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Abstract

Self-organized nanoporous materials have drawn a lot of attention because the uniform,
highly dense, and ordered cylindrical nanopores in these materials provide a unique platform for
chemical separations and chemical sensing applications. Here, we explore self-organized
nanopores of PS-b-PMMA diblock copolymer thin films and anodic gallium oxide for chemical
separations and sensing applications.

In the first study, cyclic voltammograms of cytochrome ¢ on recessed nanodisk-array
electrodes (RNEs) based on nanoporous films (11, 14 or 24 nm in average pore diameter; 30 nm
thick) derived from polystyrene-poly(methylmethacrylate) diblock copolymers were measured.
The faradic current of cytochrome ¢ was observed on RNEs, indicating the penetration of
cytochrome ¢ (hydrodynamic diameter = 4 nm) through the nanopores to the underlying
electrodes. Compared to the 24-nm pores, the diffusion of cytochrome ¢ molecules through the
11- and 14-nm pores suffered significantly larger hindrance. The results reported in this study
will provide guidance in designing RNEs for size-based chemical sensing and also for controlled
immobilization of biomolecules within nanoporous media for biosensors and bioreactors.

In another study, conditions for the formation of self-organized nanopores of a metal
oxide film were investigated. Self-organized nanopores aligned perpendicular to the film surface
were obtained upon anodization of gallium films in ice-cooled 4 and 6 M aqueous H,SO4 at 10 V
and 15 V. The average pore diameter was in the range of 18 ~ 40 nm, and the anodic gallium
oxide was ca. 2 um thick. In addition, anodic formation of self-organized nanopores was
demonstrated for a solid gallium monolith incorporated at the end of a glass capillary.
Nanoporous anodic oxide monoliths formed from a fusible metal will lead to future development
of unique devices for chemical sensing and catalysis.

In the final study, surface chemical property of self-organized nanoporous anodic gallium
oxide is explored through potentiometric measurements. The nanoporous anodic and barrier
layer gallium oxide structures showed slow potentiometric response only at acidic pH (< 4), in
contrast to metallic gallium substrates that exhibited a positive potentiometric response to H"
over the pH range examined (3-10). The potentiometric response at acidic pH probably reflects

some chemical processes between gallium oxide and HCI.
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10 V in 4 M H,SOy4 for 2 hours. The cross-sectional view of this sample is shown in Figure

Figure 4.5 (a) EDX spectrum measured on a planar gallium film anodized at 10 V with 4 M
H,SO4 for one hour. The surface morphology is shown in Figure 4.3abc. (b) EDX
spectrum measured on a planar gallium film anodized at 1 V with 4 M H,SO;, for 2 hours.
The surface morphology is shown in Figure 4.6Cd..........cccceevviiiiiiiiieniiieciee e 89

Figure 4.6 SEM images of planar gallium films on Si substrates before anodization (a,b); after
anodization in 4 M H,SO4 at 1 V (c,d); 5 V (e,f); and 15 V (g,h). The i~ curves for the
latter three samples are Shown in Figure 1.........coooviieiiiiniiiiiiiiecce e 90

Figure 4.7 (a) Typical current—time (i—¢) curves for anodization of planar gallium films on Si
substrates at 10 V in aqueous H,SOy4 solutions of different concentrations. The geometrical
area used were those defined by the O-ring (0.80 cm in diameter). Note that the curve at 4
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Figure 4.8 SEM images of planar gallium films on Si substrates after anodization at 10 V in (a,b)
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Figure 5.1 Potentiometric time courses for self-organized nanoporous gallium oxide substrate
that were anodized at 10 V in (a) 4 M H,SOy, and (b) 6 M H,SO4. The supporting
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Chapter 1 - Introduction

This dissertation describes the fabrication and characterization of self-organized
nanoporous materials made up of polystyrene-poly(methylmethacrylate) (PS-6-PMMA) diblock
copolymer as well as anodic gallium oxide. The self-organized, uniform, cylinder-shaped
nanopores in these materials offer unique advantages for chemical separations and sensing
applications as explained in this dissertation.

In this chapter, first of all the objectives and motivation for carrying out the studies
described in this dissertation will be explained. This will be followed by background/literature
review section that provides an overview of the self-organized nanoporous materials. In
particular, those nanoporous materials that have been used in the studies described in this
dissertation i.e. block copolymers and anodic metal oxides, will be discussed. In this dissertation,
metallic gallium has been used to form anodic gallium oxide. So, the properties of gallium and
its electrochemistry will be briefly described. The surface chemical properties of nanoporous
anodic gallium oxide have been studies using potentiometric measurements. Thus, literature
review on potentiometric studies performed on metal oxides will be presented. The chapter

concludes with an outline of the dissertation.

1.1 Objectives and Motivation

Self-organized nanoporous materials with uniform cylindrical pores are attractive
candidates for various applications. This dissertation aims to understand the properties of self-
organized nanoporous materials based on block copolymers (BCP) and anodic metal oxides. The
studies described in this dissertation utilizes the cylindrical nanopores obtained from these
materials for analytical applications: size-exclusion properties of block copolymer derived
nanopores make them a candidate for size-based chemical sensing, while capillary incorporated
anodic gallium oxide has been used as a sensor material.

Block copolymer derived polystyrene-poly(methylmethacrylate) nanoporous membranes
were used to study the diffusion of a protein molecule, cytochrome ¢ via electrochemical

methods. It was found that smaller nanopores provide steric hindrance to the diffusion of



cytochrome ¢ molecules. The results hinted that these block copolymer based membranes could
be used for size and charge based separation of the analytes. However, it has to be noted that in
order to utilize these membranes for separation, they have to be either made as a free-standing
membrane or used in conjunction with a porous solid support. The preparation of these
membranes as free-standing monolith was attempted inside the narrower end of a silica capillary.
Unfortunately, cracks in these monoliths were observed possibly due to the shrinkage of the
polymer. This led us to try an alternative approach.

It has been reported in literature that anodic oxidation of valve metals in acidic
electrolyte solution lead to the formation of self-organized nanopores. Self-organized nanopores
of anodic alumina have been extensively studied for a very long time. Gallium and aluminum
belong to the same group of the periodic table and thus we hypothesized that anodization of
gallium in acidic electrolytes should form self-organized nanoporous structure. Indeed, we have
verified our hypothesis and confirmed that gallium could be anodized to form self-organized
nanoporous structures.

Gallium is a fusible metal with a very low melting point (29.7 °C). Therefore, it can be
incorporated inside a silica capillary. The density of gallium and gallium oxide is very similar.
Thus nanoporous anodic gallium oxide incorporated inside a silica capillary should suffer from
no leaks or cracks. Indeed, we have demonstrated that capillary incorporated gallium could be
anodized to form self-organized nanoporous structures. In order to utilize these monoliths for
separation purpose, it is necessary to prepare an anodic gallium oxide monolith containing
nanopores that bridge the two fluidic spaces. So far, we have not been able to prepare such a
monolith. We are looking for ways to remove the barrier oxide and the metallic layers present at
the other side of the capillary.

The surface chemical property of the nanoporous anodic gallium oxide successfully
prepared via anodic oxidation has been studied by potentiometry. Specifically, pH-dependent
potentiometric responses with the nanoporous anodic gallium oxide monoliths have been
measured in a supporting electrolyte of 0.01 M LiCl by adjusting the pH with HCI or LiOH
solution containing 0.01 M LiCl. The nanoporous anodic gallium oxide structures showed slow
potentiometric response only at acidic pH (< 4). If the surface chemical properties as well as
material properties of these nanoporous gallium oxide are well understood, they can be

efficiently used for applications such as sensors and catalysts.



1.2 Background/Literature review

1.2.1 Self-Organized Nanoporous Materials

Self-organized nanoporous materials are interesting materials. They have been used for
many applications such as membrane filtration, or as a template for synthesis of other
nanostructured materials. The research involving these self-organized materials has developed
around two focus areas. The fabrication and characterization of these materials as well
understanding the mechanism of their formation constitute the first area, while the second area
addresses possible applications of these materials. Nanoporous materials based on anodic metal
oxides, track-etched polycarbonate membranes, block copolymers, sol-gel precursor derived
materials, and zeolites are some of the types of these materials that have been explored. In the
following section, BCP based nanoporous materials will be discussed. A brief history of BCP
derived materials will be presented and polystyrene-poly(methylmethacrylate) block copolymer
thin films will be introduced. The preceding section will discuss the anodic oxide based

nanoporous materials.

1.2.2 Block-copolymer based nanoporous materials

Block copolymers comprise two or more homopolymer subunits linked via a covalent
bond. Nanoporous membranes fabricated from BCPs have a higher pore density and a narrow
pore size distribution, compared to track-etch polycarbonate membrane. Also, their pore size can
be easily tuned by choosing an appropriate molecular weight. Block-copolymer based
nanoporous materials are interesting materials because they can be used as lithographic masks,'
as templates for nanomaterials synthesis,” for electrophoretic deposition of nanoparticles,® and
for virus filtration.” A block copolymer molecule contains two or more polymer chains attached
at their ends. The microphase separation of block copolymer leads to nanoscale-ordered
morphologies. The phase behavior of block copolymer melts is explained in a phase diagram in
terms of yN and f'as shown in Figure 1.1.° Here fis the volume fraction of one block, y is the
Flory-Higgins interaction parameter, which reflects the interaction energy between different

segments and N is the degree of polymerization. When the product yN exceeds a critical value



1.e. (YN)opr (ODT = order-disorder transition), the block copolymer microphase separates into a

periodically ordered structure, with a length scale of ~5-500 nm.
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Figure 1.1 The phase diagram of a diblock copolymer. (Reproduced from ref. 8 by
permission of Elsevier B.V. Copyright © 2004.)

As shown in the phase diagram in Figure 1.1, the structure is disordered below (yN)opr.
Whenever (yN)opr is reached or exceeded depending upon the volume fraction, different
periodically ordered structures such as body-centered cubic, hexagonal, gyroid or lamellae are
obtained. For the diblock copolymer PS-6-PMMA used in this dissertation, volume fraction of
0.3 for PMMA was used. The molecular weight of the polymers used gives a value for the yN
parameter that is above the ODT so that hexagonally ordered cylinders of PMMA in the matrix

of PS were obtained as shown by an “asterisk” in the phase diagram itself.



1.2.2.1 Fabrication of block-copolymer thin films

Block copolymer thin films can be prepared by spin-coating technique, where drops of a
solution of the polymer in a volatile organic solvent are deposited on a spinning solid substrate.
The polymer films spread by centrifugal forces and the volatile solvent is rapidly driven off.
When carefully prepared, this method can give films with a low surface roughness over areas as
large as square millimeters. The film thickness can be controlled through the spin speed,
concentration of block copolymer solution or the volatility of the solvent. Dip coating is another
method for fabricating thin films. However, the spin-coating technique was used to prepare the

samples used in this dissertation for advantages aforementioned.

1.2.2.2 Characterization of block-copolymer thin films

The film thickness of the block-copolymer thin films can be estimated by either
ellipsometry or profilometry. Their surface morphology can be investigated by atomic force
microscopy (AFM). Sometimes, islands and holes can have dimensions of micrometers and
consequently may be observed using optical microscopy. Suitably etched or sectioned samples

can be examined by transmission electron microscopy.

1.2.3 Brief history of block copolymers

BCPs are hybrid macromolecules which phase separate into nanodomains in the matrix of
bulk segment due to incompatibility of the monomeric segments. Using a triblock copolymer,
Lee at al. in 1988 for the first time demonstrated the fabrication of block copolymer derived
porous membranes.’ Their triblock copolymer; poly (4-vinylphenyl-dimethyl-2-propoxysilane)-
b-polyisoprene-b-poly (4-vinylphenyl-dimethyl-2-propoxysilane) (PPS-PI-PPS) film, showed
formation of a lamellar morphology. After degrading the minor PI component via ozonolysis
followed by methanol treatment, the porous structure was obtained. They used the same triblock
copolymer in another work to form porous structures with different morphologies as verified by
SEM and TEM images.'® The authors were of the opinion that the presence of residual functional
groups could be a potential site for functionalization. These noteworthy works done by Lee at a/
in the area of block copolymer precursors have led to the continual fabrication of nanoporous

11-15

structures. ~~ Nanoporous films derived from block copolymers as a lithographic template

material was first demonstrated by Mansky et al when they succeeded in orienting the cylindrical



domains perpendicular to the underlying substrate.'® The results obtained in their study were
crucial because templating applications require perpendicular domains. Thin films of
polystyrene-polybutadiene (PS-PBD) with vertically oriented PBD domains were prepared and
the PBD component degraded via ozonolysis to generate a well-ordered porous template. Ever
since, research involving the use of the patterns produced by the self-assembly of block
copolymer systems as lithographic templates has flourished.”'*'® Driven by this promising
application and possible new ones, a vast amount of research has been devoted to studying the
self assembly of block copolymers in terms of its chemistry and thermodynamics. In this regard,
it is not surprising that BCPs fall into the category of nanomaterials that are well-explored and

19-23
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documente The majority of such work was driven by the potential applications of block

. . 24 . 2
copolymer derived nanoporous materials as heterogeneous catalysts,”* chemical sensors,”

72627 and lithographic templates for the synthesis of nanomaterials of

6,28,29

separation membranes,
desired size and shapes. In this dissertation, block copolymer derived nanoporous thin films
have been utilized to form a recessed nanodisk electrodes to study the diffusion of cytochrome c

molecule within the nanopores. The diblock copolymer used in this dissertation i.e. PS-b-PMMA

will be briefly discussed in the next section.

1.2.4 PS-b-PMMA thin films

Among block copolymer systems, PS-b-PMMA (Figure 1.2(a)) has been widely used to
fabricate nanostructured materials™®"*** because well-established procedures for selectively
etching the PMMA domains to form the nanoporous structure are already known.'” The self-
assembly of cylinder forming PS-6-PMMA, where the PMMA domains were oriented
perpendicular to an underlying substrate, was first demonstrated by Thurn-Albrecht et al in
2000."” PS-b-PMMA with a PMMA volume fraction of 0.3 was used where PMMA formed the
minor component. Thurn-Albrecht and co-workers demonstrated that nanopores were easily
formed via exposure of the PS-6-PMMA thin films to UV radiation at 254 nm and subsequent
acetic acid treatment to rinse away the degraded PMMA debris. This treatment transformed the
PS-b-PMMA BCP into a nanoporous template with arrays of vertically aligned void cylinders.
PS-PMMA is the only block copolymer system that requires UV radiation to form the
nanoporous structure. Figure 2c shows an AFM image of the surface of a PS-6-PMMA film. The



phase separated PMMA domains shown as dots were induced by annealing at 170 °C. Upon
UV-irradiation and subsequent treatment with acetic acid, the PMMA domains could be removed
to give a nanoporous film as shown in figure 2d. For PS-b-PMMA film, degradation of PMMA
and crosslinking of the PS occur in a single exposure step making the resulting PS matrix

mechanically and chemically stable.

(2)

(b) PMMA

Removal of
PMMA domains

Polystyrene-poly(methylmethacrylate)
PS-b-PMMA

Figure 1.2 (a) Chemical structure of a PS-b-PMMA diblock copolymer. (b) Schematic of a
PS-b-PMMA phase separated block copolymer film with cylindrical PMMA domains
before and after the removal of PMMA. AFM images of (c) annealed PS-b-PMMA film
showing the PMMA domains as dots and (d) nanoporous film formed by the degradation of
the PMMA domain upon UV irradiation and subsequent acetic acid treatment.

(Reproduced from ref. 32 by permission of American Chemical Society, Copyright © 2007.)

In addition to demonstrating the vertical alignment of cylinder forming PS-6-PMMA,
Thurn-Albrecht et al also showed the use of vertically-aligned PS-b-PMMA as a nanoporous
template for the fabrication of cobalt nanowires.” The nanowires grown within the templates had
dimensions of the void cylindrical domains in the template: length of 500 nm and diameter of 14
nm.” Kim et al. from the same group also showed that silicon dioxide pillars, having a height of
6 nm and a diameter of 20 nm could be grown inside thin nanoporous PS-b-PMMA templates.4

Guarini et al. demonstrated the deposition of gold nanodot arrays onto a nanoporous PS-b-



PMMA block copolymer template.! Thus, the use of PS-5-PMMA block copolymers as template
materials allowed the synthesis of various nanomaterials. These pioneering studies with PS-b-
PMMA system spurred interest in research to explore new potential for nanoporous PS-b-PMMA
block copolymer thin films other than its use as nanolithographic templates.

PS-b6-PMMA block copolymer films prepared on a solid porous support have also been
used as free-standing membranes for separation and filtration purposes. Yang et al. have reported
the filtration of human rhino virus (HRV) using PS-5-PMMA derived nanoporous membranes.’
HRYV (30 nm in diameter) was trapped by the PS-b-PMMA derived nanopores (~15 nm in
diameter) while smaller protein molecules (bovine serum albumin) could pass through the
nanopores. Kim et al. later developed PS-b-PMMA nanoporous membranes that are
mechanically and chemically more robust. Crosslinking of the PS matrix and mixed nanopore
orientation inside the membrane improved the stability. This avoided the damage of the
membrane by application of pressure (2 bar) or by exposure to acidic, basic and organic
solutions.

PS-b-PMMA derived recessed nanoelectrode array electrodes were fabricated and
characterized previously.®' Jeoung et al. performed cyclic voltammetry to study the penetration
of redox active molecules through the nanopores to the underlying electrode. The surface
chemical properties of the inner walls of the cylindrical nanopores formed in UV treated PS-b-
PMMA derived RNEs was characterized via cyclic voltammetry (CV) and IR in previous

projects conducted by the Ito group.”***

The presence of -COOH groups lining the pore walls
was shown through pH-dependent CV measurements of charged and uncharged redox
molecules.’” In addition, the nanopore surface functionalization via 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide-mediated amidation of the surface -COOH groups was also
demonstrated.” The difference in surface properties of the PS and PMMA domains in the PS-b-
PMMA thin films was studied with chemical force microscopy and the preferential deposition of
ferritin onto the nanoscale PS ridges was observed.> The size exclusion of Ferritin by PS-5-
PMMA derived nanopores was shown using electrochemical measurements.*® Ferritin, which has
a diameter around 12nm, was excluded by pores ~15nm in diameter. This result made us curious
to understand how would an even smaller protein behave within the nanopores? The curiosity led

us to pursue the study of diffusion of cytochrome ¢ within PS-6-PMMA nanopores as described

in chapter 3.



Now that the background for block copolymers and in particular PS-5-PMMA has been
discussed, the attention is diverted to another type of material: the anodic metal oxide based

nanoporous materials. The discussion is as follows.

1.2.5 Anodic metal oxide based nanoporous materials

Anodic metal oxides are formed via an anodization process. Anodization is an
electrolytic passivation process in which a metal; acting as an anode of an electrolytic cell, is
subjected to an electrolytic oxidation in order to coat with a protective or decorative film in the
form of metal oxide. Anodization could be either potentiostatic or galvanostatic: for
potentiostatic anodizing, the anodizing voltage is kept constant and the current density vs. time is
measured, while in case of galvanostatic anodizing, the current density is kept constant and the
anodizing voltage vs. time is measured. The electrolyte composition is the factor that determines
whether the film will be barrier or porous. Barrier oxide grows in neutral electrolytic solutions in
which the metal oxide is hardly soluble, most commonly ammonium borate, phosphate or tartrate
solutions. On the other hand, if acid electrolytes are used, porous oxide grows because oxide not
only grows but also dissolves in acidic electrolytes. The most commonly used acidic electrolyte
is sulfuric acid, while oxalic acid, phosphoric acid are also used.

Anodic metal oxides have diverse applications such as prevention of corrosion of metal

35,36

substrates from its environment,** capacitor dielectrics,”>® templates for synthesis of

37-39

nanomaterials. In addition, they have also been used in many other fields such as optics,

40-43

electronics and catalysis. The best known porous anodic oxide, anodic aluminium oxide

44-47

(AAO), was first reported several decades ago and 1s now commercially available. AAO

membranes are mainly used as filtration membranes.*™*’ They have also been used as template

5152 and nanotubes.>

for synthesis of various nanomaterials such as nanowires,”’ nanoparticles
Porous anodic oxide films have also been achieved on surfaces of many other metals, sometimes
the so-called valve metals, e.g. titanium,5 4,55 hafnium,5 % hiobium,”’ tantalum,® ‘cungsten,59
vanadium,” and zirconium.®' Through the study described in this dissertation in chapter 4, we
have been able to add another name to this list i.e. gallium.

It has been widely accepted that formation of the pores in anodic metal oxides is based on

two continuous processes, one is oxide dissolution at the electrolyte/oxide interface and the other



is oxidation of metal at the oxide/metal interface. In fact, the formation mechanism of these
pores, often hexagonally ordered, is much more complicated than the normal prediction.

