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ABSTRACT

Copper oxide is a material that has attracted interest for a wide range of applications.
Due to its relatively low cost, non-toxicity, and its nature as a p-type semiconductor material with
narrow band gap of 1.2 eV for CuQ, it has the potential for use as a photoactive material in the
visible-light region. However, given its rather weak absorption profile that suffers from
recombination in the bulk, reducing the photogenerated carrier diffusion distance by introducing
high surface-area nanoarchitectures is one route to circumvent this problem.

Thin films of copper oxide nanoarchitectures were synthesized via anodic oxidation of
copper foil in organic electrolytes with fluoride-bearing ions. Ethylene glycol (EG) and dimethyl
sulfoxide (DMSO) were the solvents studied. The obtained structures were found to depend on
the pH of the anodizing electrolyte, water content, temperature, voltage, and acid concentration.
Nanoporous structures were formed under certain conditions in NH4F + EG electrolytes, while
nanowire structures were present in HF + DSMO electrolytes. Annealing the films in O, gas
achieved full conversion to CuO composition. Photocurrent measurements indicated the p-type

nature of the CuO device and a photoresponse to broad-wavelength visible light.
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Chapter 1
Introduction

11 Emerging Energy Problem

The U.S. Energy Information Administration (E.l.A.) estimated in 2007 that global energy
demand was 495 quadrillion BTU, and is expected to rise by roughly 50% to 740 quadrillion
BTU by the year 2035." Today, fossil fuels account for more than 80% of global energy
consumption, and considering the majority of the world’s fossil fuels are harvested outside the
U.S., this puts our nation, as well as others that import their energy, in a precarious position that
relies too much on external factors. Furthermore, many of the fossil fuel reserves lie in unstable
regions of the world with delicate political and foreign policies. This makes the fossil fuel market
extremely volatile, as evidenced by energy shortages over the past few decades and always-
fluctuating gas prices. As the world’s population and energy demand steadily increases, and
natural resources become scarcer and more difficult to extract, there will only be more
competition for those resources, leading to increased costs of fuel in the long run. The necessity
to continue fueling our economy keeps our focus fixated on parts of the world that do not
necessarily want our intervention and influence, which may lead to conflicts of interest, disputes,
and ultimately in some cases, military intervention and the associated astronomical costs.
Therefore it is of great importance to reduce our dependence on foreign fossil fuels, and rather
focus on meeting our energy demands from within.

In addition, the consumption of fossil fuels is damaging to the sustainability of the Earth.
Damage to the ozone layer, increases in particulates in the air we breathe, smog covered
metropolitan centers, and the reduction of undeveloped land, are examples that all contribute to

permanent damage to the Earth. As a result, climate change mitigation has been an important



topic of debate, especially over the last ten years as we begin to fully understand the
consequences of our unchecked consumption. In a statement from the Tokyo Summit in 2010,
the Eg chairmen issued a statement that the “smart use of electricity” is the key to a greener,
safer, and more sustainable lower-carbon society on both the supply and demand side. Lower
carbon-emitting technologies, and a more efficient use of electricity, will lead to decreased
primary energy use and lower CO, emissions, as well as robust energy security and a better

quality of life.?

1.2 Harvesting Solar Energy as a Sustainable Solution

Several sustainable technologies have been developed in response to the global energy
challenges presented above. The emergence of the renewable energy sector in the last quarter
century is a direct result of this. Sustainable methods to harvest renewable sources such as
solar, wind, geothermal, and tidal have been developed with moderate success and rates of
efficiency. However, renewable energy sources have always suffered from technology that is
cost-prohibitive, and since our economy is based on monetary, profit-driven decisions, these
technologies have only been implemented in niche markets and have yet to obtain widespread
use. One of two things would need to happen for the world to adopt renewable energy as their
primary energy source. Either the cost of these technologies would have to come down to be
competitive with fossil fuel sources, or the efficiency of these technologies needs to increase. In
either case, only then would renewable energy sources become an attractive alternative to fossil
fuel sources, to both consumers and the policymakers who spearhead and initiate change.

Of these emerging technologies, it is the belief of this author that only a combination of
these renewable sources can fully provide the energy needs of a given community, and that the
solution will be unique to each location with different geographical features. Tidal energy would
only be available to coastal communities, wind energy is only harvestable in landscapes with

2



distinct and consistent wind profiles, etc. However, of all the current technologies offered, the
harvesting of solar energy is the most viable for many parts of the world. Every part of the world

receives at least some sunlight every day. In an era of dwindling fossil fuel reserves, the sun

remains the most abundant source of clean energy.
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Figure 1. The solar radiation spectrum (from www.nasa.gov)

Efficient harvesting of sunlight would allow humanity to tap into this vast reservoir, which
is more than enough to satisfy today’s energy demand. The solar constant is defined as the
amount of incoming solar radiation per unit area and is measured on the outer surface of Earth’s
atmosphere, and its value is 1366 W/m22® The solar constant includes all types of solar
radiation, not just visible light. This polychromatic light has different numbers of photons

depending on the wavelength. Refer to Figure 1 for the solar spectrum. In order for solar energy



conversion to be a viable alternative to existing technologies, the production of the technology
would have to be cheap, and at the same time the net energy generation would have to be
substantial. Today’s production quality solar cells average around 10% efficiency, but are still
too expensive to gain widespread adoption. It currently costs roughly $4 to produce a single
watt of electricity using a conventional, single-crystalline silicon solar cell (averaged over its
lifetime) while it only costs about $0.80 using fossil fuels such as oil and natural gas.® Therefore,
improvement of efficiency and the reduction of cost is a high priority in both research

laboratories and manufacturing.

