. Moreover, AAO nanopores can be directly grown on the Al coated surface of
currently available implant devices. Generally, sustained release and on-demand release are
two kinetics of drug delivery. For sustained release, the drug concentration is based on
various diffusion mechanisms which can be controlled based on the size ratio of the carrier to
the drug. The release profile demonstrated that molecular transport is possibly controlled by
membrane pore size, and the smaller the particle size is the faster the release rate for AAO
membrane. [70] Ryu et al. presented that through increasing the pore diameters can increases
the amount of drug release, but increasing depth will decrease the amount of drug released.
Thus, designing the pore diameter and depth of AAO film can fit various desired release rates.
[71] Furthermore, a nanoporous alumina capsule was presented by Grimes’s group, and they
completed a tubular AAO capsule and studied the molecular releasing mechanism. [72] AAO
capsule (as shown in Fig. 8a) has better biocompatibility, chemical and mechanical stability,

and more uniform pore size distribution than polymeric membrane capsule. The tubular AAO
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capsule was modified with poly(ethylene glycol) to reduce protein absorption and improve

biocompatibility of the AAO membrane. [73]

AAO Nanotubes

AAO Capsule

b Functional Polymer

Figure 8 Schematic diagrams of AAO for drug deliver

The bottom-up fabrication can be widely used in various applications because the

advantage of its flexibility for different mechanisms. [74, 75] One of the biomedical

22



applications utilizes the residual phosphate ions trapped within the nanopore walls when
phosphoric acid is anodizing electrolyte. These trapped phosphate ions can be delivered into
human bones to help in mineralization process and aid in the integration of implant with
tissue for the orthopedic application. [76] Moreover, Fig. 8b presents a structure of
controlling drug releasing rate by adjusting polymer thickness. For instance, Simovic et al.
[77] reported AAO template was used as a drug carrier and they controlled releasing rate by
coating polymer on top of the nanopores. The nanopores are easily mass produced within
short processing time. Mesoporous silica with nanopores was fabricated with AAO template
and performed controllable drug releasing. [78, 79] On the other hand, the on-demand
releasing mechanism uses smart membranes to control the delivery by surrounding
environment, such as pH value, temperature, magnetic and electric field. [80-82] An
electrically actuated AAO membrane was designed for pulsatile drug delivery by coating

electrically responding polymer. [83]

2.2.3 Capacitors for Energy Storage Applications

Energy storage is required in many areas, such as portable electronics, detectors,
sensors, and electrical or hybrid vehicles. Energy density (Wh kg™) and power density (W
kg™) are widely used to evaluate energy storages. Energy storage with high energy density is
called battery which is able to keep supplying energy for the device. Batteries have high
energy density but only low power density. On the other hand, many applications demand
peak power to trigger or drive the devices, and capacitor happened to meet this particular
high-power requirement. However, lack of energy density has always been a major concern

to the traditional capacitor. Therefore, various groups have begun to seek for new generation
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capacitors with high power as well as high energy density. In this subsection, a brief

introduction of capacitors will be covered.

Electrostatic capacitor, also called MIM capacitor, is made of two metal plates and an
insulator (dielectric) in between. It stores energy electrostatically when applying voltage
across the capacitor, and charges are accumulated in the dielectric between the two electrodes,
as shown in Fig. 9a. Charge/discharge electricity and block the current flow in a DC circuit
are two main applications of MIM capacitor. The charge/discharge concept can be
demonstrated as when a battery is connected to the capacitor, current flow includes the
electron flow. Then, the electrons are attracted to the positive terminal of the battery and so
they flow towards the power source. Therefore, an electron deficiency develops at the
positive side and electro surplus develops at the negative side. The electron flow continues
until the potential difference between the two electrodes becomes equal to the battery voltage,
and it means the capacitor is charged. When the battery is removed, the electrons flow from
the negative side to positive side to discharge. Different materials are used as dielectric layer
in electrostatic capacitors, such as paper, paraffin, polyethylene, water, sulfur, mica, etc. [84],
they can be used to store electrical energy in the form of charge separation when the electron
distribution around constituent atoms or molecules are polarized by an external electric field.
Dielectric capacitors based on highly polarizable inorganic materials have been used for
pulse power applications. The energy stored (W) is given by: W=1/2CVp4?, where Vyq is the
breakdown voltage. C is the capacitance, which can be calculated by C=£4/d, where A, €,
and d are electrode surface area, dielectric constant and thickness, respectively. However, the
breakdown voltage (Vpq) is propotional to the dielectric thickness. Thus, there is a trade-off

happened to build a capacitor because only high capacitance or high breakdown voltage can
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be achieved. Ceramic materials are generally used in this kind of capacitors because they
have high value of dielectric constants. For instance, BaTiO3 and SrTiO3 have high dielectric
constant of 1700 and 2000, respectively.[85] However, ceramic materials have low inherent
breakdown voltages which cause low energy density.[86] On the other hand, polymers have
relatively high breakdown strengths which are up to 300 V/um dielectric strength.[87]
Nonetheless, polymers are typically low dielectric materials for capacitor application.
Therefore, the objectives of high dielectric constant and high breakdown strength are not
possibly achieved, and the best solution is to compromise. Polymer composites, which are
polymers with high dielectric constant ceramics fillers, have been developed as dielectric
layers. [88] In the polymer composites, polymers serve as the matrix and inorganic dielectric
is filled into the polymer matrix to increase dielectric constant.[89] This concept utilizes high
dielectric constant from ceramic and high breakdown strength by mixing ceramic capacitor

layer with polymer dielectric in order to obtain better energy storage result.[90]

Traditionally, electrostatic capacitors have low energy density issue because only
limited electrode surface charge and very thin dielectric layer can be used. Nanoporous
structure can provide much more surface area for storing electrical charge, so both high
power and energy density can be expected. [91] Therefore, electrostatic nanocapacitors can

be used for military, aerospace, or other applications that require high energy and power.
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Figure 9 Schematic diagrams of (a) MIM capacitor and (b) electrolytic capacitor

Electrolytic capacitor (EC) is similar to batteries construction but the two electrodes
use the same material, as shown in Fig. 9b. A typical electrolytic capacitor is an aluminum
electrolytic capacitor includes an anode foil and a cathode foil separated by a dielectric layer.
[92] Electrolytic capacitor uses an electrolyte as a conductor between the dielectric and
electrodes. There are two types of conductors; solid electrolyte and liquid electrolyte. The
performance of electrolytic capacitor can be improved by modifying the electrodes surface

area or dielectric constant of electrolyte.

The other type of capacitor is the electric double layer capacitor (EDLC), where the
electrical charge stored at the solid/liquid interface to construct an energy storage device. Fig.
10 shows the principle of EDLC that electric charges are accumulated on the electrode
surface and opposite charged ions are arranged on the electrolyte side. The main component
in the EDLC is carbon that creates both electrodes with organic and aqueous electrolytes. [93]
Many types of carbon-based electrodes for EDLC have been investigated to increase the

surface area, such as carbon aerogels, activated carbon and carbon nanotubes. [94] The
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specific capacitance of carbon-based EDLCs is proportional to the specific surface area.
However, in reality the specific capacitance also depends on other variables, such as the
matching degree between the electrodes and the electrolyte. [95] For instance, an electrode
was found to have higher capacitance in KOH electrolyte than in NaOH electrolyte due to a
higher matching degree between the electrodes and the electrolyte in KOH. [96] However,
there is one major disadvantage of carbon based EDLC that results in lower specific stored
energy. Conventional EDLCs store charge in electric double layers, so they have large
energy density storing on the electrode surface. Furthermore, the working environments are
limited to conditions like temperature and cell voltage of EDLCs because the devices have
electrolyte solution. Besides, liquid electrolyte requires high-standard safety packaging

technique in order to avoid leakage of the electrolyte.
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Figure 10 Schematic diagram of mechanism of EDLC
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There is a rising need for capacitors that can accumulate a large quantity of energy
and then deliver it rapidly. A variety of military, aerospace, and commercial applications
need this type of energy storage which can provide enough power with minimal reaction time.
Moreover, these applications often require higher power and energy densities as well as
higher charge/discharge rates. This growing demand has led to the creation of the fourth
generation capacitor, an electrochemical double layer capacitor (EDLC). The charge storage
mechanism of the fourth generation EDLC includes double layer capacitance and pseudo
capacitance. Pseudo capacitance involves electron transfer reactions, and when redox (the
Faradaic reaction) occurs in the electrodes it made generating higher power and energy
densities possible. Therefore, the EDLC is also called supercapacitor or pseudocapacitor.
Transition metal oxide [97], metal oxide/ carbon composite, and conducting polymer/carbon
composite [98] are electrode materials since they have high specific capacitances. However,
this dissertation has focused on transition metal oxides for the properties of both multiple
redox states and good electrical conductivity that can offer a number of advantages as
supercapacitor electrodes. Materials such as RuO,, NiO, Ni(OH),, MnO;, Co,03, IrO,, FeO,
TiO,, SnO,, V,0s5, and MoO have been explored for these applications. [99-103] RuO, has
been widely studied because it is conductive and has three oxidation states reachable with in

1.2 V, which means it can provides high pseudocapacitance. [104]

It is important to note that power density still has its limits in EDLCs due to the redox
reactions that resulted in ions mass transportation. [105] lons transportation occurred to
neutralize the net charge during electrons transfer, when ions with opposite charge from
electrolyte enter the electrode. Electrode stability is also common Kinetic issues in

supercapacitors when electron transfer took place in the electrode. In order to solve these
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difficulties, it is often helpful to decrease the size of the electrode structure to increase path

for redox reaction. [106]
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Figure 11 Ragone Plot [107] © SAE International

Overall, anodic oxide nanomaterials have the potential to improve the performance of
various types of capacitors. Fig. 11 is the Ragone Plot, capacitors have high power but low
energy density. Batteries, on the other hand, have large energy but without high power.
Nanomaterials are potentially used to building a capacitor with high power and high energy.
For MIM capacitor, nanomaterials can be used to increase metal-insulator interface, enlarge
the capacitance. [91] Nanofabrication can also be used to form thinner and more uniform
dielectric layer. [108] On the other hand, nanomaterials contribute to many improvements
and developments to supercapacitors. Nanomaterials with large surface areas can provide

larger interface for forming double layer to charge/discharge in EDLCs. [18] Nanostructures
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also provide the possibility for a better mechanism for ion transportation in the redox reaction.
These properties of capacitive nanomaterials can be applied to supercapacitors for a better

and improved performance. [19]
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3. 3-D MICRONEEDLE AND MICRONEEDLE ARRAY WITH NANOPOROUS

SURFACE”

3.1 Introduction

Anodic Aluminum Oxide, also known as Al,O3 or AAQO, is a ceramic with a high
melting point and high hardness. Anodic alumina is known by various names: anodic
aluminum oxide (AAO) [30, 109-112], anodic alumina nanoholds (AAN) [31], anodic
alumina membrane (AAM) [113, 114], or porous anodic alumina (PAA) [115]. AAO is also
an environmentally friendly and biologically compatible material used in medical and
biotechnology applications [116-119]. In many different applications, a large AAO surface
can be beneficial to being host for chemical absorption. The surface area of AAO (TR?pD)
can be computed based on structural parameters such as thickness (D), pore size (2R), pore

density (p), and sample size (unit area).