Although the formation mechanism, pore ordering, pore size control have been extensively

.62
studied®*
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and many efforts have been made to optimize the anodization conditions for these
films, there is still much work to do in order to fully understand the electrochemical process

during the anodization.

1.2.5.1 Anodic porous alumina

Self-organized anodic porous alumina can be grown by the anodization of aluminum to
form a densely-packed, hexagonal array of cylindrical nanopores as shown in Figure 1.3.
Through the optimization of anodization conditions like electrolyte solution compositions and

applied potentials; the pore diameter, density and wall thickness of anodic alumina can be

controlled.

(=) I e

Figure 1.3 (a) Schematic illustration of a nanoporous anodic alumina film formed on
aluminum substrate. (b) Typical SEM image of the surface of a nanoporous anodic
alumina film. (Reproduced from ref. 73 by permission of The Electrochemical Society,

Copyright © 2001.)

Some of the typical conditions used to obtain anodic porous alumina are summarized in
Table 1.1 as shown below with the types of electrolytes and their concentration, the anodizing

voltages used together with the hexagonal cell size and the appropriate reference.
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Table 1.1 Anodization parameters for various anodizing electrolytes

0.5 M H,SO4 25-27
0.3 M H,C,04 40 100 64,68
0.3 M H3PO4 195 500 69

Following the brief discussion on anodic porous alumina above, the next few sections
will describe the mechanism of nanopore formation, different methods used to improve the pore
ordering (2-step method and the pretexturing method), the kinetics of porous oxide growth and
the dependence of parameters like pore density, pore spacing and pore diameter on anodizing

voltage and electrolyte concentration.

1.2.5.1.1 Mechanisms of Nanoporous Anodic Oxide Formation
The anodic formation of a nanoporous Al,Os layer at acidic pH (Figure 1.4(a)) and that
of a compact barrier-type layer at neutral to basic pH (Figure 1.4(b)) has been previously

70,71
shown.™ (a) (b)
— ]
feounter electrode] | counter electrode
acidic solution basic or neutral solution

oxide growth
—

ALO,

H,O H'
2\3 reaction (2)
01-

Al ALO,

reaction (1)

Figure 1.4 Schematic illustrations of (a) anodic nanoporous layer formation and (b) anodic

compact barrier-type formation. (Drawn after a reference.”)
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It is important to understand the chemical reactions at oxide/metal and solution/oxide
interfaces. It is believed that the anodic oxide layers grow at the oxide/metal and solution/oxide
interfaces by the following anodization reactions:”*

Al,O5 formation at the oxide/metal interface: 2A1 +3 07 ey ALO; + 6¢€” (1)
Al,O5 formation at the solution/oxide interface: 2A1T + 3Hy0 =eeep ALO; + 6H' (2)

When electric field is applied, aluminum at the oxide/metal interface will be oxidized into
A" cations. Some of these cations migrate across the oxide layer and are dissolved into the
electrolyte (in case of porous aluminum oxide) or form oxide at the electrolyte/oxide interface (in
case of a barrier layer aluminum oxide) as shown in Figure 1.4. Some of these cations remain at
the oxide/metal interface, forming Al,O3 with the oxide anions migrated from the
electrolyte/oxide interface. The growth rates of these two interfaces are thus determined by the
mobilities of A" and O within the oxide layer. Because of the larger transport number of 0>
(0.56) than that of A’ (0.44),” an AL,0; layer grows more quickly at the oxide/metal interface.
In the case of nanoporous Al,O; formation, one more chemical process is essential: field-assisted
dissolution of AI’* from the oxide to the solution during anodization (Figure 1.4(a); i.c., the
reverse of reaction (2) as shown above). Acidic conditions (e.g. H,SO4 (0.1 ~ 8 M), H,C,04
(0.03 ~0.9 M), H3POy4 (0.04 ~ 1.1 M)) are required for efficient AP*" dissolution.™

1.2.5.1.2 Long-range pore ordering of anodic porous alumina

In anodic alumina, the degree of the ordering of the pores at the surface is low because
the pores develop randomly at the initial stage of the anodization. However, when anodization is
carried out under predetermined conditions after initiation points have been formed on the
aluminium surface, the ordered pores are formed. The improvement of the ordering of the pores
has been achieved by either the two-step anodization method®*® or the pre-texturing method.”*"
In the two-step anodization method, the porous alumina layer formed after the first anodization
step is dissolved to obtain bottom sections of fine pores as shown in Figure 1.5(a). These fine
pores act as an initiation point during the second anodization step leading to well ordered pores.
On the other hand, the pre-texturing method uses a mould such as SiC single crystal wafer which
has the required mechanical strength and smoothness.” An array of shallow concaves is formed
on aluminum by imprinting the mould, and these concaves serve as initiation sites for the pore

development at the initial stage of the anodization. The anodization of this pre-textured
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aluminum gives anodic porous aluminum with long-range ordered pores. The two-step

anodization method is cost-effective and is generally the preferred method.

Mold

437_

(b)

Figure 1.5 Schematic drawing of the preparation of anodic porous alumina with ideally
ordered pores using (a) two-step anodization and (b) pretexturing method. (Reproduced

from ref. 75 by permission of Springer Science + Business Media, Inc. Copyright © 2005.)

1.2.5.1.3 Pores initiation and porous oxide growth
Several theories exist that explain the porous film growth. Singh et al.”® attributed the
pore initiation and self organization of the porous structures in aluminum oxide films at the
initial stage to the significant elastic stress in the oxide layer. The main element of this theory is
the Butler-Volmer relation’’ describing an exponential dependence of the current on the
overpotential and a dependence of the activation energies of the oxide-electrolyte interfacial
reactions on the Laplace pressure and the elastic stress in the oxide layer. In the case when the

effect of elastic stress is negligible, a weakly nonlinear analysis leads to formation of spatially
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irregular pore arrays that have been observed in experiments. In the case when the effect of
elastic stress in the oxide layer is significant, the instability can transform from a long-wave type
to a short-wave type. A weakly nonlinear analysis of the short-wave instability shows that it
leads to the growth of spatially regular, hexagonally ordered pore arrays.

Vorobyova et al.”® considered distribution of an applied voltage in three main
components of an electrochemical bath system: a growing oxide layer; a Helmholtz layer at
electrolyte/oxide interface; and a Gouy—Chapman space charge layer, which extends to the
quasi-neutral electrolyte region. It is found that the transformation of the Helmholtz layer is due
to self-organization effects in the Gouy—Chapman layer, leading to a growth of highly ordered
pores.

Although the principle of the pore ordering has been investigated extensively,*=*-¢*7¢-7%
% the most commonly accepted model is based on mechanical stress during the oxidation
process.*’®! The ionic density of AP*" in anodic alumina (3.66x10%*/cm’) corresponding to the
weight density of approximately 3.1 g/cm® ** is significantly lower than the atomic density of
aluminum metal of 6.02x10**/cm’. The mechanical stress coming from volume expansion during
oxide formation at the oxide/metal interface could be a possible origin of a repulsive force
between neighboring pores. Jessensky et al.*’ proposed that this repulsive force should be
accounted for the self-organized formation of hexagonal pore arrays. It was also suggested that
neither too large nor too small expansion would result in a long range ordering of the pores. Only
a medium volume expansion of 1.2 times from aluminum to alumina, independent of the specific
anodization conditions, could lead to an ordering.*® In case of anodic gallium oxide described in
chapter 4 in this dissertation, volume expansion of 1.4 times from gallium to gallium oxide
occurs. This value is similar to that for alumina and consequently ordered porous anodic gallium
oxide structures were observed.

Thus, it can be concluded that pore initiation and pore growth in anodic oxide formation
is still a topic of debate. Different theories have been proposed by different research groups and a

common consensus has not been reached. So, this still remains a topic for research and

investigation even today.

1.2.5.1.4 Current-time curves
The current-time curve under the constant potential regime for porous anodic alumina is

discussed in this section. The /-f curves that we obtained for our anodic gallium oxide had a
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similar shape and thus the theory described here is quite useful for the discussion of /-f curves in

chapter 4.

A

P

Current density

=
>

Time
B
Oxide

a b (& d
o - - “

Figure 1.6 Schematic illustration of the kinetics of porous oxide growth in (A) potentiostatic

regime, together with (B) stages of anodic porous oxide development. (Reproduced from

ref. 70 by permission of Wiley-VCH Verlag GmbH & Co. Copyright © 2008.)

At the start of the process conducted under the constant anodizing potential, current
density decrease rapidly with time (stage a, Figure 1.6) corresponding to a thin barrier oxide
film formation, after which a minimum of current density is quickly achieved (stage b, Figure
1.6) as cracks start to form from surface defects. A linear increase then leads to a local maximum
(stage c, Figure 1.6) indicating the formation of porous oxide as it strives to achieve a dynamic
equilibrium between oxide growth and dissolution. After reaching the maximum, the current
density decreases slightly and a steady-state growth of the porous oxide proceeds (stage d,

Figure 1.6) to give nanoporous structures of certain thickness.

1.2.5.1.5 Dependence of pore parameter on anodizing voltage and electrolyte concentration

The cell and pore diameter are generally considered to be proportional to the applied
voltage. By assuming a hemispherical pore bottom, Parkhutik and Shershulsky®* established a
theoretical model and found that the cell size, R, is a linear function of the applied potential Uj.
R = 2.5 nm/V was calculated for a mild anodization case where the electric field strength across
the barrier is about 0.77 V/nm.* When large-area hexagonal pore arrays were measured, an

interpore distance (Diy) = 63 nm was obtained when sulfuric acid (H,SO4) was used as
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electrolyte and working voltage was 25 V,83’86 D;,i = 100 nm for the case when oxalic acid
(H,C,04) was used as electrolyte and voltage was 40 V,64’86 Dine = 90-140 nm with an aged
sulfuric acid solution, a high anodization potential up to 70 V and a high current density up to
200 mA/cm?,¥” Dy = 220-300 nm with oxalic acid at 110-150 V, Dy, = 500 nm when using
phosphoric acid (H;PO,) and applying 195 V.%%

Previous study found that the concentration of the electrolyte does not significantly
influence the pore diameter.*> However, more recently it has been suggested that the pore
diameter decreases with decreasing pH of the solution.** A decrease in pore diameter with
increasing concentration of the acidic electrolyte or decreasing pH can be attributed to the
decreasing threshold potential for a field-assisted dissolution of oxide at pore bottoms, resulting
in an enhanced rate of anodic oxide formation.™

A summary of the influence of anodizing parameters on the pore diameter of an anodic

oxide nanostructures formed under potentiostatic conditions is presented schematically in Figure

1.7 below.
\
Anodizi P Wideni
o~ Y -

Anodizing
time /

Electrolyte
concentration

Figure 1.7 The influence of parameters on the pore diameter of nanostructure formed by
anodization of aluminum at potentiostatic conditions. (Reproduced from ref. 70 by

permission of Wiley-VCH Verlag GmbH & Co. Copyright © 2008.)

1.2.5.2 Anodic titanium oxide
Porous anodic oxide films have also been achieved on the surface of a titanium metal.

However, in contrast to anodic aluminum oxide that has a continuous film with an array of pores,
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a typical anodic titanium oxide consists of separated nanotubes as shown in Figure 1.8(a). At
first, it was difficult to elucidate the formation of gap between the nanotubes. However, the gap
formation in the anodic titanium oxide (ATO) has been easier to explain since the discovery of a
double layer wall of ATO nanotubes as shown in Figure 1.8(b) .”’ Initially, there is no gap
between the nanotubes. As shown in Figure 1.8(c), a hydroxide layer forms in between the
nanotubes. The density of this layer is lower than that of titania. Thus, when it decomposes into
titania, a volume contraction occurs. Depending on the contraction direction, the nanotubes are
either separated or form a series of O-rings with a constant distance. If the contraction is
perpendicular to the wall, the nanotubes are separated (Figure 1.8(d)) while contraction parallel
to the wall leads to ridges on the surface of the nanotubes that form a series of O-rings with a

constant distance (Figure 1.8(e)).

Figure 1.8 (a) Typical top-view SEM image of Anodic Titanium Oxide film. (b) TEM
images of the lower part of ATO nanotubes, showing outer layers of titanium hydroxide
indicated by two arrows. (¢)—(e) Schematics showing the formation of a titanium hydroxide
outer layer (c), its partial dehydration into two separated layers (d) and its further
dehydration into clusters of titania nanocrystallites. (Reprduced from ref. 79 by permission

of Wiley and Sons Inc. Copyright © 2008.)

The anodization of titanium in chromic acid and hydrofluoric acid was reported by
Zwilling et al. for the first time in 1999.* Since then, great achievements have been made in the

fabrication, characterization, formation mechanisms of ATO,* and their applications. Many

17



recent studies have explored applications of anodic titanium oxide nanotubes in

92-95 42,96,97 43,98-100

photocatalysis,”™’' gas sensing, photoelectrolysis, and photovoltaics.

1.2.5.3 Other anodic metal oxides

There are a number of other metals that have been anodized so as to produce self-
organized porous oxide films. Hafnium, niobium, tantalum, tungsten, vanadium are some of the
other metals that have been anodized to form porous oxides. For these metals, there occurs an
optimum volume expansion when the metal is converted to metal oxide during anodization
leading to ordered porous structure. To this list of metals forming porous metal oxides upon
anodization, one more metal i.e. gallium has been added as will be shown by the study described
in this dissertation.

Tsuchiya and Schmuki successfully obtained the self-organized porous hafnium oxide
layers via anodization of hafnium at about 50 V in 1 M H,SO4 + 0.2 wt% NaF at room
temperature.’® Anodization of niobium has been studied in various electrolytes.'*"'** Self-
organized porous anodic niobium oxide films were successfully obtained by Sieber’’ and
Karlinsey'” in 1 M H,SO4 + 1 wt% HF and 1.5 wt % HF respectively. Anodization of tantalum
in 1 M H,SO4 + 2 wt% HF for 2 h after a potential ramp from the open-circuit potential to 20 V
with a sweep rate 100 mV/s led to the formation of self-organized porous anodic tantalum oxide

58,104 -
1. Nanoporous anodic

with a reasonable narrow size distribution as shown by Sieber et a
tungsten oxide was obtained by galvanostatic anodization in oxalic acid by Mukherjee et al.,

although the regularity of the pores was rather poor.”” In case of anodization of vanadium, glacial
acetic acid with small percentages of water and sodium tetraborate has been found to be the most

suitable electrolyte.'*'"7

Formation of self-organized porous zirconium oxide layers produced
by anodization of Zr at 30 V in an electrolyte of 1 M H,SO4 + 0.2 wt% NH4F has been reported
by Tsuchiya et al.*"'*®

The study described in this dissertation shows that anodization of gallium metal in 4 and
6 M H,SO, solution at 10 and 15 V formed nanoporous anodic gallium oxide. The low melting
point of gallium made it possible to incorporate gallium inside confined space like the end of a
silica capillary. The fact that gallium is in the same group as aluminum made it reasonably easy
to hypothesize that the anodization conditions used for aluminum would work for gallium too.

Our results suggested that this hypothesis is true. Details on the gallium anodization are

presented in chapter 4.
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Now that the anodic metal oxides based nanoporous structures have been reviewed, a
brief discussion of the property of the gallium metal and its electrochemistry follows. Since this
dissertation describes the anodization of gallium metal, it would be worthwhile to briefly

introduce gallium metal at this point.

1.3 Gallium and its electrochemistry

Gallium was first discovered by Hans Christian Oersted in 1825. Gallium is a P block,
Group 13, Period 4 element. The number of electrons in each of Gallium’s shells is 2, 8, 18, 3
and its electronic configuration is [Ar] 3d'° 4s?4p’. The gallium atom has a radius of 122.1 pm
and its Van der Waals radius is 187 pm. Gallium is not toxic. Besides mercury and cesium,
gallium is one of the three elements that naturally occur as a liquid at room temperature (m.p.
29.8 °C).

The low melting point of gallium allows its easy incorporation into micrometer-scale

channels. ! 1!

Using gallium and eutectic alloy of gallium and indium, Whitesides and his
group have been able to fabricate microelectrodes within microfluidic channels''® as shown in
Figure 1.9. Charge transfer and rectification in tunneling junctions were studied; the junctions
had liquid-metal top-electrodes stabilized in microchannels and ultraflat (template-stripped)
bottom electrodes. Dickey and coworkers designed a simple way to fabricate microelectrodes by
injecting low melting point alloys, such as eutectic gallium indium into microchannels at room

temperature (or just above room temperature).''' Such electrodes offered mechanical stability

over all of the conditions explored (both non-aqueous and aqueous systems).
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Figure 1.9 Optical micrographs of a microfluidic device that incorporate the eutectic alloy
of gallium and indium within the microchannels. (Reproduced from ref. 110 by permission

of American Chemical Society, Copyright © 2010)

The fusible nature of gallium aroused interest in us and we have incorporated them inside
a silica capillary and studied the anodization of capillary-incorporated gallium as described in
chapter 4.

In air, gallium is always coated with a thin oxide film which protects it from further
oxidation. From its melting point to 600 °C,"" gallium is alloyable with several metals. Metals
such as platinum, copper, nickel, gold, iron, indium, and mercury readily combine with gallium
to form intermetallic compounds and solid solutions. Gallium is fairly rapidly dissolved by
strong base, but it is only slowly soluble in refluxed strong mineral acids. The rate of dissolution
in mineral acids decreases with increasing metal purity above 99.9%. Aqua regia is probably one
of the best solvents for the metal.

The stable oxidation state of gallium is +3, corresponding to solvated Ga’" in acidic
solution and H,GaOj", or gallate in alkaline solution. In acidic and basic solutions Ga (III) has a
pronounced tendency to form highly structured polynuclear moietes. Depending on the pH value,
the trivalent ions Ga’*, Ga(OH)*", GaO", GaO,", H,GaOs", Ga(OH)y", and HGaOs*" may exist in
equilibrated aqueous solutions. Laubengayer and Schirmer'"* have indicated that compounds of
Ga(II) with halides or sulfurs can be obtained. Neogi and Nandi''* have determined that GaO

does not exist, as it is immediately oxidized by water. Sidgwick''> has denied the existence of
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monovalent gallium. Corbett and McMullan''®'"” have however, shown that salts of monovalent
gallium can be obtained in alkaline solutions due to its slow oxidation rate to the trivalent state.

The gallium equilibrium electrode potential (reduction half-reaction) was investigated by
Regnauld''® and by Richards and Boyer.'"? Bergkampf'*’ reported E’, = -0.520 V (NHE) using
the Ga(Ill) + 3¢” = Ga(Hg) couple. The dropping type of electrode was used by Challenger'’
who obtained E’G, = -0.577 V (NHE) at 29.78 °C. Saltman and Nachtrieb'** used the cell
Ga,o/GaCl;:HCI/Pt(H,) to obtain EOGa =-0.530 V (NHE), a value adopted by the American
Bureau of Standards.

According to the early work of Fricke and Meyring,'** the forms of the Ga(III)

dissociation constants are:

GaOH** = Ga>™+OH;K=4x 107" (1.1)
Ga(OH),” = Ga(OH)*" + OH; K =1.6 x 107" (1.2)
HGaO;*" = GaO;” + H; K=2x 10" (1.3)
H,GaO;” = HGaO;*" + H; K=4.8x 10" (1.4)

From these K’s and the data of Frickle and Blenke'**

on gallium hydroxide solubility in acids
and bases, Porter and Browning'> estimated the solubility product constants for Ga(OH)s:
Ga(OH)3(s) = Ga’"+30H7;Kg=5 x 107’ (1.5)
The solubility product constant for Ga(OH); will be used in chapter 4 to explain the formation as
well as dissolution of anodic gallium oxide.
Now that gallium and its electrochemistry have been briefly discussed, the use of metal
oxides as pH electrodes will be discussed next. As mentioned earlier, anodic gallium oxide has

been studied as a potential sensor material using potentiometric methods. So, literature review on

metal oxides based pH electrodes should be very helpful.

1.4 Potentiometric Studies on Metal Oxide Electrodes
For a metal/metal oxide electrode to be useful as a pH sensor, it should satisfy several
important criteria.'*® For example, the metal must be noble enough to resist attack by all
solutions over a useful pH range, and its oxide must be electrically conducting and be able to
come into equilibrium with the solution without appreciable dissolution.'*” As these basic

requirements are somewhat difficult to achieve, most of the metal/metal oxide electrodes used

21



for pH indication represent a trade-off between the nobility of the metal and the stability of the
oxide.

