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Abstract

Phytantriol is a well-known amphiphilic lipid which self-assembles into a range
of mesophases, including the bicontinuous cubic phase, and have been used in
cosmetic products and drug delivery [1, 2]. The phases which are stable in excess
water can be exploited as a template for generating hard nano-materials.

In this research, phytantriol mesophases were formed using a solvent pen-
etration experiment, which is a dry lipid in contact with water. The forma-
tion of mesophases was confirmed by cross-polarised light microscopy (CPLM)
and small-angle X-ray scattering (SAXS) techniques. SAXS measurements al-
lowed the optically inactive phases gyroid and diamond inverse bicontinuous cubic
phases QG

II and QD
II to be distinguished. The dynamic hydration of phytantriol

mesophases as a function of time was addressed by CPLM and SAXS techniques.
CPLM was exploited to track the position of boundaries between optically active
and inactive phases as a function of time and temperature. Specifically, bound-
aries representing lyotropic transitions to and from the lamellar phase Lα (tran-
sitions: LII to Lα, and Lα to QG

II) were analysed and their displacements evolved
as t0.5, reflecting diffusive transport of water. This enables us to quantify the
propagation of each boundary by a diffusivity constant D using a simple diffusive
model [3]. The experiments were performed between 18 to 55◦C. Surprisingly,
the diffusivity drops at temperatures 35◦C and above, and these findings are dis-
cussed. Using SAXS, the dynamic hydration was studied as a function of time
at room temperature and the lattice parameters of the QG

II and QD
II mesophases

were obtained as a function of time.
A simple method to produce oriented phases of phytantriol is demonstrated.

This was achieved by two procedures: (a) a phytantriol droplet was placed be-
tween glass slides and hydrated at temperatures 25, 30 and 35◦C, (b) phytantriol,
that was filled in a tube, was hydrated for a long duration at room temperature.
In the procedure (a), the CPLM technique was used to confirm the alignment
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of the optically active phase, Lα, which appeared as a dark CPLM image from
a top microscope, while a bright image appeared when looking at the sample
from an angle 45◦ from the top microscope. The dark CPLM images indicate
the alignment of the lamellar sheet with glass slides. In the procedure (b), ori-
ented mesophases of the optically active and inactive mesophases (Lα, QG

II and
QD
II) were confirmed by SAXS, where diffraction spots were observed instead of

diffraction rings, indicating oriented mesophases. The oriented phases depended
on the time of hydration and the timescale of hydration of each phase to obtain
an oriented phase varied: three days for the Lα phase, a month for the QG

II phase
and three months for the QD

II phase.
A novel approach for fabricating of electronic nanodevices was investigated.

The QD
II phase from phytantriol was used as a template to fabricate nanomateri-

als via the electrodeposition process. In the electrodeposition process, a working
electrode is used to deposit a target material on its surface. Here, instead of one
working electrode, two working electrodes separated by a sub-millimetre sized
gap were used, and the material was deposited across the gap. This approach
produces nanomaterials with its electrodes allowing characterisation of the nano-
materials electrically, which provides technological advantages for future devices.
We started testing the approach with platinum (Pt), as it has been successfully
deposited through the phytantriol template [4]. The production of material across
the gap was achieved with one sample among 15 samples. The formation of the
Pt-nanostructure across the gap was confirmed by measuring the resistance by a
multimeter, which found to be 180 Ω. In contrast, the resistance of the rest of the
samples found to be greater than ≈ 1 M Ω. SAXS measurements revealed that
the nanostructured materials produced through the QD

II phase exhibits single di-
amond Fd3m symmetry, which is significantly different from the double diamond
(QD

II) template used with Pn3m symmetry. It has been suggested that this dif-
ference in structural symmetry indicates that the deposition occurs on one of the
water channels of the template [4]. Scanning Electron Microscopy (SEM) images
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of the deposited nanostructured material showed cauliflower patterns, suggesting
diffusion-limited aggregation (DLA) growth [5].
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Chapter 1

Introduction

In this chapter, the advantages of nanoscales materials are described, followed
by approaches used to synthesise materials. Finally, the motivation for the work
presented in this thesis is described, followed by the outline of the thesis.

In 1959, the concept of nanotechnology was introduced by Richard Feyn-
man [6]. Nanotechnology is a scientific field with many practical applications
that is considered one of the leading scientific areas [7]. Nanotechnology com-
bines knowledge from physics, engineering, informatics, chemistry, biology and
medicine fields which leads to great discoveries that can be applied in the real
world [8]. Nanotechnology exploits the unique physical, biological and chemical
properties of nanoscale materials in novel and useful methods. These unique
properties are due to controlling the dimensions of the material between ap-
proximately 1 to 100 nanometers. The properties of the nanoscale material are
size-dependent where the nanomaterial is different from one nanoform to another
[9], where a material with size less than order of 5 nm exhibits quantum confine-
ment effects [8]. In contrast, bulk materials have properties independent of their
size, and these properties are entirely different from their nanoscale counterpart
[9, 10, 11]. The use of nanomaterials in applications such as electronic [12, 13]
and optoelectronic [13] nano-devices, can provide economic benefits [7].

2



1.1. ADVANTAGES OF NANOSCALE MATERIALS IN DEVICES 3

Due to the high interest in the nanotechnology field, there is an imminent
need for reliable fabrication of devices. The following sections will discuss the ad-
vantages of nanoscale materials in device applications, followed by the approaches
used to synthesise nanomaterials and fabricate electronic nanodevices.

1.1 Advantages of Nanoscale Materials in Devices

As science and technology develops, nanoscale patterned materials are in in-
creasing demand [14], due to their unique optical, electronic, and mechanical
properties. When the size of a material is reduced to be comparable to the de
Broglie wavelength of electrons, novel effects can be observed [15]. For metal,
the de Broglie wavelength of electrons is ≈ 0.5 - 1 nm and for semiconductors is
≈ 10 - 100 nm [15]. In this case, quantum confinement can be observed which
dominates the material properties that will be discussed in the next section.

1.1.1 Quantum Confinement

Quantum confinement is the dimensional confinement of electrons and holes,
which occur in either three, two or one dimensions within a material [16, 17]. As
a consequence of these geometric constraints, electrons respond to size changes by
modifying their energy; this phenomenon is known as the quantum size effect [16,
18, 19]. The conduction and valence bands (the energy bands) of low dimensional
quantum structures are quantized into discrete electronic energy bands and no
longer remain continuous as in the bulk systems [20, 21], as shown in Figure 1.1.

The structure of a material can be designed and fabricated by spatial
confinement in one, two or even three directions resulting in Quantum Wells
(QW), Quantum Wires (QWR) and Quantum Dots (QD) structures, respectively
[15]. The energetic spacing between quantized energy bands of these structures
are a very influential parameter in defining the device applications in optics and
electronics[19]. The three low dimensional quantum structures will be introduced
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below.

In the quantum well system, the motion of an electron is restricted in
one direction while electrons move in the other two directions in the same way
as in the corresponding bulk material [22]. Quantum well effects are extensively
used in semiconductor light-emitting diodes (LEDs) and lasers because the band
structure is tailored to obtain the desired emission wavelengths [22]. This science
is known as bandgap engineering, where new materials can be engineered by using
two or more layers of materials that have different bandgaps [23]. This structure
leads to confinement of electrons and holes in the lower bandgap layers, so energy
levels of the electron and hole in conduction and valence bands respectively are
quantized [24]. From this bandgap engineering, various optical devices, such as
quantum well lasers, quantum cascade lasers or electro-absorption modulators
can be fabricated [24].

A common example of a semiconductor quantum well is gallium arsenide
(GaAs)- Aluminium gallium arsenide (AlGaAs), which is a multilayer system.
Figure 1.2 shows a GaAs/ AlGaAs quantum well where the depth of the well can

Figure 1.1: Schematic illustration of the energy bands ( valence band (EV B) and con-
duction band (ECB) ) in bulk, 1D, 2D and 3D confined materials. Image adapted from
[16]
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be adjusted through the composition of the AlGaAs layer [22]. It is important
to distinguish between structures having multiple quantum wells (MQW) and
superlattice (SL). These structures are very similar except for the width of the
barrier [25]. In the superlattice, the barrier width is thin enough that neigh-
bouring wells couple together [23, 25]. As a result, the electron wave functions
of these wells overlap due to the tunnelling process, leading to delocalized mini-
bands of electronic states as shown in Figure 1.3. When the width of barriers
is thicker, the series of quantum wells becomes weakly coupled, where there is
no coupling between the wells and multiple quantum wells behave independently
[25, 23, 22]. Accurate control of small thicknesses of layers has been achieved by
molecular beam epitaxy and metal-organic chemical vapour deposition [26] that
will be introduced in section 1.2.2.

In a quantum wire, two dimensions are comparable to the De Broglie
wavelength λ, while the one dimension greater than λ maintains its bulky char-
acter [27]. Figure 1.4 shows the cross section of GaAs wire surrounded by Al-
GaAs. The electron is free to move in the x direction and confined in the y

Figure 1.2: Schematic diagram of a quantum well (QW) for GaAs/AlGaAs layers and
the resulting band diagram of thickness d. The dashed lines indicate quantized levels
in the QW in Z direction. Image adapted from [23].
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and z-directions. Quantum wire materials have been used in interesting appli-
cations such as light-emitting components (lasers), sensors, and other electronic
components [22].

In a quantum dot system, the motion of the electron is confined in all
three directions. A quantum dot (QD) is a semiconductor nanoparticle with a
typical diameter of 2–8 nm showing new optical and electrical properties [28].
The size and materials of the particle affect the wavelength of photon emissions.
Figure 1.5 shows how different sizes of particle emit different colours, where blue
light indicates a small size of QD and large band gap energy, while the larger
wavelength (red light) indicates a larger QD with small band gap energy [28].
Applications of QD include a quantum dot laser with an extremely low depen-
dency on the temperature, remote sensing devices and solar cells [29].

Figure 1.3: Schematic diagram of a periodic superlattice illustrating the establishment
of minibands from many repeated of QW. b and d represent thickness of a barrier and
a well, respectively. Image adapted from [23]

Figure 1.4: Schematic diagram of a cross-section of quantum wire (QWR) for
GaAs/AlGaAs . Image adapted from [22]
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To be able to fabricate a nano-device, the ability to synthesise a material
at the nanoscale is necessary. Two typical approaches have been used to produce
nanomaterials that will be discussed in the next section.

1.2 Synthesis of Nanomaterials

Synthesis of nanomaterials with strict controls on size and shape plays an im-
portant role in applications [31]. Various approaches are available to synthesise
different structures of nanomaterials, such as particles, tubes, thin-films etc. Typ-
ically, synthesis of nanomaterials is grouped into two classes: ”top-down” and
”bottom-up” as shown in Figure 1.6. According to the requirements of quantity
and quality of the nanomaterials, a suitable approach to produce nanomaterials

Figure 1.5: (a) Schematic diagram of the quantum confinement size effects in a quantum
dot (QD). The small size of the semiconductor nanocrystal leads to an increase in the
bandgap and the separation of energy levels at the band-edge. (b) Five photographs
of colloidal dispersions of CdSe QD of various sizes in the dark under excitation with
a UV lamp. Photoluminescence colour alters from red to blue as the diameter of QD
is minimised from 6 to 2 nm . Image adapted from [30]
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can be selected with the desired properties [32]. The main approaches will be
described with their methods and advantages and disadvantages in the following
sections.

1.2.1 Top-Down Approach

The top-down approach relies on the bulk material being broken down to nanome-
tre size using physical methods, such as crushing, grinding or milling [34]. Physi-
cal methods include solid-phase techniques, such as mechanical [35] and mechanoc-
hemical milling, etching, laser ablation, sputtering, lithography, etc and liquid-
phase techniques such as electrospinning methods [36]. This approach is applied
in the electronics industry, where lithography and etching techniques are used to
produce unique electronic circuitry [32]. However, the top-down approach is not
appropriate for the preparation of uniformly shaped materials [37]. Moreover,
this route leads to a big problem: surface structural imperfections [38, 39]. For
example, nanowires which have been synthesised by the lithographic method are
not smooth and may contain significant impurities and surface structural defects
[38, 40]. Thus, these drawbacks can cause a significant impact on the surface
chemistry and physical properties of nanomaterials [38, 40]. Other disadvantages
are the need for costly equipment [41, 42] and length of time required [37] to
synthesise nanomaterials using the top-down approach.

Figure 1.6: Schematic clarification of top-down and bottom-up approaches for synthesis
of nanomaterials . Image adapted from [33]
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1.2.2 Bottom-Up Approach

In contrast to the top-down approach, the bottom-up approach relies on ” molec-
ular self-assembly and/or molecular recognition” concepts [43]. This approach
fabricates nanomaterials ”atom-by-atom” or ”molecule-by-molecule” using chem-
ical processes. The chemical methods used involve chemical vapour deposition
(CVD) [44], electrochemical process [45], sol-gel process[46], epitaxy method [47],
soft and hard templates [48, 49], etc. The limitations to this approach are in
some cases, dealing with toxic chemicals which are hazardous to humans and the
environment [50]. However, the bottom-up approach can offer advantages in com-
parison to top-down approaches. It can produce nanomaterials with fewer defects
[39], better size-control [50], more homogeneous chemical composition [40], ther-
mally stable [50] and better short- and long-range ordering [40, 38]. Among the
bottom-up methods, the epitaxy and template methods are common methods for
producing a high-quality single-crystal (oriented grains) material [47, 51], while
Chemical Vapor Deposition produces polycrystal (random orientation of grains)
materials [52]. Carrier mobilities in polycrystalline materials are lower than in
single-crystalline materials [53]. The carrier mobility is an important factor for
making an electronic device. Hence, using epitaxy and template methods can
be suitable to fabricate 3D nanomaterial (single crystal) for electronic devices.
These methods will be reviewed in the next sections.

1.2.2.1 Epitaxy Method

The epitaxial growth method has received a lot of attention due to its role in the
development of integrated circuits and as a suitable method for device fabrication
[47]. Epitaxial growth techniques have been used to produce electronic and pho-
tonic devices [54]. Epitaxy is a method of crystal growth or thin-film deposition
in which crystalline layers are fabricated (layer by layer) with a well-defined orien-
tation relative to the crystalline substrate [55]. These layers are called epitaxial
layers (or epitaxial film ) and can be formed by epitaxial techniques, such as
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molecular beam epitaxy (MBE), metalorganic vapour phase epitaxy (MOVPE),
vapour phase epitaxy (VPE), liquid phase epitaxy (LPE), atomic layer epitaxy
(ALE) and Photo-MOVPE [47]. During epitaxial growth, an atom of the mate-
rial of interest is allowed to move over the surface of the substrate until it stops
at an energetically favourable location. Thus the atom will ideally extend the
lattice pattern of the substrate, and with continuous deposition, an epitaxial film
will be formed.

Typically, the epitaxial method results in the fabrication of two-dimensional
material. Although the 2D materials have been used extensively in electronic
devices [56, 57, 58, 59], a 3D material would enable novel functionalities for elec-
tronic devices, such as optoelectronics devices, because of its attractive electronic
properties [60]. A template method can produce the 3D material that will be in-
troduced through the following section.