On the other hand, puncturing the human skin with a needle or a patch is the most
common invasive medical procedure to deliver or extract fluids from the human body.
During the past few years, developing painless needles or patches to replace the traditional
hypodermic needles has been investigated. [120-122] The mosquito’s proboscis could be a
good model for painless insertion. Up to 1.5 mm penetration depth can be painless. [123]

Silicon has been processed to make microneedles and microneedle arrays by conducting

"Part of this section is reprinted with permission from “Fabrication and Characterization of Chemically
Sensitive Needle Tips with Aluminum Oxide Nanopores for pH Indication” by Po-Chun Chen, Sheng-Jen Hsieh,
Chien-Chon Chen, and Jun Zou, 2013. Ceramics International, VVol. 39, 2597, Copyright [2013] ELSEVIER B.
V.

Part of this section is reprinted with permission from “A Three-Dimensional Enormous Surface Area Aluminum
Microneedle Array with Nanoporous Structure” by Po-Chun Chen, Sheng Jen Hsieh, Chien Chon Chen, and Jun
Zou, 2013. Journal of Nanomaterials, Vol. 2013, 164953, Copyright [2013] Hindawi Publishing Co.
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micromachining or photolithography technology. This microneedle array, with a needle
length of 0.15 mm, diameter of 80 um at the base and a tip radius of 1 um, can be a painless
device for injecting or extracting.[124] However, crystal silicon anisotropy limits the
sharpness of the microneedle, and micromachining of silicon is costly and complex. Since
the micromachining technique is able to construct a high density micropillar array on
aluminum, we propose to use aluminum as an alternative material for fabricating

microneedles or arrays of microneedles.

Bromphenol blue and universal indicators are two organic dyes commonly used for
pH indication or the chemical stoplight demonstration. Bromphenol blue and universal
indicator can dissolve in ethanol and slightly dissolve in water. The bromphenol blue
indicator changes from yellow (pH 2) to violet (pH 7), but it decomposes in a strong basic
solution and becomes transparent. Universal indicator is an ethanol solution containing 0.05
wt.% of each of the following: methyl red, methyl yellow, thymol blue, and bromthymol blue.
The working indicated range of universal indicator is from pH 4 to 10, but it decomposes in
strong acid and basic solutions. Universal indicator changes from red (pH 2) to green (pH 7),

and to purple (pH 11) when the pH value goes from acid to basic. [125]

In this section, we grew AAO film on Al rods and needles and utilized the large
surface area of AAO film to absorb pH indicators. Al needles with indicator-absorbed AAO
film was sensitive to variations of pH-value and can be used as precise measurement tips in
bio-technology, physical, or chemical applications. On the other hand, we also combine
electrochemical and mechanical micromachining techniques to produce AAO microneedle
array. Al is a soft material. Precision diamond saw is used for the micromachining process

and able to cut Al without consuming the diamond blade. Besides, the entire machining
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process is combined micromachining and electrochemical sharpening which can also modify
the surface roughness when the diamond blade starts degrading. Thus, electrochemical
sharpening can be conducted to form microneedle array, and help to extend the lifetime of
diamond saw as well. The microneedle array provides a 3-D structure that possesses several
hundred times more surface area than a traditional nanotube template. Moreover, we also
introduce nanoindenter to make pyramid indents on Al surface in order to produce a female
microneedle array mold. Therefore, the microneedle array can potentially be used in many
kinds of applications. This 3-D microneedle array device can not only be used for painless
injection or extraction, but also for storage, highly sensitive detection, drug delivery, and

microelectrodes [126, 127].

3.2 Single AAO Microneedle

3.2.1 Experimental Work

In order to fabricate 3-D AAO/AI structures, we first used 6061 Al rods (8 mm) for
anodizing in a 3 wt. % oxalic acid (C,H,04) electrolyte at 20°C for 1 hour at 40 V. The
random AAO pores were further improved to ordered pores by immersing the AAO sample

in 6 vol. % H3PO, for 20 to 45 minutes at 20°C.

Al needle tips with 1pm diameter were fabricated by electrochemical micromachining.
Al wire (1 mm diameter, 99.99% purity) was sharpened at 30 V in a sharpening electolyte of
15 vol.% perchloric acid (HCIO4), 70 vol.% ethanol (C,HsOH), and 15 vol.% butyl
cellosolve (CH3(CH,)sOCH,CH,OH) solution at 20 °C for 5 min. Then the Al needle surface

was anodized at 40 V in 3 wt. % oxalic acid (C,H,0y4) electrolyte at 20 °C for 30 minutes.
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The topographies of the AAO-coated rods and were observed using an FEI QUANTA
600 field emission scanning electron microscope. To absorb the rods and needles with pH
indicators, they were immersed in bromphenol blue indicator and universal indicator for 5
minutes at room temperature. The sensitivity of the absorbed AAO was tested in HCI
solutions of various concentrations, DI-water, and diluted NH,OH solutions of various

concentrations.

3.2.2 Results and Discussion

Fig. 12a is an SEM image of Al needles formed by electro-polishing. Because the
current density was focused on the tip, the diameter of the tip was reduced to a submicron
size during electro-polishing. Fig. 12b shows AAO formed on the needle tip by anodization
in 1 vol. % H3PO, solution at 80V for 30 minutes, and Fig. 12c is an enlarged image showing
the nano-pore structure of that AAO. Fig. 12d is an SEM image of AAO grown on the needle
tip by anodization in oxalic acid solution at 40V for 30 minutes, and Fig. 12e is an enlarged
image showing the nano-pore structure of that AAO on the needle tip. The pore diameter of
AAO is controllable from 10 to 500 nm by anodization in sulfuric acid, oxalic acid, and
phosphoric acid electrolytes. The small pores and resultant large surface area of AAO act as a
host for the second materials. Fig. 12f shows the structure of a broken needle, revealing the
inner Al substrate and outer film of AAO template, which give the needle both toughness and
hardness. Fig. 12g and h show side view images of AAO, revealing the barrier layer on the
bottom and isotropy of the cross-growth barrier layer, which provides the saw-tooth shaped
of the AAO pore wall. It is also important to note that the ceramic property of the AAO tip

also makes the Al needle harder and stronger for contacting with test samples.
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Figure 12 SEM images of aluminum microneedle

Fig. 13 shows the different etching rates on the top and sidewall of aluminum because
current densities are different during the sharpening process, and this also reveals the

mechanism of the electrochemical micromachining for producing microneedle.

stronger e field

Figure 13 Schematic diagram of the growth mechanism of AAO microneedle
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3.3 AAO Microneedle Array for Drug Delivery

3.3.1 Experimental Work

The aluminum micropillar array was fabricated by micromachining process using a
diamond blade on an aluminum piece (99.99% purity) with 10 mm thickness. There were 20
cuts in each direction (x and y), and the distance between two pillars were 500 um and the
depth was 5 mm. Fig. 14a shows the schematic diagram of the 400 microneedles on
aluminum piece. The sharpening process was conducted at 15V in the same sharpening
solution at 5 °C for 10 min. Lower temperature and longer sharpening time can prevent
generating too much heat during the process because of the enormous reacting surface. Then
the aluinum needle array was anodized at 40 V in 3 wt. % oxalic acid (C,H,QO,) electrolyte at
20 °C for 30 minutes. After anodization, a 3-D micro-needle array structure with large AAO
surface area can be formed. Fig. 14b shows the schematic diagram of the aluminum needle

array.
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Figure 14 Schematic diagrams of Al micropillar and microneedle arrays
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On the other hand, we also introduced nanoindenter to make micro-indentation array
onto a pure aluminum piece (99.999 %). Hysitron Triboindenter Nanoindenter (341-F)
performed the nanoindentatino process with a 1 um diameter probe. A 5 x 5 indentation array
was formed on the aluminum piece. Then the indented aluminum piece was anodized at 120
V using a platinum plate as the counter electrode in 1 vol. % phosphoric acid (H3PO,)
electrolyte at 10°C for 2 hours. Through this process, we expect to obtain a female mold for

fabricating nanoporous microneedle array with more options of materials.

The topographies of the microneedle array and micro-indentation array were observed

using an FEI QUANTA 600 field emission scanning electron microscope.