There are a considerable amount of studies focused on the development, fabrication and
characterization of metal/metal oxide pH electrodes.'*'?* Compared to conventional glass
electrodes, the pH electrodes employing metal/metal oxide as sensing materials are typically all-
solid-state and offer several advantages. Unlike the glass pH electrodes which require a high
input impedance pH meter, the metal oxide-based pH sensor has low electrode impedance. In
contrast to the slow response of glass pH electrodes especially in non-aqueous solvents, the
solid-state metal oxide pH sensor presents a faster pH response. The slow response of the glass
electrode has been attributed to the hygroscopic gel-layer present at the glass surface.'*® The
metal-metal oxide electrodes do not have such a layer and equilibrium potential is reached
quickly in their case. The method to prepare a metal/metal oxide-based pH electrode is
compatible with thin film and microelectromechanical systems (MEMS) manufacturing
technologies and provides capability of mass production and miniaturization.

A variety of materials have been explored for use as pH sensing layers that show ideal or
near-ideal Nernstian responses. Some examples are IrOx, *""** Ru,0,'**"** nanoporous PtO,,"*
RuO,-Ti0,,** Ti0,-PVC,"’ Pd/PdO,"* Sb/Sb,05,"” WO3,'*’ Pb0,,'*! C0304,'** and
SnO,. !4 Among all these pH sensitive oxides, iridium oxide (IrOx) shows high conductivity,
good chemical stability, and superior biocompatibility, making it the most popular pH
microelectrode material. In addition to IrOx, oxide of antimony has received renewed interest.
The glass microelectrodes are difficult to manufacture, especially if a very fine tip is desired for
applications such as in vivo pH determination. In such cases, antimony can be used as an
alternative to the glass electrode. The antimony electrode provides a stable and reproducible
means for the determination of intramuscular pH.

Fabrication methods and conditions that determine the structure and composition of
iridium oxide affect the pH response characteristics of resultant pH sensors. A comparison
between fabrication method and pH sensing characteristics of some typical iridium oxide-based
pH electrodes has been made by Madou’s group.'* Marzouk'*® described a modified method to
prepare the iridium oxide layer on etched titanium substrate to enhance the stability of the pH
sensitive layer. Micro-tip pH electrodes based on iridium oxide on a tapered glass micropipette

with a tip of 3-10 pm in diameter'*’ and on a carbon fiber'*® have been reported. The iridium
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oxide coated glass micropipette electrode has a short response time ranging from 1 to 17 s in the
pH range of 4—10 with an accuracy of 0.05 pH. The iridium oxide coated carbon fiber electrode
has a fast response time of only 50 ms, and an equilibrium value is reached within 30 s. In a
study on a planar thin film iridium oxide-based pH sensor, Ges et al.'*' reported ageing effects
on IrOx plating solution on the sensor’s sensitivity. Iridium oxide films deposited from fresh
plating solution showed maximum sensitivity, while those from one-month-old showed decrease
of 10-15% in sensitivity.

Yao and coworkers'* reported a pH electrode based on lithium carbonate melt-oxidized
iridium oxide with the composition of Li IrOy* nH»O. The electrode based on this oxide film
exhibits promising pH sensing performance and high chemical stability, with an ideal Nernstian
response 58.9 mV/pH over the pH range of 1-13. The electrode also shows a fast potential
response with a 90% response time less than 0.2 s, and a low open-circuit potential drift of 0.1
mV/day measured in pH 6.6 solution. The reproducibility in terms of the Nernst slopes and the
apparent electrode potentials has been improved among electrodes within the same batch.

Although the redox reaction mechanisms of iridium oxide are still not clear, most
researchers believe that the proton exchange associated with oxidation states of metal oxides is

. . . 128,131,145,149
one of the possible pH sensing mechanisms. ~>"”>"™

During electrochemical reactions,
oxidation state changes in the hydrated iridium oxide layer are accompanied by the
injection/ejection of H'. The possible reactions involved in the electrode processes are:

Hydration of iridium oxide

Ir,0, +3H,0 — 2Ir(OH), (1.6)

Charge transfer and injection/ejection of hydrogen ion
2Ir(OH), = 2IrO, . H,O+2H " +2e” (1.7)

Depending on the fabrication techniques and deposition parameters, the pH sensitive slope of
IrOx electrodes varies from near-Nernstian (about 59 mV/pH) to super-Nernstian (about 70
mV/pH or higher). Since the compounds in the oxide layers are possibly mixed in stoichiometry
and oxidation states, most reported iridium oxide reactions use x, y in the chemical formulas,
such as Ir,03° xH,O. Such mixed oxidation states in IrOx compounds may induce more H" ion

transfer per electron, which has been attributed to causing super-Nernstian pH 1resp0nses.131
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1.5 Dissertation Outline
The dissertation has the following major sections:

Chapter 1— gives a general introduction about the topics covered in this dissertation. It
explains the objectives and motivation for the studies performed. This is followed by a brief
overview of the self-organized nanoporous materials used. Gallium and its electrochemistry have
been briefly explained. Background/literature review discusses the achievements in this field and
highlights the unique aspect of the studies performed in this dissertation.

Chapter 2 — describes the analytical techniques and instrumentation used to carry out the
studies. These include spectroscopic ellipsometry, cyclic voltammetry, finite element simulation,
scanning electron microscopy and potentiometry.

Chapter 3 — an accepted paper, published in Electrochimica Acta. This study describes
the diffusion of cytochrome ¢ within the nanopores of block copolymer derived recessed
nanodisk electrodes (RNEs). We found that cytochrome ¢ molecules could penetrate through the
nanopores and reach the underlying bottom electrodes. However, they were more strongly
adsorbed onto the smaller RNE nanopores. The results reported in this study will provide
guidance in designing RNEs for size-based chemical sensing.

Chapter 4— an accepted paper, published in Langmuir. This chapter explains the
formation of self-organized nanoporous gallium oxide by anodization of solid gallium metal. The
fusible nature of gallium metal allowed its incorporation at the end of a glass capillary. The
anodization of the capillary incorporated gallium monolith to form self-organized nanoporous
monolith without any cracks or leaks was successfully demonstrated. Nanoporous anodic oxide
monoliths formed from a fusible metal will lead to future development of unique devices for
chemical sensing and catalysis.

Chapter 5 — manuscript in preparation. In this study, the surface chemical property of the
nanoporous anodic gallium oxide, bare planar gallium substrate and barrier layer gallium oxide is
explored through potentiometric measurements. The nanoporous anodic and barrier layer gallium
oxide structures showed slow potentiometric response only at acidic pH (< 4), in contrast to
metallic gallium substrates that exhibited a positive potentiometric response to H" over the pH
range examined (3-10). The potentiometric response at acidic pH probably reflects some

chemical processes between gallium oxide and HCI.
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Chapter 6 — summarizes the major findings of the studies described in this dissertation.

Finally, a general conclusion is presented and possible future research directions are discussed.
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Chapter 2 - Analytical Techniques used in the Characterization of

Nanoporous Materials

This chapter discusses the analytical techniques used for characterization of the
nanoporous materials prepared to carry out this research. The nanoporous materials were
characterized via spectroscopic methods, electrochemical methods and microscopic methods.
Spectroscopic ellipsometry was used to measure the thickness of PS-b-PMMA films spin coated
on gold coated Si wafers. Energy Dispersive X-ray Spectroscopy (EDX) was used to assess the
surface elemental composition of the anodic gallium oxide. Among the electrochemical methods,
cyclic voltammetry and potentiometry were used. Cyclic Voltammetry was used in assessing the
active surface area of the electrodes fabricated from PS-5-PMMA nanoporous films on gold
substrate. In addition, CV was used to study the diffusion modes of redox molecules like 1.1’
ferrocenedimethanol and cytochrome c inside the nanoporous structures. Potentiometric methods
were employed to study the use of gallium oxide as a sensor material. Scanning Electron
Microscopy (SEM) was used to assess the surface morphology of the anodic gallium oxide

structures.

2.1 Spectroscopic Ellipsometry"”

Ellipsometry is a non-destructive and contactless technique used for measuring the
thickness and refractive index of a thin film on a solid surface. Thin films having thickness
ranging from a few tens of nanometer to ca. 10 um can be measured accurately and quickly with
this method. In ellipsometry, the state of polarization of light reflecting from a surface is
analyzed and using the laws of electromagnetism (specifically, Maxwell’s equations), the
thickness and refractive index of the nanofilm is determined.

Ellipsometry involves the reflection of light from a surface or the interface between two
mediums. Let us consider a model reflective surface coated with a nanofilm of thickness d
(Figure 2.1). In this model system, several phenomena occur at the interface when light passes
from one medium to a second medium. Some of the light is reflected from the surface and some
enters the second medium. When a linearly polarized light reflects off a surface, a phase shift
occurs in both the parallel and perpendicular components (i.e., the s- and p-polarized

components).
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Figure 2.1 The reflection, refraction, and transmission of light through a model multiple

interface system. The n; represents the refractive index of each phase.

There may also be an amplitude difference between incident and reflected beams in both
components. In fact, the amplitude difference and phase shift are usually not the same for both
components. Thus, the reflected beam is elliptically polarized. The ellipticity depends on the
optical properties of the substrate (reflecting surface) as well as the optical properties and
thickness of any overlying films. One optical property of importance is the refractive index (RI),
also denoted as n.

In order to understand how ellipsometry is used to obtain thickness values for thin
nanofilm, optical parameters Del (A) and Psi (y) need to be understood. The optical parameter
Del (A) is defined as the phase difference between the p-polarized and s-polarized components of
the incident light upon reflection. In other words, A is the resulting change in the phase
difference between the s and p waves as the light is reflected from the sample as described by
equation 2.1.

A=06,-0, (2.1)
where 0, and 0, are the phase difference between the p-polarized component and the s-polarized
component of the incident light and the reflected light respectively. The second fundamental
ellipsometric optical parameter Psi () is defined as the angle whose tangent is the ratio of the
magnitudes of the total reflection coefficients as given by equation 2.2.
2]
&

tany = (2.2)

An additional complex quantity p can be defined as the ratio of the total reflection coefficients as

shown in equation 2.3.
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pP=—5 (2.3)

Combining the three equations, the fundamental equation of ellipsometry can be obtained:
p .
p=— = tanye™ (2.4)
RS
A and v are the experimental quantities measured by the ellipsometer and fitted to a computer

model to yield refractive index and film thickness.

Light source Detector

Polarizer Analyzer

Compensator

Sample

Figure 2.2 Schematic Diagram of a Polarizer-Compensator-Analyzer-Detector type

ellipsometer.

Figure 2.2 shows the components of an ellipsometer which has a polarizer-compensator-
sample-analyzer-detector configuration. The light source emits an incident light beam with a
known polarization state on the sample. According to the properties of the sample, the
polarization of the incident beam is changed. The detector detects the change in polarization of
the reflected beam of light and experimental results are expressed as A and y parameters.

In spectroscopic ellipsometry, Psi and Delta values are acquired as a function of
wavelength. After an ellipsometric spectrum is generated for the film, a model layer is created
and fitting with the ellipsometric spectrum performed to extract parameters such as film
thickness and refractive index of the material. The thickness of the PS-6-PMMA film was

determined by adding a Cauchy layer on top of the artificial layer on Au. For the fitting, the
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Cauchy model which gives the empirical relationship between refractive index and wavelength
was used

11=A+%+/1—C4 (2.5)

where 7 is the refractive index, A (um) is the wavelength, A, B and C are coefficients that can be
determined for a material by fitting the equation to measured refractive indices at known
wavelengths.

Using an iterative procedure, unknown optical constants and/or the coefficients shown
above are varied, and A and y parameters are calculated. The desired film parameters are

obtained when the calculated and experimental data match with a minimized mean square error.

2.2 Energy-Dispersive X-ray Spectroscopy’

Energy-dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used for
the chemical characterization of a sample. In other words, EDS gives information about the
elemental composition and their relative proportions (atomic % for example). The fundamental
principle that each element has a unique atomic structure allowing unique set of peaks on its X-
ray spectrum governs the characterization capability of EDS. X-rays produced by a sample
placed in an electron beam are detected in EDS measurements. The electron beam excites the
atoms in the sample that subsequently produce X-rays to discharge the excess energy. The
energy of the X-rays is characteristics of the atoms that produced them, forming peaks in the
spectrum. The number and energy of the X-rays emitted from a specimen is measured by energy-
dispersive spectrometer.

EDS is used in conjunction with scanning electron microscopy (SEM). EDS analysis
usually involves the generation of an X-ray spectrum from the entire scan area of the SEM. The
EDS spectrum itself shows the counts (number of X-rays received and processed) on the y-axis
while the x-axis shows the energy level of those counts. Generally, the EDS software is capable
of associating the energy level of the X-rays with the elements and shell level that generated
them.

EDS can provide rapid qualitative, or with adequate standards, quantitative analysis of
elemental composition with a sampling depth of 1-2 microns. X-rays can also be used to form
maps or line profiles, showing the elemental distribution in a sample surface. The accuracy of

EDS spectrum can be affected by various factors. Many elements will have overlapping peaks
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(e.g., Mn Kp and Fe K,,) and thus EDS spectra may not be so accurate. The nature of the sample
also affects the accuracy. The likelihood of an X-ray escaping the specimen, and thus being able
to detect and measure, depends on the energy of the X-ray and the amount and density of
material it has to pass through. This can result in reduced accuracy especially in non-
homogeneous and rough samples. The elemental composition of nanoporous gallium oxide as

described in chapter 4 was qualitatively determined using EDS.
2.3 Cyclic Voltammetry™®

2.3.1 General principles

Cyclic voltammetry (CV) is a potential sweep method, where potential is changed as a
linear function of time, to obtain a current-potential (i-F) curve. Cyclic voltammetry is generally
used for examining the electrochemical properties of a chemical substance or material. This
technique is very helpful in explaining the reversibility of a reaction, diffusion/adsorption of an
analyte to the electrode surface, diffusion coefficient (Do) for a reactant, and estimation of the
number of electrons involved in the electrode reaction i.e. n. A unique aspect of this technique is
the three electrodes used, which consist of a working electrode, a reference electrode, and a
counter electrode. In CV, potential between the working and the reference electrode is controlled
and current passed between the working and the counter electrode is measured. Electrolyte is
generally added to the test solution to ensure sufficient conductivity. Figure 2.3 is a typical CV

obtained for a reversible one electrode reaction: O + e S R
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Potential (V vs. Ag/AgCl)
Figure 2.3 A Typical Cyclic Voltammogram
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As shown in Figure 2.3, the scan begins from the left hand side of the current/voltage
plot where no current flows. The species “O” is the only species in the initial solution. As the
voltage is swept further to the right (to more reductive values), after the initial flow of capacitive
currents, faradic current begins to flow and eventually reaches a peak before dropping. The
corresponding peak current and the peak potential are the cathodic peak current and cathodic
peak potential respectively. Faradic current begins to flow when the potential is near E* (formal
potential) due to the reduction of the species “O” (oxidized form). A rapid increase in the current
occurs as the surface concentrtaion of “O” becomes smaller and smaller. The current at the peak
is made up of two components. One is the initial current surge required to adjust the surface
concentration of the reactant to its equilibrium concentration as given by the Nernst equation.
The second is the normal diffusion-controlled current. The first current then decays rapidly and
the diffusion layer is extended farther and farther away from the electrode surface. When the
potential scan is reversed to more oxidative/ positive potential, the reduced form “R” begins to
get oxidized. This is because of the larger concentration of “R” on the electrode surface at that
particular moment. As the potential approaches E*, a peak due to oxidation of “R” appears. The
corresponding peak current and the peak potential are the anodic peak current and anodic peak
potential respectively. While performing CV measurements, initial and switching potentials must
be carefully chosen. This requires the knowledge of the redox potentials of the molecule used.
Initial potential should be chosen such that there are no other interfering electrode reactions

occuring at that potential (open-circuit potential).

2.3.2 Instrumentation

A cyclic voltammogram system consists of an electrolysis cell, a potentiostat, a current-
to-voltage converter, and a data acquisition system. The electrolysis cell consists of a working
electrode, counter electrode, reference electrode, and electrolytic solution (supporting
electrolytes and redox species). The working electrode’s potential is varied linearly with time,
while the reference electrode maintains a constant potential. The counter electrode conducts
electricity from the signal source to the working electrode. The purpose of the supporting
electrolyte is to provide sufficient conductivity as well as suppress migration of charged

reactants and products. A potentiostat is an electronic device which uses a dc power source to
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produce a potential which can be maintained and accurately determined, while allowing small
current to be drawn into the system without changing the voltage. The current-to-voltage
converter measures the resulting current, and the data acquisition system produces the resulting
voltammogram.

In this dissertation, the three electrode cell setup consisted of a working electrode
(recessed nanoporous array electrodes based on PS-6-PMMA), a reference electrode (Ag/AgCl)
and a counter electrode (Pt wire). Depending on the scan rate, the working electrode type
(different nanopore size) and the nature of the redox molecules (1,1’ ferrocenedimethanol and
cytochrome c), CVs obtained had different shapes. This allowed investigating the

diffusion/adsorption mode of the redox molecules to the electrode surface.

2.3.3 Diffusion modes to electrode surface
In case of the RNEs based on PS-b-PMMA films used in this dissertation, three distinct
voltammetric response regimes are possible depending on the scan rate and pore spacing as
shown in Figure 2.4(b) — (d). At slower scan rates, provided the pore spacing is small enough,
the radial diffusion boundary layers totally overlap giving a linear diffusion (Figure 2.4(b))

similar to that for a macroelectrode (Figure 2.4(a)).

gy
o I 6 A

Figure 2.4 Schematic diagrams showing various diffusion modes to electrodes: (a) linear
diffusion to planar electrode, (b) overlapping radial diffusion to porous electrode, (c) radial
diffusion to porous electrode and (d) linear diffusion inside the nanopores of a porous
electrode. (Reproduced from ref. 5 by permission of The American Chemical Society.
Copyright © 2001.)
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However, when the spacing between the pores is large, radial diffusion at each pore
dominates the current response and each RNEs behave as individual entities (Figure 2.4(c)). For
fast scans, the current response is governed by linear diffusion within the nanopores (Figure

2.4(d)).

2.3.4 Equations
A reversible redox reaction at a planar electrode gives a peak-shaped CV, regardless of the
scan rate. This is due to the linear diffusion of the analyte to the electrode surface (Figure
2.4(a)). The peak current i, is described by the Randles-Sevcik equation, equation 2.6 as given
below. It should be noted that the peak current i, is directly proportional to v where v is the
scan rate in V/s.
i, =(2.69x10° )2 AD;*Cly " (2.6)

In the above equation, n is the number of electrons transferred, A4 is the area of the
electrode (cm?), Dy is the diffusion coefficient (cm?/s) of the redox species, and C," is the bulk
concentration of the redox species (mol/cm?). Using the slope of the linear fit of the plot of peak
current against the square root of the scan rate, the parameters given above can be easily
determined; say for example, Dy can be calculated from the slope if the area of the electrode A4
and the concentration Co* are known.

A recessed nanoporous array electrodes (RNEs) based on PS-b-PMMA has been used as
a working electrode in the studies performed in chapter 3. When the pores are close to each
other, the diffusion boundary layers totally overlap as shown in Figure 2.4(b). A peak shaped
CV is observed and the peak current in this case is also described by equation 2.6. In the case of
large spacing between the pores, radial diffusion at each pore dominates the current response and
each RNEs behave as individual entities (Figure 2.4(c)). A sigmoidal CV is observed and the

limiting current is described by equation 2.7 as shown below.

In equation 2.7 above, # is the number of electrons transferred, F is Faraday’s constant
(96485 C/mol), C is the bulk concentration of the redox species (mol/cm?), D is the diffusion
coefficient (cm?/s) of the redox species, a is the pore radius (cm), N is the number of pores

involving the redox reaction and L is the pore length.
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It has to be noted that in cases where the diffusion layers overlap as in Figure 2.4(b), use
of RNEs compared to the conventional electrode proves advantageous as they provide a better
signal to noise ratio. If we consider a linear sweep voltammetric experiments involving a redox
couple, peak currents (the signal) and capacitive currents (the main component of the noise, N)
are given by equations 2.8 and 2.9, where Ag., 1s the total geometric area of the ensemble

(nanodisks and insulator) and 4, is the active area (nanodisks’ surface).