1.3 Regenerative Photoelectrochemical Cells

There are many ways to harvest solar energy, but one device that enjoys extensive
research efforts is the regenerative photoelectrochemical cell, which converts light to electric
power leaving no chemical charge behind. See Figure 2 for the schematic representation. This
type of cell is also known as a liquid junction cell, and consists of a cathode and anode in a fixed
electrolyte solution, with either or both elements being photoactive. The photoactive electrode is
a semiconducting material that has a band gap of magnitude that can be overcome by incident
photons. Electron-hole pairs are generated upon irradiation by photons with energies that
exceed the band gap. Minority carriers are scavenged by the redox species in the electrolyte.
Electron-hole pairs are separated and prevent recombination. Majority carriers travel through
the semiconductor and through the external circuit to the counter electrode, where they
regenerate the redox species in the electrolyte. Through this process, a photovoltage and
photocurrent are generated, thus effectively converting light into electricity.

This type of device is of interest for the purpose of the present study. A wide range of
metal-oxide semiconductors have physical, chemical, and band-gap properties that are
desirable for stable use in a photoelectrochemical cell.

4
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Figure 2. Schematic of regenerative photoelectrochemical cell.”

1.4 Characteristics of Nanostructured Metal Oxides

Nanostructured materials are defined as artificially synthesized materials that have
distinct and repeatable features on a length scale less than 100nm. The motivation for
synthesizing materials with such small features is that they can exhibit unique materials
properties compared to their bulk counterpart, often resulting in superior device performance.*
The following discussion illustrates why they are ideal for solar energy harvesting.

The performance of these devices is largely dependent on geometrical parameters of
the features. For example, ordered nanotubular structures have been proven to exhibit superior
performance in a range of devices. When used as hydrogen sensors, ordered titania (crystalline
TiO) nanotube arrays of 1um length exhibit a 50,000,000% change in electrical resistivity at
room temperature in response to 1000ppm hydrogen.® One reason is their extremely high

surface areas compared to bulk materials. The surface area-to-volume ratio of a nanotube array



is extremely high, and increases both with increasing tube length and decreasing tube diameter.
Owing to their increased surface area, nanostructured materials provide additional surface
states which can effectively reduce the band gap.® Also, the directional nature of the
nanostructure promotes vectorial charge transport through the nanotubular layer.’
Nanostructured materials often have a greater degree of porosity as well, which can promote
enhanced light scattering within the porous structure, leading to more effective photon
adsorption and ultimately an increase in device efficiency when compared to a flat electrode.®

Metal oxides are a class of ceramic materials that are particularly diverse for a number
of reasons. Among the most important is the fact that starting materials are abundant and
cheap, and there are several low-cost fabrication methods available, without a loss in purity or
increase in defects. Low cost fabrication methods are necessary in order to improve the
competitiveness in the market compared to more conventional methods of energy generation.
Synthesis of these materials is possible at room temperature and pressure, which greatly
simplifies the process and reduces costs.

The stability of metal oxide materials in many media makes them attractive candidates
for a wide range of applications. For example, the metal-oxygen bonds in TiO, can resist
breakdown in many environments, such as air, aqueous and organic media. In crystalline form,
the covalent linkages result in high metal-oxide bond strengths, which are non-toxic and resist
further reaction, photocorrosion, or decomposition at high temperatures.®

Many metal oxide compositions have desirable semiconducting properties as well, which
are essential for potential use in a regenerative photoelectrochemical cell. In order to be useful
for solar energy harvesting, the band gap of a material must be less than the energy of an
incident photon. Light in the visible range carries a value between 1.6 and 3.4 eV, depending on
exact wavelength. Therefore metal oxides that are equal to or below these values are of
greatest importance for practical solar applications. For example, the anatase phase of titania
has a band gap of 3.2 eV, which only captures a portion of the visible light energy, and is far

6



more efficient when illuminated with light in the UV portion of the spectrum. Great efforts have
been made to narrow the band gap. Nanoporous iron (lll) oxide, on the other hand, exhibits a
2.2 eV band gap, which is more suitable for conversion of visible light.*> Copper (Il) oxide has
an even lower band gap of 1.2 eV, and has the potential to be more efficient at visible and near

infrared light conversion than nanostructured metal oxides with larger band gaps.

1.5 Anodic Oxidation

One widely accepted and low-cost method for synthesis of novel nanostructured
materials is via anodic oxidation. This method uses an electrolytic cell where electrochemical
reactions are driven within a solvent medium via an external bias. In this system, the external
bias forces electrons to flow from the electrolyte to the anode, and from the cathode to the
electrolyte. See Figure 3. The external bias is necessary, as the Gibb’s free energy (AG) of the
cell (without any bias) is positive which prevents spontaneous reactions to reach a lower energy
state. The two overall electrochemical reactions are complementary and charge neutral.
Oxidation of the metal results in a loss of electrons and anodic current flowing from the metal to
solution, while the reduction of the ion in the electrolyte results in cathodic flow from solution to
the metal. In effect, the oxidation takes place at the anode, hence the term “anodic oxidation”,
and reduction takes place at the cathode electrode.

In a suitable electrolyte, such as one with reactive fluoride-bearing ions, the metal resists
chemical etching of the surface by forming a thin passivation layer on the surface. The
passivation layer is formed via ionic conduction, in which an oxide layer is generated at the
metallic anode surface. The growing oxide layer reduces the flow of electrons through the cell,
since the oxide has a higher resistivity value than the pure metal. Ohm’s law (V = IR) defines

this phenomenon, and in the case of potentiostatic anodization, the applied voltage V is fixed.
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Figure 3. Electrodes in an electrolytic cell.’