1.2.2.2 Template Method

Template methods for synthesis of nanomaterials are very effective methods and
have been widely employed in recent years [14]. The template consists of nanos-
tructures which is the self-assembly of mesophase of a lipid. Such templates work
as a structure-directing agent (SDA) in the fabrication of porous nanomaterials
[61]. Typically, a sequence of three steps is required to produce the nanostruc-
tured material; preparation of the template, template-directed synthesis of the
new material (e.g. via electrodeposition process [62, 63]), sol-gel, hydrothermal
synthesis [64], etc) and, lastly, removal of the template so the morphology of the
template will transfer to the target material. The template method is easy to
implement [49], and allows control of the structure, morphology, and pore size of
the template [14].

Templates self-assemble into structures with one, two and three-dimensional
periodicity, which have been used for particular applications [64, 65]. Structures
with 1D, 2D and 3D-periodicity have been used in devices that rely on the charge
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transport process at the nanoscale [66] and photonic applications, such as pho-
tonic crystals [67].

There are two types of template: hard and soft templates, that will be
described below.

1. Hard Templates

A hard template is a rigid material in which particles assemble in a tightly-
packed arrangement [68]. The stable structure of the hard template defines the
morphology and restricts the size of the sample particle [14]. The hard template
method is a promising strategy for the production of metals, metal oxides and
carbon nanopores with a stable porosity [68]. The hard template is a popular
method used for nanostructured materials syntheses such as nanowire networks
[69] nanotubes, nanoparticles and nanorods [14]. The nanostructured materials
can be obtained by depositing the materials of interest into the confined areas
of the template leading to a reverse replica [68]. Porous anodic alumina oxide
(AAO) is an example of a hard template with an adjustable pore size in the range
from 10 to several hundred nanometers [70, 14]. The arrangement and uniformity
size of pore depends on the experimental conditions [71, 72, 70].

With the hard template, the structures of the produced material are limited
to the structure of the template, that cannot be controlled, as well as, its pore size
is restricted. Furthermore, the removal of this template can only be performed
in either acids, sodium hydroxide (NaOH) or organic solvents raising concern for
safety and the environment [63]. Removing the template from produced materials
might cause damage to the structure of a nanomaterial [14]. To overcome these
difficulties, soft-templates can be used [63].

2. Soft Templates

Soft templates do not have a rigid structure and provide a wide range of porous
material structures ranging from 1D to 3D symmetry at different scales (from
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microscale to nanoscale) compared to hard templates [73]. The scale of materials
is associated with the pore size of the templates which depends on the molecu-
lar geometry. The pore size can be controlled by introducing additives [74, 75].
Another advantage of the soft template is the simplicity and repeatability in the
process of nanomaterial production [76]. The most critical step in the template-
assisted synthesis of porous materials is template removal. Template removal
without disturbing the structure of the targeted material is very desirable. This
can be achieved by using the soft template under mild conditions [77]. The limi-
tation with the soft template is the large-scale synthesis. For example, with the
lithography technique and the hard template is relatively easy to pattern large
area with high degree reproducibility, which cannot be guaranteed with the soft
template method [14, 78]. Another limitation is the possibility of occurring phase
transitions. For example, if the soft template was not removed immediately af-
ter depositing a target material, the template can dehydrate, which leads to the
phase transition; hence this transition might break the sample. In addition, the
changing temperature can alter the structure of the soft template compared to
the hard template [73].

Soft templates include amphiphiles, such as lipids and surfactants, and
block copolymers. These templates produce porous material with different pore
sizes due to the difference in molecular weight. For example, small pore sizes
(less than 5 nm) can be obtained from low molecular weight soft templates, such
as amphiphilic surfactants [79, 80] while block copolymers yield relatively larger
pore sizes (around microscale) [81, 82, 83] due to high molecular weight [79]. The
aim of this presented project is fabrication nanomaterials at the length scale at
which quantum effects can be observed. This scale can be obtained from lyotropic
liquid crystal phases that will be introduced below.

2.1 Lyotropic Liquid Crystals (LLCs) Template

The soft templates, such as amphiphilic lipids, provide an opportunity to manip-
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ulate and control the structure and size of a pore [73]. The pore structure can
be selected by controlling the temperature and composition of the lipid/solvent
mixture, which allows the formation of a variety of structures ranging from 1D
to 3D ( known as lyotropic liquid crystalline (LLC) mesophases) [1, 84, 68]. The
pore size can be adjusted by either choosing different weight lipid molecules or
introducing additional molecules that assist in expanding the pore such as Brij-56
surfactant [74].

The most commonly used templates from LLC mesophases of lipids are cu-
bic liquid crystal phases (3D-structure) [85, 4], lamellar phase (2D-structure)[86,
87] and hexagonal phase (1D-structure) [74, 88]. In 1997, Attard et al. first
employed LLCs as template to produce mesoporous platinum materials using a
normal hexagonal HI phase [89]. After their success, they have fabricated differ-
ent nanostructured metals, such as tin [90] and palladium + platinum (Pd/Pt)
[91]. Since that time, LLCs have been widely exploited as a template in or-
der to synthesise nanostructured materials [92]. For example, the lamellar (Lα)
phase has been used to produce ribbons of silver nanoparticles [93] and lamellar
platinum nanostructures [94]. Different methods have been employed to synthe-
sis nanomaterial using LLC phases, such as electrochemical deposition [92, 65],
chemical reduction [65] and sol-gel processes [77, 65].

1.3 Device Fabrication

Due to the high interest in the nanotechnology field, there is an imminent need for
fabrication reliably devices. Practically, all electronic devices, including semicon-
ductor devices, are manufactured in a planar geometry [95]. Device fabrication
includes two crucial steps; production of the nanomaterial and then fabrication
of the material into the device using lithography, such as photolithography and
electron-beam lithography methods. The lithography includes either lift-off or
etching processes. Since the lift-off process was used in this project [Appendix
E] to fabricate electrodes for the electrodeposition process, it will be focused on
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it and illustrated below.
Device fabrication by the lift-off process includes the following two steps.

Firstly, a substrate is coated with a resist. The resist can be a light-sensitive
chemical photoresist, where the photolithography method uses ultraviolet (UV)
light to transfer a geometric pattern from a mask to the coated substrate [96, 97]
or a beam-sensitive chemical resist, where the electron-beam lithography uses a
beam of electrons to transfer the pattern to the coated substrate [98]. Secondly,
Depending on the type of resist (positive or negative), the developer destroys
either the exposed or unexposed areas, respectively. This patterning can also be
applied to the nanostructures in which the nanostructure can either be etched or
lifted-off. Then, electrodes can be connected into the material to fabricate devices
[99]. The conventional lithography process is limited to 2D patterns [100].

1.4 Motivations

This project aims to fabricate an electronic nanodevice with a three-dimensional
nanostructure without the need for the lithography process to pattern the mate-
rial. In this research, a complicated 3D nanostructure is grown with connected
electrodes via the electrodeposition process. Two conductive electrodes, sep-
arated by a sub-millimetre size gap, were used to deposit the target material
between electrodes. These electrodes can be used for characterisation of the ma-
terial for devices applications.

Nanomaterials were fabricated by using the bottom-up approach (the soft
template method). Phytantriol (3,7,11,15-Tetramethyl-1,2,3-hexadecanetriol) was
used for this purpose, which is an amphiphilic lipid [101]. Chemically, phytantriol
is more stable than other glycolipids, such as monoolein, due to the absence of
an ester bond [102, 103]. Monoolein has a similar molecular shape to phytantriol
which means it has a similar phase diagram [104]. However, the pore size (water
channel) of monoolein is larger (4.62 nm) than phytantriol (2.34 nm) at 20◦C and
40% water [105].
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Phytantriol exhibits a three-dimensional cubic phase, diamond bicontin-
uous cubic phase QD

II , which is stable in excess water [1]. This phase provides
the opportunity of using it as a template for fabricating nanomaterials [4]. The
structure of the QD

II phase is highly desirable because it presents structural ad-
vantages for catalyses [4], drug delivery applications [106, 107], solar cells [108]
and sensors [109]. The 3D morphology of the QD

II phase promotes electron trans-
port [110, 111] and diffusion [112], which would be very useful in future electronic
applications [113].

1.5 Thesis Outline

This research contains descriptions of the hydration process of phytantriol mesoph-
ases, and the experimental work into the production of oriented mesophases and
exploiting phytantriol as a template. The QD

II phase was used as a template in
order to produce nanostructured material for the electronic nanodevice by the
electrodeposition process. This thesis is divided into the following chapters:

Chapter 2 presents the background for the lyotropic system, phytantriol
mesophases, which are essential to understand the properties of phytantriol mesop-
hases. Methods for producing oriented lyotropic mesophases, will be introduced
as well.

Chapter 3 introduces the techniques used to characterise phytantriol mesop-
hases, which are cross-polarised light microscopy (CPLM) and small-angle X-ray
scattering (SAXS). Also, a brief background to the electrodeposition process used
to produce nanostructured materials, and scanning electron microscopy (SEM),
which was used for the characterisation of the surface morphology of nanostruc-
tured materials, is presented. This chapter also describes the experimental setup,
including the preparation of the samples, measurement and analysis procedure.

The first experimental chapter, Chapter 4, details the formation of phy-
tantriol mesophases by using the water penetration method. The formation of
these mesophases was confirmed by using CPLM and SAXS techniques. The hy-
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dration process through these mesophases was studied using the one-dimensional
diffusion model. The hydration process was examined at over a range of tem-
peratures. During this study, oriented mesophases were observed, which were
examined in the second experimental chapter, Chapter 5.

Chapter 5 demonstrates two methods for producing oriented phytantriol
mesophases. The formation of oriented phases was confirmed by CPLM for the
optically active phase (lamellar Lα) and by SAXS for other optically active and
inactive phases (gyroid and diamond inverse bicontinuous cubic phases (QG

II and
QD
II)).

The last experimental chapter, Chapter 6, investigates a novel approach
for the fabrication of two-terminal electronic nanodevices. The electrodeposition
process was used to fabricate nanomaterials from the QD

II phase of phytantriol.
The internal structure and surface morphology of nanostructured materials were
studied by SAXS and SEM, respectively.

The final chapter of the thesis, Chapter 7, summarises the main conclu-
sions. Following this, possibilities for future studies are discussed.



Chapter 2

Introductory Theory and

Background

2.1 Chapter Outline

In this chapter, an introductory background to liquid crystals and the lyotropic
system are presented in Sections 2.2 and 2.3, respectively. The lyotropic mesophas-
es of phytantriol are described in Section 2.4 followed by methods used to produce
oriented lyotropic mesophases [Section 2.5 ]. The chapter ends with Section 2.6,
which is a summary and description of how presented literature links to the rest
of the thesis.

2.2 Liquid Crystals (LCs)

In 1888, a liquid crystal (LC) was discovered by Friedrich Reinitzer who thought
it to be the fourth state of matter [114]. The liquid crystal is an intermediate
state between the crystalline solid and the amorphous liquid, and for this rea-
son it has been called liquid crystal [115]. Mesophases transition can be driven
thermotropically, that is by changing temperatures or lyotropically by changing

17
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the concentration of the solvent [116, 117]. Since this project is limited to the
synthesis of nanostructured materials from lyotropic mesophases, the following
discussion will be focused on it.

2.3 Lyotropic System

In the lyotropic system, the concentration of water is essential to form lyotropic
mesophases of liquid crystals at given temperature [118, 119, 120]. Lyotropic
liquid crystals consist of amphiphilic molecules [121] which possess two groups: a
fat-loving tail group (hydrophobic) and a water-loving head group (hydrophilic)
[122, 123]. The hydrophilic group of the amphiphilic molecule forms a polar inter-
face when in contact with water [124]. The polar interface keeps the hydrophobic
part of the molecules away from bulk water [125], while the hydrophilic group will
efficiently dissolve in the water, leading to being surrounded by water molecules
and a lipid bilayer structure forms [126, 125, 124]. The amphiphilic character
encourages molecules to self-assemble into different patterns of nanostructures
(mesophases) when they are combined with water [123, 121]. The self-assembly
processes can be described as a transition from less ordered, such as aggregates,
towards favourable ordered configuration, nanostructures [127]. The ordered
structures require energy for equilibration at the final configuration [127, 128].
This energy is a composition of non-covalent interactions, such as hydrophobic
interactions, dipole moments, Van der Waals forces, hydrogen bonds etc., which
derives the self-assembly process [128, 122, 129]. Different structures can be
formed from the self-assembly process according to the changes in water con-
centration, and temperature [130]. Controlling water and temperature can alter
the shape of amphiphilic molecules, which can be described by critical packing
parameters (CPP) described in the following subsections.



2.3. LYOTROPIC SYSTEM 19

2.3.1 Shape of Amphiphile Molecule

The molecular geometry is a major factor in defining the type of liquid crys-
tal phase. It depends upon the local geometry which is the intrinsic shape of
the amphiphilic molecule [131]. When the water is in contact with amphiphilic
molecules, molecules will self-assemble into different shapes of aggregate based on
specific geometric relationships, known as critical packing parameter (CPP). The
CPP provides a measure of curvature which determines the molecular surface
area and volume at the interface for a certain molecular length as follows;

CPP = v

lca0
(2.1)

where a0 is the area of the hydrophilic head groups, v is the volume and lc is the
length of the hydrophobic tail groups [132, 133], as shown in Figure 2.1.

The CPP value of the amphiphilic molecule changes as water concentration
and temperature change. Increasing the water concentration in a system causes
an increase in the size of the head group a0, due to the extra hydration and
forcing the tail group lc and v to compress. However, increased temperature
leads to an increase in lc and v because of thermal excitation and a decrease in
the head group a0 [134]. The packing of molecules depends on the shape of the
molecule. For example, lipid molecules have a small head group and large tail
group, so when packed molecules together, they curve toward the water resulting
in a negative curvature (type II or inverse phases) with CPP value greater than
1 [135] [Figure 2.1[c]], such as inverse micelle LII and inverse hexagonal HII

[Figure 2.2]. When molecules uptake water, the area of heads groups increases
and the curvature changes from the negative curvature to flat curvature with
CPP =1 [118] [Figure 2.1[b]] [132], such as lamellar Lα [Figure 2.2]. Another
shape of molecules is a small tail and large head groups. When packed molecules
together, they curve outward the water, resulting in a positive curvature (type I
or normal phases) with a value of CPP less than 1 [Figure 2.1[a]] [135]. Figure 2.2
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Figure 2.1: Self-assembly process of amphiphilic molecules when they are in contact
with water according to the critical packing parameter (CPP). Different interfacial
curvatures of aggregation morphology for (a) type (I), (b) type (0) and (c) type (II).
Bottom shows formula of CPP (left) in relative to shape of amphiphilic molecules
(right) . Image adapted from [136]

shows micelle LI and hexagonal HI , that form when the value of critical packing
parameter is CPP< 1/3, and 1/3 <CPP< 1/2, respectively [122]. However, the
CPP model alone cannot describe the formation of type II phases (bicontinuous
cubic phases) [131]. This can be described by the mean and Gaussian curvatures
that will be presented in the following subsection.