S=i =2.69x109n 724, D Cv" 2.8)
N=i,=A4,C, (2.9)

At a conventional electrode in the same experimental conditions, equations 2.10 and 2.11 hold.
S=i, =(2.69x10°n 74, D 2Clv 2.10)
N = ic = Ageamvc’d (21 1)

Combining equations 2.6 and 2.8 — 2.11 gives equation 2.12
(S/N)pe =(S/N) /A4, (2.12)

convAgeam
Since Ageom > Aaet , 1t can be concluded from equation 2.12 that the signal to noise ratio at the
RNEs is higher than that at a conventional electrode of the same geometric area by a factor f'=

A geom/ A act-

2.3.5 Electrochemical responses of adsorbed monolayers

The electrochemical response (e.g., the voltammetric i-E curve) for the electrode reaction
O + ne — R can be affected quite significantly by the adsorption of O or R. In the experiments
described in chapter 3, CV measurements were influenced by the adsorption of the electroactive
adsorbate to the electrode surface. Thus, CVs for specific adsorption, where a strong interaction
between an electroactive adsorbate and the electrode causes the formation of a layer on the
electrode surface, is described briefly here. For the adsorbed case, an ideal Nernstian reaction
under Langmuir isotherm conditions would give a symmetric CV with E,, = E,,., and peak

current given by

22
L

i
P ART

(2.13)

where Ty" is the surface coverage of the electrode by adsorbate, while all other parameters are the

same as described for equation 2.6.
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Figure 2.5 Cyclic Voltammogram for reduction and oxidation of cytochrome ¢ adsorbed on
a thioctic acid modified planar Au electrode. The thioctic acid modified planar Au
substrate was dipped in cytochrome c solution for 1 hr, washed thoroughly and the CV

recorded in solution containing the pH 7 phosphate buffer alone. Scan rate was 100 mV/s

and the electrode area was 0.34 cm>.

A typical CV encountered experimentally in phosphate buffer alone for a thioctic acid
SAM covered gold electrode dipped in a cytochrome c solution for 1 hr, is shown in Figure 2.5.
The CV peaks are somewhat symmetrical; with E,, ~ E,. and the quasireversible nature led to a

smaller peak current in the reversed scan.

It should be noted that in the case of CVs for adsorbed species, i, is proportional to v, in

172

contrast to the v''“ dependence for the diffusing species. This means that if the logarithm of the

peak current is plotted against the logarithm of the scan rate and the slope of the plot analyzed,
CVs dominated by the diffusing species should have a slope close to 0.5 while a slope close to 1
is expected for CVs controlled by the adsorbed species as shown in the Figure 2.6. This

approach of data analysis is followed in chapter 3.
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Figure 2.6 Plots of log i, vs. log v for CVs dominated by diffusion (open circles) and those

dominated by adsorption (open triangles).

2.4 Potentiometry’

2.4.1 General principles
Analytical methods that are based on potential measurements are called potentiometric
methods, or potentiometry. Potentiometric methods are based on measuring the potential of an
electrochemical cell without drawing appreciable current. Potentiometric measurements involve
a reference electrode, an indicator electrode, and a potential-measuring device. Figure 2.7 shows
a typical cell for potentiometric analysis. This cell can be depicted as

reference electrode | salt bridge | analyte solution | indicator electrode

\ )\ AN J
Y

ref i Eing

The reference electrode in Figure 2.7 is a half-cell with an accurately known electrode potential.
E's, that 1s independent of the concentration of the analyte or any other ions in the solution under
study. By convention, the reference electrode is always treated as the left-hand electrode in
potentiometric measurements. The indicator electrode, which is immersed in a solution of the
analyte, develops a potential, Ej,q, that depends on the activity of the analyte. Most indicator
electrodes used in potentiometry are highly selective in their responses. The third component of a

potentiometric cell is a salt bridge that prevents the components of the analyte solution from
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mixing with those of the reference electrode. A potential develops across the liquid junctions at
each end of the salt bridge and the net potential across the salt bridge is the liquid junction

potential E;.

Digital meter

-

Reference
electrode, Ere

Salt bridge, E;
1 Metallic indicator
nalyte solution electrode, E;
Porous membrane
cell = Elnd - Erer + Ej

Figure 2.7 A cell for potentiometric measurements. (Drawn after a reference.“)

The potential of the cell just described is given by the equation

Ecell =E[nd _Eref +Ej (214)

The first term in this equation, Ej,q, contains the information about the concentration of the
analyte. A potentiometric determination of an analyte, then, involves measuring a cell potential,
correcting this potential for the reference and junction potentials, and computing the analyte

concentration from the indicator electrode potential.

2.4.2 Reference electrodes
An ideal reference electrode has a potential that is accurately known, constant and
completely insensitive to the composition of the analyte solution. In addition, this electrode
should be rugged, be easy to assemble, and be able to maintain a constant potential while passing
small currents. Although standard hydrogen electrode can function as a reference electrode, it is
seldom used as a reference electrode for day-to-day potentiometric measurements because it is
somewhat inconvenient and also a fire hazard. A silver/silver chloride reference electrode was

used for the studies described in this dissertation and is briefly explained next.
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2.4.2.1 Silver/Silver Chloride Reference Electrodes
A silver/silver chloride reference electrode consists of a silver electrode immersed in a
solution that is saturated in both potassium chloride and silver chloride:
Ag | AgCl(sat’d), KCI (sat’d) ||
The half-reaction is
AgCl+e S Ag(s) + CI'
The potential of this electrode is 0.199 V versus the standard hydrogen electrode at 25 °C.

In Ito’s group, we prepare a home-made silver/silver chloride reference electrode by
depositing AgCl to a clean Ag wire in a 3.0 M KCI solution using chronoamperometry. The
AgCl deposition is stopped when the Ag wire turns brown. Thus prepared Ag/AgCl is then
dipped into a glass tube containing 3.0 M KCl with one end closed with a porous glass frit which
acts as a salt bridge. The potential of this home-made Ag/AgCl (3.0 M KCI) reference electrode
is 0.194 V versus the standard hydrogen electrode at 25 °C.

2.4.3 Liquid junction potential

A liquid-junction potential is the potential associated with the interface between two
liquids that have different composition. Liquid junction potentials originate from the
concentration gradient and/or difference in ionic mobility. Figure 2.9 shows a very simple liquid
junction consisting of a NaCl solution in contact with water. Both sodium ions and chloride ions
tend to diffuse from NaCl solution side to the water side. The driving force for each ion is
proportional to its mobility. In this example, chloride ions are more mobile than the sodium ions.
Thus, chloride ions diffuse more rapidly to the right than sodium ions, and, as shown in Figure
2.8, a separation of charge results. The potential difference resulting from this charge separation

may be several hundredths of a volt.

&
Nacl Nae — NaCl i
solution ~ & . A solution * Water

Region rich  Region rich
in Na” in Cl

Figure 2.8 Schematic representation of a liquid junction potential
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The magnitude of the liquid-junction potential can be minimized by placing a salt bridge
between the two solutions. The salt bridge is most effective if the mobilities of the negative and
positive ions in the bridge are nearly equal and if their concentrations are large. A 3.0 M KC1
solution was used in the reference electrode for studies described in this dissertation which is
good from both standpoints: mobilities of K™ and CI  are nearly equal and the concentration used

is large. The net-junction potential with such a salt bridge is typically a few millivolts.

2.4.4 Indicator electrodes
An indicator electrode responds rapidly and reproducibly to changes in the concentration
of an analyte ion (or group of analyte ions). Although no indicator electrode is absolutely
specific in its response, a few are now available that are remarkably selective. Indicator
electrodes for potentiometry can be categorized into either metallic or ion-selective.
For metal electrodes, electrode potential is defined by the redox reactions as shown by

equation 2.15 and the potential follows the Nernst equation as shown in 2.16.

Ox+ne <> Red (2.15)
RT
E:EO—Em‘;“—ed (2.16)
Ox

where E? is the standard electrode potential, R is the universal gas constant, T is temperature in
Kelvin, n is the number of electrons involved, F is the Faraday constant and a is the activity.

The metal electrodes are mainly used for redox titrations. The measured potential is the
open-circuit potential. The equilibrium potential of metal electrodes is sometimes important for
voltammetry.

In the case of ion-selective electrodes, electrode potential is defined by the distribution of
ions. pH glass electrode, solid-state membrane electrode and liquid membrane electrode are the
most common types of ion-selective electrodes. The electrode potential follows equation 2.17.

0.0592

For M%", emf = (const) + R—; Ina = (const)+ loga/ (2.17)
z

where z is the charge on the ion, a is the phase and all other parameters are the same as described
in equation 2.16. The same experimental setup is used for both the metal and ion-selective

indicator electrodes. The only difference is the mechanism involving potential generation.
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Now that the general principles of potentiometry have been described, it is worthwhile to
mention that the anodic gallium oxide was used as a type of indicator electrode and its

potentiometric response was measured as described in chapter 5.

2.5 Scanning Electron Microscopy“’“”11

Electron microscopy, as the name suggests, uses an electron beam to form magnified
images of specimens. The principle advantage of using electrons, rather than light, to form
images is that electrons provide as much as a thousand-fold increase in resolving power — i.e.,
the ability to distinguish between two closely spaced points. In light microscopy, the use of light
as the image-forming source limits the resolution. However, for an SEM, the diameter of the
beam is the ultimate limiting factor affecting resolution. Only features whose spacing is larger or
similar to the diameter of the beam can be resolved. The resolving power of a light microscope
is, at best, 200 nm, whereas an SEM can resolve detail to approximately 3 nm. The increased

resolving power is the main reason for using a scanning electron microscope.

2.5.1 Instrumental Components of an SEM
A basic diagram of an SEM is shown in Figure 2.9. The essential components of an SEM
include the electron sources (gun), electron lenses, apertures, sample stage and the detectors. A

brief description of each of these components follows.

Electron beam \jﬁ‘ N

Electron gun

Condenser

/ lens Image

Scan coils \

Objective
lens

Final —/"’—,/“d i
aperture i
L

Specimen

Detector

Figure 2.9 Schematic of a scanning electron microscope. (Drawn after a reference.")
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Electron gun: They produce a steady stream of electrons that is necessary for SEMs to
operate. Electron guns are typically one of two types. Thermionic guns, which are the most
common type, apply thermal energy to a filament (usually a tungsten, which has a high melting
point) to move the electrons away from the gun and toward the specimen under examination.
Field emission guns, on the other hand, create a strong electrical field to pull electrons away
from the atoms they are associated with. High brightness, high coherence and small energy
dispersion are the factors that enable an SEM equipped with a field-emission gun to give far
superior resolution than that of an SEM equipped with a thermionic gun. Electron guns are
usually located at the very top of an SEM instrument and fire electrons to the specimen under
examination. Their path is controlled by the lenses as described next.

Electron lenses: After the beam of electrons has been formed, it is controlled by the
lenses. These lenses, made up of electromagnets which are controlled or focused by varying the
passage of electrical current, are capable of bending the path of electrons. An electromagnetic
lens performs functions similar to those of a glass lens in a light microscope. As a condenser
lens, it can condense the beam of electrons; as an objective lens, it can focus on the specimen.

Apertures: Apertures are used in conjunction with electromagnetic lenses in a scanning
electron microscope. An aperture is a piece of metal with a small round hole, having a diameter
that varies from 30 um to 1000 um, depending on the placement and specific functions.
Apertures are primarily used to control the diameter of the beam of electrons or to eliminate stray
or widely scattered electrons.

Sample stage: Sample stage is the place where the specimen being examined is placed.
For the microscope to produce clear images, the specimen must be kept extremely still. Thus, the
sample stage must be very sturdy and insulated from vibration. One thing to note is that the
sample stage does more than keep the specimen still. It is also equipped with the ability to rotate
samples and place them at different angles so that constant remounting is not necessary to take
different images.

Detectors: These devices detect the various ways that the electron beam interacts with
the sample. It is worthwhile to talk about the specimen beam interaction and the mechanism of

signal generation in an SEM to understand the different detectors used.
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When the electron beam hits a sample, it interacts with the atoms in that sample. During
these interactions, which could be repeated random scattering as well as absorption, the primary
electrons lose energy within a teardrop-shaped volume of the specimen known as the interaction
volume as shown in Figure 2.10. The interaction volume extends from less than 100 nm to
around 5 um into the surface. The penetration depth depends on the electron energy, the atomic

number of the specimen and the specimen density.

g- (pnmary electron beam)

Secondary Electrons (SE) -
Shape Information [Snm]

Backscattered electrons

{Comp - BSE) X-rays
Atomic number information (£) Element Information
[400nm)] [Microns]

Figure 2.10 Schematic of electron-matter interactions showing the typical spatial resolution
of different signals; secondary electrons, backscattered electrons and X-rays in the

scanning electron microscope.

Mainly, three types of signal (secondary electrons, backscattered electrons and X-rays) as
shown in Figure 2.10 are measured in the SEM providing different information about the
sample.

Secondary electrons are produced by inelastic interactions between incident electrons
and weakly bound conduction band electrons in the atoms of the sample. The average energy of
secondary electrons is about 3 eV to 5 eV. Because of their low energy, secondary electrons only
escape from the sample if they are generated close to the surface: within a distance of 2 — 5 nm

of the surface in most materials. Therefore, secondary electron images provide topographic
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information. The standard secondary electron detector is an Everhart-Thornley detector, a type of
scintillator-photomultiplier system, where a positively charged grid attracts the secondary
electrons and accelerates them to sufficiently high energies to create a high pulse striking a
scintillator. Another SEM detector is the in-lens detector, where the secondary electrons passing
through the column aperture are accelerated towards a solid state detector. The in-lens detector
complements the Everhart-Thornley detector by being more efficient at short working distances.

Backscattered electrons are incidental electrons that are reflected or back-scattered out
of the specimen interaction volume by elastic scattering interactions with specimen atoms. Since
heavy elements with a high atomic number backscatter electrons more strongly than light
elements with a low atomic weight, backscattered electrons are used to detect contrast between
areas with different chemical compositions. Backscatter detectors are usually either of scintillator
or of semiconductor types. They provide compositional data related to element and compound
detection. Although topographic information can be obtained using a backscatter detector, it is
not as accurate as a secondary electron detector.

X-rays, emitted from beneath the sample surface, which are produced by the interaction
of electrons with the sample, may also be detected in an SEM equipped for energy-dispersive X-
ray spectroscopy (EDS). Interaction of the primary beam with atoms in the sample causes shell
transitions which result in the emission of an X-ray. The emitted X-ray has an energy
characteristic of the parent element, which can be detected using an EDS detector as explained in

section 2.2.

2.5.2 Working Principle of an SEM

The SEM images for the studies described in chapter 4 was obtained with FE-SEM
instrument in which field emission gun (as described earlier) was the source of electrons. The
electron gun produces a beam of electrons typically having an energy ranging from 0.2 keV to 40
keV. These electron beams are condensed by the condenser lens and then focused as a very small
point (a spot about 0.4 nm to 5 nm) on the specimen by the objective lens. A set of small coils of
wire, called the scan coils, is located within the objective lens. A varying voltage produced by
the scan generator energizes these coils creating a magnetic field that deflects the beam of

electrons back and forth in a controlled pattern called raster.
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The varying voltage from the scan generator is also applied to a set of deflection coils
around the neck of a cathode-ray-tube (CRT). The magnetic field from this coil causes the
deflection of a spot of light back and forth on the surface of the CRT, which is exactly the same
pattern as the deflection of the beam of electrons on the sample.

When the beam of electrons strikes the sample, a complex series of interactions occurs,
resulting in the production of secondary electrons from the sample, which are collected by the
detector, converted to a voltage, and amplified. The amplified voltage is then applied to the grid
of the CRT which modulates or changes the intensity of the spot of light on the surface. For
example, if at a given instant the beam is on a projection on the surface, a large amount of
secondary electrons will be detected, causing a large voltage in the detector that results in a
bright spot on the surface of the CRT. If the beam of electrons then moves to a depression on the
sample, fewer electrons will be detected and a smaller voltage will be developed in the detector,
resulting in a darker spot on the surface of the CRT. The SEM image, then, consists of thousands
of spots of varying intensity on the face of a CRT that corresponds to the topography of the
sample. The secondary electron detector used for the SEM images shown in chapter 4 was
obtained with an in-lens detector. When imaging the samples, short working distances were used
and the in-lens detector is more efficient at short working distances and was thus the preferred

choice.

2.5.3 Strengths and Limitations of an SEM
The SEM is a very useful instrument when it comes to characterization of solid materials.
The strengths of SEMs include its detailed three-dimensional topographical imaging, versatile
information obtained from different detectors, comparatively easy operation; with user-friendly
interfaces and minimal sample preparation. On the other hand, SEMs are expensive and large
requiring an area free of any possible electric, magnetic or vibration interference. In addition,
samples must be solid, dehydrated, able to withstand high vacuum and they must fit into the

microscope chamber.
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Chapter 3 - Electrochemical Study of the Diffusion of Cytochrome ¢
within Nanoscale Pores Derived from Cylinder-Forming

Polystyrene-Poly(methylmethacrylate) Diblock Copolymers

Reproduced by permission of the Elsevier B.V.
Published as: Pandey, B.; Tran-Ba, K. H.; Li, Y.; Diaz, R.; Ito T. Electrochimica Acta, 2011, 56,
10185-10190.

3.1 Introduction

Nanoporous materials derived from cylinder-forming block copolymers have received
much attention as membranes for chemical separations ' in addition to lithographic masks for
fabricating nanoscale structures and templates for nanomaterials synthesis *. These monoliths
comprise an array of uniform cylindrical nanopores penetrating through the monoliths, which are
fabricated via selective etching of cylindrical domains formed by the phase separation of a
cylinder-forming block copolymer. As with conventional track-etched polymer membranes and
nanoporous anodic alumina membranes ®°, nanoporous monoliths derived from cylinder-forming
block copolymers have exhibited the efficient size-selective separation of chemical and
biological species because of their uniform cylindrical pore structure and narrow pore diameter
distribution '*"*. The use of block copolymers with different molecular weights provides a
simple means for varying pore diameter in a monolith to adjust the size-based selectivity in
molecular penetration. Controlling the surface chemistry of block copolymer-derived nanopores
makes it possible to regulate the monolith permeability based on chemical interactions. In
contrast to track-etched membranes and nanoporous anodic alumina, block copolymer-derived
nanoporous monoliths can be prepared as films thinner than 100 nm, possibly leading to the
faster diffusion-controlled separations of chemical and biological species '*°.

To employ these nanoporous membranes for chemical separations, filtration and drug
delivery, knowledge on the rate and selectivity in the permeation of molecules being separated or

delivered through the membrane is required. Such membrane permeability has been usually
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assessed by measuring the flux of molecules across a membrane that is determined by
monitoring their concentrations in a receiving solution ®*°. This approach is versatile, but it
requires mechanically-stable, flow-through membranes having sufficient thickness.
Electrochemical methods employing redox-active probes have been employed as an alternative
approach to investigate molecular permeation through thin insulator-based nanoporous films

16-21

supported by electrodes . Diffusion behavior of small molecules within cylindrical

nanopores was electrochemically investigated using recessed nanodisk-array electrodes (RNEs)

whose recessed structures were formed by monolithic layers comprising vertically-oriented

. . 16,2225
nanopores such as nanoporous anodic alumina membranes

26-29

, track-etched polymer

30-34

membranes and block copolymer-derived nanoporous films . These studies revealed

surface diffusion of redox amphiphiles localized on nanopore surface >, as well as the influence

293132 and steric effects ** on molecular permeation through the

of electrostatic interactions
nanopores.

In this study, the effects of nanopore diameter on the diffusion of cytochrome ¢ were
investigated by cyclic voltammetry (CV) at RNEs based on nanoporous films derived from
cylinder-forming polystyrene-poly(methylmethacrylate) diblock copolymers (CF-PS-b-PMMA;
0.3 as the PMMA volume fraction) ****. CV measurements were performed in the presence of
relatively high supporting electrolyte (75 mM) so that the measured voltammograms were
primarily controlled by the diffusion of redox species rather than migration. RNEs were
fabricated by selectively removing cylindrical PMMA domains in annealed CF-PS-b-PMMA

films on planar gold substrates >'~*>°

. RNEs with 11-, 14- or 24-nm diameter pores were
prepared from CF-PS-b-PMMA with three different molecular weights. The nanopore surfaces
were covalently functionalized with poly(ethylene glycol) to reduce the nonspecific adsorption
of the biomolecules **°">*. Here, cytochrome ¢ was used as a model biomolecule for the
following reasons. First, its one-electron redox reaction is (quasi-) reversible in the presence of
appropriate promoters, which simplify the measurements and interpretation of voltammograms
3940 n contrast, the redox reaction of ferritin, which was used in our previous study to
demonstrate the size-exclusion properties of similar nanopores **, involves irreversible Fe(II)
release from the protein core *', and thus only one voltammogram could be measured on each

RNE. Second, the ratio of its hydrodynamic diameter (ca. 4 nm, measured with dynamic light

scattering) ** to the diameter of the RNE nanopores employed (11-24 nm) is in the range of

55



643 the diffusion coefficient of cytochrome ¢

0.16-0.36. According to hydrodynamic models
inside the nanopores is estimated to decrease by a factor of 2-10 compared to the bulk diffusion
coefficient value. The decreased diffusion coefficient will permit the discussion of the hindered
diffusion of cytochrome ¢ within these nanopores °. In addition, simultaneous penetration of
multiple cytochrome ¢ molecules is geometrically restricted within 11-nm pores, whereas it is
more feasible within 24-nm pores as suggested by diffusion-controlled voltammograms of
cytochrome ¢ at a RNE based on a nanoporous anodic alumina membrane with 30-nm pores .
CVs of cytochrome ¢ were compared with those of 1,1°-ferrocenedimethanol. 1,1°-
Ferrocenedimethanol is uncharged and smaller in size (hydrodynamic diameter of = 0.7 nm) than
the pore diameter (11 ~ 24 nm), and thus its diffusion within the nanopores will not be
significantly affected by electrostatic and steric effects. The geometrically restricted diffusion
will be the basic principle of single file diffusion recently reported on flow-through nanoporous

membranes derived from block copolymers *°.