3.3.2 Results and Discussion

Fig. 15a shows the SEM image of the aluminum microneedle array on a 10 mm
thickness aluminum piece, and Fig. 15b shows the SEM image of the needle tips. There were
some wider tips because aluminum is soft and easy to break. Fig. 15c is the SEM image of
the microneedle covered by an AAO film. The surface area of the microneedle array became
much larger after anodization. Furthermore, anodizing the aluminum needles not only
increases the surface area, but also enhances the mechanical strength. The ceramic property
of the AAO tips makes the micro-needle array harder and stronger for contact or attachment
with test samples. Fig. 15d shows the SEM image of the nanoporous structure on the

microneedle array. The pore diameter is about 60 nm, and the pores density is 10*%/cm?. [28]
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Figure 15 SEM images of aluminums microneedle array

The surface area of a single microneedle is zRL (L is the length of the microneedle,
and R is the pillar radius). Comparing to a 2-D AAO structure, the surface area of having 400
microneedles increase significantly. For the microneedle with 5 mm length and 0.3 mm
bottom diameter, the surface area of the microneedle array can be calculated as 10 cm?in a 1
cm x 1 cm sample. If we compare this AAO microneedle array with 2-D AAO plate, the
surface area increased 10 times. Therefore, the aluminum microneedle array has 10 times

more surface area for forming AAO than an aluminum piece.
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The capacity of the painless microneedle array can be calculated from the surface area
of the painless microneedle tip. According to Khumpuang’s report [123], 1.5 mm depth and
100 um diameter can be painless. Thus, the aluminum pillars can be sharpened by
electropolishing to obtain 5 mm length and 300 um bottom diameter microneedles as
mentioned above. The upper 1.5 mm part of microneedle has 75 um diameter, so the total
surface area for 400 microneedles is 1.41 cm? The aluminum microneedle tip can be
anodized to form AAO nanoutubes with 5 um length, 60 nm diameter, and 10*°/cm? pores
density. Hence, the capacity of the microneedle array can be calculated as 2x10™ cm® in a 1
cm x 1 cm sample by the Eq. 3-1. Where A is the total surface area for the 400 microneedle
tips. p is the pore density, r is the pore size, and D is the length of AAO nanotube we

fabricated.
Capacity =A X p X ™ X 12X D (Eg. 3-1)

From the calculation we made, the microneedle array not only increases surface area,
but also enlarges the capacity of the device. Moreover, the other benefit is that using AAO
microneedle array is more flexible for drug delivery. Because the releasing rate, time, and
amount are controllable by simply adjusting nanopore size and nanotube length on the needle
array.[71] Therefore, the microneedle array can be used on various detecting, storing, or drug

delivering applications.
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Figure 16 SEM images of the results of anodization on the indented aluminum

Similar structures can also be obtained from a female mold. For the indented
aluminum piece, Fig. 16 shows SEM images of the results of anodization on the indented
aluminum in various magnifications. A 5 by 5 indentations array was formed on an
aluminum substrate; the tips were 1 um and very uniform. Anodizing occurs in the directions
normal to the aluminum surface, so the entire surface of the indentation was nanoporous

structure. In this case, filling the female mold with low melting point metals or polymers that
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can be filled into it can successfully, as shown in Fig. 17, lead to a nanostructural

microneedle array. More applications can be developed by these innovating fabrications.

Microneedle with nanowires Microneedle with nanoporous
on the surface Y

Fill metals or polymer into micro/nano mold

Figure 17 Schematic diagram of filling metals or polymer into micro/nano female mold

3.4 Application in pH Sensing

The macro size of 6061 Al with a surface coating of AAO and absorbed pH indicator
is convenient for detection rods for acid-basic testing. Fig. 18a shows the optical image of the
raw surface of 6061 Al rod, and Fig. 18b presents the bright and smooth Al surface after
electro-polishing. In order to obtain a high quality AAO film on the Al surface, the Al rod
must be electro-polished. Fig. 18c shows AAO film deposited on the surface by anodization,
which offers a larger host surface area for the absorption of chemical agent. Fig. 18d is an
image of the rod absorbed with bromphenol blue and tested in pH 7.0 of DI-water. The rod
turned violet. When the rod was further tested in dilute HCI solution with pH 2.0, it turned
yellow (Fig. 18e). In repeated testing of the rod in the pH 7.0 and 2.0 solutions, the color

alternated between violet and yellow.
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Figure 18 Images of 6061 Al rods morphologies

Fig. 19a shows an optical microscope image of the Al needle tip formed by electro-
polishing. Universal indicator has a wider pH detection range than that of bromphenol blue.
Fig. 19b shows an optical image of AAO needles absorbed with universal indicator and
tested in various solutions and vapors. Needle 1, covered by AAO film absorbed with
universal indicator, was tested in an HCI solution (pH 2) and turned red. Needle 2 was tested
in a pH 4.0 dilute HCI solution, and the color changed to orange. Needle 3 was immersed in
pH 9.0 NH;OH solution, and it turned green. Needle 4 turned gold after immersion in DI
water, and Needle 5 turned blue when tested in 0.1 M NH4;OH solution. Fig. 19¢ shows
needles with AAO film absorbed with bromphenol blue after immersion in DI water (violet)
and 0.1 M HCI solution (gold). Fig. 19d shows that the tips changed color immediately upon
contact with different solutions. The AAO needle tip is very sensitive to testing materials
because the nanoporous structure of the tip provides an extremely large surface area for

indicator absorption.
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Figure 19 Images of microneedles covered by AAO

3.5 Conclusion
In summary, we presented convenient and low-cost processes to fabricate
nanostructures on Al rods, microneedles, and microneedle arrays by electrochemical

micromachining and anodization processes.

The rod and microneedle surfaces covered with nanoporous oxide layer can be used
as sensors or detectors. With the large surface area, the material can quickly absorb indicators,
making it a great candidate for chemical or biological detection. In this section, we
demonstrated this idea by using pH indicator to detect changes in air or solutions. Another
interesting application would be to integrate with thermal and hydrophilic-hydrophobic

sensitive films, e.g., poly (N-isopropylacrylamide, PNIPAM), in order to increase accuracy
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in biotechnological detection. Our research also suggests that nanostructural microneedles
can be made possible by other metals which can form oxide nanotubes, such as Ti, W, Ta and
Mo. Furthermore, AAO film can also be grown on other materials by coating an Al layer and

then anodizing it, this largely increase the selection of possible materials.

These 3-D structures are covered by AAO films, so they can enlarge the surface area
and capacity, and enhance the mechanical properties as well. The machining process is
combined micromachining and electrochemical sharpening which can also smooth the
surface when the diamond blade starts degrading. Therefore, electrochemical sharpening can
form microneedle array, and extend the lifetime of diamond saw as well. The aluminum
microneedle array and other materials arrays made by the AAO female mold, which are
potentially able to absorb with detecting indicators, can be used for chemical or biological
detection. [20] It can also be applied to drug delivery or storage applications because it can

approach painless injection/extraction and high capacity.
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4. AAO TEMPLATE NANOENGINEERING AND FABRICATION OF HYBRID

NANOSTRUCTURES

4.1 Introduction

Anodic aluminum oxide (AAQO) has nanoporous structure, and this structure has
advantages of high aspect ratio, highly-ordered, uniform, controllable pore sizes (from 10 nm
to 500 nm), and stability in chemical and thermal surroundings. In last decade, AAO
nanoporous structure with naturally self-ordered nanotubes have been investigated and
demonstrated as an important assisting material. For instance, magnetic [128], electronic
[129], optoelectronic [130], biological [131], and micromechanical devices [132] can be
effectively improved by using AAO as a template. Furthermore, nanowires, nanotubes,
nanorods, and nanodots can be formed from AAO templates. All of these possibilities make

AAO templates very promising assisting materials.

Metals, ceramics, and polymers all have been investigated to fabricate nanostructures
for years, and they have been filled into AAO templates in various shapes as well. For
metals (including alloys), nanowires, nanorods, nanotubes, and nanodots have been produced
by using AAO as templates, such as copper, nickel, Sn/Bi [133], etc. Melting injection [134],
PVD [135], ALD [136], CVD [137] electroplating [61], and electroless deposition [138] are
all possible fabrication processes to fill metals into AAO template to form those
nanostructures mentioned above. On the other hand, AAO assisted nanostratural ceramics,
such as TiO,, ZnO and BaTiOs, can be formed by PVD [139], ALD [140] and sol-gel

deposition [141]. Polymers are normally melting at lower temperatures, so melting injection
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is the common process for nanostructure formation with AAO template [142]. However,
some viscous polymers are difficult to fill into AAO by injecting; sol-gel deposition is often

used as an alternative method for filling under this circumstances [143].

There are, however, limits to the application of AAO. The long-range self-assembly
nanostructure can only been observed under certain anodization conditions with specific
dilute acidic solutions (sulfuric acid, oxalic acid, and phosphoric acid). AAO nanoporous is a
self-ordering structure generating random location of nanopore in a hexagonal close-packed
arrangement. Secondary anodization is a method to fabricate nearly defect free AAO
template, which creates a pattern through removing the first anodized layer. The pattern later
helps form the AAO structure by following those nanoindents in bowl shape. [144] Under the
influence of this concept, many researches focus on the pretreated aluminum and attempt to
control the location of nanopore. Lee’s group used the traditional photolithography
fabrication to replicate a nickel imprint stamp with defectless hexagonal pattern in order to
produce an ideal AAO nanoporous structure. [35] Focus ion-beam lithography [36], scanning
probe microscopic lithography [37], optical diffraction grating [38], and microbeads [39]
have all been investigated as pretreatments for aluminum. However, these fabrication
processes are slow and expensive. In light of all alternatives, nanoimprint seems to be a
promising technique to pre-pattern with low cost and high yield results. [40] Chung’s group
fabricated square array AAO nanopores on Si assisted by nanoimprint. [41] Choi et al.
reported that using nanoimprint pre-pattern can change the nanopore distance from the lattice
constant. [42] Furthermore, Jin’s group not only fabricated long-range location controllable
AAO, but also created different sizes of nanopores on the same aluminum substrate with

nanoimprint guiding the anodization. [43]
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In this section, metals, ceramics, and polymers nanostructure can be produced by
various processes. More importantly, we propose to combine those fabricating processes to
fill multiple layers into AAO nanopores. Hence, there will be more and wider applications
developed. In addition, we designed nanoimprint molds with different order, pillar size and
inter-distance to investigate how to control location of forming AAO nanopores. Moreover,
growing various sizes of nanopores can be done with nanoimprint assistance. Therefore,
fabricating AAO with different nanopores on the same aluminum piece has also been

demonstrated.