2.3.2 Interfacial Curvature

The interface between polar and non-polar regions governs the phase formation.
The interface between these regions can be described by the critical packing
parameter (CPP) and the interfacial curvature, which is related according to
[131];

CPP = 1 +Hlc +Gl2c/3 (2.2)

where H is the mean interfacial curvature and G describes the Gaussian curva-
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Figure 2.2: Lyotropic liquid crystal phases: positive phases type (I), flat curvature
phase (Lα) type (0) and negative phases type (II). Image adapted from [137]

ture. H and G are defined as [131]:

H = (c1 + c2)
2 (2.3)

G = c1c2 (2.4)

where at any given point P, a normal to the surface of the monolayer (n̂) can
be defined with principal curvatures c1 and c2 [138]. Figure 2.3 shows planes of
maximum and minimum curvatures (c1 and c2) perpendicular to each other and
intersect at the line P. The local principal curvatures are related to the curvatures
by c1 = 1/R1 and c2 = 1/R2, where R1 and R2 are the maximum and minimum
radii of curvature [Figure 2.3].

The interface curvature between polar and non-polar regions for all ly-
otropic mesophases can be described by H and G. A flat interface, such as the Lα
phase, [Figure 2.2] has both zero H and G curvatures. When the mean curvature
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Figure 2.3: Principle curvatures of a monolayer. Image adapted from [142]

is negative (H < 0) for all inverse phases (Type II), it corresponds to the am-
phiphile interface bent towards the non-polar region. In contrast, positive mean
curvature (H > 0) producing normal phases (Type I), corresponds to the am-
phiphile interface bent towards the polar region [139]. In the inverse hexagonal
phase HII , molecules aggregate to the cylindrical form where the mean curvature
has a negative value while Gaussian curvature has a zero value [140]. Regarding
infinite Periodic Minimal Surfaces (IPMS), they have zero mean curvature with
continuously altering Gaussian curvature (H = 0, G ≤ 0) at every point on the
surface [141, 131]. The minimal surfaces have been used to describe QII phases:
Im3m, Pn3m and Ia3d, that will be presented in Section 2.4.4.

2.4 Lyotropic Mesophases of Phytantriol

In this research, liquid crystal phases were formed by phytantriol. The phytantriol
molecule contains three hydroxyl (OH) groups [Figure 2.4]. The phase diagram
of phytantriol/ water system has been published by Barauskas et al., as shown in
Figure 2.4. The diagram shows different lyotropic mesophases: inverse micellar
(LII), lamellar (Lα) and inverse cubic of space groups Ia3d, gyroid, (QG

II) and
Pn3m, diamond (QD

II) which can form at room temperature, while inverse hexag-
onal HII can only form at high temperature and high water concentration. The
sequence of these phases agrees with the theory of the phase type and shape that
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were presented in Section 2.3.1. LII , Lα, QII and HII phases will be described
briefly in the following sections.

2.4.1 Inverse Micellar Phase (LII)

The inverse micellar (LII) is an isotropic phase which can occur at room temper-
ature with low water concentration [Figure 2.4]. The structure of the LII phase
is shown in Figure 2.2, where the head (polar) groups confine water into a core
resulting in aggregation into an enclosed shape [143, 144]. When examine the
LII phase under a cross polarised light microscopy (CPLM) technique, it shows
a dark image due its isotropic texture.

2.4.2 Lamellar Phase (Lα)

The lamellar (Lα) is an anisotropic phase which forms at higher concentration of
water compared to the LII phase and occurs in the presence of ≈ 6% w/w water
at room temperature, as shown in Figure 2.4. The structure of the Lα phase
consists of a pile of flat bilayer sheets on top of each other separated by water

Figure 2.4: (a) A phytantriol molecule. (b) Phase diagram of the phytantriol/water
system with temperatures and relative water concentration. Image (a) and (b) adapted
and reconstructed from [1].
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layers [145, 146], which is shown schematically in Figure 2.2. The Lα phase is
optically active under CPLM due its anisotropic texture.

2.4.3 Inverse Hexagonal Phase (HII)

The inverse hexagonal (HII) is an anisotropic mesophase that forms only at
high temperature and water content. The structure of the HII phase consists of
cylindrical micelles of unknown length arranged hexagonally [147] [Figure 2.2].
The inside of these cylinders are lined with polar head groups, so water can go
inside them leading to water channels. The size of the channel diameter depends
on the water content [148], where the diameter of the water channel of phytantriol
is 2.34 nm at 40% water [105]. Non-polar hydrocarbon chains fill up the space
outside the water channels. The HII phase also displays an optically active phase
under CPLM due its anisotropic texture.

2.4.4 Inverse Bicontinuous Cubic Phases (QII)

Inverse bicontinuous cubic phases occur at higher water content than Lα and
can form at room temperature. The structures and properties of the QII phases
observed in the phase diagram of phytantriol will be presented in detail in the
next sections.

2.4.4.1 QII Phases Structure

QII phases are characterised by 3-dimensional cubic symmetry. They consist of a
single lipid bilayer separated by two continuous water channels that are twisted
in 3 dimensions without intersection, forming a liquid crystalline structure [149,
150, 151]. Luzzati et al. have described the morphology of QII phases as having
a triply periodic minimal surface (TPMS) [152, 153, 154]. The minimal surface
is identified by the centre of lipid bilayer, where the average mean curvature (H)
is zero and the Gaussian curvature (G) is negative everywhere [155, 156, 157].
The QII phase has 3 major types of minimal surface: gyroid surface QG

II , or Q230
II ,
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(space group Ia3d), diamond surface QD
II , or Q224

II , (space group Pn3m) and
primitive surface QP

II , orQ229
II , (space group Im3m [158]. These surfaces repeat

along x,y and z coordinates without self-intersections and create the bicontinuous
cubic phases [159] [Figure 2.5]. The sequence of forming these QII phases is : QG

II

→ QD
II → QP

II with increasing water content [160]. The QP
II phase does not form

in the pure phytantriol/water system. However, when increasing the swelling
capacity of phytantriol by introducing additives, such as charged membrane lipid
distearoylphosphatidylglycerol (DSPG), the QP

II phase has been observed [161].
The existence of the charged lipid in the bilayer creates an electrostatic repulsion
which can lead to flattening the bilayer interface, widening of water channels,
and increasing the hydration [161].

2.4.4.2 Properties of QII Phases

QII phases have received much interest over the last twenty years [150, 162, 2, 157,
163, 164, 157]. The QII phases are considered to be soft nanostructured materials
due to their internal structure, where two water channels are separated by one
infinite lipid bilayer continued in three dimensions. These phases offer a high
internal surface area ( ≈ 400 m2/g) [165, 166], so they have a high capacity to be
loaded with large amounts of biological and chemical substances [107, 167]. The
geometric and topological properties of QII phases can be changed by controlling
temperature or concentrations of lipid [156].

Experimentally, to be able to distinguish between cubic phases which are
optically inactive because of their isotropic textures, small-angle X-ray scattering
(SAXS) can be used. The principle of identification these mesophases by SAXS
will be addressed in Chapter 3 Section 3.3.
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Figure 2.5: The minimal surfaces for the three lipid inverse bicontinuous cubic phases.
From left to right: Pn3m (QDII), Ia3d (QGII) and Im3m (QPII). Image adapted from
[157]

2.5 Alignment of lyotropic Phases

Using oriented lyotropic liquid crystals as a template can produce an oriented
material due to the transfer of the orientation of the template to the guest mate-
rial. Oriented phases of 3D morphology, such as QG

II and QD
II phases, have been

predicted to enhance transport and mechanical properties [51]. Materials pre-
sented in this way might open up novel routes to industrial products and devices
[168] which support the aim of this research. As this research will show alignment
of phytantriol lyotropic mesophases, it is useful to present methods used in the
literature to support our results, that will be introduced in chapter 5.

Various methods have been reported to achieve oriented domains of phases.
One of them includes exploiting the transition from a sponge phase L3 to the QD

II

phase of monoolein under shear [169, 85]. Oka and Hojo have also exploited the
transition from L3 → QD

II phase of monoolein by applying a counter-diffusion
method [170]. The surface of the thin-film of QII phases of phytantriol have
also been aligned by controlling humidity and temperature [171]. These three
methods will be introduced briefly in the following sections.

2.5.1 Shear Method

Squires et al. have produced an oriented QD
II film by controlled dilution of a

sample under shear inside a linear flow cell [Figure 2.6] [85]. The oriented film has
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been achieved by making a film from a disordered precursor (sponge phase), which
is a disordered bicontinuous phase [136] and it does not have cubic symmetry,
from the lipid monoolein (MO) and the additive 1,4-butanediol. A sample of the
L3 phase has been introduced into a capillary containing water with an air gap
between L3 and the water as shown in Figure 2.6 (a-i) [85]. Oscillatory shear
has been applied to the sample which leads to a residual coating in the path
between the L3 phase and water which was left by both of them [Figure 2.6 a-
i to iv]. The concentration of butanediol in this coating was reduced due to the
gradual hydration, allowing the formation of the orientated QD

II phase. Figure
2.6 [b] shows QD

II film sample oriented with [110] axis, which is parallel to the
flow direction.

In addition, the shear method has also been used to produce an oriented
Lα phase. Penfold et al. has reported the shear-induced ordering of the Lα phase
from the surfactant, hexaethylene glycol monohexadecyl ether, in a Couette shear
cell [172]. Two distinct orientations for the Lα phase have been observed by small-
angle neutron scattering, SANS. The beam is incident through the cell side, which
is perpendicular to the vorticity and the shear gradient plane and parallel to the
flow. At low shear gradients, high intensity pronounced peaks in the Qx direction
[Figure 2.7, left] has been observed. This pattern is attributed to an aligned Lα

phase, which is oriented parallel to the plane of flow vorticity. At higher shear
gradients, the scattering pattern is rotated 90◦, where distinct peaks in the Qy

direction, which corresponds to the orientation of the Lα phase is parallel to
the plane of the flow-shear gradient [Figure 2.7, right]. At intermediate shear
gradients, both of these orientations are present simultaneously.

2.5.2 Counter-Diffusion Method

Oka and Hojo have exploited the main idea in the shear alignment method
(transition from the L3 phase to the QD

II phase) and provided a new method
by applying a counter-diffusion [170]. A single crystal of the QD

II phase of 1-
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Figure 2.6: (a) Schematic of preparation an oriented QDII film within the linear flow
cell. (b) X-ray diffraction images of the film sample oriented with [110] axis aligned in
the direction of flow. Image adapted from [85]

monoolein (MO) has been formed from the L3 phase by controlling the dilution
of 1,4-butanediol. The MO has been placed in a capillary in the presence of an
additive, 1,4-butanediol, that is essential to the formation of the L3 phase. The
dilution of 1,4-butanediol was controlled by soaking the open end of the capillary
in water for a week leading to the establishment of a concentration gradient from
end to end in the tube as shown in Figure 2.8. SAXS images show that only
the region of the capillary between the L3 phase and the polycrystal QD

II phase
produced the single-crystal QD

II phase. These results obviously exhibit position-
dependent change. The direction of QD

II orientation with respect to the capillary
axis changed from sample to sample.
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Figure 2.7: Small-angle neutron scattering (SANS) of a single crystal of Lα phase in
a Couette shear cell was obtained under shear. The direction of the neutron beam is
orthogonal to the shear gradient-vorticity plane. At low shear gradients (G=0) (Left),
orientation of Lα phase is parallel to the plane of flow-vorticity . (right) At higher shear
gradients (G=5000 s−1), orientation of Lα phase is parallel to the plane of the flow-
shear gradient. The insert images represent the orientations of the lamellae director
relative to to the flow velocity, shear gradient, and vorticity directions. Image adapted
from [172]

2.5.3 Surface Orientation Method

This method is based on a thin film of lipid. The thin film has been produced
by spin coating of a lipid dissolved in an organic solvent onto a substrate [173,
171]. Rittman et al. have used a thin film of phytantriol, and two grades of
monoolein to form oriented QG

II and QD
II phases [171]. These oriented phases

have been achieved by controlled temperature and humidity environment, and
the thickness of films has been estimated to be at least 60 nm. The humidity has
been controlled by placing the sample in a Perspex sample chamber and using
two dry-air units to produce a flow of about 3.5 standard liter per minute (SLM)
each, and an ultrasonic nebulizer in the water reservoir was used to obtain relative
humidity values above 98%. This allows applying multiple cycles of hydration
and dehydration to films resulting in oriented QG

II and QD
II phases. The oriented
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Figure 2.8: Schematic of sample prepration method for single crystal QDII . Top tube
represent L3 phase from monoolein in the contains of 40% 1,4-butandiol. The tube
soaked in the water for a week to control the dilution of 1,4-butanediol as shown in the
bottom tube. X-ray diffraction images were produced from different positions relative
to the sample. Image adapted from Oka et al [170]

Figure 2.9: Thin film of lipid produced oriented QII by controlling temperature and
humidity. Image adapted from [171]

phases have been confirmed by Grazing Incidence Small Angle X-ray Scattering
(GISAXS). Figure 2.9 shows a thin layer of cubic phase sample and its diffraction
patterns. The 2D-GISAXS shows a spot pattern indicating an oriented sample.

2.6 Final Remarks

In summary, in this chapter, factors drive the formation of lyotropic mesophases
structures observed in this research have been introduced. These mesophases can
be oriented by a variety of methods that there were presented as well. In the
following chapter, techniques that are used to characterise these mesophases will
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be described, namely Cross Polarized Light Microscopy (CPLM) and Small-Angle
X-ray Scattering (SAXS).



Chapter 3

Techniques and Characterisation

3.1 Chapter Outline

This chapter presents the background to techniques used throughout this research
to characterise phytantriol mesophases and the experimental setup used in this
work. Firstly, cross polarised light microscopy (CPLM) technique will be intro-
duced, followed by a description of samples preparation and experimental setup in
this work [Section 3.2]. Then, small-angle X-ray scattering (SAXS) technique will
be introduced, followed by a description of samples preparation and experimental
setup [Section 3.3]. Nanomaterials were deposited by the electrodeposition tech-
nique, and the background to this technique will be presented in Section 3.4. The
morphologies and their internal structures of produced nanostructured materials
were revealed by scanning electron microscopy (SEM) and SAXS, respectively,
[Section 3.5] and a brief background to SEM will be introduced in Section 3.5.1.
This chapter ends with Section 3.6 for materials used in this research.

3.2 Cross Polarized Light Microscopy (CPLM)

CPLM is an old, popular and simple technique for the identification of lyotropic
liquid crystal mesophases [174, 175]. It has previously been applied to lyotropic

32
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mesophases of phytantriol [176, 106, 177, 104, 178]. A key principle of CPLM
is the polarisation of the light using two crossed polarisers, which are arranged
perpendicular to each other.