Three simultaneously occurring processes result in nanostructure formation via anodic
oxidation in media containing reactive anions (such as fluoride ions): the field-assisted oxidation
of metal to form an oxide surface, the field-assisted dissolution of metal into electrolyte, and the
chemical dissolution of metal and oxide due to etching by the anion, which is enhanced by

presence of H* ions.

1.6 Electrochemistry in Non-Aqueous Electrolytes

When forming an anodic oxide film, pores must first be formed as nucleation sites. Pore
initiation is controlled by the availability of oxygen anion carriers that can be donated to the
metallic surface. Water is one polar molecule that can easily dissociate to donate free oxygen
anions that contribute to pore formation. Its presence (or another suitable oxygen donator) must
be present in the electrolyte. However the water must be present in amounts small enough to
inhibit hydration, and instead promote oxide formation. Hence the degree of pore formation
depends strictly on the electrolyte properties. Organic solvents have been used for many

decades as hydration inhibitors in various anodic film growths. Anodic oxidation is strongly



dependent on the physical and chemical properties of the electrolyte, as well as the solvent

structure.

1.7 Research Objectives — Novel Nanostructures of Copper Oxide Materials

The exploration of anodization of several metals has led to the formation of novel
nanostructured oxide materials with robust materials properties. Oxides of aluminum, titanium,
iron, tantalum, and others have led to free-standing, stable, uniform nanotube and nanowire
growth. These materials possess high surface areas and desirable semiconducting properties
that are potentially invaluable in solar energy harvesting applications. Still, there remain many
obstacles in applying these materials to applications suited for energy harvesting from the
visible light portion of the UV spectrum. Copper oxide is a stable, non-toxic, semiconducting
material with a band gap of 1.2 eV, which has the potential to capture a larger portion of the
solar spectrum and contribute to higher overall conversion efficiencies. Studies of anodic
oxidation of copper have been less successful in achieving novel nanostructures, and therefore
it is the objective of this work to obtain novel copper oxide nanostructures suitable for use in a
photoelectrochemical cell.

Chapter 2 will review the literature relevant to the evolution of the current understanding
regarding the oxidation of metals via a variety of methods. It discusses the various synthesis
routes and advantages and disadvantages of each, and how they relate to the synthesis method
in the current work: anodic oxidation. Chapter 3 reviews the experimental details that were
followed to collect data and results. Chapter 4 discusses the results on anodization of copper
foil in ethylene glycol electrolyte, after a brief introduction on its anodization in aqueous
electrolytes. Chapter 5 discusses the results from further studies in DMSO electrolyte. Chapter
6 summarizes this work, discusses the potential applications that might benefit from the
development of this technology, and the necessary future studies to gain a more complete
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understanding of the mechanisms governing the growth of the nanoarchitectures described

herein.
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Chapter 2
Literature Review

2.1 Nanoporous Metal Oxide Growth

Various routes to self-organized nanoporous metal oxide growth have been investigated
for the past four decades, ever since the discovery of nanoporous aluminum in 1970.**? Porous
oxide growth of alumina has guided the electrochemical synthesis of other novel metal-oxide
nanostructures, including those of titanium, zirconium, hafnium, niobium, tungsten, and iron.
Various methods of fabricating these novel nanoporous structures have been proven, including
acid-base washing,"® template deposition,* sol-gel synthesis,*® and hydrothermal methods.*°
However, the technique of anodic oxidation has been proven to allow for facile and low-cost
synthesis methods for several metals. The growth of nanotubular anodic aluminum oxide (AAQO)
has been well studied and can be highly tuned using anodic oxidation, being developed to the
stage where it is now often used as a template for the growth of other nanostructured materials.

Dekker and Middelhoek, in their pioneering studies, anodized aluminum thin films in
oxalic acid, and achieved a uniform, porous oxide layer of Al,O;. They operated on the belief
that the structure of these films depends heavily on the electrolyte used, and particularly on the
degree to which it acts as a solvent for the oxide. In a solution containing oxalic acid, or other
acids which attack the oxide, a porous layer is obtained. In contrast, anodization in an
electrolyte consisting of boric acid resulted in formation of a compact uniform layer. Their results
indicate that for a given anodization electrolyte, the porosity depends only on anodization
voltage, and that porosity decreases with increasing voltage. They also determined that the

growth of these films is determined solely by the formation of oxide at the oxide/metal interface.
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As stated in Chapter 1, in an electrolyte containing fluoride-bearing ions, nanotube
formation of many metals occurs as a result of three simultaneously occurring processes: (1)
the field-assisted oxidation of metal to form the oxide layer, (2) the field-assisted dissolution of
metal ions in the electrolyte, and (3) the chemical dissolution of metal and oxide due to etching
by the fluoride ions.” The delicate balance of these reactions is achieved only when synthesis
parameters such as temperature, fluoride ion concentration, water concentration, and
anodization potential, occur in certain ranges. This range of successful parameters is specific
and unique to each metal undergoing anodization.

O’Sullivan and Wood were the first group to suggest a basic mechanism to describe the
pore formation and growth behavior in the anodization of metals such as aluminum.’” Their
proposal indicated that the steady-state barrier layer thickness is determined by the equilibrium
between the oxide growth at the metal-oxide interface and the field-assisted dissolution of the
pore bases in the metal. Pore formation commences due to the concentration of the electric field
in the depressions of the oxide barrier layer. This barrier layer is never a defect-free surface,
which, like all materials, naturally has surface imperfections on the nanoscale. These
depressions, at which the barrier layer dissolves faster, eventually develop into the precursors
of well-developed pores.