4.2 Hybrid Nanowire and Nanotube Fabrication

4.2.1 Experimental Work

Fundamental to this experiment is to obtain AAO template and to remove the
aluminum substrate and barrier layer. AAO templates are either fabricated from second
anodization with pure aluminum pieces (99.999 %), or purchased from Whatman Co. Certain
characteristics of purchased commercial AAO templates are predetermined because the pore
sizes and thickness are fixed. On the other hand, the options of one side or both sides open
depends on the further fabrication process when using lab-made AAO to produce
nanostructural materials. Common procedure can also include removing the aluminum
substrate and barrier layer, which can be achieved by immersing AAO templates in a
saturated CuCl, aqueous solution for 30 minutes to remove aluminum substrate, and then
etching in a 5 vol. % HsPO, solution for 5.5 hours at room temperature to dissolve barrier

layer.
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Figure 20 Schematic diagram of hybrid nanostructure fabrication

First, Ni nanowires and TiO, nanotubes are deposited onto the AAO template. Ni
nanowires can be fabricated with AAO template by electroplating. In order to perform this
process, aluminum substrate and barrier layer of AAO have to be removed. Then, deposit a
200 nm metallic layer (Pt, Ni, Cu, etc.) as the working electrode during electroplating process.
AAO with nickel electrode was immersed into a solution of NiSO4-6H,0 (120 g/L), NiCl,
(60 g/L), H3BO3 (30 g/L), and PEG2000 (2 g/L). The pH-value is controlled at 4 at room
temperature. The electroplating is conducted at a constant current density of 50 mA for 30
and 60 minutes. After electroplating, AAO template can be partially remove by a1 M NaOH
solution. The TiO, nanotubes can then be filled into nickel nanowires array by sol-gel

deposition. The nickel nanowires array was immersed in a 0.004 M TiF, (pH = 1.0—1.3,
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adjusted by HCI) solution for 10 minutes. At this point, the structure can be taken out and
add NH4,OH to adjust the pH-value of TiF, solution to 3.0—3.3. Then immere nickel
nanowires array againg into the TiF4 solution (pH = 3.0—3.3, adjusted by NH,OH) for 40
minutes. The titanium dioxide was deposited inside the vacant space. The schematic diagram

of the entire processes is shown in Fig. 20.

Another structure that can be fabricated using the AAO template is a core-shell
structure of Ni and BaTiO3z nanotubes. First, Ni nanotubes can be formed by electroless
deposition with AAO template assisted, and AAO can be either one-side or both sides
opened. Sensitization and activation were pretreatments for nickel electroless deposition
process. Sensitization was conducted in a solution composed of 0.3 wt. % SnCl, and 2.5 vol.
% HCI for 3 minutes. The activation was carried out in a solution of 0.1 wt. % PdClI, and 0.1
vol. % HCI for 3 minutes. After pretreatments, nickel nanotubes were filled into the AAO
template by electroless plating for 30 minutes at 70°C. The electroless plating solution is
composed of NiSO,4 (20 g/L), NaH,PO, (20 g/L), Pb(NOs), (2 ppm), and sodium citrate (20
g/L). After nickel nanotubes were formed in the AAO template, sol-gel deposition of BaTiO3
was filled into nickel nanotubes/AAO structure. A solution was prepared for sol-gel

deposition with 0.2M TiCl, and 0.05 M Ba(OH), - 8H,0 in NayOH solvent at 100°C for 1hr.

Fig. 21 is the schematic diagram of the entire fabrication process flow.
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Figure 21 Schematic diagram of Ni/BaTiO3 core-shell structure fabrication process

Additionally, ultra high molecular weight polyethylene (UHMWPE) nanotubes can
be formed with the commercial AAO template assisted by melting injection. UHMWPE
powder was first uniformly covering the AAO template, and then set up with the melting
injection chamber shown in Fig. 22. After UHMWPE was molten, applying 40 psi pressure
to push UHMWPE into AAO for 12 hours. Constant pressure for a long period of time is

required in this process due to the viscous nature of the polymer.
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Injection Chamber

/

Figure 22 Schematic diagram of polymer melting injection

The microstructures of the specimens were analyzed by field emission scanning
electron microscope (SEM) (FEI Qunta 600 and JEOL JSM-7500). The composition was

analyzed by energy dispersive X-ray spectrum (EDS, Oxford).

4.2.2 Results and Discussion

Fig. 23 shows SEM images of Ni nanowire/ TiO, nanotube structure. Fig. 23a is the
cross-section view of the AAO template with nickel nanowire inside after 30 min
electroplating at 50 mA/cm?, and the length of nanowires are about 19 pm. Fig. 23b is the
result of the electroplating for 60 min at 50 mA/cm2, and the length of nanowires are about
34 um. Fig. 23c and d show the results of removing the partial AAO template by 1 M NaOH

for 5 min. There is about half of template remaining at the bottom and nickel nanowires are
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free-standing without the AAO template. Fig. 23e and f show the cross-section views of

nickel nanowires coated with sol-gel TiO,.

NUU SEl 150V X1,500 Opm WD 8.0mm WU

)

Figure 23 SEM images of Ni nanowire/ TiO, nanotube structure

Fig. 24 shows SEM images of Ni/BaTiO3 core-shell nanotube structure. Fig. 24a to f
are the results of filling BaTiO3 into AAO templates to form the nanotubes. Fig. 24f is the
EDX result of these nanotubes and it shows Ti and Ba both exist in the nanotube composition.
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Fig. 24g is a cross-section view of Ni/BaTiO3 core-shell nanotubes structure, and Fig. 24h is
a top view of core-shell nanotubes. There are some nanoparticles coated on the top of

nanotubes. However, a core-shell structure can be observed from Fig. 24g.

4

D 2
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Figure 24 SEM images and EDX results of BaTiO3 nanotubes and Ni/BaTiO3 core-shell
nanotubes
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Fig. 25 shows SEM images of the UHMWPE nanotubes array. Since UHMWPE is a
very viscous polymer, the melting injection process took a longer time than other polymers,
such as HDPE, to fill the entire commercial AAO template (60 um). Nanotubes structure can
be observed in Fig. 25c and d. It is important to note that the nanotube structure was
observed from the melting injection instead of nanowires is due to the poor thermo
conductivity of the AAO template. With a thermo conductivity worse than air, the AAO
template results in a much higher temperature during the cooling process compared to the
surrounding air. Therefore causing UHMWPE to contract towards the AAO template and

resulted in the structure of nanotubes instead of nanowires.

Figure 25 SEM images of UHMWPE nanotubes
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4.3 Nanoengineering of the AAO Templates

4.3.1 Experimental Work

The experimental work in this subsection is conducting nanoimprinting process that
leads to produce innovative AAO template. A pure Al piece (99.999%) was refined and
smoothened by mechanical polishing and electropolishing in order to prevent any possible
defect to affect nanoimprint process. The Al piece was first mechanically refined and
polished, and annealed at 400 °C for 30 min to relieve residual stresses. The electropolishing
was conducted in an electrolyte of 15 vol. % perchloric acid (HCIO,4), 70 vol. % ethanol
(CoHsOH) and 15 vol. % butyl cellosolve (CH3(CH2)s0OCH,CH,0OH) solution with 40 V

applied voltage at 5°C for 10 min.

The nanoimprint mold was designed with hexagonal array of pillars in different order,
pillar sizes, and inter-distance. Fig. 26 shows the SEM images of imprint mold. The pillar
sizes are either ~160 or ~120 nm; the inter-distances are either ~360 or ~240 nm. There are
also some designed vacancies on the imprinting mold, and the open sizes are also either ~360
nm or ~240 nm. The electropolished Al piece was directly indented by the designed
imprinting mold with pressure of 100 psi. The nanoimprinted aluminum piece was anodized
at 120 V in a 1 vol. % phosphoric acid (HsPO,) solution at 0 °C for 3 hours. The
microstructures of the specimens were analyzed by field emission scanning electron

microscope (SEM) (FEI Qunta 600 and JEOL JSM-7500).
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Figure 26 SEM images of imprint mold; (a) pillar size of 120 nm and inter-distance of 240
nm, (b) pillar size of 160 nm and inter-distance of 360 nm, (c) vacancy size of 240 nm, and
(d) vacancy size of 360 nm

4.3.2 Results and Discussion
In order to fabricate a nanoimprinted aluminum piece, a very flat surface is critical.
To indent an aluminum substrate with nanometer scale accuracy, surface roughness even
with a few nanometers can be undesirable. Fig. 27 shows optical microscopic (OM) images
of electropolished aluminum pieces. Fig. 27a is image of the un-annealed aluminum piece
after electropolishing, and Fig. 27b shows image of the annealed one. Grain sizes and grain

boundaries in Fig. 27a are much smaller than in Fig. 27b. Since grain boundaries can often be
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regarded as defects on the aluminum piece for nanoimprinting, annealing not only relieves
residual stresses, but drives crystalline growth to enlarge grain sizes and eliminate grain
boundaries. The grains in Fig. 27b are much bigger than the nanoimprinting pattern regime,

making the aluminum piece suitable for nanoimprint.