Figure 3.1 (a) and (b) show isotropic and anisotropic samples placed be-
tween the linear polarisers, respectively. When the polarised light interacts with
the isotropic sample [Figure 3.1 (a)], which has equivalent axes, the light expe-
riences constant refractive indices in all directions [179, 180]. Thus the beam
travels through the material with a constant speed, and the direction of the po-
larization does not change. As a result, this polarised light will be blocked by the
analyser. In contrast, the anisotropic sample [Figure 3.1 (b)] has two different
refractive indices: an ordinary index (no) and extraordinary index (ne), which
can alter the polarisation state of the light. When the light faces these indices,
it will split into two rays: the ordinary (O-ray) and the extraordinary (E-ray).
Hence, these rays will be rotated and recombined by the analyser, resulting in a
visible image.

Both cases, optically isotropic and anisotropic properties are observed in
mesophases of lyotropic liquid crystals. Isotropic phases, such as LII and QII ,
show dark images under the CPLM technique due to their isotropic texture, as
shown in Figure 3.4 (c) and (d), respectively. LII and QII phases can be identified
according to the water content and also by the fluidic nature for LII and the high
viscosity for QII [106]. Regarding QII phases, it is hard to distinguish between
QG
II and QD

II by the CPLM technique. In case of anisotropic phases (uniaxial
phases), such as Lα and HII , they have crystallographically distinct axes which
exhibit characteristic birefringent texture [182]. Both Lα and HII phases have
one optical axis and two different refractive indices, no and ne, where the no and
ne are perpendicular and parallel to the optical axis, respectively [183], as shown
in figure 3.2. The difference between no and ne indices is called birefringence
(∆n=ne-no) [184].
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Figure 3.1: Interaction between polarised light and a sample that was placed between
two linear polarisers perpendicular to each other. (a) The isotropic sample does not
change the direction of the polarised beam leading to the blocking of the beam by the
analyser. (b) The anisotropic sample splits the polarised beam into two rays: ordinary
(O-ray) and extraordinary (E-ray), leading to some of the light passing through the
analyser. Image adapted from [181]

3.2.1 Samples Preparation (2D-Planar Geometry)

In order to to obtain a CPLM image, samples must be first prepared. Samples of
phytantriol can be prepared into a 2D-planar (2D-disc) geometry by sandwiching
a small droplet between glass slides. A homogeneous sample can be prepared by
pre-mixing phytantriol and water. When the sample is observed under the CPLM,
a uniform phase appears with uniform brightness. Alternatively, a hydration
gradient can be achieved by placing a neat phytantriol droplet between glass slides
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Figure 3.2: The refractive indices of uniaxial Lα and HII . Two distinct refractive
indices are labelled no perpendicular to the optical axis and ne parallel to the optical
axis. Image adapted from [134].

and subsequently hydrating it, which is known as water penetration method.
This method enables the hydration at the perimeter of the disc to be maintained
maximal. The phytantriol takes up water leading to hydration and corresponding
lyotropic mesophases form, and phase boundaries propagate into the 2D disc’s
interior. This method is applied in this research to study the hydration process,
presented in Chapter 4.

A drop [ (≈13.5 mm) diameter] of phytantriol was placed between two
clean glass slides. These slides were sealed by clips to make a 2D-disc, as shown
in Figure 3.3 (a). Glass slides were separated by pieces of aluminium foil in order
to allow the introduction of water to the droplet of phytantriol. This simple
technique provides control over the thickness of the sample since the thickness
of the spacer can be set by changing the number of aluminium foil pieces. The
thickness of the gap between the glass slides was estimated by measuring the
thickness of a piece of aluminium foil and then multiplying it by the number of
foils (n). The thickness of the foil is ≈15 µm and n= 12 layers for all samples.
Taking into consideration the thickness variation of the glass slides ± 10 µm, the
gap size was found to be 15 × 12 ± 10 µm =180± 10 µm.

Hydration of the sample was achieved by injecting de-ionised (DI) water
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into the gap between the glass slides, followed by submerging the sample in a
Petri dish filled with DI water. This methodology keeps hydration of the sample,
which allows monitoring the mesophase transitions for long time periods.

3.2.2 Experimental Setup

The setup of the CPLM is shown in Figure 3.3. A linear polariser was secured
to a light source, which contains 12 white LEDs, and another linear polariser
(analyser) was attached to a Dino-Lite Digital microscope. These polarisers were
placed in the crossed-polarisers arrangement, where their polarisation directions
are perpendicular to each other. The sample was placed inside the Petri dish filled
with DI water which is between the light source and the microscope. Phytantriol
mesophase images were recorded every 5 min via the microscope software. These
images were analysed via the ImageJ software that will be described in section
3.2.3. The temperature of the water bath was controlled with a hot plate com-
prised of Peltier elements placed between aluminium layers [Figure 3.3 (b)], that
will be described in the next section.

3.2.2.1 Controlling Temperature

To be able to see phytantriol mesophase transitions at a specific temperature,
the ambient temperature of the sample needs to be controlled. This was per-
formed by a LabView program, which was written according to the theory of
a Proportional-Integral-Derivative (PID) controller. The PID controller can be
used for controlling variables, such as temperature, pressure or other experimen-
tal parameters [185]. The basic idea of this controller is reading a sensor, then
computing the desired variable, by summing proportional, integral, and deriva-
tive responses in order to compute the output. The program is presented in detail
in Appendix C.

For heating the water bath, a hot plate consisting of two aluminium plates
separated by Peltier elements (from RS components) was used [Figure 3.3 (b)].
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Four Peltier elements [Figure 3.3 (b-inset image)] with a power rating of 21.2W
for each were used, and they were connected in series giving the total output ≈
63.6W. These elements were powered by a Tenma 72-2540 programable power
supply device, which could provide up to 30 V. A square hole was cut out of the
centre of these plates to allow the light to travel through the sample from below
for CPLM observations.

A Petri dish of DI water was placed on top of the hot plate. The temper-
ature of this dish was measured by a Pt100 waterproof thermometer (RS com-
ponents) which was connected to with a Keithley 2010 multimeter device and
placed in the DI water container. The temperature of DI water was brought to
the desired temperature by the LabView program and allowed to reach a steady

Figure 3.3: Schematic drawing of the experimental set-up for 2D-disc geometry samples.
The grey circle represents the phytantriol droplet confined between glass slides with a
spacer made from stacked aluminium foil and submerged into DI water container. (a)
Top view image of the sample. (b) The hot plate is made of two aluminium plates
with a square hole in the middle. The inset image shows four Peltier elements between
plates.
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state before the sample was submerged in it.

3.2.3 Analysis of CPLM Images

CPLM images of phytantriol lyotropic mesophases are shown in Figure 3.4. The
Lα phase exhibits the mosaic-like texture, while the HII phase shows fan-like
texture consisting of streaks [Figure 3.4 (a) and (b)], which consistent with liter-
ature [148, 186].

Micrographs were analysed for hydration dynamics studies (discussed in
Chapter 4) via ImageJ, which is an image processing program. This program al-
lows extracting the position, d, of meseophases boundaries. Figure 3.5(a) shows
a yellow circle that represents the edge of the phytantriol droplet and a blue
line that was drawn to be used as a fixed reference position when measuring the
distance d. The d was measured from the meniscus to the Lα phase boundaries:
(i) LII to Lα [Figure 3.5(a-1)] and (ii) Lα to QG

II [Figure 3.5(a-2)]. The yellow
circle and blue line drawings have been saved by a Region of Interest (ROI) man-
ager [Figure 3.5 (b)]. This tool is to ensure the same process are applied to all
photographic images of the same sample.
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Figure 3.4: Lyotropic mesophase textures observed in this study under CPLM.
Anisotropic textures are (a) mosaic and (b) fan-like, whereas isotropic phases are not
visible in (c) and (d).

Figure 3.5: Screen shot of the ImageJ program with the table of measurements on the
top right side (a). The yellow circle represents the interface boundary between water
and phytantriol. The bright blue line was drawn as a reference for calculating the
distance between the edge of the phytantriol (the interface boundary between water
and phytantriol) and the interface boundary between phytantriol mesophases. (b) ROI
manager to save references drawings.
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3.3 Small angle X-ray scattering (SAXS)

X-rays are a type of electromagnetic radiation with wavelengths ranging from
0.01 to 10 nm, which can be used to investigate the structure of liquid crystal
phases at the nanoscale [123, 1, 187, 188, 189]. When an X-ray beam hits the
sample, it interacts with its electrons causing scattering [190, 191]. The scattering
occurs when the wavelength (λ) of the X-ray is comparable to the spacing of the
crystal lattice (d). Figure 3.6 shows constructive interference of X-ray scattering,
where the beam scatters from the crystal lattice plane at angles, θ, according to
Bragg’s law [192]

nλ = 2 d sinθ (3.1)

where n is the diffraction order (n = 1,2,3,...).

The scattered beams produce a diffraction pattern corresponding to the
structure of the sample. The diffraction pattern is a conversion of the crystal
lattice in real space to a reciprocal lattice in reciprocal space by a Fourier trans-
formation [191]. The diffraction patterns can be understood from the Ewald
sphere construction. The Ewald sphere is a geometric construction used in X-ray

Figure 3.6: Schematic clarification of Bragg’s law. Grey spheres represent crystal
atoms. The image is adapted from [193].
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crystallography, which allows the demonstration of the relationship between the
observed scattering patterns measured in reciprocal space and the crystal lattice
of the sample in real space [194]. Figure 3.7 shows the incident X-ray beam, with
a wavelength λ, hitting the sample at the centre of the Ewald sphere (C) with
a radius of R = 1/λ. The sample in the figure is represented by Bragg planes
with an angle of θ relative to the incident beam. After hitting the sample, some
of the beams leave the sphere without diffracting, and this corresponds to the
origin point of the reciprocal lattice of the sample fixed at the edge of the sphere.
The rest of the beams are scattered at Bragg’s angles leading to diffraction cor-
responding to the reciprocal lattice points that intersect the Ewald sphere. This
implies that the diffraction pattern can only be seen when Bragg’s law is satisfied
and that the reciprocal lattice point is identical to the sphere’s surface [194].

For a simple cubic structure, the spacing dhkl between parallel lattice planes
is giving by :

1
dhkl

=

√
(h2 + k2 + l2)

a
(3.2)

Figure 3.7: Ewald construction for a sample with Bragg planes placed at the centre of
the sphere (C). The un-diffracted X-ray beam represents the origin O∗ of the reciprocal
lattice (pink dots). All diffraction patterns passed through the reciprocal lattice and
identical to the sphere can be seen on the detector. The image is adapted from [195]
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where h, k and l are Miller indices and a is the lattice parameter. The diffraction
pattern shows Bragg peaks at specific ratios reflecting the structural symmetry.
The relation between Bragg peaks identifies the structural symmetry. Table 3.1
shows peaks ratio for Inverse bicontinuous cubic phases.

A typical setup of SAXS experiments and SAXS patterns are shown in Fig-
ure 3.8. When the X-ray beam hits the sample, the scattered beam reaches a 2-D
detector plate and generates SAXS images (2D SAXS patterns). The 2D pattern
can be either isotropic ring patterns corresponding to an unoriented sample or
spot patterns corresponding to an oriented sample, that will be described in the
following subsection.

3.3.1 Oriented and Unoriented samples

In the oriented sample, all domains are oriented in one direction, so the whole
lattice is aligned, giving a spot pattern in the 2D-SAXS [197], shown in schematic
Figure 3.9 (a). However, the unoriented sample consists of many domains in
random orientations [169], so the entire lattice cannot be aligned. Thus, lattice
points intersect the Ewald sphere at all angles, and virtually all orientations will
be shown, giving rise to the Debye–Scherrer rings (circular diffraction patterns)
[Figure 3.9 (b)].

The positions of spots in the 2D-SAXS pattern for the oriented sample
correspond to the orientation of the sample in respect to the X-ray beam direction

Table 3.1: Bragg peak ratio for different symmetry space groups: QPII with Im3m
symmetry, QDII with Pn3m symmetry, and QGII with Ia3d symmetry. Table is adapted
from [196]

.
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[197]. The orientation of the sample can be confirmed by calculating the positions
of these spots by using the azimuthal angle (φ) formula [85]:

cos(φ) = [hrkrlr].[hkl]
|[hrkrlr]||[hkl]| (3.3)

where φ corresponds to the angle between the uniaxial axis of rotation [hrkrlr]
and reflections [hkl], as shown in Figure 3.10. The azimuthal angle (φ) in degrees
is

φ = 180
π
cos−1( [hrkrlr].[hkl]

|[hrkrlr]||[hkl]|) (3.4)

where |[hrkrlr]| and |[hkl]| are the moduli of vectors [hrkrlr] and [hkl], respec-

Figure 3.8: Schematic view of a basic SAXS system. SDD is distance between the
sample and detector. The image is adapted from[198].

Figure 3.9: Schematic of 2D scattering patterns for an oriented (a) and (b) unoriented
samples. The beam centre represented by (X). The image is adapted and reconstructed
from [197]
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tively. More details about determining spot positions will be introduced in Sec-
tion 3.3.4.2.

3.3.2 Samples Preparation (2D-Planar and 1D-Tube Geometry)

For X-ray scattering, two geometries of phytantriol samples were employed. Pla-
nar geometry samples (2D-geometry) was employed for geometrical symmetry
with the experiment under CPLM, and tube geometry samples (1D-geometry)
was used as a geometry more suited it for SAXS measurements.

3.3.2.1 Sample Preparation in 2D-Planar Geometry

A ring of phytantriol and water in the middle was placed between mica sheets (
25 microns thick, 25 x 25 mm2- purchased from Attwater ) with a gap of 15 ± 1
µm, made with aluminium foil. The ring is holding water inside it for hydration.
The motivation behind making a ring of phytantriol instead of the disc is to avoid
spreading water out of the sample and to ensure that phytantriol uptakes water.
The sample was sealed by folded Kapton tape around the edges of the glass, as

Figure 3.10: Schematic of 2D scattering spots patterns in respect to the SAXS set-up
and prediction of spot positions by using the azimuthal angle (φ) formula [Equation 3.4].
Note: the rotation axis [hrkrlr] can be either vertical or horizontal on the diffraction
pattern. The image is adapted and reconstructed from [199]

.
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shown in Figure 3.11(a) at the top. The size of the gap was smaller than the
sample preparation for the CPLM study [Section 3.2.1] to reduce issues we faced
it with sealing the samples, such as air bubbles.

The sample was taped to a newly designed holder with a small window, as
shown in the schematic in Figure 3.11 (a)- bottom. The holder is designed for this
experiment and made of aluminium by the workshop in the Physics Department.
The reason for making a new holder is that the rectangular window (1cm × 0.5
cm) assists in tracking mesophase transition locations in the vertical direction
compared to the sample holder for SAXS measurements that has only a 0.25 cm2

window. This new holder was screwed to the SAXS holder (b) which fits the
SAXS machine.