3.2 Experimental

3.2.1 Chemicals and Materials

All aqueous solutions were prepared with water having a resistivity of 18 MQ cm or
higher (Barnstead Nanopure Systems). Three types of CF-PS-6-PMMA (71K CF-PS-b-PMMA:
M, =50 000 g/mol for PS and 21 000 g/mol for PMMA, M,,/M, = 1.08; 43K CF-PS-b-PMMA:
M, =31 400 g/mol for PS and 11 500 g/mol for PMMA, M,,/M, = 1.06; 31K CF-PS-b-PMMA:
M, =21 500 g/mol for PS and 10 000 g/mol for PMMA, M,,/M, = 1.06) were purchased from
Polymer Source and used as received. Sodium dihydrogen phosphate (Fisher Chemical), sodium
hydroxide (Fisher Chemical), sodium hydrogen phosphate (Fisher Chemical), potassium nitrate
(Fisher Chemical), 1,1’-ferrocenedimethanol (Aldrich Chemical), DL-thioctic acid (TCI-EP), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC; Chem-impex International),
N-hydroxysuccinimide (NHS; Acros Organics), and triethyleneglycol monoamine ((PEO);NH;
Molecular Biosciences Inc.) were of reagent grade quality or better and used without further
purification. Horse heart cytochrome c (Sigma-Aldrich) was purified on a CM-52 cellulose
column (Whatman) at 4 °C according to the method reported by Brautigan et al. ** and used

within two weeks **. The concentration of the purified cytochrome ¢ was determined
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spectrophotometrically at 410 nm with an extinction coefficient of e4;0 = 106 100 M'cm™ using
a Hewlett-Packard HP 8453 UV-Vis spectrometer *°. Gold-coated silicon wafers, which were
prepared by sputtering 10 nm of Ti followed by 200 nm of Au onto Si (100) wafers, were
purchased from LGA thin films (Foster City, CA).

3.2.2 Electrode Preparation and Electrochemical Measurements

RNEs based on CF-PS-b-PMMA -derived nanoporous films on gold substrates were
prepared according to procedures reported previously *'>*. Briefly, thin films of CF-PS-5-
PMMA were prepared by spin-casting from toluene solution (ca. 0.75 wt%) on clean gold-coated
Si substrates (ca. 12 x 15 mm?) and then annealed at 180 °C in vacuum (~0.3 Torr) for 60 h.
Film thickness was measured to be ~25-35 nm by spectroscopic ellipsometry (J.A. Woollam
Alpha-SE). The surface of annealed films was characterized using Tapping-mode atomic force
microscopy (AFM) to measure the diameter of vertically-oriented cylindrical PMMA domains
exposed to the film surface. The cylindrical PMMA domains in the film were removed via UV
irradiation (254 nm, 20 mW/cm®, 80 min) under an Ar atmosphere and subsequent rinsing with
glacial acetic acid. The nanopore surface in the resulting film was covalently modified with
triethyleneglycol moieties via EDC-mediated amidation of the surface -COOH groups with
(PEO);NH, *** to reduce the nonspecific protein adsorption onto the nanopore surface *’. The
substrate was immobilized at the bottom of the electrochemical cell as reported previously *'>*.
The RNE was then treated with an ethanolic solution of thioctic acid (10 mM) for 12 h followed
by washing with ethanol and water to modify the exposed gold surface with a self-assembled
monolayer of thioctic acid ***’. CF-PS-b-PMMA-derived nanoporous films on planar gold
substrates were not damaged during the immersion in the ethanol solution because of the
crosslinking of PS matrix during the UV irradiation ', As a control experiment, a thioctic
acid-modified planar gold substrate was similarly prepared in the cell. During the interval of CV
measurements in the solutions of 1,1’-ferrocenedimethanol and cytochrome c, the substrate
immobilized in the cell was treated with a thioctic acid solution to maintain the sufficient thioctic
acid coverage. CV measurements were performed in a three-electrode cell containing a Ag/AgCl
(3 M KCl) reference electrode, a Pt counter electrode using a CH Instruments model 720C

electrochemical analyzer. The film area exposed to the solution was defined by an O-ring (0.66
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cm in diameter). The solutions of 1,1’-ferrocenedimethanol and cytochrome ¢ were bubbled by
Ar, and electrochemical measurements were performed under Ar atmosphere. The redox current
of cytochrome ¢ measured at a RNE was obtained by drawing the background as shown in

Figure 3.1.
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Figure 3.1 One of the CVs shown in Figure 3.5 (b) (v =0.01 V/s) (vide infra), showing the

way to measure the peak current.

The formation of thioctic acid SAMs on planar and nanoporous electrodes was verified as
a decrease in charging current measured in 0.1 M KNOs;. A double layer capacitance, calculated
from a charging current decreased by a factor of 3.21 + 0.32 for planar electrode and by factors
0f2.21+ 0.62, 2.49 + 0.51 and 1.91 £ 0.23 for films with 11, 14 and 24 nm diameter pores

respectively.

3.2.3 COMSOL Multiphysics® Simulation of Voltammetric Responses
Voltammetric responses were simulated by Khanh Hoa Tran Ba according to the method
previously employed by Lavacchi et coworkers °' and based on the model developed by Davies
and Compton **. Figure 3.2 shows the model geometries used in our simulation for a RNE
based on hexagonally-distributed nanopores. It should be noted that the model represents a
simplified system where the experimentally observed pore spacing heterogeneity has not been

incorporated. The diameter of a nanopore, and thus a nanodisk electrode, 2a was 24 nm, the
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recession depth L was 30 nm, and the interpore spacing 2s was varied from 44 to 2304 nm. To
simulate the semi-infinite boundary condition of the experiment, the cell height was fixed to 480
um 2. A cylindrical coordinate system was used to model the nanodisk electrode at the bottom
of the nanopore, and the origin of it was set at the center of the nanopore opening. Simulations
were performed using COMSOL Multiphysics ver 4.1 with the Chemical Engineering Module
(COMSOL, Inc.) operated on a Dell Optiplex GX520 (Pentium 4 CPU, 3 GHZ, 4 GB RAM).

_ a: pore radius
solution bulk (=12 nm)
¥ L: pore depth
e = » | (=80nm)
> I s: half of pore spacing
pore [| L polymer (=22 ~ 1152 nm)
v (insulator)| [y -0 ~ g+s (hm)
< electrode y=-L~48x105(nm)

Figure 3.2 Schematic simulation geometry of a RNE: «a is the radius of pore and electrode, s
is half of the spacing between adjacent nanopores, and L is the recess depth (film
thickness). The origin of the cylindrical coordinate system was set to the center of the pore

opening.

3.2.4 Equations Employed in the Simulations
A simple single electron transfer was assumed in the simulation for 1,1’-ferrocenedimethanol
and cytochrome c:
A+e =B (3.1)
Additionally, we assumed that the transport was solely based on diffusion as described by a

couple of Fick’s second law equations:

%4V (DY) =0 (3.2)

where ¢; is the concentration (mol/m?) of species i (A or B); D; the diffusion coefficient (m?/s) of
species 7; ¢ is the time (s). At the electrode surface, the electron flux, J (mol/m?s), the number of
moles crossing the unit surface for one second, was described by °':

J=cy5 Kr—cps Ky (3.3)
where ¢; (mol/m?) is the concentrations of species i at the electrode surface (x =0~ a, y = -L).

K¢ and Ky, are forward and backward electron transfer rate constants (m/s), respectively:
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In these equations, Ky 1s the heterogeneous electron transfer rate constant (m/s), a; is the
electron transfer coefficients of species i (= 0.5 in this simulation), z is the number of exchanged
electrons (n = 1 for the redox-active species used in this study), F is the Faraday constant (=
96485 C/mol), E is the electrode potential, E° is the voltammetric half-wave potential against
Ag/AgCl (=0.22 V for 1,1’-ferrocenedimethanol > and = 0.01 V for cytochrome c¢) >* and R is
the gas constant (R = 8.31 J/Kmol). According to literatures, Kyt was 0.070 m/s for 1,1°-
ferrocenedimethanol > and 8.7 x 10™ m/s for cytochrome ¢ >*. The diffusion coefficients and
Kiet were assumed to be identical for a redox species in its oxidized and reduced forms.

The triangular shape potential waveform of the cyclic voltammetry experiment was
modeled by **:

-ty +2F. 4y -t .
E(t):(—v 0 5 ”””“’j+2— v Ocos(mz tj (3.6)

2_2
w N t,

Ey.on—FE
to = high low (37)
v
where Ejyitial 1s the initial, Eygp 1s the highest and Ej,y, is the lowest applied potential (£) in the
cyclic voltammetric experiment; v is the potential scan rate (V/s); ¢ is the time (s) and # are odd

valued integers from 1 to 15. To obtain the current of the voltammetric response, the flux of the

redox molecule at the electrode interface was integrated according to *°:

. t acA,s
z_z;rFD-jr- dr (3.8)
0 ay y=—L

3.2.5 Computation
In the COMSOL Model Builder, the space dimension was chosen as 2D axial symmetric
to reduce the computational time. The Fick’s second law was solved using a time dependent
solver and the Physics Model ‘Transport of Diluted Species’ was employed. In the model, the
‘No Flux’ boundary conditions have been set for boundaries 5, 6, 7 and 8 (Figure 3.3). The
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‘Axial Symmetry’ conditions have been chosen for boundaries 3 and 1. According to Eq 3, the
‘Flux’ boundary condition has been set for boundary 2. For species A and B, the ‘Inward Flux’
was —Cpulk, A Kt (Couik, A-Cas) Kp and —cpuix, B KpH(chulk, B-¢B.s) Kr, respectively, where Ky and Kp
are the ‘Mass transfer coefficient’ of A and B; cpux was 3.1 mM (1,1’-ferrocenedimethanol) or
16 uM (cytochrome c¢). No condition has been selected for boundary 4. ‘Initial Values’ have
been set for the whole geometry (Domains I + II) determining the initial bulk concentration of A
(1,1’-ferrocenedimethanol: 3.1 mM, cytochrome c: 0 M) and B (1,1’-ferrocenedimethanol: 0 M,
cytochrome c: 16 uM). To simulate different diffusion coefficients in different regions of the
RNE, two separate ‘Diffusion’ conditions were selected for domains I and II. Thus, for each
domain, a couple of Fick’s second law equations with different diffusion coefficients (Eq 2) have
been solved. The bulk diffusion coefficients of 1,1’-ferrocenedimethanol and cytochrome c
(Drepm,pulk and Deyie puik) employed in Domain I were 6.4 x 10 m%*s°"and 1.1 x 10" m%/s 42,

respectively.

h

[
—
[wal

4
1.:5 7
2

Figure 3.3 Schematic model geometry showing eight boundaries (1-8) and two domains (I,

1I).
For the overall mesh, a maximum element size of 1 um, a minimum element size of 9.6

nm, a mesh grow rate of 1.2 and mesh curvature factor of 0.2 were chosen. For the mesh

refinement at boundary 2, 4 and edges of domain I, a maximum element size of 0.05 nm, a
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minimum element size of 0.01 nm, a mesh grow rate of 1.1 and mesh curvature factor of 0.2
were employed. The mesh was refined locally at the electrode and edge areas until no further
change in the current was observed. Thus, the ‘Regular refinement’ function was chosen to
refine Domain II (# of refinement = 1). Figure 3.4 shows a mesh employed for the simulations
corresponding to a simulation cell with 12 nm pore radius (¢ = 12 nm; 24 nm in pore diameter),
68 nm interpore spacing (s = 68/2 -12 = 22 nm), 30 nm recession (L = 30 nm) and a cell height of
480 um (out of the range in Figure 3.4). In this example, there are 79555 triangular elements
and 5595 edge elements. For a potential increment size of 0.05 V/s and the relative and

absolutes tolerances of 1 x 107, the one cycle CV simulation required ~16 minutes.
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Figure 3.4 An example mesh of a simulation cell for a RNE with 12 nm pore radius (a =12
nm), 68 nm interpore distance (s = 22 nm), 30 nm recession (L =30 nm) and a cell height of

480 pm.

3.3 Results and Discussion
In this study, CVs of cytochrome ¢ were measured on RNEs to obtain insight into the
diffusion of biomolecules within CF-PS-b-PMMA-derived nanoporous films. Thioctic acid
SAMs were employed as a promoter to measure the faradic current of cytochrome c. (Quasi-)
reversible CVs of cytochrome ¢ were reported on gold electrodes modified with COOH-

45,58

terminated SAMs , including thioctic acid SAMs %% CVs of 1,1°-ferrocenedimethanol and
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cytochrome ¢ were measured on each electrode to compensate for variations in the density of
active nanodisk electrodes. Such variations are attributable to the metastable nature of the
vertical orientation of the PMMA domains in gold-supported CF-PS-b-PMMA films ***. Here,
the concentration-normalized ratio of the faradic peak currents of the two species,
Rgisi(cytc/FcDM), measured on the same electrode at a fixed v (= 0.05 V/s) was employed to

discuss CV data because of the variation in the active electrode area of different RNEs:

i C
Ryt | FeDM) = - payre/ Ceyte (3.9)
‘ Ip,FeDM / Crepm

In Eq (3.9), ipcyic and ip pepm are the peak currents in CVs at 0.05 V/s for the reduction of
cytochrome c and the oxidation of 1,1’-ferrocenedimethanol, Ccyi and Crcpm are the

concentrations of cytochrome ¢ and 1,1’-ferrocenedimethanol in the solutions employed.

3.3.1 CVs on Planar Thioctic Acid-Modified Gold Electrodes

CVs were first recorded on planar electrodes without nanoporous films to verify the
electrochemical behavior of the two redox species on thioctic acid-modified gold surfaces.
Figure 3.5(a) shows typical CVs of 1,1’-ferrocenedimethanol on a thioctic acid-modified gold
electrode at different scan rates. These CVs were quasi-reversible as indicated by the relatively
large difference in redox peak potentials (AE, = 132 mV at 0.05 V/s). The presence of a thioctic
acid SAM on the electrode probably reduced the electrode reaction kinetics for 1,1°-
ferrocenedimethanol. The slope of the log—log plot of the oxidation peak current of 1,1°-
ferrocenedimethanol against scan rate (Figure 3.5(c) (open circles)) was close to 0.5 (Table 3.1),
consistent with the slope expected in CVs controlled by linear diffusion of redox species ®°. As
compared to the CVs of 1,1’-ferrocenedimethanol, CVs of cytochrome ¢ on the same electrode
(Figure 3.5(b)) exhibited a smaller AE, (67 mV at 0.05 V/s). However, the reduction peak
currents were significantly (> 30%) larger than the oxidation peak currents, as sometimes
observed in CVs of cytochrome c on gold electrodes modified with COOH-terminated SAMs
435839 " The slope of the log—log plot (Figure 3.5(c) (filled circles)) was slightly larger than 0.5
(Table 3.1), suggesting a dominant contribution by linearly-diffusing cytochrome ¢ molecules

and a minor contribution by adsorbed species.
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Figure 3.5 Typical CVs of (a) 3.1 mM 1,1’-ferrocenedimethanol (in 0.1 M KNO3) and (b) 24
pM purified horse heart cytochrome ¢ (in 75 mM NaH,PO4-Na,HPQO,4 buffer (pH 7.0)) on a
planar gold electrode modified with a thioctic acid-SAM at four different scan rates (v =
0.025, 0.05, 0.1 and 0.2 V/s). (c) Plots of logi, vs logy (ip: anodic peak current for 1,1°-
ferrocenedimethanol and cathodic peak current for cytochrome c) obtained from the gold

electrode.

For a reversible CV controlled by linear diffusion, the peak current, i, (A), at scan rate, v

(V/s), is given by the following equation *:

i, = 0.446nFAC,/”F Dy (3.10)
RT

where 7 is the number of electrons (n = 1 for the redox-active species used in this study), F' is the

Faraday constant (= 96485 C/mol), R is the gas constant (= 8.31 J/K mol), 7 is the temperature (=
298 K), A (cm®) is the electrode area, D (cm?/s) is the diffusion coefficient of the redox-active
species, and C (mol/cm’) is its concentration. For peak-shaped, linear-diffusion-controlled CVs,
Eqgs (9) and (10) give the following relationship between Ryiscytc/FcDM) and the diffusion

coefficients:

R tc | FeDM) = Deyre_ 3.11
aiff(cvic [FeDM) = (3.11)
Dr.py

where Dy and Drcpu are the effective diffusion coefficients of cytochrome ¢ and 1,1°-
ferrocenedimethanol. The Ryis(cytc/FcDM) value obtained on the planar thioctic acid-modified
gold electrodes (0.36 £+ 0.04, Table 3.1) was close to the value (0.41) estimated from the

diffusion coefficients of 1,1’-ferrocenedimethanol (6.4 x 10 cm?/s) * and cytochrome c (1.1 x
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10 cm?/ s) 2 in the solution bulk (DrepM puik and Deyie puik, respectively), even though the CVs
measured were neither perfectly reversible (for 1,1’°-ferrocenedimethanol) nor completely
diffusion-controlled (for cytochrome c). This result suggests that Rgis(cytc/FcDM) can be used

to discuss the diffusion behavior of the redox species onto electrode surface.

Table 3.1 Electrochemical Data on Planar and Recessed Nanodisk-Array Gold Electrodes.

electrodes pore dia. (nm)a Ndif/Nadsb Slopediff-FcDMc Slopediff-cytcc Slopeads-FcDMd Slopeads-cytcd Rdift(cth/FCDM)e

planar - 3/0 0.48+0.01 0.57+0.06 - - 0.36 .04
71K 2443 4/1 0294003 038+0.15 0.35" 0.67" 0.091 + 0.057
43K 14+1 1/3 0.31° 027" 0.28+0.04 0.64+0.04 0.13"
31K 11+2 0/3 - - 0.29+0.05 0.62+0.17 -

“ The average and standard deviation of surface-exposed vertical PMMA domains measured
using Tapping-mode AFM. ” Numbers of electrodes that gave CVs of cytochrome c diffusing
from the solution (Ngif) and those of adsorbed cytochrome ¢ (Nygs). © The average and standard
deviation of the slopes of logi, vs logv plots (Figures 3.5(c), 3.6(c) and 3.8(c)) obtained from the
electrodes that gave diffusion-controlled CVs for cytochrome c. “ The average and standard
deviation of the slopes of logi, vs logv plots (Figures 3.5(c), 3.6(c) and 3.8(c)) obtained from the
electrodes that gave CVs reflecting adsorbed cytochrome c. ° The average and standard
deviation of the ratio of i,/C (iy: the cathodic and anodic peak currents of cytochrome ¢ and 1,1°-
ferrocenedimethanol, respectively, measured at 0.05 V/s; C: the molar concentration of redox
species; see Eq (3.9)) obtained from the electrodes that gave diffusion-controlled CVs for

cytochrome c. " Obtained from the single sample.

3.3.2 CVs on RNEs with CF-PS-b-PMMA-Derived Nanoporous Films
Figure 3.6(a) shows CVs of 1,1’-ferrocenedimethanol on a RNE with 24-nm diameter
pores, which were derived from 71K CF-PS-5-PMMA. The CVs were peak-shaped and quasi-
reversible (i.e., AE, = 145 mV at 0.05 V/s) as with those on planar electrodes. However, the
peak current was smaller by the factor of 23 ' than the theoretical prediction for a densely-

packed array of nanodisk electrodes ***'

. The slope in the log—log plot (Figure 3.6(c) (open
circles)) was significantly smaller than 0.5 (0.29 + 0.03; Table 3.1), suggesting the unavoidable

involvement of radial diffusion on individual RNEs. These observations have the following two
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possible explanations: First, the density of open nanopores, and thus active nanodisk electrodes,
is not high enough to support a perfectly linear diffusion profile '*. Second, the diffusion
coefficient of 1,1’-ferrocenedimethanol within the nanopores is smaller than in bulk solution.
Finite-element computer simulations suggest effects from the latter mechanism are more

significant (vide infra).