When the anodizing voltage is applied, the surface variation induces changes in volume
such that sections of thicker barrier layer thickness (on the scale of tens of nanometers) act as
nucleation sites, and grow in size until they merge. Thin areas of oxide are left between them,
which become further depressed, and penetrate further and deeper into the metal. These areas
eventually create a scalloped pore base which constitutes the basis for nanotube formation. As
the current density increases, the pore diameter increases, leading to an overall smaller number
of larger pores. Finally the steady state is reached, where pore diameters no longer increase,

and nanotube length increases linearly with time. This situation is depicted visually in Figure 4,
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along with the corresponding current density plot, and can be broken down into four distinct
stages:’
() Immediately following application of anodic bias, barrier oxide layer begins to
grow.
(D)) Prior to true pore formation, small variations in the outer regions of the barrier
layer are formed.
(1) Propagation of thick and thin sections of barrier layer lead to well-defined
scalloped pore bases.
(IV)  Steady-state pore structure is formed by closely packed cylindrical cells,

indicated by the lack of a rate of change of current density (8°J/at* = 0).
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Figure 4. Schematic describing the evolution of porous structure during potentiostatic anodization of aluminum.”

2.2 Synthesis of TiO, Nanotube Arrays

After the nanoporous alumina discoveries, titania was one material that was widely

investigated due to many of its useful engineering properties, such as its stability in a variety of
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media, non-toxicity for biomedical applications, photoresponse and resistance to
photocorrosion, and desirable band gap properties.

Although many methods have been developed to fabricate novel titania nanostructures
with high surface areas and aspect ratios, hone of the synthesis routes could replicate the highly
ordered, vertically-oriented nanotube arrays obtained via anodization in a fluorinated based
electrolyte. This method allows for the self assembly of precisely controlled nanostructures that
are free standing, forgoing the need for a template such as anodic aluminum oxide (AAO).

For over a decade, the anodization parameters to achieve nanotubular architectures of
titania have been investigated. Parameters such as anodization potential, time, and electrolyte
composition distinctly affect the nanotube morphologies. The initial report of TiO, nanotube
arrays came in 2001 when Gong et al. developed 500 nm length nanotubes that were grown in
an aqueous HF-based electrolyte.'® See Figure 5 for corresponding FESEM images and Figure
6 for a schematic representation, indicating that the barrier layer grows in thickness as the metal
layer is etched. They used a two-electrode electrochemical cell containing 0.5 — 3.5 wt% HF
with applied potential between 3 and 20 V. However, due to HF’s dissociation constant of
Ko =3.5x10" [pKq = - logKy = 3.5], at pH < 3.45, a large amount of free HF exists near the
anode where it is generated. This resulted in a rapid rate of oxide dissolution and short
nanotubes. They were motivated to achieve longer nanotube lengths by modifying the
electrolyte composition, and were successful with the incorporation of an aqueous buffer. By
controlling the pH, they decreased the oxide chemical dissolution rate, resulting in enhanced
tube lengths. They also found that reducing the anodization temperature to near freezing
yielded a doubled tube length. Subsequent studies indicated that nanotube growth benefits from

mildly reducing conditions in the electrolyte.
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Figure 5. FESEM images showing top-view and cross-section of TiO, nanotube arrays fabricated in 0.5 wt% HF aqueous
electrolyte at 20 V for 20 min.'?
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Self-standing
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Figure 6. Schematic representation of a generic metal oxide nanoporous array structure obtained via potentiostatic
s .10
anodization.

In comparison to aqueous electrolytes, the donation of oxygen is more difficult in organic
electrolytes, thus organic electrolytes are more reducing compared to a purely aqueous

electrolyte.” Due to this fact, successful anodization techniques were further developed by
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using non-aqueous polar organic electrolytes such as formamide (FA), N-methylformamide
(NMF), dimethyl sulfoxide (DMSO), and ethylene glycol (EG), in combination with a fluoride-
bearing species, such as HF, NH4F, and/or KF. The inclusion of water is also an essential
element for nanotube growth in organic electrolytes. Water must be present because it easily
dissociates to donate free oxygen that assists in the oxide growth. However, achieving long
nanotube arrays requires the water content to be less than ~5%, in which case the chemical
dissolution of the oxide is minimized and optimal growth rates can be sustained.’

In 2005, Ruan et al. used a mixture of DMSO and HF to fabricate TiO, nanotube arrays
of 2.3 mm length.”® They used a DMSO — 4% HF electrolyte at a potential of 20 V for 70 hrs at
room temperature. In 2007, Yoriya et al. improved the length by a factor of 50, by using a
DMSO - 2% HF electrolyte at 60 V for 70 hrs. For a given pore diameter and wall thickness, the
internal surface area increases almost linearly with tube length. This increase in tube length
resulted in a surface area per geometric area (geometric roughness factor) of ~3475.%

Mor et al. proposed a mechanism for the anodic formation of TiO, nanotubes in acidified
electrolytes based on their observation of the anodization process on aqueous-based HF
electrolytes.?” They determined that the chemical dissolution of titania in the HF electrolyte is a
key factor in the formation of nanotubes over simpler nanoporous structures. The dissolution
must be high enough to penetrate pore bottoms and facilitate nanotube lengthening; however
the chemical dissolution also must be low enough so that it does not etch away the nanotube
walls.

They concluded that the key processes to nanotube formation use the following
mechanism:’

(@ Oxide growth at the surface of the metal due to interaction of the metal with O

or OH" ions and migration of these anions through the oxide layer after formation

of the initial oxide layer.
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(i) Ejection of the Ti** cations from the Ti — TiO, interface and the migration of these
cations through the oxide toward the oxide-electrolyte interface.