3.3.2.2 Sample Preparation in Tube (1D-linear)

In this section, two methods were used to prepare 1D-tube samples. Filled sam-
ples were used to study the hydration process, that will be described first, followed

Figure 3.11: Schematic drawing of (a) 2D-disc sample loaded in the new sample holder
(grey), held in place with Kapton tape. (b) SAXS sample holder.
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by film-coated samples used to study alignment.
A quarter of 80-mm-length glass capillary (borosilicate glass capillary tube

purchased from capillary tube supplies Ltd- 1.5-mm-diameter) was filled with DI
water, then centrifuged to push the water to the bottom of the capillary. Phy-
tantriol (≈ 0.1 µg) was added on top of the water and centrifuged as well. The
materials were introduced in this order to avoid phytantriol coating the tube.
The sample was centrifuged at 2400 rpm for 3 min to ensure that water and
phytantriol are at the bottom of the capillary, as shown in Figure 3.12. The
capillary was sealed by heat shrink tubing. This methodology of preparation in
which one end of the tube is filled with water and the other with phytantriol,
allows a hydration gradient in phytantriol to be established, forming a series of
lyotropic mesophases.

The sample was attached vertically to a holder of the sample by a Kapton
tape (yellow) as shown in Figure 3.12. The holder has a window 4 × 4.5 cm,
allowing regions from maximum to minimum hydration to be detected.

Another method was applied to prepare a film-coated sample, which was
used to confirm the alignment of the QD

II phase. The film-coated sample was
prepared by introducing a solution of phytantriol and ethanol (w/w ratio of 1:1)
into a glass capillary, that is open at both ends, via a syringe. The opened sides
of the tube allowed the phytantriol to be pushed to the other end to yield with
a coating of phytantriol on the wall of the tube. The film was left under ambi-
ent conditions to allow ethanol to evaporate. This methodology is adapted from
Squires et al. and the thickness of the film was estimated to be, ≈ 10µm thick
[85]. One of the ends of the tube was sealed using heat shrink, and then the tube
was filled with water. The centrifuge was used in order to push the water down
the tube. Samples were loaded to the SAXS chamber in the same manner of the
filled samples.
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3.3.3 Experimental Setup

Small angle X-ray scattering patterns were obtained using a Small Angle X-ray
System (Anton Paar SAXS /WAXS /GISAXS laboratory beamline: SAXS point
2.0 operating). Experiments were performed at 40 kV and 50 mA generating Cu
Kα radiation with a wavelength of 0.154 nm. The distance between the sample
and detector (SDD) was 360 mm. All measurements were recorded at room
temperature, and the exposure time was 180 seconds per each measurement.

3.3.4 Analysis of SAXS Data

In this section, analysis of the 1D and 2D SAXS patterns are described in two sub-
sections. In subsection 3.3.4.1, the 1D scattering pattern for lyotropic mesophases
of phytantriol will be shown. This subsection includes the estimation of the lat-
tice parameters for the inverse bicontinuous cubic phases. In Subsection 3.3.4.2,
an example of the 2D SAXS patterns of oriented QD

II phase will be introduced.
This subsection includes spot simulation to determine the aligned axis of the
oriented sample.

Figure 3.12: Schematic of the experimental set-up of SAXS for phytantriol-water sam-
ple in glass capillary (1D geometry sample) with an open side sealed by heat shrink
tubing (black). The sample is attached to the SAXS sample holder (grey rectangle)
with Kapton tape (yellow). The red double arrow represents the range of measurements
recorded by SAXS
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3.3.4.1 1D-SAXS Patterns

The 1D-SAXS pattern from phytantriol mesophases observed in this research
is shown in Table 3.2. Although the reversed hexagonal phases HII was only
studied by the CPLM, in this Table we show also the 1D-SAXS pattern obtained
by Barauskas et.al [1], as this phase will be examined by SAXS in future work.
The X-ray scattering profile of these phases has been recorded as the scattered
intensity I vs scattering vector q, where 1/dhkl=q/2π. The diffraction pattern
from each phase will be described below.

Inverse Micellar Phase (LII)

The inverse micellar LII phase is a disordered phase resulting in a single broad
peak [130] [Table 3.2].

Lamellar Phase (Lα)

The structure of the lamellar Lα phase has one-dimensional periodicity leading to
a single sharp peak in the 1D intensity pattern of X-ray scattering [130], as shown
in Table 3.2. Thus, two of the Miller indices of Lα phase diffraction patterns are
always zero, e.g. the hkl reflections are 001, 002, 003, 004, 005 etc [201].

Inverse Bicontinuous Cubic Phases (QII)

The structure of inverse bicontinuous cubic QII phases have 3D cubic sym-
metry, as described in Chapter 2, Section 2.4.4. Bragg peaks appear in po-
sitions that are associated with a different atomic plane (hkl for that plane)
[202]. The diffraction pattern of the QG

II phase shows the relative positions of
Bragg peaks in ratios

√
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√

8 :
√

14 :
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16 :
√

20 :
√

22 and their indices are
hkl = 211, 220, 321, 400, 420 and 332 reflections of the Ia3d space group [1] [Ta-
ble 3.2]. The last four peaks are typically weak, especially when the water content
is low [1]. The QD

II peaks has been observed to follow the relationship
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9. Their indices are hkl = 110, 111, 200, 211, 220, and 221
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which correspond to the Pn3m space group [Table 3.2].
In this research, the collected 1D-SAXS pattern were analysed using Origin-

Table 3.2: List of phases discussed in this thesis with corresponding Bragg reflections
and their Miller indices observed in SAXS diffraction patterns. Left column: structural
models for reversed micellar LII , lamellar Lα phase, gyroid cubic phase QGII phase,
diamond cubic phase QDII and reversed hexagonal phases HII . Middle column, Bragg
reflections with relative position ratios. Right column, 1D plots of these mesophases.
The structural models and SAXS pattern of the HII phase are adapted from [200] and
[1], respectively

.
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Lab software, and the intensities (y-axis) were plotted on the logarithmic scale to
clarify the peak shape further. The 1D-SAXS pattern was exploited to monitor
the hydration progress in phytantriol by extracting the lattice parameters of QII

phases, which will be introduced in the following section and further presented
in Chapter 4, Section 4.3.3.

Characteristic Structures (Lattice Parameters)

The lattice parameters (aG) and (aD) for QG
II and QD

II phases were extracted as a
function of their position in relative to water, and also as a function of hydration
time of phytantriol. These measurements can provide insight into swelling of
water channels, that will be discussed in Chapter 4, section 4.3.3. The lattice
parameters were extracted from Equation 3.2. A plot of 1/dhkl in the x-axis versus
the square root of the Miller indices gives a straight line which passes through
the origin and has a slope corresponding to the lattice parameter, a. The straight
line passing through the origin indicates a valid assignment of the phase.

3.3.4.2 2D-SAXS Patterns

In this research, the 2D-SAXS pattern was used to confirm the alignment of the
QD
II phase for Chapter 5. The 2D-SAXS pattern can show orientational informa-

tion, that cannot observe in the 1D-SAXS pattern. An example of an oriented
QD
II phase observed in this research will be shown to clarify the calculation. The

orientation of the QD
II phase was determined by spot calculations using Equation

3.4. The rotation axis [hrkrlr] is perpendicular to the X-ray beam, as shown in
Figure 3.13(a). The determining of the rotation axis [hrkrlr] was as follows:

1. Tables were generated to calculate azimuthal angles that include a specula-
tion of the orientation of the rotation axis and all possible {hkl} combina-
tions for a given (hkl) reflection, as shown in Figure 3.3.

2. The orientation of the rotation axis can be speculated by generating all
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possible direction, e.g. [110], [111] [Table 3.3 (a) and (b)], etc.

3. All possible {hkl} combinations for the QD
II phase reflections were generated.

Table 3.3 shows all possible combinations of the first reflection, {110}.

4. Calculating the angle φ from Equation 3.4.

5. Generating tables for measuring the angle between the rotation axis [hrkrlr]
and spots of each reflection via ImageJ, which represent the measured φ.
Table 3.3 (c) shows the measured φ of the first reflection, (110).

6. Comparing the measured φ [Table 3.3 (c)] with the calculated φ tables [Table
3.3 (a) and (b)]. The best fit table of the φ to the measured was identified,
which gives the direction of the rotation axis [hrkrlr]. In the presented
example [Figure 3.13(b)], the rotation axis [111] was the best fit.

7. Drawing red circles, that corresponds to the reflections from calculated φ

[Table 3.3(b)] on the diffraction pattern, by ImageJ. The positions of these
circles were determined by the angle tool in ImageJ, that allows measuring
the angle φ between the [111] and reflections.

Figure 3.13: (a) Schematic of the tube and the direction of the X-ray beam. (b) 2D-
SAXS pattern of an oriented QDII phase with the uniaxial axis [111] plane orientated
parallel to the capillary, represented by a yellow line. Red circles corresponding to
the calculated spot patterns are superimposed onto the image. The partial black rings
represent the expected positions of isotropic reflections that different sets of (hkl) planes
can lie on and these rings are labelled with

√
(h2 + k2 + l2) values
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Table 3.3: Examples of tables generated for determining the uniaxial axis of rota-
tion [hrkrlr] and positions of spots for the first reflection (110). Azimuthal angles
between the combination of the reflection 110 and the uniaxial axis of rotation: (a)
[hrkrlr]=[110], (b) [hrkrlr]= [111]. Numbers inside the blue row represent the calcu-
lated azimuthal angles. (c) Azimuthal angles between the rotation axis and spots that
were measured via ImageJ.

3.4 Electrochemistry

Electrochemistry deals with the relation between electricity and chemical reac-
tions [203]. Electrodeposition process and many valuable applications in technol-
ogy, such as batteries, fuel cells, are based on electrochemical concepts [204].

The electrodeposition process is used to fabricate nanomaterials, which will
be introduced in the next section. Growth mechanisms of deposited nanomate-
rials are described in Section 3.4.2. The typical electrochemical setup (three-
electrode setup) was used in this research which will be presented in Section
3.4.3.

3.4.1 Electrodeposition Process

Electrodeposition is the electrochemical process in which solid materials deposited
on a conductive substrate surface of the working electrode (WE) [205]. The pro-
cess occurs when metal species reduced into the working electrode (WE). There
are three types of transport mechanisms during the electrodeposition process
which can happen by migration, diffusion and convection [206, 207]. In the mi-
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gration mechanism, an applied voltage between electrodes influences on moving
positive or negative ions [206]. The second type of the ion transport (diffusion)
is the movement of ions from high concentration to lower concentration, that is
generated by the consumption of species near the electrode into the deposition
[205]. The rate of ions diffusion depends upon the concentration gradient and
the diffusion coefficient D, according to the Fick’s laws:

J = −D∂c

∂x
(3.5)

where ∂c/∂x is the concentration gradient. The total mass transport of ions
to an electrode is governed by the Nernst-Planck equation for one-dimensional
transport

Ji(x) = −Di
∂ci(x)
∂x

− ZiF

RT
DiCi

∂φ(x)
∂x

+ Civ(x) (3.6)

where Ji(x) is the flux of ionic species i in the solution at distance x from the
surface, z charge number of of ionic species, F is is the Faraday constant, R is gas
constant, T is temperature, C is concentration, φ is the electric potential, and
v is convective volume flux [208]. This equation describes that the flux of ions
towards the surface of the electrode, which is proportional to three contributions:
diffusion [the first term], migration [the middle term], and convection [the third
term], as a function of distance. The effect of convection in the electrodeposition
in thin films is negligible [209]. Therefore, only diffusion and migration contribute
to the total flux of the electroactive species at the electrode surface.

3.4.2 Growth Mechanism

In the 1960s, early growth models were used to describe different experimental
situations, such as the growth of tumours in the medical field [210], colloids in the
field of chemical physics [211] and materials produced from the electrodeposition
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process [207]. A brief review of growth models will be given below.
The growth models can be divided into two categories: (a) models with

with energetic considerations mechanism, that include a temperature, and (b)
models with a random kinetic mechanism [212]. The first category (a) includes
nucleation, domain growth and crystallisation. Models in category (b) depend on
geometrical characteristics of the clusters, such as the surface and the positions of
growth sites. Kinetic mechanism models include the Eden model [213], diffusion-
limited aggregation (DLA) [214], and electrical breakdown models [215, 216].

The most relevant models describing the growth obtained from the elec-
trodeposition process at room temperature are diffusion-limited aggregation (DLA)
and the Eden model [207]. Both models simulate pattern formation under non-
equilibrium with a probabilistic growth rule [217, 212]. The Eden model is valid
when the concentration of the ionic species being deposited is high and the growth
of clusters due to the reaction kinetics, while in the DLA model, the concentra-
tion is low and the growth of clusters is due to diffusion of ions [218, 219]. The
difference in rules of these models leads to different geometrical patterns for the
end products, which will be described in the following sections.

3.4.2.1 Eden Model

A simple model of growth was proposed by Eden in 1961 [213]. This model is
based on the probabilistic rule where every point on the surface of an electrode
has an equal probability of growth [207, 217]. Figure 3.14 (a) shows a square
lattice with an occupied central site. The growth rule is given by: (i) Randomly
select any empty site that is a closest neighbour of the occupied site. (ii) Occupy
the selected site [Figure 3.14 (a)]. At any time, the growth can be stopped when
it reaches a site at the boundary [212]. One example of a resulting pattern from
the Eden model “cluster” for 1500 sites is shown in Figure 3.14 (b). This cluster
is relatively compact in shape and does not show a branching structure [207].
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Figure 3.14: (a) An Eden model simulation of cluster construction on a square lattice.
The growth starts at any location with a seed (black), because they have an equal
chance of growth and forms growth sites (white). (b) A cluster from an Eden model
simulated with N = 1500 particles on a square lattice. Image adapted from (a) [220]
and (b) [212]

3.4.2.2 The Witten-Sander Diffusion-Limited Aggregation (DLA) Model

The diffusion-limited aggregation (DLA) model was proposed by Witten and
Sander in 1981 [214]. The DLA is a variant of the Eden model. In the DLA
model, particles are introduced at a random location inside solution [217]. The
particle moves randomly within the solution until it finds growing sites known
as seed sites. Then a subsequent particle is introduced at a random site at a
point far from the origin and randomly walks until it reaches a site adjacent to
the seed and becomes part of the cluster. [214]. Another particle is added at
another random distant site, and it randomly walks until it joins the cluster,
and so forth, as shown in Figure 3.15 (a). Suppose a particle touches the lattice
boundaries in its random walk [Figure 3.15 (a)-3 max perimeter]. In that case,
it is extracted, and another one is introduced to avoid the computation time to
be long. The random walk simulates the diffusion process, and the structure of
growth ends with branched and fractal structures[219]. This structure is because
the part sticking out is much easier for the atom to diffuse to, so the exposed ends
of clusters tend to grow faster than sites near the centre. These sites are shielded
by the fast-growing parts[214] and become less reachable to entered particles
resulting in branched and fractal structures[219]. The fractal structure [Figure
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Figure 3.15: (a) A DLA model simulation of cluster construction on a square lattice.
The growths occur from seeds distributed with a Laplacian probability. Black circles
represent cluster sites, and white circles represent growth sites. Trajectories for two
particles are shown, where one of them drifts away from the cluster. (b) Schematic of a
fractal structure which has a root ( labelled as number 3 ) with three branches (labelled
as number 2), which their scales are the fractional value of the root (3). These branches
also has three branches (labelled as number 1), which their scales are the fractional
value of branches (2). (c) A DLA model cluster simulated with N = 3600 particles on
a square lattice. Image adapted from (a) [220], (b) [219] and (c) [214]

3.15 (b)] is an infinite pattern with a self-similarity property. Figure 3.15 (c)
presents an aggregation of 3600 particles on a square lattice showing ramified
fractal structures.