Figure 27 Images of optical microscope of electropolished aluminum pieces; (a) un-annealed,
(b) annealed

Fig. 28 shows SEM images of imprinting mold of 160 nm pillar size with 120 nm
pillar insertion. A 120 nm pillar substituted in every three pillars is shown in Fig. 28a, and
image of a smaller dents replaced in every four pillars is in Fig. 28b. Anodizing voltage has a
direct effect on pore sizes [145], and normally nanopores are around 120 nm of diameter at
120 V in H3PO, solution. The results shown in Fig. 28 demonstrated that AAO formation
only followed 120 nm indentations (marked in red circles). On the other hand, 160 nm
indentations were too large for a single pore growth, so there was more than one nanotube
formed in a single 160 nm indentation. Therefore, the location of AAO can be controlled by

pattern a similar size to AAO nanopore on aluminum before anodizing.
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Figure 28 SEM images of imprinting mold of 160 nm pillar size with 120 nm pillar insertion;
(a) every 3 pillar and (b) every 4 pillar
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Figure 29 SEM images of AAO with different pattern; (a) smaller indentations surrounded by
larger ones and (b) replace some smaller pores by larger ones

Fig. 29 shows SEM images of anodization results with different design patterns, and
the results demonstrated the ability to alternate the location of nanopores with both designs.

Fig. 29a shows smaller indentations (120 nm) surrounded by larger ones, and Fig. 29b is
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SEM image of larger pores surrounded by smaller ones. More importantly, there are different
pore sizes formed on the same piece of aluminum which still remains as a limitation of

traditional AAO fabrication.

Fig. 30 shows SEM images of anodization results with the other pattern design which
includes vacancies in the hexagonal array (Fig. 26c). There were two sizes of AAO
nanopores in both patterns. Fig. 30a is SEM images of the AAO array from pattern with one
vacancy inserted in every three indentations. Fig. 30b shows the anodized result with pattern
of one vacancy introduced in every four dents. This type of design demonstrated that a
suitable size of indentation is able to drive AAO forms following the shape, but AAO forms
in irregular shapes on a flat surface. Therefore, inserting vacancies is another promising

design to obtain different sizes nanopores in a single piece of aluminum.

HV mag WD | HFW  det 4/2 1 pm HV mag WD HFW  det
20.00 kV 100 000 x 11.3 mm 2.98 ym ETD 1 Texas AM University 20.00 kV 100 000 x 11.3 mm 2.98 ym ETD 11 M Texas AM University

Figure 30 SEM images of AAO from inserting vacancies into patterns; a vacancy inserted (a)
in every 3 indentations and (b) in every 4 indentations

59



4.4 Conclusion

In summary, self-ordered nanoporous AAO can be regarded as templates for
fabricating various kinds of nanostructures. Metals, ceramics, and polymers can be filled into
the AAO template by many processes. In this chapter, we basically show the ability to
fabricate types of nanostructures with different techniques, such as electroplating, electroless
deposition, sol-gel deposition and melting injection etc. We also successfully combined those
techniques and fabricated Ni nanowires/ TiO, nanotubes, Ni/BaTiO3 core-shell nanotubes,
and UHMWPE nanowires. Additionally, AAO arrays were formed through a guided
anodization assisted by nanoimprint process. We designed nanoimprinting patterns followed
by the mechanism of AAO growth which is an ordered hexagonal array and pore sizes. We
directly imprinted the designed patterns onto well-polished aluminum pieces. The guided
anodization process performed the ability of controlling AAO forming locations, and more

importantly it shows periodically ordered AAO array with different sizes of nanopores.

This section demonstrates applications of AAO as templates for producing ordered
nanomaterials, and shows an innovative AAO fabrication process to overcome the limitation
of traditional AAO array. For further developments: (1) introducing the results in this study
for electronic, magnetic, or biological applications; (2) following the above results, design
other nanoimprinting pattern for more specific applications; (3) introducing other fabrication

processes to further control the pore densities.
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5. ANODIC TITANIUM BASED ALLOY OXIDE NANOTUBES"

5.1 Introduction

The demands for energy storage and energy generation are increasing rapidly with the
global energy crisis. Ultracapacitor is a technology for energy storage with advantages of low
cost and high efficiency. Barium titanate (BaTiO3), which exhibits a very high dielectric
constant, is a good material for ultracapacitor fabrication. [146-149] However, the processes
of producing BaTiOj3, such as hydrothermal treatment [150, 151], metal-organic process
[152], alkoxide hydrolysis [153, 154], R.F.-sputtering [155], and sol-gel process [156], have
been reported and they are very complex and costly. Titanium dioxide (TiO;) can be formed
nanotube by one-step anodizing process compared with the complex processes fabricating
BaTiO3;. However, the dielectric constant of TiO, is not as high as BaTiOs;, but TiO;
nanotube could be an ideal dielectric template due to its high surface area. A typical TiO;
nanotube fabrication can be achieved by anodization [157], and the ordered channel-array of
anodic titanium oxide nanotubes are able to serve as multiple parallel dielectric layers for the

ultracapacitor.

On the other hand, metals (Al [158], Hf [159], Nb [160], Ta [161], W [162], V [163])
and alloys (Ti-Mo [164], Ti-W [165], Ti-Nb [166],Ti-V [167], Ti-Zr [168],Ti-Ta [169], Ti-Al
[170]) have been reported that they can also be formed high surface area of nanoporous oxide

film. WQO3, Ta,0s, and TaTiOs, which have higher dielectric constants than TiO,, of 1000

" Part of this section is reprinted with permission from “The Microstructure and Capacitance Characterizations
of Anodic Titanium Based Alloy Oxide Nanotube” by Po-Chun Chen, Sheng Jen Hsieh, Chien Chon Chen, and
Jun Zou, 2013. Journal of Nanomaterials, VVol. 2013, 157494, Copyright [2013] Hindawi Publishing Co.
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[171], 110 [172], and 200 [173], are the alternate dielectric materials for ultracapacitor.
Unfortunately, they cannot form nanotubes structures as good as TiO, nanotubes. Thus, in
this section, we used a simple process of anodization to fabricate TiO,, TiO,-Mo0Os3, and
Ti0,-Ta,0s nanotubes. Their high dielectric constants and large surface areas are very useful
materials to build ultracapacitors. Based on the nanotube structural properties, such as
diameter, porosity, and length, we also investigated the specific capacitances of the different

titanium alloys.

5.2 Experimental Work

5.2.1 Materials and Methods

An ordered channel-array of anodic titanium and titanium alloy oxides were
fabricated by anodizing Ti, Ti-10Ta (90 wt. % Ti +10wt. % Ta), Ti-20Ta (80 wt. % Ti +20wt.
% Ta), and Ti-10Mo (90 wt. % Ti +10wt. % Mo) alloys. The metal substrates were first put
through electro-polishing (EP). The EP electrolyte included 5 vol. % perchloric acid (HCIOy),
53 vol. % ethylene glycol monobutylether (HOCH,CH,OC,4Hy), and 42 vol. % methanol
(CH30H). EP processes of Ti and Ti alloys were conducted at 15 °C under 52 V for 1 minute
and 28 V for 13 minutes with platinum as a counter electrode at a constant stirring rate of 200
rpm. After EP, the samples were etched in 5 vol. % HF for 5 min to form an additional thin
anodic film on the metal substrates. TiO,, TiO,-Ta,Os, and TiO,-Mo0O3; nanotubes were
anodized in an electrolyte of 0.5 wt. % ammonium fluoride (NH4F, 99.9%) and 2 wt. % H,0
in ethylene glycol (C,H4(OH),) solvent at a constant voltage of 60V for 2 hours. After anodic
films were formed by anodization, the films were then annealed in an air furnace at 450 °C

for 1 hour for crystallization. The surface morphologies of the anodic oxides were observed
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by using a scanning electron microscope (SEM, FEI Quanta 600). The alloy oxide nanotubes

compositions can be analyzed by Energy Dispersive Spectrometer (EDS) (Oxford).

0.5 1m

Figure 31 SEM images of TiO, NT; (a) an unwanted film cover on TiO, NT, (b) removed
partial unwanted film, (c) removed all unwanted film and presented TiO, NT, (d) TiO, NT
side view, (e) TiO, NT bottom view, and (d) an barrier layer on the TiO, NT bottom.
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5.2.2 Electrolytic Characterization

Cyclic voltammetry (CV) performances were evaluated by an electrochemical
analyzer (CH Instruments, Model 600B, USA) using a standard three-electrode cell system
with platinum as a counter electrode and silver-silver chloride electrode (Ag/AgCl) as a
reference electrodes in 0.5M H,SO, solution at room temperature. The CV scan rate was set

as 20 mV/s in a potential range of 0 V to 0.9 V (Ag/AgCl).

5.3 Discussion and Conclusion

Fig. 31 presents the SEM images of long-range ordered nanochannel TiO, NT
structures form anodizing pure Ti foil, (a) an unwanted film covered on TiO, NT, (b)
removed partial unwanted film, (c) removed all unwanted film and the top view of TiO, NT,
(d) side view of TiO, NT, (e) bottom view of TiO, NT, and (f) an barrier layer under the
TiO, NT. TiO, NT feature a pore diameter ~120 nm, pore density ~8x10° pores cm?, and
wall thickness ~25 nm; the length of the NT can be controlled from several ums to hundred
ums with different types of the electrolytes (for example NH4F) and the anodization times at

a constant applied voltage (for example 60V).

Immersing titanium in electrolyte occurs complex reactions with 16 forms of Ti ions
and oxides. [28] The Pourbaix diagram is useful to simplify the complex reactions. [174]
Based on the Pourbaix diagram of Ti (Fig. 32a), TiO*? ion is a favorite formation when pH
value lower than 2.3 and voltage higher than -0.2 VV (SHE) at 25°C. TiO*? can further react
with H,0 to from Ti(OH), which is anodic titanium oxide. Similarly, Ta Pourbaix diagram
(Fig. 32b) shows that TaO®" is formed and converted to Ta,Os under the condition of pH <
5.1 and applying voltage > -1.2 V (SHE) at room temperature. As well as Mo Pourbaix

diagram (Fig. 32c) implies that Mo** can be produced and form MoOj in the condition of pH
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is below 4.2 and voltage is higher than -0.35 V (SHE) at 25°C. However, anodic TiO,, MoOs,
and Ta,Os can be formed in the neutral pH value electrolyte when it contains halogen

element in it.