(a) (b) (c)

T

100

1,1'-ferrocene
[dimethanol

1(pA)

cytochrome ¢

R

-100 =2 s
o adaorbed
GREcoms
0.5 0 0.4 -0.2 -2 -1 0
E(V) E(V) logv

Figure 3.6 Typical CVs (v =0.025, 0.05, 0.1 and 0.2 V/s) of (a) 3.1 mM 1,1’-
ferrocenedimethanol (in 0.1 M KNOj3) and (b) 16 uM cytochrome c¢ (in 75 mM NaH;PO,-
Na,HPO, buffer (pH 7.0)) on a thioctic acid-modified RNE derived from 71K CF-PS-b-
PMMA (pore diameter: 24 nm; thickness: 36 nm). (c) Plots of logi,, vs logv (i,: anodic peak
current for 1,1’-ferrocenedimethanol and cathodic peak current for cytochrome c)

obtained from the thioctic acid-modified RNE with 24 nm-diameter nanopores.

Figure 3.6(b) shows CVs of cytochrome c on the same RNE. The reduction potential of
cytochrome ¢ (36 mV at 0.05 V/s) was close to that measured on the planar electrode (33 mV at
0.05 V/s, Figure 3.5(b)), but the AE,, was slightly larger (130 vs. 100 mV at 0.05 V/s). The
slope in the log—log plot for cytochrome ¢ (Figure 3.6(c) (filled circles)) was smaller than 0.5,
but was larger than that for 1,1’-ferrocenedimethanol (Table 3.1). The larger slope is
attributable to contributions from the reduction of adsorbed cytochrome c. Indeed, experiments
performed on a RNE that had previously been exposed to cytochrome ¢ also showed a reduction
peak for adsorbed species (Figure 3.7). In this case, the cell was filled with a buffer containing
no cytochrome c. However, the reduction current at the slower v in Figure 3.6(b) was mainly
determined by cytochrome c diffusing from the solution bulk, as the current from the adsorbed

cytochrome ¢ was 20% of the total current at 0.05 V/s (Figure 3.6(c) (filled triangles)).
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Figure 3.7 CVs (v = 0.025, 0.05, 0.1 and 0.2 V/s) measured in 75 mM NaH,PO4Na,HPO,
buffer (pH 7.0) on the thioctic acid-modified RNE after the CV measurements in the

cytochrome c solution as shown in Figure 3.6b.

In contrast to RNEs with 24-nm diameter pores, RNEs with the smaller pores gave CVs
reflecting adsorbed cytochrome c, as indicated by the statistics (Ngif Nags) given in Table 3.1.
Figure 3.8(a) and (b) shows CVs of 1,1’-ferrocenedimethanol and cytochrome c, respectively,
on a RNE with 11-nm diameter pores. These were derived from 31K CF-PS-b-PMMA. These
results show that diffusion-controlled CVs are obtained for 1,1’-ferrocenedimethanol, regardless
of pore diameter. The data obtained from 24- and 11- nm pores are similar in terms of their
reversibility and peak current values, and produce similar log—log plots (Figure 3.8(a), Figure
3.8(c) (open circles) and Table 3.1). At first glance, the CVs of cytochrome ¢ shown in Figure
3.8(b) appear very similar to those in Figure 3.6(b). However, the slope of the log—log plot was
significantly larger than 0.5 (Figure 3.8(c) (filled circles) and Table 3.1), suggesting that the
reduction current measured on these RNEs was largely determined by adsorbed cytochrome c.
Most RNEs with 14-nm nanopores also gave CVs reflecting adsorbed cytochrome ¢ (Table 3.1).
The more frequent observation of adsorption-controlled CVs within the smaller nanopores may
reflect the suppressed release of cytochrome ¢ from the SAM surface due to the geometrical
diffusion restriction within the confining nanopores. It may also result from the geometrical
restrictions imposed by the simultaneous penetration of multiple cytochrome ¢ molecules into

single nanopores.
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Figure 3.8 Typical CVs (v =0.025, 0.05, 0.1 and 0.2 V/s) of (a) 3.1 mM 1,1’-
ferrocenedimethanol (in 0.1 M KNO3) and (b) 16 uM cytochrome c¢ (in 75 mM NaH,PO,-
Na,HPO, buffer (pH 7.0)) on a thioctic acid-modified RNE derived from 31K CF-PS-b-
PMMA (pore diameter: 11 nm; thickness: 34 nm). (c) Plots of logi,, vs logv (i,: anodic peak
current for 1,1’-ferrocenedimethanol and cathodic peak current for cytochrome c)

obtained from the thioctic acid-modified RNE of 11 nm-diameter nanopores.

Table 3.1 summarizes Rgg(cytc/FcDM) values for RNEs that gave diffusion-controlled
CVs for cytochrome c. The Rgig(cytc/FcDM) values (~0.1) were significantly smaller than those
obtained on planar thioctic acid-modified electrodes (0.36), suggesting that the effective
diffusion coefficient of cytochrome c is decreased more effectively than that of 1,1°-
ferrocenedimethanol within the nanopores. This observation is attributable to the larger size of
cytochrome ¢ molecules, which leads to greater hindrance of its diffusion within the nanopores.
However, the measured Rgi(cytc/FcDM) values cannot be used to quantitatively assess
Deyic pore/ Decpm pore (Eq (3)) because of the contributions of radial diffusion to the measured CVs.
For radial diffusion, Eq (2) is not applicable and a limiting current is proportional to D rather
than D"? ®. The finite-element simulations were thus employed for more quantitative discussion

on the decrease in D within the nanopores.
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3.3.3 Finite-Element Computer Simulations of CVs on RNEs with 24-nm Diameter
Pores

Here, the CVs obtained from the RNEs were simulated using methods previously employed
to model CVs from microdisk array electrodes °'~. Simulations were performed for 24 nm
diameter pores that were 30 nm in length, closely mimicking the properties of pores derived from
71K CF-PS-b-PMMA. The simulations were carried out to address the following two questions:
(A) What properties of the nanoporous films could lead to the smaller faradic current of 1,1°-
ferrocenedimethanol and smaller slopes in the log—log plots as compared to the theoretical
prediction *"%*'? (B) Can the CVs measured on 71K-CF-PS-b-PMMA-derived RNEs provide
quantitative information on the diffusion of redox species within the 24-nm nanopores?

Figure 3.2 shows the model geometry used in our simulation of CVs on a RNE comprising
hexagonally-distributed nanopores **. The simulations were performed by varying the spacing
between adjacent pores, 2s (s =22 ~ 1152 nm), or by varying the diffusion coefficient of redox
species within the nanopore cavity, Dpore. The minimum pore spacing (2s = 44 nm; 280
pores/um?) was estimated from the reduction charge for adsorbed cytochrome ¢ (Figure 3.7)
under the following two assumptions: (i) Only cytochrome ¢ molecules in the first layer could
participate in electrode reaction; (ii) Each pore was occupied by 20 cytochrome ¢ molecules,
which was estimated from the diameters of the molecule (4 nm) and nanopore (24 nm). The
simulated CVs show the relationship between current density defined by the geometrical

electrode area and overpotential (= E — E°).

3.3.4 Effects of Interpore Spacing and Diffusion Coefficient within Nanopore Cavity
on the CVs of 1,1°-Ferrocenedimethanol
As described in chapter 3, the measured CVs of 1,1’-ferrocenedimethanol on the CF-PS-b-
PMMA-derived RNEs ' were not perfectly consistent with the theory which predicts that the
peak current for a recessed nanodisk electrode is proportional to the geometrical electrode area

rather than the active electrode area **°!

. The peak current was significantly smaller than that
estimated from the geometrical electrode area. The small slope of the log—log plots (0.3~0.4, in
Table 1) obtained from experimental data suggests that radial diffusion plays a role. The
importance of radial diffusion may be enhanced by a larger-than-expected spacing between

adjacent nanopores, 2s 62, and/or a smaller diffusion coefficient within nanopores, Dpore, than in
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bulk solution, Dy,x. The computer simulations were carried out to verify the effects of these two
parameters on CVs.

Figure 3.9(a) shows simulated CVs of 1,1’-ferrocenedimethanol (at 0.05 V/s) on RNEs at
different s under the assumption of Drcpm,pore = DrcpM,pulk (= 6.4 X 10 6 cmz/s) 57 It should be
noted that the current from all simulated CVs was normalized to the geometrical area rather than

the active electrode area. As theoretically predicted ¢!

, peak-shaped CVs were obtained for
smaller s, reflecting the overlapped diffusion layers expanded from individual nanopores.
However, the peak current gradually decreased with increasing s for s > 12a, indicating that the
small experimental 7, could be explained by large s due to the incomplete removal of degraded
polymer from the electrode surface within the nanopores. Indeed, the experimental CVs and
log—log plot could be reproduced at s = 284 nm (Figures 3.10(a) and 3.11), which corresponds
to a much lower pore density (3.6 pores/um?) than that estimated from atomic force microscopy
(AFM) images of the film surface (700 pores/ um?) *%. A further increase in s (s = 1152 nm) led
to a sigmoidal CV, even though the interpore spacing was significantly smaller than the diffusion

layer thickness at 0.05 V/s (= 26 um). This result reflects the limitation of the number of

molecules that can react on the nanoscale electrode per unit time.
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Figure 3.9 Simulated CVs (v = 0.05 V/s) of 3.1 mM 1,1’-ferrocenedimethanol (E"=022V
vs. Ag/AgCl) on RNEs. (a) CVs obtained at different interpore spacing (s =36 nm — 1152
nm) with Drcpv,pore = Drepmpulke Note that almost identical CVs were obtained at s <72 nm.
(b) CVs at s = 22 nm with different Drcom pore (6.4 x 10° cm*/s — 6.4 x 10” cm?/s). The
current was normalized to the geometrical electrode area. Simulations performed by

Khanh Hoa Tran Ba.
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Figure 3.9(b) shows simulated CVs of 1,1’-ferrocenedimethanol (at 0.05 V/s) on a RNE at
different Drcpm pore and constant s (= 22 nm). For Dgcpm,pore > 0.1Dkcpm bulk, peak-shaped CVs
with 7, close to the theoretically predicted value were observed. In contrast, for Drcpm,pore <
0.1Dgcpm,bulk, Ip decreased with decreasing Drcpwm pore probably because i, was more dominantly
controlled by diffusion rather than electrode reaction kinetics. Simulation results consistent with
the experimental CVs and log—log plot were obtained at Dgcpm pore = 6.7 X 10® cm?/s (Figures
3.10(b) and 3.11), two orders of magnitude smaller than Dgcpmpuik. The very small Drcpm pore 1S
experimentally possible if the molecular diffusion is obstructed based on chemical and steric
interactions, in particular, due to the incomplete removal of the PMMA domains or imperfect

cylindrical shape.
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Figure 3.10 Simulated CVs of 1,1’-ferrocenedimethanol (3.1 mM) on RNEs (pore diameter:
2a =24 nm; pore length: L = 30 nm) at different scan rates: (a) s = 276 nm, Dgcpwm,pore = 6.4
x 107 cmz/s; (b) s =22 nm, Drcpm,pore = 6.7 X 10" em?/s. Simulations performed by Khanh

Hoa Tran Ba.

71



op | ju
3 | e
£
8
<m
X
% 2 T
2
AAAA
4R ! 1
-2 -1 0
logv

Figure 3.11 Plots of log(ip/Ageometrical) VS 10gv (ip: anodic peak current for 1,1°-
ferrocenedimethanol and cathodic peak current for cytochrome c) obtained from the RNEs
simulated in Figure 3.10 and Figure 3.12: 1,1’-ferrocenedimethanol at s =22 nm (open
circles); 1,1’-ferrocenedimethanol at s =276 nm (filled circles); cytochrome ¢ at s =22 nm
(open triangles); cytochrome c at s = 276 nm (filled triangles). The experimental data for
cytochrome ¢ (Figure 3.3b in chapter 3) showed a larger slope probably due to the
contribution of adsorbed cytochrome ¢ molecules to the measured reduction current.

Simulations performed by Khanh Hoa Tran Ba.

These simulation results suggest that the experimental CVs of 1,1’-ferrocenedimethanol on
the RNEs reflect lower pore density and/or small Dgcpm pore. However, it was not possible to
obtain specific pore density and Dgcpm,pore Values by simple comparison of the experimental and
simulated CVs of 1,1’-ferrocenedimethanol, because these two parameters independently affect

CVs as indicated by Figure 3.9.

3.3.5 Diffusion of Cytochrome c within 24-nm-Diameter Nanopores
Subsequently, CVs of cytochrome ¢ on RNEs comprising 24-nm diameter pores were
simulated to estimate Dcyic pore from the experimental data. Then, the Dcyic pore Values were
compared with the hindered diffusion coefficient Deyic hindered Obtained using the Renkin
equation.®

D,
“hindered — (1 — 1) (1-2.10441 +2.0894° —0.948.°) (3.12)

bulk
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where Dhingered and Dyyik are the hindered and bulk diffusion coefficients respectively, and A (=
1/Tp) 1s the solute-to-pore size ratio.

For cytochrome ¢ within 24-nm diameter pores, the ratio of solute diameter to pore
diameter, A, 15 0.16, and Deyic hindered = 5.2 X 107 cm?/s. The following two models were
examined, because they provided simulated CVs of 1,1’-ferrocenedimethanol similar to the
experimental ones (vide supra): RNEs with s =284 nm (Model A) and s = 22 nm (Model B).

Figure 3.12(a) shows simulated CVs of cytochrome ¢ under Model A at different Deyic pore-
The reduction peak current decreased with decreasing Deyic pore, and the experimentally observed
Rair(cytc/FcDM) (~ 0.1) was obtained at Deyic pore = 2.4 X 107 cm?/s. The obtained Deyicpore Was
close to Deyic hindered- However, as compared with experimental CVs showing the reduction peak

potential close to that on planar electrodes (Figure 3.5(b) vs. Figure 3.6(b)), the simulated CV

at the Deyic pore €xhibited a reduction peak at more negative potential.
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Figure 3.12 Simulated CVs (v = 0.05 V/s) of 16 pM cytochrome ¢ (E0 =0.01 V vs. Ag/AgCl)
on RNEs at different Deytc pore. (a) s =284 nm; (b) s = 22 nm. The current was normalized

to the geometrical electrode area. Simulations performed by Khanh Hoa Tran Ba.

Figure 3.12(b) shows simulated CVs of cytochrome ¢ under Model B at different Dcyic pore-
The reduction peak current decreased at the smaller Deyic pore, and the experimentally observed
Rir(cytc/FcDM) (~ 0.1) could be obtained at Deyic pore = 2.6 X 10  cm?/s. The obtained Deyic pore
was much smaller than Deyic hindered. However, the reduction peak potential was close to that

observed in the experimental CVs (Figure 3.6(b)). This result suggests that the properties of the
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nanoporous film are closer to Model B: The pore density was relatively high and Dy of redox
species was smaller than Dyyy.

Importantly, both models showed a greater reduction in Dy for cytochrome ¢ as compared
to 1,1°-ferrocenedimethanol. Drcpm pore/Deytc,pore Values obtained from simulations based on
Models A and B were 27 and 26, respectively. These are 4-5 times larger than Dgcpm pui/Deyte bulk
(= 5.8). Thus, regardless of the model, it can be concluded that the smaller R4isfcytc/FcDM) on
the RNEs results from a greater decrease in the effective diffusion coefficient of cytochrome ¢
within the nanopores. The decrease in Dyore for cytochrome c reflects chemical interactions
between cytochrome c¢ and the nanopore surface in addition to hindered diffusion, considering
that the latter reduces diffusion coefficient by the factor of 2 (Dcyic nindered/Deyte,puik = 0.47 for A =
0.16). The residual surface -COOH groups on CF-PS-b-PMMA-derived nanopores
functionalized with poly(ethylene glycol) moieties ** could lead to smaller Rgig(cytc/FcDM)
values through electrostatic interactions with cationic cytochrome ¢ molecules (pl ~ 11) 3% at pH

7.

3.4 Conclusions

This study reports diffusion of cytochrome ¢ within the nanopores of block copolymer-
derived RNEs. The results were compared to those obtained for 1,1’-ferrocenedimethanol
diffusion through the same nanopores. Finite element simulations afforded the means to estimate
diffusion coefficients and pore spacings by comparison with the experimental data. The results
also showed the difference in diffusion behavior of the biomolecule according to the diameters of
the nanopores. Although cytochrome ¢ molecules could penetrate through the nanopores and
reach the underlying electrodes, they were more strongly adsorbed onto the smaller RNE
nanopores. Within 24-nm diameter nanopores, cytochrome ¢ exhibited diffusion-controlled
CVs. However, its effective diffusion coefficient was greatly decreased due to chemical
interactions with negatively-charged nanopores in addition to steric effect. The results reported

18,33

in this study will provide guidance in designing RNEs for size-based chemical sensing and

also for controlled immobilization of biomolecules within nanoporous media for biosensors and
bioreactors 2%
It should be noted that the results obtained in the present study differ somewhat from those

of “flow-through” nanopores. In flux measurements with flow-through nanopores, the protein
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concentration at the exits is defined by that in the receiving solution, and thus keeps being
significantly lower than that at the blocked end of RNE nanopores. The low concentration of the
receiving solution probably made it possible to observe single-file protein diffusion with

negligible nonspecific adsorption of proteins onto the nanopores '°.
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Chapter 4 - Formation of Self- Organized Nanoporous Anodic

Oxide from Metallic Gallium

Reproduced by permission of the American Chemical Society.

Published as: Pandey, B.; Thapa, P.S.; Higgins, D. A.; Ito, T. Langmuir, 2012, 28, 13705-13711.

4.1 Introduction

In recent years, development of an efficient and technologically simple method for the
synthesis of nanostructures over a macroscopic area has been a topic of great interest.! Self-
organized materials with a periodic arrangement of nanopores have drawn a lot of attention due
to the high expectations regarding their applications.” The uniform, highly dense and ordered
cylindrical nanopores in these materials have been employed as templates for the synthesis of
nanowires and nanotubes™* that have in turn been applied for electrochemical energy storage’
and drug delivery.® In addition, uniform cylindrical nanopores penetrating through the materials
have led to highly-selective chemical separations based on steric and chemical interactions.”
Furthermore, the well-defined nanoporous structures are suitable for investigating fundamental
relationships between materials morphologies and mass/charge transport characteristics.’

Anodization of metal substrates/films has been employed as a simple approach to
fabricate monolithic material comprising a densely-packed array of cylindrical nanopores.®!
Formation of nanoporous anodic oxides has been widely studied for aluminum.®’ More recently,
nanoporous anodic oxides have also been formed from other valve metals (e.g. Ti, W) and their

12,14

alloys, tin'"? and iron. However, metallic gallium has not been examined for anodic

formation of its self-organized nanoporous oxide, in spite of its similar chemical properties to
aluminum, " including the formation of compact barrier-type oxides on the metal surface.'®"’
Since the melting point of gallium is much lower (29.8 °C) than that of aluminum (660.3 °C),'®
metallic gallium can be easily incorporated into microscale channels.'” Thus, if anodization of
metallic gallium leads to the formation of self-organized nanoporous structures, the resulting
nanoporous oxide can be flexibly fabricated within confined spaces such as the inside of

microfluidic devices. The integration of nanoporous anodic oxides with microfluidics will lead

to development of unique portable devices because of the well-defined nanoporous structures
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and the physicochemical properties of the oxide as well as the controlled flow profiles in the
microchannels.
Gallium oxide is a wide-band-gap semiconductor (band gap ~ 4.8 eV) that can be

2122
“~“ and

employed for optoelectronic devices,”® high-temperature stable gas sensors
heterogeneous photocatalysis.”** Controlled fabrication of gallium oxide in various nanoscale
structures is important for these applications, as the shape and size have significant influence on
the semiconductor properties.> The large effective surface area of nanostructured materials can
enhance the performance in their applications for chemical sensing and catalysis. Previously,
nanoporous gallium oxides were prepared via template-based methods with mesoporous carbon?®
and surfactant micelles.?’ Though these approaches could provide gallium oxide monoliths
comprising nanopores with controlled nanoscopic shapes and diameters, it was challenging to
obtain well-aligned nanopores with um-scale thickness over a wide area. Anodization is a
promising method for fabricating well-ordered, large-area nanoporous structures, as mentioned
above.

In this study, anodization of solid metallic gallium films deposited on planar Si substrates
was examined at different voltages and H,SO,4 concentrations to reveal the optimal conditions
required for formation of self-organized nanoporous gallium oxides. The current generated
during anodization was monitored to obtain insight into the formation of the nanoporous
structures. The morphology and elemental composition of anodized gallium films were
measured with field-emission scanning electron microscopy (SEM) and energy dispersive X-ray
spectrometry (EDX). In addition to planar films, a solid gallium monolith incorporated at the
end of a glass capillary was anodized to demonstrate the formation of nanoporous anodic gallium
oxide in confined structures. The materials and methods described will be useful for the
fabrication of well-defined nanoporous materials within microchannels for possible applications

in chemical separations and catalysis.