3.4.3 Electrodeposition Setup

Typical setup of the electrodeposition process includes the three-electrode cell
setup, connected to a potentiostat, as shown in Figure 3.16. The potentiostat is
an electronic device which allows setting the value of the potential difference be-
tween the reference electrode (RE) and WE [221]. This potential is continuously
controlled by employing a negative feedback mechanism [222]. All electrochemical
experiments are undertaken in a cell containing three electrodes — the working
electrode, WE, the counter electrode (CE) and the reference,RE, — placed in an
electrolyte solution. The purpose of using these electrodes will be presented in
the next sections.
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3.4.3.1 Working Electrode (WE)

The WE is the electrode on which the desired material will grow. The WE is
formed of inert materials such as Au and Pt [222]. It is in contact with the
electrolyte and is used to apply potential and thus allows charge to transfer to
and from the electrolyte [197].

3.4.3.2 Reference Electrode (RE)

The RE provides a well-determined stable electrode potential [224, 225]. The RE
is useful to prevent variation of the potential value in the cell whilst running an
experiment [226, 222, 227].

3.4.3.3 Counter Electrode (CE)

The CE supplies a path for current to flow within the cell and to complete the
electrochemical circuit. The CE is normally fabricated from an inert material,
such as platinum (Pt), gold (Au), or carbon, which allows the transfer of electrons
to the WE without participation in the electrochemical reaction.

Figure 3.16: Schematic of the electrodeposition system of the conventional three-
electrode cell and circuit diagram of the potentiostat. The working electrode (WE), the
counter electrode (CE) and the reference electrode (RE) are placed in an electrolyte
solution. Image adapted from [223]
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3.5 Characterisation of Deposited Nanomaterial

The nanostructured material produced using electrodeposition was characterised
by two techniques: SAXS and SEM. The SAXS patterns of nanostructured mate-
rials were analysed in the same method of analysing the phytantriol mesophases
[Section 3.3.4.1]. The following subsection introduces a brief background and
experimental setup for the SEM technique will be introduced in the following
section.

3.5.1 Scanning electron microscopy (SEM)

SEM is an electron microscopy technique which scans the surface of a sample with
a focused electron beam to produce an image [44, 228]. The electron beam inter-
acts with the conductive surface of the sample, generating various signals [229],
including secondary electrons (SEs), X-rays, Auger electrons (AEs), backscat-
tered electrons (BSEs), absorption electrons, transmission electrons and others
[228], as shown in Figure 3.17. The SE imaging mode is commonly used for char-
acterization of the surface morphology [230] and this is what was applied to the
samples studied in this project in Chapter 6.

Figure 3.17: A schematic diagram of the interaction between the incident electron beam
and the surface of the specimen generates various electron signals. For the imaging of
surface morphology, secondary electron detection is used. Image adapted from [231]
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3.5.1.1 Experimental Setup

Scanning electron micrographs of nanomaterial surfaces were obtained using Field
Emission Scanning Electron Microscopy (FE-SEM) (JEOL JSM 6301F), at the
Material and Chemical Characterisation Facility (MC2), University of Bath. FE-
SEM provides high resolution images (up to 500,000×) which cannot be obtained
by SEM. The surface morphology of the samples was studied over a range of
magnifications (10,000-50,000). FE-SEM images can reveal details at ≈ 500 nm
in size.

3.6 Materials

Phytantriol was donated by Adina Ltd, with purity 96%. The phase diagram
of phytantriol/ water system has been published in the literature with some
variations in the temperature of the phase transition [1, 177, 232, 233]. This
variation is because phytantriol is very sensitive to impurities, where its phase
behaviour in water alters in the presence of low levels of contaminants. In this
work, the illustration of results will be according to the phase diagram under
equilibrium conditions of Barauskas et al. [Figure 2.4] because the purity of the
used phytantriol was at the same level of the phytantriol used by Barauskas et al.
(96%). In addition, phytantriol, that we used in this research, has been already
used by Brown et al., who confirm that the phase diagram of phytantriol is the
same phase diagram has been published by Barauskas et al. [2].
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4.1 Introduction

Lyotropic mesophases have been intensively studied under equilibrium condi-
tions for several amphiphilic molecules such as phytantriol [1], monoolein [234,
235], and poly(ethylene oxide)/poly (propylene oxide)(PEO/PPO) amphiphilic
block copolymer [123] using common techniques such as cross-polarised light
microscopy (CPLM), and small-angle X-ray scattering (SAXS). However, non-
equilibrium processes are less well understood and remain a subject of funda-
mental and industrial interest [236]. Non-equilibrium systems have been studied
for some amphiphilic molecules for a variety of purposes such as studying dis-
solution of mesophases from anionic surfactant Sodiuom lauryle ether sulpate
(SLE3S) in water [236] and using lyotropic liquid crystalline phases of glycerate
surfactants (oleyl glycerate and phytanyl glycerate) for drug delivery applications
[237]. Useful information for such purposes can be provided by studying diffusiv-
ity through lyotropic mesophases. Methods of measuring the diffusion coefficient
have been reported in the literature that will be discussed below.

The diffusion process has been studied in a variety of fields using dif-
ferent methods. One such method was used in pharmaceutical applications to
measure the diffusion constant of drugs through mesophases via a diffusion cell
[238, 239, 240]. The diffusion cell is a tube consisting of two compartments
and the material to be tested, namely the mesophase, is placed between them
[238]. This allows estimating the concentration of the drug; however, it is a very
slow method because it can take hours or days to diffuse the drug through the
mesophase. Another, faster method which can be used to obtain the diffusion
coefficient of ions inside mesophases is self-diffusion NMR [241, 242]. In 1990
Anderson and co-authors used NMR techniques to measure the diffusion of water
in cubic phases of a lipid [241]. The samples are prepared by placing material
into capillaries, which might be difficult for viscous materials such as hexagonal
and cubic phases [134]. Moreover, the samples must reach equilibrium and form
the homogeneous phase [243], which can take several days or weeks [1].
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Another method can be used to estimate the diffusion coefficient by using
a diffusion model. This method monitors the mesophase transitions under either
CPLM or SAXS techniques. Then the diffusion model can be applied to the
experimental data as a fit plot allowing the extraction of the diffusion coefficient
D. Poulos et al. has used this methodology to study the kinetics of water trans-
port through anionic SLE3S surfactant mesophases for samples with 1D and 2D
geometries at room temperature via the CPLM technique [236]. However, this
methodology has not been tested at a different range of temperatures.

In this chapter, the process of dynamic hydration through phytantriol
mesophases at room temperature ≈ 18 to 55 ±2◦C was studied in 2D-disc sam-
ples using the CPLM technique. CPLM enables the boundaries of optically active
mesophases to be tracked to study the dynamics of hydration. Their propagation
is analysed in terms of a one dimensional (1D) diffusion model yielding estimates
for the diffusivity of water. Their temperature dependence is also presented,
which reveals strongly insulating behaviour, that blocks the transport of water
at high temperatures, from 40 to 55 ◦C. The diffusivity was also studied for
1D-tube samples at room temperature via SAXS and CPLM. SAXS allows the
optically inactive boundary between QG

II and QD
II isotropic phases to be distin-

guished. Swelling of phytantriol was demonstrated by tracking the change in
the lattice parameters of QG

II and QD
II . Studying the water transport mechanism

supports our knowledge of hydration and diffusion, which are essential for the
electrodeposition process to prepare templates and understand the transport of
metal ions through the mesophases, which will be addressed in Chapter 6. Lastly,
a phase diagram of phytantriol/water as a function of position and time during
hydration is presented.
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4.2 Methods

In the experiments used in this chapter, the hydration process and propagation
of water through phytantriol mesophases were investigated using two geometries
already described in Chapter 3, Section 3.2.1 and 3.3.2. The 2D-disc geometry
is suited to study by the CPLM technique. The results of these experiments will
be presented first. The observations were confirmed using the SAXS technique
with a 1D-tube geometry. In this chapter, 15 samples will be presented which
are labelled in Appendix A, Table A.1.

4.3 Results and Discussions

Phytantriol mesophases were formed at room temperature, that will be presented
in Section 4.3.1. The observation of the propagation of a birefringent mesophase
in CPLM will be presented in Section 4.3.1.1, followed by confirmation that the
birefringence can be attributed to the Lα phase using SAXS in Section 4.3.1.2.
A simple 1D model of diffusion for the analysis of results will be described in
Section 4.3.2, followed by a complete space-time phase diagram will be reached
[Subsection 4.3.2.1]. The swelling of the two cubic phases will be described [Sec-
tion 4.3.3] and finally, in Section 4.3.4, an investigation of how diffusivity changes
with temperature will be presented.

4.3.1 Identification of Phytantriol Mesophase Transitions at Room

Temperature

4.3.1.1 2D-Disc Geometry Sample: CPLM Technique

As prepared, the cross-polarised microscopy image of a 2D-disc only shows con-
trast at the meniscus formed at the phytantriol air boundary [Figure 4.1(a)].
Here, the entire droplet is expected to be in the LII inverse micellar phase, which
is optically isotropic. In this experiment, water is introduced around the perime-
ter of the 2D disc by a syringe and then submerging the sandwiched glass slides
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in deionised water. This was performed on 5 separate samples keeping conditions
identical except for the droplet disc diameter. We will describe representative
results from one of these samples below.

Upon submersion, a noticeable bright ring appears instantly within the
perimeter of the 2D disc [Figure 4.1(b)]. As time progresses, the bright ring
grows in width and at the same time, moves towards the centre of the disc
[Figure 4.1(c)]. Eventually its inside diameter decreases until the ring forms a
circle [ Figure 4.1(d)]. Then the circle gets smaller until it disappears [Figure
4.1(e)].

As reported by Barauskas et al. at a temperature T = 25◦C [Figure 2.4], the
only optically active phase that can be expected is the Lα phase. This is consistent
with our understanding of the Lα phase structure which has an optical axis, which
is orthogonal to the lamellar layers leading to two distinct refractive indices. This
is confirmed by previous observations by Rosevear [174] and Nguyen et al. [104]
who found the phytantriol Lα phase to be optically active. In our experiment,

Figure 4.1: (Upper row) A series of CPLM images of lyotropic mesophases of phy-
tantriol as a function of time obtained from a microscope placed above the sample.
The white-dashed circle represents the edge of the droplet. (a) A pure droplet of phy-
tantriol (LII phase) before the introduction of water. After introducing water, lyotropic
mesophases form according to the water content (b-e). (Lower row) Schematic draw-
ings representing the phytantriol mesophases in photographic images. Grey, orange,
and magenta circles indicate the LII , Lα and QII phases, respectively. Images were
taken from Sample (2)
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we find a single ring of optical activity which continuously evolves into a circle
that can be attributed to this phase. As water is introduced to the sample at
t = 0s, the perimeter of the disc begins to hydrate and the water concentration
increases. The sample would be expected to undergo phase transitions as the
water uptake progresses, the first of these from the neat phytantriol LII being
the optically active Lα. The appearance of the bright ring is initially very thin,
corresponding to a narrow spatial extent over which the hydration lies within the
range compatible to the Lα. This behaviour would be expected from the simplest
diffusion model in which hydration occurs through diffusion in a medium with
uniform diffusivity. The hydration at the very rim of the disc would be maximal,
which according to the equilibrium phase diagram corresponds to the excess water
boundary (≈ 28% water) - this would be reached at the very rim immediately
at t = 0 s before any significant diffusion into the disc’s interior can progress.
That is, there is a steep spatial gradient in water concentration, corresponding
to a narrow ring as observed. As time progresses, the ring moves inwards [Figure
4.1(c)] as the water travels inwards and the ring widens corresponding to a more
gentle hydration gradient in the sample interior. Subsequently, the inner dark
circle corresponding to the LII eventually disappears as the Lα phase reaches the
middle [Figure 4.1(d)].

The dark ring outside the Lα phase corresponds to the QII phases [Figure
4.1(e)] according to the equilibrium phase diagram. However, there is no contrast
in the CPLM images corresponding to the boundary between the gyroid phase
(QG

II) and the diamond phase (QD
II), which is consistent with both phases being

optically isotropic.
The main drawback of the CPLM technique is the inability to distinguish

between QG
II and QD

II . However, small-angle X-ray scattering (SAXS) is one of
the main tools used to determine the structures of the various mesophases, which
will be presented in the following section.



4.3. RESULTS AND DISCUSSIONS 66

4.3.1.2 2D and 1D-geometry: CPLM and SAXS

2D-disc Geometry

Samples were prepared using the same method as for CPLM described above,
but with mica sheets in order to attempt to study this geometry of sample using
X-ray scattering. Figure 4.2(a) shows a ring of phytantriol (orange) is filled with
water (blue) and held between mica sheets with a gap 15 ± 1 µm [Chapter 3,
Section 3.3.2.1], which are attached to the sample holder. After hydration of
the sample for around two hours, a CPLM image was taken in order to confirm
the hydration of the droplet, as shown in Figure 4.2(b). The image shows the
formation of the Lα and QII phases.

The SAXS measurements were taken from the nearest region of water (0.2
mm ) to the end of the phytantriol (1 mm). The SAXS data only show broad
peaks corresponding to the neat phytantriol, LII phase. These results can be
understood as the sample was dehydrated while it was inside the chamber, which
is kept under reduced pressure (< 50 mbar) during data acquisition. This be-
haviour can be attributed to the absence of abundant water to hydrate the sample.
Therefore, mesophases transition cannot be observed. In contrast, samples that
were tracked via CPLM were submerged in the Petri dish containing DI-H2O to
keep hydration. This cannot be done inside a chamber for the SAXS instrument.
Another issue with the 2D-geometry in SAXS is sealing. During sealing sheets
with the Kapton tape, air bubbles were observed inside the sample. Bubbles can
affect measurements due to an increase in the number of transmitted photons
which cause significant systematic errors [244]. After taking the sample out of
the chamber, the geometry of the sample changed, where the phytantriol ring
and the interface boundary between water and phytantriol cannot be identified.

Since the confirmation of the formation of lyotropic mesophases of phy-
tantriol in the 2D-geometry sample is difficult because of the practical challenges
of using SAXS on this geometry, as discussed above, the geometry of samples was
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Figure 4.2: (a) Schematic of the 2D-geometry sample of phytantriol (yellow ring) hold-
ing water (blue circle) between mica sheets. The red square represents aluminium
sheets. The sample was hydrated for two hours before the SAXS measurements were
made. (b) CPLM image for the sample before SAXS measurements. (c) 1D- SAXS
pattern for mica (orange plot) and phytantriol at different positions

changed to the 1D-tube geometry that will be presented below.

1D-tube Geometry

The 1D-geometry sample can be observed using SAXS, more easily than the
2D disc-geometry sample. The same experimental procedure used in the 2D-
geometry sample was repeated here for samples with one-dimensional tube geom-
etry prepared in a glass capillary. Figure 4.3 shows CPLM images of phytantriol
mesophases in 1D-tube geometry that progress over time in a qualitatively simi-
lar behaviour as observed in the 2D-disc sample. As time developed, movement
of the optically active Lα phase can be observed, which shifts from left to right
because of the increase in hydration.