E (V)

E (V)

(e 12

E{v)

Figure 32 Pourbaix diagrams of (a) Ti, (b) Ta, and (c) Mo

Anodization of titanium forms close-packed and vertical-aligned nanotubes in a non-
aqueous organic polar electrolyte with F ions and minimizing water content. These

eletcrochemical processes can be described as follows [175-178]:
Ti > Ti* +4e” (Eq. 5-1)
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2_
H,0—>2H" +0 (Eq. 5-2)

Ti** +20% - TiO, (Eq. 5-3)
Ti** +2H,0 > 4H* +TiO, (Eq. 5-4)
6F +TiO, +4H" —[TiFg]> +2H,0 (Eq. 5-5)
[TiFg]* +nH,0 — [TiFg_, (OH), 1> +nH" +nF~ (Eq. 5-6)
[TiFs_, (OH),]1* +(6—n)H,0 —[Ti(OH)¢1*> +(6—n)H" +(6—n)F" (Eq. 5-7)
[Ti(OH)¢]* +2H* - TiO, +4H,0 (Eq. 5-8)

During anodization, there are oxidation reactions at the interface between metal and
electrolyte. Ti** is formed and the water in the electrolyte is decomposed, reaction (5-1) and
(5-2). TiO, are then formed between the metal and the electrolyte through ion migration,
reaction (5-3) and (5-4). F" ions etch the TiO, forming TiF¢* and then combine with the H,0
to form [TiFe.,(OH).]*, reaction (5-5) and (5-6). Because the F~ ions are doped in the TiO,
but not form a compound, reaction (5-6) can be rewritten as (5-7). Finally, [Ti(OH)s]* reacts

with 2H" to form TiO, nanotubes, reaction (5-8).

Based on the Eq. 5-1 to 5-8, anodization of Ta can be described as:
Ta— Ta*" +5e” (Eq. 5-9)

o
HZO —> 2H+ +0 (Eq 5_10)
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2Ta* +50% — Ta,0,

2Ta** +5H,0 - 10H" + Ta,0,

12F" +2TaOg +10H" — 2[TaF,]” +5H,0

2[TaFs]” +2nH,0 — 2[TaF, ,,(OH),,]” +2nH" + 2nF~

2[TaF,_,, (OH),, 1" + (6—2n)H,0 — [Ta(OH)]™ + (6 — 2n)H* + (6 —2n)F"

2[Ta(OH),]” +2H* — Ta,0, + 7H,0

Also, anodization of Mo can be described as:

Mo — Mo® +3e”

H,0 » 2H" + 0%

Mo®*" +30% — MoO,

Mo* +3H,0 — 6H" + MoO,

6F + MoO, +6H* —[MoF,]* +3H,0

[MoF;]*" +nH,0 — [MoF_, (OH),]* + nH* + nF~

[MoF,_ (OH),]* + (6 —n)H,0 —[Mo(OH),]* +(6-n)H" + (6 -n)F "~
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(Eq. 5-11)

(Eq. 5-12)

(Eq. 5-13)

(Eq. 5-14)

(Eq. 5-15)

(Eq. 5-16)

(Eq. 5-17)

(Eq. 5-18)

(Eg. 5-19)

(Eq. 5-20)

(Eq. 5-21)

(Eq. 5-22)

(Eq. 5-23)



[Mo(OH)41* +3H* — MoO, +3H,0 (Eq. 5-24)

10 1.0 wm

Figure 33 SEM images of Ti-Ta NT film structure; (a) compact layer, (b) partial porous film,
(c) porous film (d) net film, (e) Ti-Ta NT.

Fig. 33 shows SEM images of TiO,-Ta,Os nanotubes structure from anodizing Ti-

10Ta alloy. There was a compact layer on the top of nanotubes in Fig. 33a. A continuous
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porous layer and grain boundary under the compact layer are observed in Fig. 33b. Fig. 33c
shows a porous film is covering the compact layer and following a net structure (Fig. 33d) is
covering the gap between ordered TiO,-Ta,Os nanotubes (Fig. 33e). There were extra
continuous porous layer and net structure which were not presented on pure TiO, nanotubes.
The compact layer, continuous porous layer, and net structure were removed by 5 wt. % of 1
um Al,O3 powders in ethanol solvent assisted by ultrasonic vibration. Similar to Ti-10Ta
alloy, Fig. 34 shows SEM images of TiO,-Ta,Os nanotube by anodizing Ti-20Ta alloy. Fig.
34a shows a net film on the NT top, Fig. 34b without a net film on the NT top, Fig. 34c a

barrier layer on the NT bottom, Fig. 34d partial barrier layer under the NT.

1.0 um

Figure 34 SEM images of TiO,-Ta,0s nanotubes film by anodizing Ti-20Ta alloy; (a) a net
film on the NT top, (b) without a net film on the NT top, (c) a barrier layer on the NT bottom,
(d) partial barrier layer on the NT bottom
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1.2 wm

P

450 nm

Figure 35 SEM images of TiO,-MoO3 nanotubes film by anodizing Ti-10Mo alloy; (a) a top
view of the net structure, (b) without a net film on the NT top, (c) smaller pores nanotubes, (d)
barrier layer on the bottom

For the Ti-10Mo alloy, Fig. 35a shows partially removed continuous porous layer on
the net structure, larger pores on the top of TiO,-MoOj3 nanotubes (Fig. 35b), smaller pores
(Fig. 35c), and barrier layer (Fig. 35d) on the bottom side. According to Fig. 33 to Fig. 35,
Fig. 36 is a schematic diagram of anodic Ti-alloy oxide structure with compact layer,

continuous porous layer, net structure, and ordered nanotubes on the alloys surfaces.
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(a)

qrnG

Barrier layer

Figure 36 The schematic diagram of TiO,-Ta,Os NT or TiO,-MoO3; NT film structure; (a)
compact layer, (b) partial porous film, (c) porous film (d) net film, (e) TiO,-Ta,Os NT or
TiO2-MoO3 NT and barrier layer on the Ti-Ta or Ti-Mo alloy

Fig. 37 shows a schematic structure and geometry of the Ti alloy oxide nanotube.
Larger open pores are on the top (Fig. 37a), smaller closed pores and a barrier layer in a
hexagonal pattern are on the bottom side (Fig. 37b), tube inner surface area (Fig. 37c), and
outer surface area (Fig. 37d). Denoting R; and Ry, and T, and T, are the radius and pores
width of the top and bottom pores, respective, W is the thickness of the outer barrier layer,

and H and L is the inner height and total length of the nanotube. We have Ry + T =R, + T, =
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Rs, and total length of nanotube is L = H + W. Thus, the volume of a single alloy oxide can be

calculated by V = Vouter = Vinner Where Vouter and Vinner Can be obtained by:

Vouter = TR3 X L (Eq. 5-25)
Vinner = =T X —— x (R3 — R3) (Eq. 5-26)
inner = 3 Ri-R, 1 2 Q.
(a) Re — (b} Top

Bottom

{c) 2mR, (d) AR, -T)

M+H

2nR;

Figure 37 Estimation of TiO, NT surface; (a) cone structure of inner tube with radius of Rs,
and Ry and R, on the tube top and bottom, tube length with H (b) pore wall thickness with T,
and T, on the tube top and bottom, (c) tube inner surface area, and outer surface area

Based on the SEM images in Fig. 33, 34, 35, Ry, Ry, R3, and W were 60 nm, 25 nm,
80 nm, and 40 nm, respectively. For two hours anodization process, 20 um length of Ti alloy
oxide nanotubes (L) could be formed on the Ti alloy surface. Thus, Vouer was 0.4 pm?®,and

Viner Was 0.12 pum?, and the volume of a single alloy oxide nanotube (V) was 0.28 pm?®. The

72



Ti0O, nanotubes density has recently reported by Chen et al. [28] that there are 4,510,548,978
nanotubes per cm®. Therefore, the total volume of Ti alloy nanotubes was 1.26 x 10~3 cm?®
in 1 cm? sample area. Moreover, it has also been reported that nanotube surface area is
greatly increased when L = 10 pum, Sjhper = 120.5 sz, Souter = 240.2 Cm2, and L = 100 um,
Sinner = 1205 cm?, Souer = 2402 cm?. Fig. 38 furthermore accumulated anodic Ti and
Ti alloy NT inner and outer surface areas increased with film thickness increased based on 1
cm? substrate. Hence, the extremely high surface area is able to provide more chances for

electrochemical reactions.
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Figure 38 Accumulated anodic Ti and Ti alloy NT inner and outer surface areas based on
1cm? substrate

According to the Pourbaix diagrams in Fig. 32, anodize Ti, Ti-20Ta, Ti-10Ta, and Ti-
10Mo can form anodic oxide films of these Ti alloys. Therefore, the following alloy anodic

oxide films densities are able to be calculated based on the TiO,, Ta,Os, and MoOj5 densities
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of 4.2 g/cm?®, 8.2 g/cm?®, and 4.7 g/cm?, respectively. According to EDS results in Table 1, Ti,
Ti-20Ta, Ti-10Ta, and Ti-10Mo formed 100% TiO,, 83.9% TiO»+16.1% Ta,0s, 91.3%
TiOx+8.7% Ta,0s, and 92.8% TiO,+7.2% MoOs;. The densities of 100% TiO,, 83.9%
TiO,+16.1% Ta,0s, 91.3% Ti0,+8.7% Ta,0s, and 92.8% TiO,+7.2% MoO; were 4.23 glcm®,
4.84 glcm?®, 4.54 glcm?®, and 4.24 g/cm?, respectively. Therefore, the mass of nanotubes films
1 cm? sample for each alloy was listed in Table 2 which were 5.32 mg/cm?, 6.09 mg/cm?,

5.72 mg/cm?, and 5.34 mg/cm?.