(iii) The Ti— O bond is weakened due to polarization from the applied electric field,
resulting in the dissolution of metal cations. Ti** cations migrate toward solution
and O? anions migrate to the metal surface.

(iv) Chemical dissolution of Ti and TiO; in the acidic electrolyte, critical for the self-
organized formation of nanotube arrays. Reduction of the oxide barrier layer
keeps the electrochemical processes active.

The overall reaction for the anodization of titanium, immediately following the onset of

anodization, can be represented by Equation 1.:
Ti+2H,0 2TiO, +4H" @

The oxide layer undergoes pitting due to localized dissolution of the oxide from the F-
ions. The barrier layer at the pottom of the pits is kept thin, increasing the electric-field intensity
across the remaining barrier layer, further driving pore growth.

These processes can be represented by examining the current density during
anodization, such as the schematic in Figure 4. Initially, the formation of the thin insulating
barrier oxide layer is indicated by a drop in the current density, since the oxide layer inhibits
conduction relative to the metal (Figure 4-1). The current flow then transitions from all-electronic
to all-ionic as the barrier layer is formed. At this point the fluoride ions cause pitting on the
surface, acting as pore nucleation sites (Figure 4-11). The reduced oxide layer thickness during
this time indicates an increase in the current density (Figure 4-1ll). The current maximum
corresponds to when the pore density reaches saturation. After saturation of pore density, the
steady-state is reached where nanotube growth is stable (Figure 4-1V). This may be indicated by
an unchanging current density, or a linearly increasing or decreasing current density, depending
on the electrolyte composition. Figure 7 indicates the current-time behavior during the first

30 mins of anodization of Ti in an EG — NH,F — H,O electrolyte, while varying voltage.
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Figure 7. Voltage-dependent time-current behavior during the first 30 minutes of anodization of Ti in an 0.3 wt% NH,F,
2 vol% H,0 in ethylene glycol electrolyte.7

2.3 Anodization of Other Metals

Following from the pioneering studies of anodic growth of AAO and TiO,, similar systems

since have been explored with other metals, with varying degrees of success.

2.3.1 Iron Oxide

Iron (Ill) oxide (Fe,O3) is a widely available non-toxic material with a visible spectrum
bandgap,? therefore giving the material considerable interest for achieving cost-efficient and
durable photoelectrochemical cells. Many attempts have been made to fabricate ordered
nanostructures of iron (lll) oxide. In 2005, Duret et al. have achieved photocurrents in the mA
range under AM 1.5 solar illumination. Via ultrasonic spray pyrolysis, mesoporous haematite
thin films consisting of 5-10nm thick nanoleaflets were fabricated.”* In 2006, Gratzel et al.
fabricated silicon-doped a-Fe,0; photoanodes,” while Ingler et al. recently reported an a-Fe,O;

based self-biased photoelectrochemical cell.?®

18



However novel these studies were, none took advantage of the self-aligning methods of
anodization without the use of a template. Building upon prior expertise in the fabrication of
highly ordered titania nanotube arrays, Prakasam et al. reported on the synthesis of self-aligned
nanoporous iron (Ill) oxide nanostructures via anodization. Electrochemical oxidation of an Fe
foil was performed to achieve a nanoporous film. Subsequently, the amorphous film was
annealed to form crystalline haematite, which is a thermodynamically stable crystallographic
phase of Fe,O3 that is abundant, stable, non-toxic and contains a band gap in the visible region
of the UV spectrum.

In this study, glycerol was used as the electrolytic medium due to its lower diffusion
coefficient working to prevent acidification at the oxide-electrolyte interface. Highly self-
organized nanopores were observed in an electrolyte containing 1% HF + 0.5% ammonium
fluoride (NH4F) + 0.2% nitric acid (HNO3) in glycerol at 10°C. Figure 8 shows FESEM images of
this synthesis over three voltages, indicating increased porosity with increased voltage. Pore
size measured approximately 50 nm at 40 V, 100 nm at 60 V, and 150 nm at 90 V. Below 25 V
the formed oxide surface layer exhibited no porosity.

The system also appeared to be very sensitive to temperature. Samples anodized below
5°C did not exhibit pore formation, even after anodization for over 2 hrs. Samples anodized
above 15°C gave way to a porous structure but with much lower pore density. For sample
conditions that resulted in a nanoporous surface, continuing anodization for prolonged times did
not result in enhanced porosity and in many cases destroyed the nanoporous structure that
would have resulted from a shorter anodization time. Figures 9(b,c) show FESEM images
depicting the change in nanoporosity of the surface between 30 min and 1 hr anodization times.
Figure 9(a) indicates the current-time behavior of the anodization process for the glycerol-based
bath, which is notably different than for example, the anodization of Ti in NH4F — EG (which is
known to produce nanotubes). The characteristic minimum in the current density profile is
missing; rather the current drops to a minimum value and does not subsequently increase,

19



which would be characteristic of stable pore formation and nanotube growth. Hence no

nanotubes are achieved under these anodization conditions.
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Figure 9. (a) Current-time behavior during potentiostatic anodization of Fe foil at 10°C in nitric acid (HNO;), ammonium
fluoride (NH4F), hydrofluoric acid (HF) in glycerol at 40, 60, and 90 V (b) FESEM image of the sample after 30 min anodization
(c) FESEM image of sample after 1 h anodization in the same electrolyte.10