4.2 Experimental

4.2.1 Chemicals and Materials
All solutions were prepared with water having a resistivity of 18 MQ cm or higher

(Barnstead Nanopure Systems). High purity gallium (99.99 %) was purchased from

81



GalliumSource, LLC and used as received. Sulfuric acid (Fisher Chemical, Certified ACS Plus)
was used without purification. Si (100) wafers (p-type) and borosilicate Pasteur pipettes were

purchased from University Wafer and Fisher Scientific, respectively.

4.2.2 Fabrication of a Solid Gallium Film on a Planar Si Substrate

Under Ar atmosphere, a drop of liquid gallium was placed on a planar Si substrate (ca. 12
mm X 12 mm; cleaned in a Novascan PSD-UVT UV-ozone system for 30 min prior to use) and
was spread over the whole surface. The gallium-coated surface was placed on a sterile
polystyrene petridish (100 mm x 15 mm, Fisher Scientific), and then cooled on an ice pack. The
substrate with frozen gallium film was detached from the petridish to obtain a mirror-like solid
gallium film immobilized on a planar Si substrate. A piece of conductive copper tape (Electron
Microscopy Science) was attached onto the edge of the gallium surface to make an electrical

connection.

4.2.3 Fabrication of a Solid Gallium Monolith inside a Glass Capillary
Under Ar atmosphere, a small plug of liquid gallium was sucked up very carefully into
the narrower end of a Pasteur pipette (1.75 mm 1.D.; cleaned with Harrick plasma cleaner for 5
min prior to use) using a pipette bulb. A small piece of copper wire was dipped into the gallium
to make an electrical connection. The distance between the end of copper wire and the gallium
surface was adjusted to be ca. 1 mm using a micromanipulator. Then, the narrower end of the
pipette was contacted to the surface of a polystyrene petridish on an ice pack to obtain a solid

metallic gallium monolith.

4.2.4 Anodization of Metallic Gallium
Metallic gallium samples were anodized in two-electrode cells shown in Scheme 1 with
a NuVant EZstat-HV potentiostat/galvanostat (applied voltage <25 V) or a CH Instruments
Model 618B electrochemical analyzer (applied voltage < 10 V). Planar gallium films
immobilized on Si substrates were placed at the bottom of the cell (Scheme 1a). The diameter of
an O-ring, which defined the gallium surface area for anodization, was 0.80 cm. Capillary-
incorporated gallium monoliths were dipped into H,SO4 solution as shown in Scheme 1b. Both

the gallium electrode and aqueous H,SO4 solution were cooled by ice (ca. 0 °C, measured with a
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thermometer) to prevent the gallium from melting. Anodization was performed at a constant dc
voltage. The current flowing between the gallium anode and a carbon cathode (0.5 mm in
diameter and dipped ca. 1 cm into the solution) was monitored during anodization. The effects
of anodization voltage were studied in 4 M H,SOy, solution at four different voltages (1, 5, 10
and 15 V), while the dependence on H,SO4 concentration (1, 2, 4 and 6 M) was investigated at
10 V. After anodization, the gallium samples were thoroughly rinsed with ultra pure water and

dried in No.

Scheme 1
(a) thermometer carbon
electrode
O-ring Gallium film

on Si substrate

L copper
I / tape
0
glass slide |

copper plate

water with ice

(b) copper 4, carbon
wire [ electrode
- thermometer
gallium
maonolith

water with ice

4.2.5 ICP-AES Measurements
The aqueous H,SOy4 electrolyte solution after anodization was analyzed for the total
amount of gallium species using inductively coupled plasma-atomic emission spectroscopy (ICP-
AES). The measured total gallium species was compared with the amount of oxidized gallium to
estimate the dissolution of oxidized gallium into the electrolyte solution. ICP-AES measurements
were performed by Ms. Ranju Karna (Department of Agronomy, Kansas State University). A
calibration curve was obtained using a series of Ga’" standard solutions containing 3.67, 18.32,

36.67, 73.31 and 219.95 ppm Ga®" respectively. To determine the Ga®" in the aqueous H,SOy4
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electrolyte solution used during anodization, 10 pLL sample solution was diluted to 10 mL using
the acetate buffer, pH 3.5. The emission of the sample was recorded and the concentration

estimated using the calibration curve.

4.2.6 SEM and EDX Measurements

A LEO 1550 field-emission scanning electron microscope at the Microscopy and
Analytical Imaging Laboratory, University of Kansas was employed to obtain the surface and
cross-sectional morphology as well as EDX data of anodized gallium samples. These samples
were mounted on a holder with double sided conductive carbon tape (Electron Microscopy
Sources). For cross-sectional imaging, the samples were fractured and similarly mounted on a
holder. SEM images were obtained at an acceleration voltage ranging from 1 — 10 with an in-
lens detector. EDX data were obtained using an EDX detector at an acceleration voltage of 10
kV. SEM images were analyzed with ImageJ (a public domain program developed at the RSB of
NIH, USA).

4.3 Results and Discussion

In this study, solid metallic gallium was anodized in an ice-cooled aqueous H,SO4
solution to investigate the effects of the anodizing conditions on the resulting oxide morphology.
H,SO4 was employed because it has been reported that nanoporous anodic aluminum oxides
were obtained at relatively low anodization voltages with H,SOy as an electrolyte.'® A low
anodization voltage leads to less heat generation, which is essential to keep the gallium samples
from melting. Indeed, we found that a solid gallium film was removed from the underlying
substrate upon anodization in an ice-cooled solution at 20 V due to melting of the metal by local
Joule heating, as liquid gallium was found at the bottom of the cell. In addition, it was
theoretically shown that molten metals could not provide nanoporous anodic oxides because of
the absence of morphological irregularity, which was required for self-organized nanopore
formation.*®

Here, we will first discuss results obtained from planar gallium films at different
anodization voltages and H,SO4 concentrations, and then from a capillary-incorporated gallium

monolith.
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4.3.1 Current—Time Curves at Different Anodization Voltage

Figure 4.1 shows typical current—time (i—) curves recorded during the anodization of
planar gallium films in 4 M H,SOy, at different anodization voltages. At 1V, the anodic current
was very small and almost constant. At higher anodization voltages, an initial large anodic
current followed by a gradual decrease were observed. The gradual decrease in anodic current
was due to the formation of a barrier oxide layer. In addition, the i~ curves at 10 and 15 V
showed an increase in anodic current after the gradual current decrease, as indicated by the
arrows in Figure 4.1. The time at which this current increase occurred became shorter at higher
voltages (ca. 1000 sec and ca. 500 sec at 10 V and 15 V, respectively). The current increase
reflects an increase in oxide surface area due to the formation of nanoporous structures, as
reported in the anodization of metallic aluminum.” However, longer anodization was required
to observe the current increase for gallium, probably reflecting the lower solubility of gallium
oxide as compared to aluminum oxide (e.g., the solubility product constants of Ga(OH); and
Al(OH); are 7.28 x 107°® and 1.3 x 10™, respectively)."®

It should be noted that the majority of the oxidized gallium was dissolved into the H,SO4
solution. Indeed, the amount of oxidized gallium, which was estimated from the anodization
charge, was comparable to that of gallium species released into the aqueous solution during the
anodization, as determined by atomic emission spectroscopy (vide infra). As a result of gallium
oxide dissolution into the highly acidic solution, the thickness of the nanoporous oxide layer was

significantly smaller (e.g., 2 pm) than that estimated from the anodization charge (e.g., 16 pm).
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Figure 4.1 Typical current—time (i—7) curves for anodization of planar gallium films on Si
substrates in 4 M H,SO, at different anodization voltages. The geometrical area used were

those defined by the O-ring (0.80 cm in diameter).
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The dissolution of the oxidized gallium into the H,SO4 solution was verified using ICP-
AES. As shown in Figure 4.2, a standard calibration curve for Ga>" was obtained using a series

of standard solutions.
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Figure 4.2 Calibration curve for standard solutions of Ga®" measured using ICP-AES.

To determine the Ga®* in the solution used during anodization, 10 pL sample solution
was diluted to 10 mL using the acetate buffer, pH 3.5. The emission of the sample was recorded
and the concentration estimated using the calibration curve.

The concentration of unknown from ICP-AES was calculated to be 4.20 ppm. Therefore,
actual concentration in the undiluted anodized solution is 4.20 x 1000 (dilution factor) = 4200

ppm = 4200 mg/L Ga’".

3+ 3+
. . o 4200mgGa o ImolGa —%0.0015L }
# mmol of Ga™ in the anodized solution = L 69.73gGa = 90.35 x10

mmoles. It has to be noted that 0.0015 L was the total volume of the H,SO,4 used for
anodization. The number of mmol of Ga®" in the anodized solution was quite comparable to the

amount estimated from the charge of the i-f curve which was ca. 72.61 x 10™ mmol.

4.3.2 SEM Images of a Gallium Film Anodized in 4 M H2SO4 at 10V
Figure 4.3(a) shows a low-magnification SEM image of the surface of a planar gallium
film anodized in 4 M H,SOy4 at 10 V for one hour. There were rough and smooth regions on the

sample surface. Importantly, these two types of regions exhibited different nanoscopic surface
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morphologies. The smooth regions showed hexagonally-distributed circular nanopores with
uniform diameters (Figure 4.3(b)), whereas the rough regions showed less organized
nanoporous structures (Figure 4.3(c)). The formation of rough and smooth regions in the
anodized film may originate from heterogeneous surface structures and/or the presence of
impurities such as gallium oxide and/or contaminants in the solid gallium film. We have found
that a smooth surface is required to obtain well-ordered nanoporous structures: The SEM images
shown in Figure 4.3(b) could be obtained only on a mirror-like solid gallium film, but not on
cloudy films. The following discussion of the nanoscopic surface features of anodized gallium

films will be based on SEM images measured in smooth regions alone.

Figure 4.3 SEM images of planar gallium films on Si substrates after anodization in 4 M
H,SO4 at 10 V. The i curve recorded during anodization of a sample for Figure 4.3a-c is
shown in Figure 4.1, and that of a sample for Figure 4.3d is shown in Figure 4.3. (a)
Measured at low-magnification, showing smooth and rough regions. (b) High-
magnification image obtained from a smooth region. (c) High-magnification image
obtained from a rough region. (d) Cross-sectional view of a planar gallium film. Anodized

gallium oxide appears brighter in the image.

87



The diameter of the nanopores measured in the smooth regions of planar gallium films
anodized in 4 M H,SO4 at 10 V for one hour was 28 = 5 nm (Table 4.1). The small relative
standard deviation (ca. 17%) indicates that the pore diameter was uniform, as is observed for
anodic alumina nanopores. This pore diameter is also similar to those of anodic alumina
nanopores obtained at high H,SO,4 concentrations and similar voltages.*® It has been reported
that tensile stress at the metal-oxide interface, which originates from the volume expansion
involved in anodic oxide formation, affects defect density and pore diameter in nanoporous
anodic alumina.’' Considering the closer density between solid gallium and its oxide as
compared with their aluminum counterparts (2.7 and 4.0 g/cm’ for Al and [1-AL,Os; 5.9 and ~6
g/em’ for Ga and Ga,03),>” tensile stress for gallium anodization may be smaller. Observation of
similar pore diameters for anodized gallium and aluminum however suggests a minor influence
of tensile stress on the pore parameters. On the other hand, the pore diameter increased upon
longer anodization due to the dissolution of gallium oxide into the H,SO4 solution: As shown in

Figure 4.4, the pore diameter obtained upon anodization for two hours was 32 + 6 nm.
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Figure 4.4 (a) An i-t curve for anodization of a planar gallium film on a Si substrate at 10 V
in aqueous 4 M H,SOy for 2 hours. (b) An SEM image of the planar gallium film anodized
at 10 Vin 4 M H,SOy for 2 hours. The cross-sectional view of this sample is shown in

Figure 2d.
The cross-sectional SEM image of the fractured sample (Figure 4.3(d)) revealed

nanopores aligned vertically to the film surface, i.e., parallel to the applied electric field, and

extended down to a depth of ~ 2 pm. The thickness of the nanoporous layer is probably limited
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by the relatively quick dissolution of anodic oxide at the high H,SO4 concentration (vide supra),
as has been described previously for anodic titanium oxide nanopores/nanotubes. "’

The elemental composition determined by EDX (Figure 4.5(a)) indicated the anodic
formation of gallium oxide: The atomic % of Ga and O was found to be 40% Ga and 52% O,
which were reasonably close to the expected values of 40% Ga and 60% O. The smaller oxygen
content may originate from the acquisition of signals from the underlying metallic gallium film.
The detection of sulfur (< 3%) suggests the presence of SO,* impurity in the material. These
results clearly indicate that self-organized nanoporous gallium oxide films can be obtained via

anodization of smooth solid gallium surfaces in 4 M H,SO4 at 10 V.
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Figure 4.5 (a) EDX spectrum measured on a planar gallium film anodized at 10 V with 4 M
H,SOy4 for one hour. The surface morphology is shown in Figure 4.3abc. (b) EDX
spectrum measured on a planar gallium film anodized at 1 V with 4 M H,SOy for 2 hours.

The surface morphology is shown in Figure 4.6cd.

4.3.3 Effects of Anodization Voltages on Surface Morphology
The surface features of the samples anodized at different voltages were examined with
SEM. Figure 4.6(a) and (b) shows the low- and high-magnification images of a planar solid
gallium film before anodization. The surface is smooth overall, but some features that may
reflect those of the plastic petridish can be seen. Such pm-scale features may result in the

formation of the rough region upon anodization, as shown in Figure 4.3(a).
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Figure 4.6 SEM images of planar gallium films on Si substrates before anodization (a,b);
after anodization in 4 M H,SO4 at 1V (c,d); 5V (e,f); and 15V (g,h). The i~ curves for the

latter three samples are shown in Figure 1.

After anodization, the surface morphology of the solid gallium film changed
significantly, depending upon the anodization voltage. At 1 V, large and small pits were
observed across the film surface (Figure 4.6(c) and (d)). Similar surface features were observed
regardless of anodization time up to 2 hours. The observation of the pits may reflect the
heterogeneous formation of anodic oxide, which originates from the surface roughness and the
presence of impurities in the solid gallium film, and its quick dissolution into 4 M H,SOs,.

Indeed, the film surface mainly consisted of metallic gallium (Figure 4.5(b)).
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Table 4.1 Pore Diameter, Interpore Spacing and Pore Density Obtained at Nanoporous

Gallium Oxide Anodized for One Hour under Different Conditions.

sample type”  electrolyte  voltage diameter (nm)” spacing (nm)’  density (pores/um?)°

planar film [3] 4 M H,SOs 10V 275+4.8 447453 430 + 30
planar film [2]Y 4 M H,S04 15V 40.5+8.3 59.1+7.2 270 + 20
planar film [2]Y 6 M H,SO, 10V 18.7+3.4 36.6+ 5.2 710 + 70
monolith [1]Y 6MH,S0, 10V 19.5+2.5 354+3.9 710 + 60

“ Planar gallium film on Si wafer (planar film) or capillary-incorporated monolith (monolith). b
Average and standard deviation from all the pores measured: 50 pores from each sample. ©
Density values from three different areas (1 x 1 pm?) on each samples. ¢ The numbers of

samples examined are shown in square brackets.

At 5V, the low-magnification image (Figure 4.6(e)) did not show any pits. The surface
morphology did not depend on anodization time up to 3.5 hours. The relatively uniform surface
reflected the efficient formation of an anodic oxide layer, as supported by the large anodic
current in the i~ curve (Figure 4.1). The high-magnification image (Figure 4.6(f)) shows some
nanoscale features, but not well-organized structures (see Figure 4.3(b)), probably because the
field-induced instability required for self-ordering of nanopores™ could not be attained at
relatively low anodization voltage.

At 15V, the low-magnification image (Figure 4.6(g)) was very similar to that obtained at
10 V (Figure 4.3(a)). Well-organized nanopores were observed in the smooth regions (Figure
4.6(h)). As compared to those at 10 V, the nanopore diameter (41 + 8 nm on samples anodized
for one hour; Table 4.1) was significantly larger and less uniform. The larger diameter of
nanopores anodized at a larger voltage was similarly observed in anodization of metallic
aluminum,** which has been explained by the thicker oxides that are formed under higher

anodization voltages at the early stage of nanopore formation.'®""

4.3.4 Effects of H2S04 Concentration on i-t Curve and Surface Morphology
Subsequently, the effects of H,SO4 concentration on the anodization of solid gallium at 10 V

were investigated. Figure 4.7 shows typical i—f curves measured at different H,SO4

91



concentrations. In 1 M H;SOy, the anodic current was very small, probably because of the quick
formation of the barrier oxide layer. The i— curve at 2 M showed a larger initial anodic current
and subsequent gradual current decrease. In 4 M and 6 M H,SOy, just after the quick decrease in
anodic current, a current increase was observed. The current increase was observed earlier for 6

M solution, probably reflecting the quicker dissolution of the anodic oxide.
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Figure 4.7 (a) Typical current—time (i—7) curves for anodization of planar gallium films on
Si substrates at 10 V in aqueous H,SOy solutions of different concentrations. The
geometrical area used were those defined by the O-ring (0.80 cm in diameter). Note that
the curve at 4 M H,SO4 was obtained from a different gallium film than that in Figure 1,
but the i—7 curve and SEM images (as shown in (b)) were very similar. (b) SEM image of an
anodized planar gallium film that was anodized at 10 V in 4 M H,SO, for 1 hr, whose i—¢

curve is as shown in (a).

Figure 4.8 summarizes the SEM images of planar gallium surfaces anodized at 10 Vin 1,
2 and 6 M H,SO4. At 1 M (Figure 4.8(a) and (b)), the surface was not smooth, probably
because the oxide dissolution took place heterogeneously due to its slow removal in relatively
low concentration HSO4. This result indicates that the anodic formation of nanoporous gallium
oxide requires higher H,SO4 concentration than that of nanoporous anodic alumina.®® This
observation is probably related to the lower solubility of the former as compared with the latter
(vide supra).'® At 2 M, the surface was smoother than that at 1 M (Figure 4.8(c)), but did not

show well-ordered nanopores (Figure 4.8(d)). Note that the surface features obtained on
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gallium surfaces anodized in 1 M or 2 M H,SO,4 were similarly observed regardless of
anodization time (3 hours). In contrast to anodization in 1 M or 2 M H,;SOy, that in 6 M H,SO4
(Figure 4.8(e) and (f)) offered a gallium film surface similar to that in 4 M H,SO, (Figure
4.3(a) and (b)). However, as compared with the nanopores obtained via anodization at 4 M,
these nanopores were less ordered and smaller in diameter (19 = 3 nm on samples anodized for

one hour; Table 4.1). The formation of smaller nanopores was also reported in anodization of

aluminum, which was explained by the faster field-assisted oxide dissolution at the nanopore tip
6

at the higher acid concentration.?

Figure 4.8 SEM images of planar gallium films on Si substrates after anodization at 10 V in
(a,b) 1 M H,SOy; (c,d) 2 M H,SOy4; and (e,f) 6 M H,SO4. The i—f curves measured at these

samples are shown in Figure 4.7.
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4.3.5 Fabrication of Nanoporous Anodic Oxide on a Capillary-Incorporated Solid
Gallium Monolith
Because of its low melting point, solid gallium can be incorporated into confined spaces
like microchannels.” Anodization of solid gallium within a confined space will provide a simple
means for integrating nanoporous monoliths with microfluidic devices. Here, we examined the
anodization of solid gallium incorporated at the end of a glass capillary to demonstrate the
fabrication of nanoporous anodic gallium oxide within a confined space.

Figure 4.9(a) shows an i— curve recorded from a capillary-incorporated solid gallium
monolith in 6 M H,SO4 at 10 V. Capillary-incorporated samples needed to be anodized for a
longer time than planar films to obtain the increase in anodic current, and thus nanoporous
structures, probably because of the larger potential drop within the solid gallium: The gallium
layer thickness was ca. 100 um and ca. 1 mm for the planar films and capillary-incorporated
monoliths, respectively. The anodic current density in the i—¢ curve was significantly larger than
that of the planar film under the same conditions (Figure 4.7), probably because the solid
gallium surface was rougher as indicated by the SEM image of the anodized gallium-
incorporated capillary (Figure 4.9(b)). In addition, the relatively small area of the carbon
counter electrode (ca. 0.16 cm”) may limit the current measured in the experiments, which gives
smaller current density on the planar films with larger area. The surface was not perfectly
smooth or uniform, as nanoporous oxides can be found as brighter regions (ca. 65% of the entire

surface). There is no clear gap found between the monolith and capillary wall.
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Figure 4.9 (a) A current-time (i—7) curve for anodization of a capillary-incorporated
gallium monolith at 10 V in 6 M H,SO4. The geometrical area was defined by the I.D. of
the capillary (1.75 mm). (b,c) SEM images of the anodized gallium monolith. The capillary

is shown in (b).