Table 1 EDS results of Ti alloys oxide nanotubes

TiOz (%) Ta;05 (%) MoOs (%)
Ti-20Ta 83.9 16.1 0
Ti-10Ta 91.3 8.7 0
Ti-10Mo 92.8 0 7.2

Cyclic voltammograms (CV) is used to characterize the capacitors behavior of the
alloy oxide nanotubes. Fig. 39 shows capacitance performance evaluations for the Ti alloy
anodic oxide nanotubes by cyclic voltammograms. It is clear that Ti alloy oxide nanotubes
had larger area of CV curve than pure TiO;, nanotube did. It means Ti alloys oxide nanotubes
had larger capacitances than pure TiO, nanotubes. Besides, more Ta,Os content can
significantly enhance the capacitor performance by comparing two Ti-Ta alloys curves with
different compositions. Moreover, Ti-10Mo alloy oxide nanotubes CV curve shows a
symmetrical shape which indicates that the revisable redox reaction of Mo?*/Mo** was

helpful to improve the capacitor performance.
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Figure 39 Capacitance performance evaluations for TiO, NT, TiO2-10 Ta;Os NT, TiO,-20
Ta,0s NT, and TiO,-10 MoO, NT by Cyclic Voltammograms

The specific capacitance (C) can be measured by voltage step, current step, or voltage
ramp methods, and evaluated by the equations of, C = Q/V, or C = dQ/dV [179], where V is
applied voltage and Q is the quantity of charge on the electrode (which can be evaluated from
the area of the CV curve). Table 2 shows the specific capacitance based on 1cm? sample area
and 20 um film thickness of pure Ti, Ti-20Ta, Ti-10Ta, and Ti-10Mo oxide nanotubes films
which are 13.7 F/g, 26.1 F/g, 23.3 F/g, and 21.4 F/g, respectively. The specific capacitances
of Ti alloys oxide nanotubes films were higher than that of TiO,-B nanowiressMWCNTS

hybrid supercapacitor with specific capacitance of 17.7 F/g [180].
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Table 2 Specific capacitance based on TiO, NT, Ti-10Ta NT, Ti-20Ta NT, and Ti-

10Mo NT films
Sample size (1cm® x 20pum) TiO, NT Ti-10TaNT  Ti-20TaNT  Ti-10Mo NT
Density (g/cm?) 3.09 3.19 3.65 3.07
Mass of unit area 6.18 6.38 7.30 6.14
(mg/cm?)
dQ (mC) 65.58 120.02 143.30 102.92
dE (V) 0.9 0.9 0.9 0.9
Specific capacitance 11.8 20.9 21.8 18.6
(F/9)

In summary, we fabricated supercapacitors based on the working electrode made of
highly ordered anodic TiO,, Ta,0s, and, MoOj3 nanotubes directly formed on pure Ti, Ti-
20Ta, Ti-10Ta, and Ti-10Mo substrates. The ordered alloys oxide nanotubes structure has a

®in 1 cm® sample area with nanotube density of 4.5 x 10°

volume of 1.26 x 1073 cm
tubes/cm®. The mass of pure Ti and Ti alloys oxide nanotubes films with 1 cm? sample size
and 20 um film thickness can be calculated as 5.32 mg (TiO, nanotubes), 6.09 mg (Ti-20Ta
oxide nanotubes), 5.72 mg (Ti-10Ta oxdie nanotubes), and 5.34 mg (Ti-10Mo oxide
nanotubes), respectively. Furthermore, Ti alloy anodic oxide nanotubes films with 1 cm?
surface and 20 pm thickness have an inner surface area of 241.0 cm? and outer surface area
of 480.4 cm?. Thus, such large surface area of dielectric oxides caused very high specific
capacitances. The specific capacitance can further be enhanced by: (1) reacting with barium
nitrate (Ba(NO3),) [181] or barium hydroxide (Ba(OH),) [182] to form a very high dielectric
constant BaTiOj film, (2) increasing nanotubes length by longer anodization process, and (3)
increasing nanotubes surface area by coating TiO, nanoparticles on the nanotubes surface

[183].
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6. SELECTIVELY DEALLOYING Ti/TiO, NANOSTRUCTURE FOR

SUPERCAPACITOR APPLICATION

6.1 Introduction

Electrochemical supercapacitor is also called pseudocapacitor. Metal oxides [97],
metal oxide/ carbon composites, and conducting polymer/carbon composites [98] are
electrode materials to construct supercapacitors that can achieve high capacitances. Some
transition metal oxides have been investigated as supercapacitor electrode materials, such as
RuO,, NiO, Ni(OH),, MnO,, Co,03, IrO,, FeO, TiO,, SnO,, V,0s, and MoO. [184-187]
Among the transition metal oxides, TiO, is non-toxic, inexpensive and very available. It has
been investigated as supercapacitor electrode material or co-material with other metal oxides,
such as nanosize TiO, and activated carbon. [188-191] However, there is one major
disadvantage of these supercapacitors is their low specific stored energy. [103] Therefore, it
Is impotant to fabricate electrode materials can accumulate large quantity of electrons and

energy for supercapacitor needs.

Nanoporous metallic materials have unique properties, such as large surface-to-
volume ratio, light weight, and excellent electrical/thermal conductivity. They are able to
improve performance in chemical, electrical, optical behaviors, and they also can be used in
catalysis, mircofiltration, sensors, drug delivery system. [1-5] Moreover, nanoporous metals
contribute many improvements and developments to supercapacitors. Nanoporous metals
with large surface areas can provide larger interface for forming double layer to

charge/discharge in EDLCs. [18] Nanoporous metals also provide the possibility for a better
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mechanism for ion transportation in the redox reaction. These properties of capacitive
nanomaterials can be applied to supercapacitors for a better and improved performance. [19]
There are various approaches have been approved to fabricate nanoporous metals. [6, 7]
Among these processes, dealloying has been demonstrated to be very effective in generating
free-standing 3-D nanoporous metals. Unlike traditional nanoparticle-based materials,
nanoporous metals obtained by dealloying hold a unique combination of a highly conductive
network and a bicontinuous open nanoporousity. Additionally, pore size and porousity can
be determined by mechanical methods or heat treatments, such as rolling, and annealing.
Dealloying in aqueous solution is a promising technique for preparing homogeneous
nanoporous metals. Dealloying processes are affected by many parameters, such as alloy
composition, solution composition, temperature, and treatment time. Some alloy systems
have been investigated to form uniform nanoporous structure, for example, Au/Zn, Au/Cu,

Au/Ag, Pt/Si, Pt/Cu, and Al/(Au,Ag,Pd), etc. [12-17]

In this section, superelastic shape memory alloy “Nitinol”, which is near
equiatomically composed of nickel and titanium, is chosen as the raw alloy for dealloying
process. Dealloying of nitinol has been investigated by some high temperature process before,
such as high-temperature oxochloridation and reduction annealing. [192] Electrochemical
selective etching is conducted in this study for removing Ni from nitinol in order to acquire
nanoporous titanium structure. Nanoporous titanium has attractive properties including high
strength, low weight, corrosion assistance, biocompatibility, and high dielectric constant.
TiO, also can be converted to BaTiOs, which has very high dielectric constant (¢=1500).

[193] Thus, nanoporous BaTiO3 dielectric layer are possible to fabricate with one step
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process from Ti or TiO, nanoporous structure. [194] In this section, we proposed to develop

a nanoporous TiO, with metal network inside for supercapacitor application.
6.2 Experimental Work

6.2.1 Dealloying and Oxidation of NiTi Alloy

We used a commercial nitinol wire with 1 mm diameter, and the alloy composition is
atomically 50-50% of nickel and titanium (p= 6.45 gcm™). It was finished with oxide
protection and met ASTM F2063 specifications. The dealloying process was conducted by
electrochemical etching in 25% nitric acid, and 12.5% hydrogen peroxide at room
temperature. After removing nickel, titanium nanoporous structure was formed and oxidized
by electrochemical anodization in 1 M phosphoric acid at 20 V for 1 sec at room temperature.

Then, anodized sample was annealed at 450 °C for TiO, crystallization for 30 min.

The surface morphologies of the dealloyed nanostructure were observed by scanning
electron microscope (SEM, FEI Quanta 600). The composition changes were analyzed by X-
ray diffraction (XRD, Bruker D2 Phaser) and energy dispersive X-ray spectrum (EDS,

Oxford).

6.2.2 Electrolytic Characterization

Cyclic voltammetry (CV) performances were evaluated by an electrochemical
analyzer (CH Instruments, Model 600B) using a standard three-electrode cell system with
platinum as a counter electrode and saturated silver-silver chloride electrode (Ag/AgCl) as a
reference electrode in 0.5 M sulfuric acid solution at room temperature. The CV scan rate

was set as 20 mV/s in a potential range of 0.1 V to 0.9 V (Ag/AgCl).
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Figure 40 SEM images of dealloyed nanoporous structures
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6.3 Discussion and Conclusion

Fig. 40a shows the surface morphology after dealloying at 0.9 V for 1 hour.
Nanoporous structure can be formed, but there are still some islands on top of alloy, and
these islands are the remaining protecting oxide. Fig. 40b shows SEM image of the
nanoporous structure that was dealloyed at 3 V for 2 min and at 0.9 V for 1 hour. In this high
voltage to low voltage process, the protecting oxide was first entirely removed and then
nickel was selectively etched away at a constant low voltage. Fig. 40b, ¢ and d show the
nanoporous structure, pores are around 50 to 100 nm in size and well distributed. Fig. 40e
and f show side and top views of the nanoporous TiO, after anodization and annealling. Fig.
40e shows a side view of dealloyed titanium nanoporous structure. After 1 hr dealloying, the
depth of nanoporous structure is around 10 um. After growing TiO, on the nanoporous
structure, uniform nanoporous structure still can be obtained. However, the pores are smaller

than dealloyed sample due to the covering TiO, on Ti (Fig. 40f).