The SAXS technique confirms the formation of phytantriol mesophases in
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a glass capillary. Mesophase transitions were tracked from 240 min to 7200 min
of hydration to monitor the progression of mesophases and swelling. The data-set
at t = 7200 min [Figure 4.4 ] show well-developed mesophases with well-defined
sharp diffraction peaks compared to the earlier stages of hydration which leads us
to first present the data at t = 7200 min to enable clear and unambiguous assign-
ment of phytantriol mesophases. Measurements were made every 0.2 mm along
the tube with the error of the positioning in x and y is < 1 µm and the size X-ray
spot is ≈ 0.5 mm. SAXS data were presented in the waterfall plot [Figure 4.4(a)]
showing SAXS pattern from all along the sample length, from the water at the
bottom to the top which is a phytantriol/air boundary with the least hydration.
Different colours are used for different positions, approximately corresponding to
different mesophases with distinct Bragg peaks. A colour plot of the same data
is presented in Figure 4.4(b), which displays traces for the evolution of a single
phase to the next phase relative to water and acts as a filter of noise and aids
in tracing peaks. Both plots assist in the assignment of phytantriol mesophases.

Figure 4.3: A series of images of phytantriol mesophase transitions in a tube under
CPLM. As time progresses, the interface boundaries between (LII and Lα) and (Lα -
QGII) phases are shifted from left to right. Images were taken from Sample (6).
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The inset image in (b) is a CPLM image for the tube which was taken after the
SAXS measurements.

The structural symmetry of phytantriol phases for all collected data was
determined from the relation between the Bragg diffraction peaks [123, 245, 246]
as explained previously in Chapter 3, Section 3.3.4. The SAXS diffraction pattern
obtained from phytantriol/water in the non-equilibrium system will be explained
from the highest to the lowest water content phase.

When the X-ray beam hits only water, no peaks in the spectrum were seen
(green plot, 0 mm, Figure 4.4 (c) ). Passing the beam into the phytantriol, a
distinct set of Bragg peaks emerged, exhibiting a continuous evolution to about
1 mm (dark yellow lines). The mesophase expected at the highest water concen-
tration is the bicontinuous diamond cubic phase, QD

II , with Pn3m symmetry. At
0.6 mm along the tube, the SAXS spectrum shows six Bragg diffraction peaks
that follow the relationship
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9 and is consistent with
the 110, 111, 200, 211, 220, 221 reflections of Pn3m symmetry ( QD

II). Only a
single peak that belongs to the 110 reflection was observed at 0.2 mm, possibly
because the X-ray spot hit mostly the water and a small part of the phytantriol,
leading to only the strongest peak being visible.

As the sampling spot moved further away from water, more complicated
SAXS patterns appeared (1.2 to 1.6 mm, magenta). These patterns can be under-
stood as a combination of peaks from both QD

II and QG
II phases, where the SAXS

patterns show peaks belonging to both Pn3m and Ia3d symmetries. The peak
appearing at q ≈ 1.3 nm−1 belongs to QD

II phase and at q= 1.6 nm−1 belongs to
the next phase QG

II because their Bragg reflections are on the same trajectory of
110 and 211 hkl reflections, respectively. The rest of the peaks at q ≈ 1.8 nm−1

and q = 2.9 nm−1 can belong to either phase. According to Barauskas’ phase
diagram [Figure 2.4] a mixed phase of QG

II and QD
II is expected next to the QD

II

phase. The extent to which the scattering patterns show a superposition due to
the X-ray spot sampling both phases or an admixture due to a mixed-phase is
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Figure 4.4: SAXS pattern of phytantriol mesophases in a 1D tube as a function of
position and time (a) 240 min, (b) 1560 min, and (c) 7200 min after preparation of
the sample. (a), (b) and (c) are the corresponding SAXS waterfall plots. Peaks that
adequately match either the Ia3d or Pn3m crystallographic space groups are marked
by arrows with corresponding indices labelled. The position 0 mm corresponds to the
water (green). Dark yellow, magenta, violet, cyan, orange, red and black lines represent:
QDII , mixed phases of (QGII+QDII), QGII , mixed phases of (Lα+QGII), Lα, mixing phases
of (LII + Lα) and LII respectively. (a-i), (b-i) and (c-i) present the same data plotted
as a colour plot. The inset shows a CPLM image taken immediately after the last
SAXS pattern were acquired. Data taken from sample (7).
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unclear, as the case with the boundary between QD
II and QG

II phases.
Further locations (1.8 to 3.8 mm, purple) exhibit Bragg diffraction peaks

that are in agreement with relative positions for the Ia3d space group of the QG
II

phase and the trajectory of these peaks can be traced in these locations. In those
positions, Bragg peaks can be clearly seen to move continuously from low to high
q value as the water concentration is decreased [Figure 4.4 (c-i)] corresponding
to a spatially continuous change in lattice parameters and hence hydration.

Moving further to positions with lower water concentration (5 mm and
5.2 mm) [Figure 4.4(c)- cyan] an additional peak emerges at q = 1.9 nm−1 that
belongs to the next phase, Lα. This extra peak in the same trajectory of the
scattering patterns in the region 4.4 to 4.8 mm [Figure 4.4(c)- orange] in which
the SAXS patterns are characteristic of the Lα phase, as described previously in
Chapter 3, Table 3.2. At positions 5 and 5.2 mm, the broad and sharp peak ap-
pears in the spectrum [Figure 4.4(c)] red, where the broad peak seems to belong
to the next phase, LII (5.4 and 5.6 mm, black). Regarding these two regions
(cyan and red), once again, it cannot confirm if these regions are truly mixed
phases or a result of the X-ray spot sampling two different phases, as seen for
transitions QD

II and QG
II , magenta SAXS patterns.

Interestingly, the optically active region in the CPLM image shows three
regions with distinct textures. A larger version of the image presented in Fig-
ure 4.4 is shown in Figure 4.5(a), in which two bright outer regions (1) and (3)
bound a region showing a fringe pattern (2) in which the transmitted intensity
modulates across the tube. The 2D diffraction patterns obtained with the X-
ray beam in each of these regions are shown in Figure 4.5(b). In region (1), in
addition to the right and left spots which can be attributed to an oriented Lα

phase, there is a bright ring. This ring may be caused by either some domains of
the Lα phase were randomly oriented or the X-ray spot simultaneously covered
two regions containing Lα and QG

II phases. However, the ring and spots have the
same wave vector q, so the latter case can be rejected. In (2), the ring becomes
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Figure 4.5: (a) A CPLM image of phytantriol mesophases in the tube five days after
preparation. Regions (1) and (3) show the same mosaic texture compared to region (2),
which has a smooth texture. (b) 2D SAXS diffraction patterns for the three regions
observed in the CPLM image. Data from sample (7)

relatively dark with sharp peaks concentrated on the horizontal strongly suggest-
ing the alignment of the Lα planes with the capillary walls. In region (3), the
circle is bright again and more isotropic, corresponding to unaligned polycrys-
talline structure and the ring is broader, reflecting the scattering by LII inverse
micelles. In addition, there are right and left spots corresponds to the oriented
Lα phase. Thus, this region might be belong to either mixing phases, LII and
Lα, or the X-ray spot cover both regions for LII and Lα phases. More details
about alignment will be discussed in Chapter 5.

We now address SAXS data recorded at earlier times demonstrating the
uptake of water by the phytantriol [Figure 4.4(a) and (b)]. After 240 min of
sample hydration, , the inverse micellar LII phase occupies around 40% of the
sample [2.6 - 4.2 mm, black] and its peak stays at the same value of q = 2.35
nm−1 over most of this range. This behaviour may be because there was not
enough time to hydrate the whole sample and remains in the as-prepared state.
Closer to the water, there is a narrow region over which the peak associated
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with the lamellar Lα phase can be seen [2 mm, orange], followed by a narrow
region exhibiting peaks associated with QG

II [1.6 to 1.8 mm, violet], followed by
a relatively large region [ 0.4 to 1.4 mm, magenta] with a complicated mixture of
broad peaks. As mentioned previously, red and magenta regions were assigned
as a mixture of the two phases (LII and Lα) and (QG

II and QD
II), respectively. As

the hydration time increased to 1560 min, Figure 4.4 (b), the region of the least
hydration, LII phase, shrinks while the Lα phase moves further up the capillary
tube reflecting the absorption of water. Meanwhile, peaks corresponding to the
QG
II and QD

II phases appear sharper. From the series data of hydrated phytantriol
evolving with time, the hydration gradient developed in the sample can be clearly
observed. Data at times 300 and 4500 min are presented in Appendix B.

4.3.2 Diffusion

In this section, the movement of phase boundaries is analysed in terms of a simple
diffusion model. At the simple model, the diffusion process can be described using
a one-dimensional diffusion equation [3]. If the hydration (n) and the diffusion
coefficient (D) is assumed homogeneous, it can be written [3]

dn

dt
−D52 n = 0. (4.1)

In a one-dimensional approximation in which the solution describing water den-
sity, can be written as [3]:

n = n0[1− erf( d

2
√
Dt

)] + noffset. (4.2)

In which n0 is the maximum hydration, and noffset is the background hydration
that uniformly present at t = 0 min. This equation can be used to define the
movement of a phase boundary d, as follows [134]
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d = erf−1(no − nb + noffset
no

)2
√
Dt, (4.3)

where nb is a given hydration lyotropic phase boundary. When measuring the
distance d from the interface boundary between phytantriol and water to the
interface boundaries of mesophases as a function of time, as described in Chapter
3, Section 3.2.3, Equation 4.3 can be used to fit the data with fitting parame-
ters, noffset, n0 and nb. Thus, the diffusion constant D can be extracted, which
is adjusted manually using OrginLab software in this research. The parameter
noffset = 0.053 represents the initial water content of phytantriol [134]. The no
parameter corresponds to the water content of the most hydrated phase in the
phytantriol/water system. This value was obtained from Barkusas et al. phase
diagram, which is around 28%, so no=0.28 [1]. The nb parameter represents the
concentration of water at the boundary of the mesophases. The value of nb was
also estimated from the diagram of Barkusas et al., the interface boundary be-
tween: (i) Lα and LII is nb= 0.063; (ii) QG

II and Lα is nb=0.139; and (iii) QG
II

and QD
II is nb=0.248.
Figure 4.6(a) shows a schematic of a 2D-geometry sample with lyotropic

mesophases. Since the sample was examined under CPLM, only two boundaries
of the optically active phase (Lα ) can be observed. These boundaries are: (i)
LII to Lα, which is the low water concentration boundary, and (ii) Lα to QG

II ,
which is the high water concentration boundary. The positions of these bound-
aries d1 and d2, respectively were plotted as a function of time on a log-log scale
to clarify the rate of change of interface boundary positions over time, as shown
in Figure 4.6(b). The data is linear with a gradient of around 0.5, indicating that
the dominant process is the diffusion.

In order to extract the diffusion coefficient, D, through phytantriol mesopha-
ses, Equation 4.3 was applied on both boundaries [Figure 4.6(b)- black continuous
line]. The value of the D was adjusted manually until it fits most of the data
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points for both phases and it was found to be D = 0.2 × 10−10 m2.s−1. This
fitting shows a good agreement with a linear fit (green line). The diffusion model
fits most data well and underestimates for the first data point at 0.06 ×104 sec
and last data points from 12 ×104 sec. The deviation of data from the predicted
behaviour is might be because the model is appropriate to apply under certain
conditions. The 1D-model assumes an infinitely large droplet, where the large
droplet has a flat interface. The flat interfaces of the 2D-geometry sample and
1D-system are suitable assumptions when the radius of the curvature of interfaces
is much bigger than the distances; otherwise, the model becomes less applicable.
Thus, in the limit of the long distance, we expect the assumption of the 1D-
model to be less appropriate when the phase boundary has moved deep into the
droplet, and the boundary is round at scale comparable to the distance moved by
the phase boundary. The distance would also be expected moves faster in that
limit because there is hydration coming in from wider range distances, where
experimentally we observed deviation to go up rather than another way. In the
case of the small distance, it could be related to the redistribution of the phase
formation that occurs at the beginning of hydration. The lowest and highest time
data can be fitted with a high D value. Figure 4.6[b- pink short dots lines] shows
a possible fitting of these data when the diffusion constant is D = 0.35 × 10−10

m2.s−1.
The diffusion coefficient of a phytantriol droplet has also been extracted by

Brown [134] using the diffusion model [Equation 4.3]. In Brown’s experiment, the
phytantriol droplet was placed between glass slides and close to the edge of a gap
(30 µm) between two electrodes fabricated on the bottom glass slide. The move-
ment of the Lα phase boundaries has been traced by the CPLM technique. The
difference between Brown’s work and this work is the method of measurement
of the mesophase transitions. In Brown’s work, the movement of the interface
boundaries d has been measured from the gap to boundaries that passed over the
gap. However, in this research, the measurements were continued from the inter-
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face boundary between water and phytantriol to the phase boundaries until the
optical phase, Lα, disappears. The diffusion constant, that has been extracted
by Brown, is D = 0.29× 10−10 m2s−1 which is in the same order of magnitude to
our result [D = 0.2× 10−10 m2s−1]. The small difference in the D value is maybe
because the beginning and the end of the data for the boundaries movements
have not been recorded in Brown’s study. Another possibility is maybe due to
variation in the shape of the droplet and the thickness of the gap between glass
slides, which were not studied systematically in this research. The separation
between glass slides was made by pieces of aluminium foils and then the slides
were sealed by clips, where the thickness of the gap depends on how the slides
were linked, that was not controlled in experiments. When we examined three
samples [Figure 4.7], a small variability of the D was observed. The diffusion
constant for these samples were found to be D = 0.14 × 10−10 m2s−1 for two
samples and D = 0.20× 10−10 m2s−1 for one sample. However, these samples are
in the same order of magnitude.

The position of phase boundaries for the sample prepared in the 1D-tube
geometry was also analysed in an identical manner of the 2D-disc samples. Here,
the distance d was measured from the water to the interface boundaries between
mesophases, where the mixed phases were treated as boundaries, as shown in
Figure 4.8(a). The movements of these boundaries from 240 min to 7200 min were
plotted as a function of position in the log-log plot, as shown in Figure 4.8(b).
The diffusion coefficient was extracted from the best fitting of all boundaries,
which was found to be D = 0.20 × 10−10m2s−1 [Figure 4.8(i)]. However, the
model fits the boundary between Lα and QG

II , and the boundary between QG
II

and QD
II better than the boundary between LII and Lα. The possible reason for

this behaviour is that the another side of the LII phase is air, which might cause
dehydration. In contrast, the boundary between Lα and QG

II , and the boundary
between QG

II and QD
II is far from the air, so hydration maybe continues. When we

changed the value of D to fit more than one data point of the LII-Lα boundary,
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Figure 4.6: (a) Schematic of a series of phytantriol mesophases with red and cyan
arrows representing d1 and d2, respectively. d1 and d2 are distances from: the edge of
the droplet (black dashed circle) to the interface boundaries between (LII and L α) and
(L α and QGII) phases, respectively. (b) Positions of interface boundaries as a function
of time. The data were fitted using Equation 4.3 and plotted as a black line allowing to
extract the diffusion coefficient D. The 1D-diffusion model fit was adjusted manually.
Pink short dots line represent the position of the fitting for the lowest and highest time
points when D = 0.35× 10−10m2s−1. The data also was fitted by the linear fit (green
line) which is almost identical with the 1D-diffusion model fit. Data are from sample
(3).

the model fits two boundaries instead of the three boundaries [Figure 4.8(ii)].
The value of D was found to be D = 0.10× 10−10m2s−1.