Figure 4.9(c) shows a high-magnification SEM image of the surface of the anodized
gallium monolith. As with the anodized planar films (Figure 4.8(f)), well-organized nanopores
were found on the anodized surface. The diameter of the nanopores was 20 = 3 nm, close to that
obtained on the planar films (Table 4.1), although the anodization time was longer. The similar
pore diameter suggests that anodization conditions, such as effective anodization potential at the
solution/oxide/metal interfaces and concentration polarization near the gallium surface during
anodization, were different for the planar films and the capillary system. The pore density on the
capillary samples was similar to that obtained on the planar films. These results indicate that a
nanoporous anodic oxide monolith can be fabricated for a capillary-incorporated gallium

monolith under conditions similar to those used for a planar gallium film.
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4.4 Conclusions

In this study, we systematically measured the anodization current and surface
morphology of solid metallic gallium anodized under different conditions. Self-organized
nanoporous structures were obtained by anodization in ice-cooled aqueous solutions of relatively
high H,SO4 concentrations (4 and 6 M) at relatively high anodization voltages (10 and 15 V).
Smaller pore diameters can be obtained by anodization at higher H,SO4 concentrations and at
lower anodization voltages. Higher H,SO,4 concentration was required for anodic nanopore
formation on gallium as compared with aluminum. We could successfully show the formation of
nanoporous anodic gallium oxide layer in a monolith confined in a capillary, demonstrating the
capability to integrate nanoporous monoliths with microfluidic channels.

There are several challenges for future applications of the nanoporous gallium oxide
monoliths. First, well-organized nanoporous structures were obtained only on smooth gallium
surfaces. Preparation of uniformly smooth solid gallium surfaces is required to fabricate uniform
nanoporous structures over wide areas. Instead of the plastic petridish, template materials with
flatter surfaces and weak gallium adhesion may be required to improve the uniformity of the
anodic films. Second, the length of the anodic nanopores is currently limited to ~ 2 um. As the
i—t curves in Figures 4.1 and 4.7 suggest, anodic nanopore formation ceases after a relatively
short period of time. Further optimization of the anodization conditions, including temperature
and solution composition, will be required to obtain longer nanopores. In addition, methods to
remove the barrier oxide and metallic gallium on the other side need to be established for
fabrication of monoliths comprising nanopores that bridge two fluidic spaces. To summarize, we
have demonstrated that anodization of fusible metallic gallium provides a simple and controlled
means for preparing nanoporous materials in different geometries. The physical and chemical
properties of the self-organized nanoporous gallium oxide will be further studied to realize the

potential applications.
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Chapter 5 - Assessment of the Surface Chemical Properties of Self-

Organized Nanoporous Anodic Gallium Oxide

5.1 Introduction

The development of self-organized nanoporous materials has attracted tremendous
interest, investment and effort in research and development in recent times. Self-organized
nanoporous materials possess unique surface and structural properties that allow them to be used
in a variety of applications such as separation,’ catalysis,” sensor,’ isolation and purifications of
biomolecules.* In case of self-organized materials based on anodic alumina, the surface features
and properties of aluminum metal before anodic oxidation has been shown to have an effect on
the properties of the nanoporous anodic alumina.’ In this regard, understanding the surface
features and chemical properties of both the metal and the anodic metal oxide helps elucidate the
formation mechanism of the nanoporous metal oxide structure as well as hint at the possible
applications of the nanoporous anodic metal oxides.

The self-organized nanoporous anodic gallium oxides as described in chapter 4 were
prepared from metallic gallium for the first time, and thus the surface chemical properties of
these materials are yet to be explored. On the other hand, common gallium oxide found in the
form of nanocrystals,® nanorods’ have been synthesized and characterized extensively. They are
known as wide band semiconductor (band gap ~4.8 eV). They possess high n-type conductivity
and charge carrier mobility due to the presence of structural defects, particularly oxygen
vacancies. The characterization of the structural surface features of these gallium oxide
nanocrystals and nanorods has helped realize their importance in applications such as catalysts,®
and gas sensors.’

In order to understand the surface chemical properties of the self-organized nanoporous
anodic gallium oxide structures, we employed hexagonally arranged cylindrical pores of anodic
gallium oxide with diameters of 18 - 30 nm'® for potentiometric studies. The surface
acidity/basicity of the porous oxide surfaces can be investigated by potentiometry. Additionally,
gallium metal as well as barrier layer gallium oxide formed by oxidation in neutral solution were
examined for potentiometric studies. It is important to understand the surface chemical properties
of the gallium metal and gallium metal oxides for two reasons. First, these studies could provide

insight to improve the pore size uniformity and equal spacing between the pores. Monodispersed,
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equally spaced pores can be used as a template for controlled synthesis of other nanomaterials.
Second, better understanding of the surface chemical properties of these self-organized anodic
gallium oxide could lead to their future applications as efficient sensors and catalysts.

The potentiometric studies revealed that the bare planar gallium substrates show
significantly larger potentiometric responses to pH as compared to the porous and non-porous
gallium oxides. The potential of the bare planar gallium substrates decreased with an increase in
solution pH. The response time was quite slow (ca. 5 min) and magnitude of response was larger
at alkaline pH. The oxide-coated substrates exhibited pH response only at acidic pH (< 4), and

their response time is even slower than the bare planar gallium substrate.
5.2 Experimental Section

5.2.1 Chemicals and Materials

All solutions were prepared with water having a resistivity of 18 M cm or higher
(Barnstead Nanopure Systems). High purity gallium (99.99%) was purchased from
GalliumSource, LLC and used as received. Sulfuric acid (Fisher Chemical, Certified ACS Plus)
was used without further purification. Boric acid (Fisher Chemical), sodium borate (Fisher
Chemical), lithium chloride (Acros Organics), lithium hydroxide (Fisher Chemical), and
hydrochloric acid (Fisher Chemical, Certified ACS Plus) were used as received. Si (100) wafers
(p-type) were purchased from University Wafer.

5.2.2 Electrode Preparation
Planar gallium films on a Si-substrate were prepared under Ar atmosphere according to
the procedure described previously.'’ Anodization was carried out at 10 V in 4 and 6 M aq.
H,SO4 for planar Ga films on a substrate.!’ In addition, anodization in a solution mixture of 0.5
M boric acid with 0.005 M sodium tetraborate was performed to obtain a barrier layer gallium
oxide as described previously.!' After anodization, the samples were washed thoroughly with
ultra pure water and kept immersed in ultra pure water overnight before the potentiometric

measurements were made.

100



5.2.3 Potentiometric measurements
Potentiometric measurements were performed in a cell as shown in Scheme 1. All the
solutions employed contain 0.01 M LiCl as a supporting electrolyte, since LiCl did not exhibit
any potentiometric responses up to 0.1 M. Solutions of LiOH or HCI containing 0.01 M LiCl
were used to adjust the solution pH. The solution was stirred by using a stir bar. Potentiometric
time curves were recorded every 30 seconds and the solution pH was changed once the
differential quotient (AE/At) of a potential-time curve became smaller than a prechosen value

(AE/At <1 mV/min).
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5.3 Results and Discussion

In this study, we investigated the surface chemical properties of planar gallium films,
self-organized nanoporous anodic gallium oxide structures and barrier layer gallium oxide using
potentiometry. Shown in Scheme 1 is the potentiometric cell where a substrate of interest was
fixed using a O-ring with the anodized surface (in case of oxides) and metal surface (in case of
gallium metal) exposed to the solution side. The EMF value of the metal or oxide electrode was
then recorded as the pH of a solution containing 0.01 M LiCl as a supporting electrolyte was
changed by adding HCI or LiOH solution. The solution was stirred at all times. pH of the 0.01 M

LiCl solution (pH ~ 5.4 initially) was changed to more basic at first and then to acidic and
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potential time curves recorded. The nanoporous anodic gallium oxides and the barrier layer
gallium oxide showed response only at the acidic pH (pH < 4). The metallic gallium substrates

showed a decrease in potential with increasing pH, as with a pH glass electrode.

5.3.1 Time course and response time
A stepwise change in pH was realized by adding a certain amount of HCI or LiOH into a
solution containing 0.01 M LiCl as a supporting electrolyte. The time curves of potentials were
obtained for each electrode type from which response time and magnitude of response can be
discussed. Response time is defined as the length of time necessary to obtain a stable electrode
potential upon a change in solution pH. The response of each electrode type is described one at a

time in the sections below.

5.3.1.1 Potentiometric Response of Self-Organized Nanoporous Gallium Oxides

The nanoporous anodic gallium oxide substrates were prepared in 4 M and 6 M H,SO; at
an applied voltage of 10 V as described in chapter 4. Thus prepared anodic substrates were
assembled in a potentiometric cell as shown in Scheme 1 and ultrapure water was filled in the
solution chamber and the sample stored as such overnight. The potentiometric measurements
were performed the next day. This conditioning of the electrode needed to be done so as to
ensure that H,SO4 remaining in the nanopore (if any) is removed. Some of the electrodes
measured immediately after preparation showed the decrease of pH of 0.01 M LiCl solution in
the solution chamber even when no HCI was added probably due to leaching of H,SO4
remaining in the nanopores into the solution. In addition to the conditioning, the anodized
samples were kept under reduced pressure to remove air bubbles from the nanopores.

Figure 5.1a shows a potentiometric time courses for a substrate that was anodized in 4 M
H,SO4. The EMF of this electrode showed a gradual increase irrespective of the direction of the
pH change of the electrolyte solution. This meant that the surface of the anodic oxide did not
possess any sites for the interaction and/or exchange of the H'/OH from the solution. When the
pH reached to more acidic value, the magnitude of the response suddenly increased. This sudden
increase in magnitude is probably due to change in the surface oxide properties induced by the
acidic pH of the solution. The response time was very slow: it took ca. 10 minutes to reach a

stable potential (AE/At <1 mV/min).
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Figure 5.1 Potentiometric time courses for self-organized nanoporous gallium oxide
substrate that were anodized at 10 V in (a) 4 M H,SOy, and (b) 6 M H,SO4. The supporting
electrolyte was 0.01 M LiCl and pH was changed by adding HCI and LiOH solutions
containing 0.01 M LiCl. A time course for a pH glass electrode measured simultaneously is
also shown to indicate solution pH changes. Optical micrograph of the 4 M H,SO,4 anodized
gallium substrate (c) before and (d) after the potentiometric measurements as well as those
of the 6 M H,SO,4 anodized gallium substrate (e) before and (d) after the potentiometric
measurements are also shown. The area inside the circular ring reveals the anodized area
which did not show any noticeable change in appearance after the potentiometric

experiments.
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Figure 5.1¢,d are the pictures of the anodic metal oxide before and after the time course
measurements, respectively. The anodized surface did not show any noticeable change in
appearance after the potentiometric measurements, suggesting the stability and inertness of the
oxide to aqueous solutions.

Figure 5.1b is a time course for a gallium substrate anodized in 6 M H,SO4. The
potentiometric response of the oxide surface was very small upon pH changes from initial pH
(ca. 5) to more basic pH (ca. 9) and back to pH 5. The response time for this case was ~ 5
minutes. When the pH was changed to pH 4 to 3, a large increase in potential was observed as
with the substrate anodized in 4 M H,SO,4. This means that the surface properties of the oxides
altered at the acidic pH range. At this time, further characterization is necessary to fully
understand the observations. The appearance of the anodized sample surface as shown in Figure

5.1e,f before and after potentiometric measurements were almost the same.

5.3.1.2 Potentiometric Response of a Planar Gallium Substrate
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Figure 5.2 (a) A potentiometric time course measured for a bare planar gallium substrate.
The supporting electrolyte was 0.01 M LiCl and pH was changed with solutions of HCI and
LiOH containing 0.01 M LiCl. A time course for a pH glass electrode measured
simultaneously is also shown to indicate solution pH changes. Optical micrographs of the
bare planar gallium substrate (b) before and (c) after the potentiometric measurements.
The bare planar gallium substrate appeared cloudy after potentiometric measurements as

shown by the area within the circular ring.

104



Figure 5.2a shows a potential time course for a planar gallium substrate. When the
solution pH was changed from neutral to basic, the EMF decreased. Subsequently, the EMF
increased upon a decrease in pH from basic to acidic. Response time was relatively slow (~ 5
minutes) as compared to that of a glass pH electrode. The magnitude of the response was large at
the alkaline pH region compared to the acidic region.

The surface of the gallium substrate appears cloudy after potentiometric measurements
(Figure 5.2¢) in contrast to the mirror-like surface of the initial planar gallium substrate. This

means that gallium surface is susceptible to HCI, LiOH and/or LiCl.

5.3.1.3 Potentiometric Response of Barrier Layer Gallium Oxide
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Figure 5.3 (a) A potential time course measured for a barrier layer gallium oxide that was
obtained by anodic oxidation in a mixture of 0.5 M boric acid with 0.005 M sodium
tetraborate (pH 7.6). The supporting electrolyte was 0.01 M LiCl and pH was changed with
solutions of HCI and LiOH containing 0.01 M LiCl. A time course for a pH glass electrode
measured simultaneously is also shown to indicate solution pH changes. Optical
micrograph of the barrier layer gallium oxide (b) before and (c) after the potentiometric
measurements. The area inside the circular ring reveals the oxidized area which changed to

greyish after the potentiometric experiments.

Figure 5.3a shows a potentiometric time course for barrier layer oxide which was formed

by anodization in a solution mixture of 0.5 M boric acid and 0.005 M sodium tetraborate (pH
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7.6). The EMF response was very small for this electrode as the pH was changed from neutral to
basic. The response time was ~ 7 minutes. When pH was slightly above 4, sudden increase in the
potential was observed. When the pH was changed to more acidic, huge potential change was
observed. When the pH was changed to more basic region next, a decrease in the potential was
observed as opposed to small response earlier in the same direction. This suggests that these
oxide surfaces need to be treated to acidic solutions first so that they respond to changes in the
pH. The appearance of the sample changed to greyish after the potentiometric measurement

(Figure 5.3¢) as opposed to the surface before the measurement (Figure 5.3b).

5.4 Conclusions

In this study, we investigated the surface chemical properties of the nanoporous anodic
gallium oxide, planar gallium film and barrier layer gallium oxide. The study of the surface
chemical properties of the metallic gallium, nanoporous and barrier gallium oxides provide
directions for their potential applications. The EMF response of the nanoporous anodic metal
oxides was small and the response time was very slow (~10 minutes). The appearance of the
oxide did not show noticeable changes. As for the bare gallium, EMF response was
comparatively larger at alkaline pH. The response time was slow (~5 minutes). The film
appeared cloudy after the potentiometric measurements. In the case of barrier layer gallium
oxide, the electrode showed an increase in EMF at pH < 4. The response time was slower than
bare gallium film and similar to the anodic oxides. In conclusion, the potentiometric studies to
understand the surface chemical properties of the bare gallium film and the oxides revealed some
differences: the oxide surfaces exhibited potential responses only at the acidic pH, whereas the
gallium metal showed changes in the EMF at the pH range examined (3-10). Also, the response
time for all these surfaces to changes in pH was slow. The response was smaller for anodic

gallium oxides as compared to the gallium metal.
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Chapter 6 - Conclusions and Future Directions

In this dissertation, self-organized nanoporous materials have been utilized for chemical
separations and chemical sensing applications. Our work is driven by the fact that the self-
organized, uniform, cylinder-shaped nanopores provide a unique platform for chemical
separations and chemical sensing. All the work described in the projects aim at understanding the
materials, methods and mechanisms of utilizing these nanoporous materials for different
applications. It is our sincere hope that other researchers will benefit from our results to develop
better materials and devices in future.

In the forthcoming sections, all the projects will be summarized one at a time along with

recommendations for future work.

6.1 Understanding the diffusion of cytochrome c inside PS-5-PMMA

nanopores using electrochemical methods

In this study, we used ~30 nm thick nanoporous films derived from PS-b-PMMA having
different pores diameters: 11, 14 and 24 nm respectively to study the diffusion of cytochrome ¢
within the nanopores. Within 11 and 14 nm nanopores, cytochrome ¢ molecule experienced
greater hindrance of its diffusion and were more strongly adsorbed. This is probably due to the
geometrical restrictions imposed by the simultaneous penetration of multiple cytochrome ¢
molecules into single nanopores. In case of 24-nm diameter pores, cytochrome ¢ exhibited
diffusion-controlled CVs. In order to better understand the experimental results, finite-element
computer simulations were performed which made it possible to assess the structure of the
nanoporous films and the diffusion coefficients of redox species within the nanopores.

In future, the results reported in this study will provide guidance in designing recessed
nanodisk array electrodes for size-based chemical sensing and also for controlled immobilization
of biomolecules within nanoporous media for biosensors and bioreactors. The results of the
simulation studies are particularly encouraging. The studies undertaken to understand the effects
of interpore spacing clearly showed the presence of an optimum interpore spacing for detection
of physical blocking of the RNE nanopores. A decrease in faradic current induced by physical
blocking can be measured for RNEs with relatively large interpore spacing, i.e., relatively low

pore density. The relatively low pore density may also be required for detecting permeability
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changes induced by a decrease in effective nanopore radius. Additionally, the effects of apparent
diffusion coefficients within the pores (Do dependence) show the possibility to develop RNE-
based chemical sensors based on changes in chemical environment within the nanopores. For
example, the diffusion coefficients within the pores depend on solution viscosity in nanopores.
Thus, RNEs may be applicable for electrochemical detection of analytes that can change solution

viscosity upon their binding to the nanopore surface.

6.2 Anodization of metallic gallium to form self-organized anodic gallium

oxide

In this study, we investigated the conditions for anodization of solid gallium metal so as
to form self-organized nanoporous gallium oxide. Because of its low melting point (ca. 30 °C),
metallic gallium can be shaped into flexible structures, permitting the fabrication of nanoporous
anodic oxide monoliths within confined spaces like the inside of a microchannel. In our study,
solid gallium films prepared on planar substrates were employed to investigate the effects of
anodization voltage (1, 5, 10, 15 V) and H,SO4 concentration (1, 2, 4, 6 M) on anodic oxide
morphology. Self-organized nanopores aligned perpendicular to the film surface were obtained
upon anodization of gallium films in ice-cooled 4 and 6 M aqueous H,SO4 at 10 V and 15 V.
Nanopore formation was recognized by an increase in anodic current after a current decrease
reflecting barrier oxide formation. The average pore diameter was in the range of 20 ~ 40 nm
with a narrow diameter distribution (relative standard deviation < 10%), and was larger at lower
H,S0O4 concentration and higher applied voltage. The maximum thickness of nanoporous anodic
oxide was ca. 2 um. In addition, anodic formation of self-organized nanopores was demonstrated
for a metallic gallium monolith incorporated at the end of a glass capillary.

Nanoporous anodic oxide monoliths formed from a fusible metal like gallium will lead to
future development of unique devices for chemical sensing and catalysis. However, there are
several challenges that need to be addressed. Since well-organized nanoporous structures were
obtained only on smooth gallium surfaces, template materials with flatter surfaces and weak
adhesion to gallium may be required to get smooth solid gallium surfaces for anodization. This
could improve the uniformity of the anodic films over wide areas. Nanopores obtained thus far
are only a few microns in length. Thin membranes are preferred for many important applications

such as filtration and selective molecule separation as they provide faster transport rates.
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However, sometimes they do not have the satisfactory mechanical strength for such applications
as ultrafiltration and the need for thicker membrane arises. Further optimization of anodization
conditions, including temperature and solution composition, will thus be required to obtain
longer nanopores. In addition, methods to remove the barrier oxide and metallic gallium on the
other side need to be established for fabrication of monoliths comprising nanopores that bridge

two fluidic spaces.

6.3 Assessment of the Surface Chemical Properties of Self-Organized

Nanoporous Anodic Gallium Oxide

In this study, we investigated the surface chemical properties of planar gallium substrates,
nanoporous anodic gallium oxide and barrier layer gallium oxide using potentiometry. The study
of the surface chemical properties of the gallium metal, nanoporous and barrier oxide layers
provide directions for their potential applications. Both the nanoporous anodic and barrier-layer
gallium oxides only showed response at acidic pH (pH < 4). The bare planar gallium metal
substrates exhibited pH-dependent potential changes in the pH range of 3-10, but the response
were smaller than that of the pH glass electrode.

The surface chemical properties and material properties need to be further investigated
using spectroscopic and electrochemical methods of these gallium oxides so as to better
understand the material properties. Only then their potential applications will be realized. The
advantages of using the porous structures need to be critically evaluated.

In conclusion, this dissertation aimed at the characterization of self-organized, uniform,
and cylinder shaped nanopores of PS-b-PMMA polymer films and anodic gallium oxide.
Furthermore, the studies undertaken in this dissertation hints at the possibility of using these
materials for different applications: PS-b-PMMA nanoporous thin films for size-based chemical
sensing, biosensors and bioreactors whereas nanoporous anodic gallium oxide could be a
platform for the growth of other nanostructures, or even be used as sensor or catalyst. There are

some challenges to be addressed before these goals are realized though.
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