Prakasam concluded that the anodization bath temperature and NH4F concentration
were the two primary parameters responsible for controlling the sample morphology. It was
observed that at 4°C (a temperature outside the range for porous surface at 0.5% NH4F),
doubling the concentration of NH,F to 1% increased the rate of oxidation and field assisted
dissolution, enabling well-defined pores. Furthermore, the effects of temperature (for the same
acid concentration) indicate that the field-assisted dissolution is a thermally assisted process, in

agreement with anodic growth of alumina.
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2.3.2 Tantalum Oxide

Tantalum oxide is another material that has received considerable attention in the
literature for its applications in use as a protective material, catalyst, capacitor, resistor, and
optical device, as well as in biomedical applications.?” Anodization of tantalum has been widely
studied in a variety of electrolytes, but yielding nanoporous films,?® nanodots,?® nanodimples,*®
and hollow spheres.®* Only recently has its ability to form nanotubes via anodization been
discovered. In 2008, Allam et al. developed nanotube arrays using an electrolyte bath
containing HF and H,S0,.%” In volumetric ratios of 1:9 and 2:8, anodization at 10 — 20 V resulted
in ordered a nanodimpled surface with 40 — 55 nm pore diameter.

The addition of 5 — 10% of either EG or DMSO to the HF — H,SO, bath resulted in the
formation of Ta,Os nanotube arrays up to ~20 pm thick.”” However, they found that the
concentrated HF solution induced a violent electrochemical reaction, leading to the separation
of the nanotube arrays from the underlying substrate in as little as 120 s.*? It is believed that the
interfacial stress between the oxide film and the substrate metal layer was the cause.®®
Therefore in subsequent experiments, 85% of the HF solution was replaced with deionized H,O,
allowing the anodization reaction to be readily controlled over several hours.

Figure 10 shows FESEM images of anodization at 15 V for 30 min, and indicates that
the nanotubes have an average outer diameter of 45 nm and an average length of 6 pm.*
Furthermore, the nanotube arrays were very stable and homogeneous, resulting from the
addition of H,O to the electrolyte bath. Figure 11(a) indicates that the nanotube length increased
with increasing applied voltage, for both EG and DMSO additives. Figure 11(b) shows the
current-time behavior, illustrating the dip-rise-gradual fall profile indicative of nanotube

formation, in agreement with Ti in aqueous or organic fluorine-containing solutions.
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Figure 10. FESEM images of Ta,05; nanotube arrays anodized at 15 V for 30 min (a) top image (b) bottom surface (c-d) cross
section views.”’
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Figure 11. (a) Variation of nanotube length as a function of anodization voltage for samples fabricated in the presence of EG
and DMSO. (b) Anodization current-time response of Ta samples anodized in different electrolytes.27

Feng et al.*?

were then able to anneal the Ta,Os nanotube arrays in ammonia at 700°C
for 10 h in order to convert to TasNs composition. Tantalum nitride has a band gap of
approximately 2.07 eV, making more than 45% of the incident solar spectrum energy available

for solar energy conversion. The stability of the film combined with these physical properties
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make tantalum nitride an attractive candidate for applications in water splitting and solar

generation of hydrogen via water photoelectrolysis.

2.4 Copper Oxide Nanoarchitectures

2.4.1 Copper Oxide Properties

Copper oxide exists as either copper (ll) oxide, CuO, or copper (I) oxide, Cu,0O. It is an
attractive material to research for a number of reasons, including its diverse range of potential
applications, non-toxic nature, abundance of starting material (copper), and relatively cheap
processing. In either form, it exists as a non-stoichiometric p-type semiconductor, with a direct
band gap of 2.17 eV for Cu,0, and 1.2 eV for CuO.* Therefore copper oxide has become a
highly desirable material for use in solar energy conversion applications such as CuO and
Cu,O-based solar cells. In addition, Cu,O’s conduction and valence bands are located near the
reduction and oxidation potentials of water, respectively, which enables Cu,O to produce
hydrogen by direct water photolysis with little or no external bias.

However, the absorption profile of copper oxide in the visible range is rather weak,
implying that for a flat copper oxide electrode under solar illumination, a significant fraction of
charge carriers will be generated in the bulk of the oxide and lost in recombination.®* This
problem can be overcome by utilizing an oxide layer with porous nanoarchitecture that has been
proven for other materials, such as GaP and SiC.***" In such porous structures, all charge
carriers are photogenerated within a small distance of the semiconductor — electrolyte interface,
and charge carrier separation will be more efficient. In addition, multiple light scattering in a
porous structure enhances the effective absorption. Due to the motivation of this research being

the maximization of efficiency of visible light harvesting, the focus of this thesis has been to
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utilize copper oxide with as low a band gap as possible, while retaining semiconductor
properties; therefore production of CuO is of greatest interest.
CuO belongs to the monoclinic crystal system, with a crystallographic point group of Cy.

Its lattice parameters are given in Table 1 below, and the unit cell is depicted in Figure 12.%®

Table 1. CuO monoclinic crystal lattice constants

a 4.6837 A
b 3.4226 A
c 5.1288 A
a 90°

B 99.54°
Y 90°

N @~

Figure 12. CuO unit cell indicating the copper atom coordinated by four oxygen atoms in approximately a square planar
configuration.38

2.4.2 Nanostructured Copper Oxide Literature

The literature available for the synthesis of nanostructured copper oxide thin films is
abundant for a variety of experimental techniques, but remains largely unsuccessful for anodic

oxidation on metallic copper substrate. Since the 1970s, CuO/Cu,O has been a material of
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interest for photovoltaics applications and potential use as a p-type semiconductor.®® However it
has not been used in any major device applications. It has proven a difficult task to isolate either
CuO or Cu,0; usually a mix of the two is produced.