Table 3 shows composition changes with different dealloying process. EDS was
conducted to observe the composition changes during SEM observation. All-low-voltage
(LV) process is not able to remove the protecting oxide efficiently, and there are some
islands in Fig. 40a. Therefore, nickel quantity was not decreased as expected because part of
nitinol was not etched with protecting oxide on top of it. In high-to-low voltage (HV-LV)
process, the EDS result shows that there was very little amount of nickel left in the structure.
It also can demonstrate a more uniform nanoporous structure without islands in Fig. 40b and

c is a continuous titanium network.
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Table 3 Composition of Ti/Ni alloy

Raw (at %) LV (at %) HV-LV (at %)
Ti | 49.03 55.15 86.81
Ni | 50.97 44.85 13.19

The XRD patterns of raw nitinol, dealloyed nanostructure, anodized, and annealed
sample were showed in Fig. 41. The pattern of raw nitinol presented two peaks at 42.3° and
44.4° are NiTi and TiO,, respectively. Raw nitinol wire was finished with a commercial
protecting oxide, and it indicated that the oxide was TiO; from the surface Ti. This is because
the high oxygen affinity of titanium is responsible for the formation of oxide films on NiTi
raw material. [195] These films are effective barriers against corrosion or nickel ion release
to protect the alloy. The pattern of dealloyed sample showed a peak at 38.3° which presented
pure Ti, but the peak of TiO, at 44.4° was disappeared because the protecting oxide was
removed during the dealloying process. The pre-annealing pattern showed the sample was
anodized in 1 M sulfuric acid at 20 V for 10 sec at room temperature, peak of TiO, appeared
again. The annealed pattern revealed the peak of TiO, was getting stronger after annealing at

450°C for 30 min.
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Figure 41 XRD results of raw nitinol, dealloyed nitinol, pre-annealing and annealed samples

Cyclic voltammograms (CV) is used to characterize the capacitors behavior. The test
samples were immersed 1 cm into 1 M sulfuric acid. Fig. 42 shows a CV curve of anodized
raw nitinol, anodized dealloyed sample, and dealloyed-anodized-annealed sample. Annealed
nanoporous TiO, after annealing has the best capacitance performance in Fig. 42. The
specific capacitance (C) can be measured by voltage step, current step, or voltage ramp
methods, and evaluated by the equations of, C = Q/V, or C = dQ/dV. V is applied voltage
and Q is the quantity of charge on the electrode (which can be evaluated from the area of the
CV curve). For the annealed nanoporous TiO, CV curve, the capacitance is 7.01 mF.
Moreover, the specific capacitance can be calculated by estimating the mass of this

supercapacitor. The thickness of TiO, dielectric is 8 nm after 1 s at 20 V in 1 M phosphoric
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acid. [196] The reacting surface area can be calculated by the porous structure. The volume
ratio of Ni to Ti is about 1:1, so the total vacancy volume (V) of the porous structure is 1.33 x

10 cm? after removing 85% nickel from the EDX results shown in Table 1. Therefore, there

are 2.55 x 10" pores (N) in the dealloyed structure by N = # where the average pore size

3

is 100 nm (r = 50 nm). (Fig. 1d) Hence, the total surface area (A) of nanoporous structure is

80.1 cm? from A = 4mr2x N. Thus, the mass of the supercapacitor with 8 nm TiO, layer is

1.98 x 10 g. The specific capacitance (Cs) can be calculated by equation of Cs= d::fM or Cs

= C/M, where M is mass of dielectric loading. As the result, the specific capacitance for the

annealed nanoporous TiO, supercapacitor is 35.5 F/g.
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Figure 42 Cyclic Voltammogram (CV) curve of raw nitinol, pre-annealing, and annealed
samples
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Figure 43 (a) C-V curves and (b) schematic diagrams of structures comparison with
dealloyed nanoporous TiO, and TiO, nanotubes

The specific capacitance of the dealloying TiO, nanoporous supercapacitor is higher
than the specific capacitance of TiO, nanotube (Cs = 11.8 F/g). Moreover, the curve of
annealed sample at the x-axis intercept in Fig. 43a is nearly vertical and much steeper
compared with the curve of TiO; nanotubes. Fig. 43b shows a schematic diagram for these
types of supercapacitors. The electrons transport is along the nanotubes to the bottom
electrode (Red arrow in Fig. 43b), therefore, it causes an inefficient charge/discharge route
due to the high-aspect-ratio nanotubes. On the other hand, the continuous Ti nanoporous
network is covered by a very thin layer of TiO, after anodization and heat treatment. The
electrons transmission path is much shorter, thus, the results show that the dealloyed Ti
nanoporous supercapacitor is able to charge/discharge faster and more efficiently.
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In this section, high surface area nanoporous Ti/TiO, structure was fabricated by a
simple electrochemical process. Superelastic shape memory alloy “Nitinol” wire was used in
this experiment, and nickel was removed from the alloy. Nanoporous structure with average
diameter of 100 nm. Nanoporous TiO, has nice capacitance performance and the specific
capacitance is 35.5 F/g. Additionally, nanoporous TiO, supercapacitor has better capacitor
behavior than TiO, nanotube supercapacitor does. The path for electron transport is efficient
because there is a continuous metal network in the nanoporous structure. This structure can
be potentially converting to high-k dielectric, such as BaTiOs;. Therefore, dealloying
nanoporous structure can be developed to build an all-solid-state ultracapacitor. The titanium
nanoporous structure with continuous advantage can be developed for many applications,

such as catalysts, sensors, and energy materials, etc.
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7. SUMMARY AND FUTURE WORK

7.1 Summary

This dissertation is a study to propose the ideas of the developments of energy storage
and sensor applications by anodic processes. Through extensive experiments we were able to
demonstrate that the anodization techniques can be applied to generate various types of
nanomaterials. The knowledge and techniques necessary to create “anodized nanostructures”
were also established in this dissertation. This study stated that 1) fabricating microneedle
and its array by anodization processes. The enormous surface areas can be used to build
chemical sensors and potentially biosensing and drug delivery devices, as shown in Section 3;
2) the development of innovative AAO templates with nanoimprint assisted. AAO also can
be used as templates to produce metal, ceramic, and polymer ordered nanostructures, as
presented in Section 4; 3) the supercapacitors applications of TiO, nanostructures formed by
low-cost electrochemical anodization processes, as shown in Section 5 and 6. Based on the
results shown in this study, the conclusions can be drawn in four main aspects: developments
of fabrication process, various anodized nanostructures, chemical sensor detection
characterics, and energy storage applications. Several achievements are summarized as

follows:

A) Developments of Fabrication Processes
e The electrochemical micromachining process, a cost effective fabrication
alternative to semiconductor photolithography process, was employed to

construct a three-dimensional micro/nano structures.
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Fabrication of AAO templates with a nanoimprint mold led to an innovative
breakthrough which overcame the limitations for traditional AAO

manufacturing process.

B) Anodized Nanostructures

Surface area of the microneedle and its array was maximized through
anodization processes to obtain nanoporous structures further shorten the
reaction time.

AAO templates with controllable pore sizes, locations, inter-pore distances,
and pore densities were established by integrating anodization and
nanoimprint processes.

We combined various fabrication techniques to form nanostructures of metal
(Ni), ceramics (TiO, and BaTiO3z) and polymer (UHMWPE) with AAO
templates. Application of the fabrication techniques also led to the production
of Ni nanowires/ TiO, nanotubes and Ni/BaTiO3 core-shell nanotubes.

Ti nanoporous structure, which has average diameter of 100 nm with a
continuous metallic network, was produced by conducting an electrochemical

dealloying process.

C) Detection Characterization

Al rods and needles were coated with AAO on the surfaces in order to absorb
indicators for pH detection. The Al tips used for detection were less than 1 um
which is smaller than the pores on human skin. This further demonstrates the
potential of the detecting microtips as biological detectors.

A 3-D microneedle array with 400 microneedles on a 1 cm Al substrate
provides an enormous surface area that can potentially be applied on drug

delivery system and body fluids extraction applications.

D) Energy Storage Applications

Supercapacitors from various Ti based alloys were anodized to form highly
ordered anodic oxide nanotubes. The capacity of the Ti based alloys oxides
nanotubes were close to two times the capacity comparing to pure TiO;

nanotubes.
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e Improvements on the supercapcitor led to the continuous nanoporous Ti/TiO;
supercapacitor that has 35.5 F/g of the specific capacitance. It has a better
capacitor behavior than ordered TiO, nanotubes array supercapacitor due to
the more efficient path for electron transport with a continuous metallic

network.

7.2 Future Work
Many advances are required to achieve our ultimate goal of applying anodization
processes to the fabrication on nanomaterials for energy storage and biological applications.

These include several aspects listed below:

e Explore alternate material, such as Ti, W and Ta, that can be anodized to form
microneedles since Al microneedles are soft even when covered with ceramic layers
(AAO).

e Develop a more efficient and accurate system to produce the Al micropillar arrays for
further electrochemical micromachining process to form better microneedle arrays.

e Based on the results of the nanoimprint mold for AAO fabrication, we are going to
continue seeking for an easier process, such as anisotropic etching of Si, to generate a
larger imprinting mold in place of nanoimprinting mold made by e-beam lithography.

o Utilize the highly-ordered core-shell nanowires and nanotubes array to build all-solid-
state capacitors.

e The continuous metallic network structure of the TiO, nanoporous form can be
further developed into an all-solid-state capacitor, and provide enormous surface area
to increase metal-insulator interface. Furthermore, the TiO, dielectric layer can be
converted into BaTiOs, which has a dielectric constant of 1500, in order to enlarge the

capacitance.
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