Thermal oxidation is the most widely used method of obtaining copper oxide for the
fabrication of solar cells. Resistivities of polycrystalline copper oxide lower than 100 Q-cm have
been reproducibly obtained. The procedure involves the oxidation of pure copper at an elevated
temperature (> 1000°C). The length of this oxidation will determine the thickness of the oxide
layer, and the oxidation step is followed by annealing the sample at 500°C and quenching in
cold water.* This method is well-documented, but does not allow for the fabrication of a high
surface area and high aspect ratio film, and generally results in thicker films. The high
temperature processes usually limit the control of fine interfacial features of the oxide films,
which significantly affect the optical and photoelectrochemical properties of the resulting oxide.*

Reactive sputtering is a process in which thin (< 1um), uniform, and low resistive films
can be obtained. For the interested reader, Drobny and Pulfrey have detailed an experimental
study on the electrical and optical properties of reactively sputtered Cu,O films.** They
conducted both dc and rf sputtering of copper in an oxygen-argon mix, and they discovered that
the resistivity of the copper oxide thin film could readily be controlled by simply varying the
oxygen partial pressure.

Electrodeposition has been an attractive method for producing copper oxide thin films at
atmospheric temperature and pressure, simplifying the synthesis process. Using this method,
amorphous films are deposited, and annealing in oxygen above certain temperatures achieves
crystallinity. Cu,O films have been reported to be electrodeposited by cathodic reduction of an
alkaline lactate solution on copper substrate. The properties of electrodeposited films are similar
to those of thermal oxidation, however they suffer a comparatively high resistivity (10* — 10° Q-

cm) due to a higher density of defect states.
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4243 and colloidal methods**** have also been reported in the

Template assembly
literature for copper oxide nanoarchitectures. However, these methods make it difficult to
assemble the resulting architectures on conductive substrates, which is necessary for device
integration. These methods also leave the nanomaterials prone to aggregation when the
templates are etched away.

In contrast, anodization of metals including copper can be considered as an alternate
route, as it is a commonly developed surface treatment process used to grow a variety of
nanoarchitectures on many metals that are already being used in a range of applications.
Preparation of copper oxide using this method would overcome a number of the problems
outlined with the other synthesis methods. Most notably, some advantages include the
possibility of working at or near room temperature, as well as having a natural and efficient
metal back contact integrated into the device, without need for further modification.

In the early 1980s a few reports of anodic oxidation of copper were reported,*®*’ but
were not considered reliable due to the presence of produced compounds other than copper
oxide and copper. X-ray diffraction and photoresponse studies indicated the presence of
materials with higher band gap than Cu,O (2.17 eV) were produced, limiting their usefulness.
Interest in anodic oxidation of copper then waned.

During the last decade, the interest in electrodeposited copper oxide thin films has been
revived. In 2009, Patake et al. deposited porous, amorphous copper oxide thin films onto a steel
substrate at room temperature using an alkaline sulfate bath for supercapacitor applications.*®
Copper oxide was cathodically deposited in 0.05 M copper sulfate solution. The copper sulfate
solution was complexed with 0.05 M citric acid and and the pH of the bath was kept at 9 by
adding 1M NaOH. They found the cyclic voltammetry curves were symmetric in nature and an
increase in capacitance was correlated to an increase in the film thickness. Figure 13 gives

SEM images of the resulting copper oxide thin films.
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Figure 13. SEM images of copper oxide thin film (a) 1,000x magnification (b) 20,000x magnification.48

Even more recently, Wan et al. demonstrated controlled dendrite growth of Cu,O using
electrodeposition.*® Different dendrite morphologies were formed on F-doped tin oxide (FTO)
covered glass substrates by potentiostatic deposition of cupric acetate. By varying the pH of the
electrolyte, they were able to affect the lateral and vertical growth of the dendrites. However the
size of these dendrites is on the order of 2 -5 pum, much too large to be considered
nanofeatures. Furthermore, dendrites of this feature size do little to improve the surface area to
an appreciable extent.

A chemical wet-etch process was utilized by Zhang et al. to prepare CuO nanobelts with
high surface area and small crystal grains.*®® In their synthesis, 0.3 M ammonia was added to
Cu(NO:s), dissolved in H,O under constant stirring. Cu(OH), precipitates were formed, and were
sealed in an autoclave at 60°C for 4 hrs to achieve CuO nanobelts. These nanobelts were
mixed with carbon nanotubes in an appropriate ratio to fabricate pseudocapacitor electrodes
with stable cycling performances. These electrodes showed a much higher specific capacitance
compared to pure single-walled carbon nanotube films and exhibited more stable cycling
performance as well. Figure 14 shows TEM and high resolution TEM images of the nanobelts

fabricated.
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Figure 14. (a) TEM and (b) HRTEM images of as-prepared CuO nanobelts with a diameter of 5-10nm and lengths of up to
several micrometers. *°

In 2007, Singh et al. achieved growth of different nanostructures (nanowires,
nanothreads, nanocubes) by anodic oxidation of copper through a simple electrolysis process.!
They employed water (with ionic conductivity ~6 uS/m) as an electrolyte, with no special
electrolytes, surfactants or chemicals needed, and using platinum as the counter electrode.
They found that both anodization potential and time influenced the morphology of the
nanostructures. Nanothreads were formed at 6 V during 15— 30 mins anodization, while
extending the anodization to 45 — 60 mins led to nanowires. Figure 15 shows TEM images of a
typical sample anodized at 2, 4, 8 and 10 V, respectively.

Although the produced nanostructures enhanced surface area and aspect ratio, this
technique had its drawbacks as well. The nanostructures were largely unstable on the copper
substrate. The nanothreads and nanowires were only found in solution, whereas only
nanocubes remained on the copper substrate. In addition, they calculated the optical band gap
of their material to be between 2.61 and 2.69 eV, even larger than the known band gap of Cu,O

(2.17 eV).
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Figure 15. TEM micrographs of the synthesized nanostructures at(a)2V, (b) 4V, (c) 8V, (d) 10 v

Perhaps the closest work to the study of this thesis was reported by La et al. in 2010.%
They fabricated wire-like bundled arrays of copper hydroxide prepared by the electrochemical
anodization of copper foil. This report is novel in that there are no reports detailing the use of
aqueous sodium hydroxide as a base for electrochemical copper anodization. Variations in
NaOH concentration, reaction temperature, anodization time, and current density were used to
establish the relationship between anodization conditions and resulting nanostructure films.
Wire-like orthorhombic Cu(OH), nanobelts with an average width of 100 — 300 nm and length of
10 um were synthesized with the preferential [100] growth direction when using a bath of
1 M NaOH at 20°C, while keeping the current density constant at 2 mA cm? When the
concentration of NaOH was decreased to 0.5 M, the 1-D nanobundle structure became

narrower and longer without and change in composition or crystalline structure. In many cases,

29



the nanostructures were well-adhered to the copper foil surface, in conflict with previous
attempts. However, although it appears the growth direction was preferential in certain cases,
the nanowire bundles did not grow uniformly out from the copper foil, i.e. there was no
perpendicular preference to create self-assembled nanostructures with long-range order. Figure
16 illustrates the randomness of the nanowire bundles obtained for various NaOH concentration

baths.

(C) (D)

Figure 16. SEM images of copper foil anodized in different NaOH concentrations: (a) 0.5 M, (b) 1.0 M, (c) 2.0 M, (d) 4.0 M. All
were generated under the same current density of 2 mA cm™ and reaction time of 600 s at 20°C.”

The above synthesis has also been performed in potassium hydroxide (KOH), and taken
one step further by Wu et al.>® They fabricated Cu(OH), nanoneedle and nanotube arrays in an

aqueous solution of 2 —3.5 M KOH at a constant current density of 1.5 mA cm™. They varied
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temperature between 2 and 30°C and achieved highly dense nanostructured arrays. At lower
temperatures and lower KOH concentration, Cu(OH), nanoneedle arrays were formed, while at
higher temperatures and higher KOH concentrations, Cu(OH), nanotubes and in small amounts
CuO nanoparticles were formed. They subsequently subjected the Cu(OH), nanoneedle
samples to a heat treatment of 150°C for 3 hrs to complete dehydration to convert to CuO, and
then again to 200°C for another 3 hrs (under nitrogen) to promote crystallization of CuO. Figure

17 shows SEM images of several samples at increasing time intervals.

Figure 17. SEM images of as-prepared Cu(OH), nanoneedles deposited at a constant current density of 2 mA em? in
2.0 M KOH solution for different deposition times (a) 300 s, (b) 500 s, insert contains magnified view; (c) 1000, (d) 1500 s.
T=28+2°C.”

2.4.3 Potential — pH Relationship

A critical parameter when considering anodic oxidation of metals is the pH of the
electrolyte bath. From thermodynamic data, a relationship between pH and applied potential can

generate a valuable guideline in determining the evolution of the thin film at the electrolyte —
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metal interface. This relationship between pH and potential is known as a Pourbaix diagram. For
example, titanium is thermodynamically reactive; however it is very corrosion resistant because
of a highly stable passive film formed at all pH in oxidizing potentials.® This is shown
schematically in Figure 18 for the Ti — H,O system at 25°C. Throughout most of the pH range
(except at the extremes), a stable TiO, layer is thermodynamically favorable to form. This fact
makes titania a robust and versatile material for use in anodization in a wide range of electrolyte

compositions and conditions.

Ti0, - 2H,0

HTiO;

HTiO

Ti(OH );

Figure 18. Pourbaix diagram of Titanium — H,0 system at 25°c.’
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Figure 19. Pourbaix diagram of Copper — H,0 system at 25°Cc.>
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Figure 19 shows the Pourbaix diagram for the Cu — H,O system at room temperature.
Region 1 of Figure 19 represents the acidic pH and impressed anodic potential. In this region,
ionic dissolution of copper dominates, and there is no surface layer formed on the copper.> For
this reason, continuous dissolution leads to severe pitting and a loss in surface planarity. Recall
from Section 2.1 that pitting is a prerequisite to nanotube formation. However this process must
be in balance with competing electrochemical processes so that pitting leads to systematic,
ordered oxide layer growth and not just continuous corrosion of the Cu surface.

Region 2 of Figure 19 indicates the neutral and alkaline pH and impressed anodic
potential. With the increased pH, the mass transfer of metal ions into solution is limited by the
solubility of the metal interface.> At this point, concentrated ions accumulate at the surface,
forming the passive surface layer. Thus in this pH range of approximately 5 — 13, copper is
oxidized. Note that this region for copper oxide is narrower than that of titania formation.

Region 4 indicates a narrow band where a small applied potential (either anodic or
cathodic) generates Cu,0 instead of CuO. This is one reason why it is difficult to obtain pure
CuO or Cu,0 as a product of anodization, rather a mix of the two is often found in practice.
Region 3 indicates the applied cathodic potential, where there is no oxidation activity and
metallic copper is the dominating species.

It is important to reinforce that the data for these Pourbaix diagrams are normally
collected in aqueous media, where it is easy to accurately monitor the pH. A great deal of work,
on copper, titanium, or otherwise, including this thesis, is concerned with anodization in organic

media; hence the Pourbaix diagram can only be taken as a guideline and not as an absolute