The discrepancy of the experimental data with the model may be due to
interfaces being skewed that not being aligned perpendicular to the tube [Figure
4.9(a)]. During preparing the sample, the water and the phytantriol were cen-
trifuged and the interface boundary between phytantriol and water, the meniscus,
found to be at an angle. This shape of the meniscus was noticed for all samples
prepared in glass capillaries. The diagonal shape of the meniscus can lead to vari-
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Figure 4.7: (a) The movement of the interface boundary between LII and Lα phases,
and the interface boundary between Lα and QGII phases for three samples were plotted
as a function of time with square and circle symbols, respectively. Red line represents
the fitting for samples (4) and (5), where D = 0.14 × 10−10m2s−1. (b) Diffusion
constants D of three 2D-disc samples. Data are from samples (3),(4) and (5)

Figure 4.8: (a) Schematic illustrations of interfaces boundaries: QDII to QGII , QGII to
Lα and Lα to LII that are plotted in (b). Red, cyan and magenta lines are the
model fitting, Equation 4.3 of these data using fitting parameters nb in (a). The
model fits all boundaries with D = 0.20 × 10−10m2s−1 (i), while two boundaries with
D = 0.10× 10−10m2s−1 (ii). Data from sample (7)
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Figure 4.9: (a) Schematic illustrations of the shape of the interfaces boundary between
water and phytantriol. At position (i) the water content is higher than at position
(ii).The diffusion coefficient D along the tube may be affected by the difference of
water content in the locations. (b) A CPLM image of the 1D-tube sample shows the
diagonal shape of the meniscus with blue arrows.

ation in the water concentration through phytantriol along the tube. The water
content in position (i) is different from that of position (ii) [Figure 4.9 (a)], which
leads to different lyotropic phases occurring simultaneously and co-spatially. The
shape of the meniscus can be observed in a CPLM image, as shown in Figure
4.9(b-blue arrows at the meniscus). When the hydration process in the 1D-tube
sample was studied with the CPLM technique [Appendix B, Section B.1], the
behaviour of the movement of the boundary between LII and Lα was relatively
flat. The diffusion model does not fit these data well, while fits the boundary be-
tween Lα and QG

II for the data points, that was after ≈ 780 min had passed from
the hydration. These results suggest that the preparation method of 1D-tube
samples can affect the hydration process and the diffusion coefficient through
phytantriol mesophases may be non-homogeneous.

4.3.2.1 Space-Time Phase Diagram

A space-time phase diagram of phytantriol mesophases was established from
the SAXS data. All mesophases from 240 to 7200 min were plotted in the
phase diagram [Figure 4.10]. In order to define the interface boundaries between
mesophases, the diffusion model [Equation 4.3] was also used here to estimate the
positions of the mesophase boundaries [Figure 4.10, red, cyan and purple]. The
diffusion model mostly fits the boundaries of QD

II to QG
II and QG

II to Lα. However,
the model does not quite fit the boundary of Lα to LII , which is expected from



4.3. RESULTS AND DISCUSSIONS 82

Figure 4.10: Phase diagram of phytantriol/water mesophase transitions as a function
of time. Boundaries are estimated from Equation 4.3.The blue dashed line represents
the interface boundary between bulk water and phytantriol. Data from sample (7)

Figure 4.8. This phase diagram provides the time scale for phytantriol hydration
to form lyotropic mesophases. It indicates the time needed for the formation of
a single phase in a specific thickness of phytantriol. For example, 1 mm of phy-
tantriol needs to hydrate for t =7200 min to form the QD

II phase. This information
could be useful for researchers who are interested in exploiting the excess water
mesophase or mesophases other than those with excess water as a template.

Figure 4.11: QDII and QGII phase structures, consisting of two water channels, in dark
and light grey. aG and aD are the lattice parameters. Image adapted from [164].
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4.3.3 Swelling of Bicontinuous Cubic Liquid Crystal Phases (QG
II and

QD
II)

Swelling of aqueous channels in the QII phase occurs when more water is ab-
sorbed, leading to wider water nanochannels [247, 248] and increased lattice pa-
rameters [249]. Thus, the cubic phase swelling can be defined by extracting the
lattice parameter. The lattice parameters, aD and aG, for the QD

II and QG
II phases

were extracted, as explained in Chapter 3, Section 3.3.4.1, for each position from
t = 240 to t = 7200 min.

Since the structures of QD
II and QG

II phases are different, the lattice param-
eters will be different. Figure 4.11 shows structural models of these phases. They
consist of two continuous water channels, shown in grey and dark grey colours,
separated by a lipid bilayer, the grey surface, [250]. For the QD

II phase, aD is
the distance from the centre of one water channel to the next water channel. In
contrast, aG of QG represents the distance from the centre of the first water chan-
nel passing over the second water channel back to the centre of the first water
channel. The difference in scales implies that the size of aG should be bigger than
aD.

Figure 4.12 shows the evolution of the aD and aG lattice parameters with
respect to position and time. The aG monotonically increases as sample locations
get closer to the bulk water. For example, the lattice parameter at t = 7200 min
at the nearest location to the water was 9.6 nm, while at the furthest location
from the water it was 8.5 nm [Figure 4.12 -pink-scatters]. In terms of time, the
aG value increased as the time of hydration increased. The first day of hydration,
at t = 240 min, [Figure 4.12 -black- scatters] showed small lattice parameters
compared to the fifth day of hydration, at t = 7200 min, [Figure 4.12 -pink- scat-
ters]. However, the aD remains approximately constant at ≈ 6.3nm [Figure 4.12
-pink- scatters] at all positions and times. The stable value of the aD parameter
has been attributed to the equilibrium generated in the QD

II phase, called the
excess water point [1].
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Figure 4.12: Lattice parameters aG and aD of theQGII andQDII phases, respectively. The
blue dashed line represents the interface boundary between bulk water and phytantriol
that was fixed at zero relative to positions of phytantriol mesophases. Data from sample
(7)

Tables 4.1 and 4.2 show the lattice parameter values for QG
II and QD

II phases,
respectively. Overall, aG values increase with increasing the time of hydration.
This behaviour is expected due to the hydration gradient leading to swelling of
aqueous channels. However, these channels shrink as positions of the QG

II phase
moving away from bulk water, leading to a decrease in the lattice parameter. For
example, at t = 1560 min, the aG at the region close to water (at 1.6 mm) was 9.6
nm then as the move away from water to 2.6 mm the lattice parameter decreases
to 8.8 nm. However, the lattice parameters of the QD

II phase were fairly constant
≈ 6.3 nm, and this reflects that the sample has reached equilibrium. This be-
haviour is expected as the region of the QD

II phase is close to bulk water so that
the water concentration will be high; thus the QD

II phase coexists with excess
water. At t = 300 min, the spectrum of the QD

II phase shows only one reflection
peak (110) [Chapter B, Figure B.1 (a)] which cannot predict the value of the lat-
tice parameter. The range of lattice parameters values for both mesophases (aG
and aD are from 8.5 to 9.6 nm, and from 6.3 to 6.4 nm, respectively [ Table 4.2],
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Table 4.1: Lattice parameter aG values for the QGII phase at different spatial locations
as a function of time. The data from sample (7).

which are consistent with lattice parameters have been reported by Barauskas et
al. [1].

Akbar has found that within a single phase in mixed samples of phy-
tantriol/water, a different level of hydration results in different lattice parameters
[200]. Therefore, the hydration gradient in our experiment is expected to result
in variation in the lattice parameters relative to the position. Akbar has also
found that the aD remains constant for samples with the water content above
≈ 36%, which agrees with our findings.
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Table 4.2: aD values for the QDII phase at different spatial locations as a function of
time. The data from sample (7).

.
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4.3.4 Temperature Dependence

The hydration process as a function of temperature was examined with the same
2D-disc samples, as in Section 4.3.2, and experimental setup over a temperature
range 18 to 55 ◦C. In this section, the results from these temperatures will be
presented first and then discussed.

Figure 4.13 shows the movement of the Lα phase boundaries as a function
of time at temperature 25, 30 and 35◦C. The data show a linear relationship in
the log-log plot, as observed with the room temperature (at 18±2◦C) data. This
behaviour confirms that at high temperatures, the dominant process is the diffu-
sion [Figure 4.13]. At these temperatures, the water content, nb, at the interface
boundary between Lα and LII changes as the temperature changes, which was
taken into consideration while extracting the diffusion coefficient [Figure 2.4]. In
contrast, the nb for the QG

II to Lα phase transition does not vary too much at all
temperatures. When applying the 1D model on the data, the diffusion coefficient
found to be faster at 30◦C, and then slowed down at T= 35◦C.

At temperatures of 40± 2◦C and above, the optically active phase, HII , is
expected to form, according to the Barauskas et al. phase diagram [Figure 2.4].
A sample that was examined at 45 ± 2◦C is shown in Figure 4.14. When the
phytantriol droplet was introduced to the water container that had previously

Figure 4.13: Phytantriol mesophase transitions as a function of time at temperatures:
25◦C (a), 30◦C (b) and 35◦C (c). (a), (b) and (c) data from sample (1), sample (8)
and sample (9) respectively.
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been heated at 45 ± 2◦C, a dark CPLM image was viewed from a vertical mi-
croscope over one day [Figure 4.14- the top row (Microscope 1)]. This result is
unexpected because, at this temperature, the HII phase is expected to appear.
Since the HII phase has a special (optical) axis along with its cylinders [[Chapter
3, Figure 3.2]], there is a possibility that the optical axis was aligned. Hence,
an additional measurement was performed by adding another microscope at 45◦

(Microscope 2) from the vertical microscope. This measurement provides a view
of the phytantriol from a different angle and confirms that the HII phase was
not aligned. CPLM images from Microscope 2 [Figure 4.14- the top row] also
show dark images, indicating that the HII phase was not formed. This behaviour
was reproducible for all samples that were performed at high temperatures (T=
40− 55◦C ).

Two possibilities could cause the appearance of dark images at high tem-
peratures. It might be because the temperatures are not sufficiently high to form
the HII phase. It is well known the formation of the mesophases is dependent on

Figure 4.14: Phytantriol mesophases at 45◦C were monitored by two microscopes that
were placed at different positions ( microscope 1: above the sample, as shown in Chap-
ter 3, Figure 3.3, and microscope 2 at angle 45◦ from microscope1 ). At T = 45◦C,
mesophases do not show optically active phases, HII , from both microscopes as ex-
pected. After lowering the temperature from 45◦C to room temperature, an optically
active phase (Lα) appears at the edge of the sample under both microscopes. The
yellow label represents the edge of the phytantriol droplet. Images from sample (11)
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the purity of the lipids [251], and the phase transition temperature for the QII

to HII phase transition can be different for phytantriol obtained from different
suppliers [232, 251, 106]. Impurities can affect the spontaneous curvature at the
interface of the lipid and the water, which is generally explained by the concept
of the packing parameter [232, 251]. The interfacial curvature is likely to be
stabilised by active impurities to favour the structure of the QII phases over a
transition to the HII phase, driving the need for higher temperatures for the QII

to HII transition [232]. It is also possible that the absorption of water in the
lipid is decreased when conducting the hydration process of a pure lipid at high
temperatures because lipids are sensitive to the temperature [148, 252]. High
temperatures make the surface curvature of the lyotropic phases more negative
because of an increase in the volume of the tail groups and a decrease in the area
of the head groups due to thermal excitation [148]. Thus, the water channels
shrink, resulting in decreasing the hydration of the lipid.

In order to eliminate these possibilities, the temperature was reduced to
room temperature. Suppose the phytantriol was absorbing water during one day
of running the experiment. In that case, the Lα phase should be visible at the
centre of the droplet and the optically inactive phases, QII , at the edge. When
the experiment was conducted, the results showed that the sample behaved as
a new sample during the decrease of the temperature from T= 45◦C to room
temperature [Figure 4.14 -bottom row]. After the sample had been at room tem-
perature for 5 minutes, a bright region appeared at the edge (yellow line) that
can be seen from both microscopes [Figure 4.14 -bottom row]. The appearance of
the bright ring at the edge, which corresponds to the Lα phase, suggests that the
droplet did not absorb water at T= 45◦C. At room temperature, the hydration
process began and the sample behaved as a new sample. As time progressed
(4 hours), the Lα phase moved from the edge toward the centre. At this time,
the bright ring converted to the bright disc that can be seen from Microscope
2. Surprisingly, at t=4 hours, the internal region of the Lα phase appears dark
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from Microscope 1, while the region appears bright from Microscope 2. This
phenomenon can be attributed to the alignment of lamellar sheets with the glass
slides.

These findings demonstrate that the hydration process seem to occur only
at temperatures below 40◦C. An additional experiment was carried out in order
to confirm this behaviour. Since the hydration process only occurs at low tem-
peratures, the phytantriol samples were hydrated at these temperatures for 2 and
21 hours, then the ambient temperature of the water bath was raised to 50◦C.
This suggests that the phytantriol droplet will hold an appropriate amount of
water, and once the temperature has been raised, the water concentration will
be high enough to form the HII phase. The formation of the HII phase requires
a high water concentration and a high temperature, in order to bend the surface
of the lipid toward the water (negative mean curvature) and alter the Gaussian
curvature to be G = 0, producing the cylindrical curvature [253].

Table 4.3 shows the three samples of phytantriol which were prepared: (a)
the phytantriol was hydrated at 50◦C, (b) the phytantriol was hydrated at room
temperature for 2 hours then the ambient temperature of water bath was raised
to 50◦C, and (c) the phytantriol was hydrated at room temperature for 21 hours
then the ambient temperature was raised to 50◦C. Sample (a) shows a dark image
for more than 5 hours, as observed with the sample examined at 45◦C [Figure
4.14]. However, when samples were hydrated in the water bath at room temper-
ature, around 18◦C, optically active images corresponding to the HII phase with
”fan-like” texture [148] are observed [Table 4.3 (b) and (c)]. The width of the HII

phase ring varied dependent upon the duration of the hydration period at room
temperature. As the hydration duration at the lower temperature increases, the
width of the HII phase ring increases. The results from Table 4.3 confirm that
the water transport to the lipid does not happen at high temperatures. This
phenomenon was also observed when monitoring the movement of the HII phase
of the sample (c) over more than 5 hours [Figure 4.15]. The HII phase did not
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Figure 4.15: Limited diffusivity of water at 50◦C. The blue dashed line represents
the edge of the droplet, and the purple dashed line represents the interface boundary
between the HII and LII phases. To clarify the movement of HII phase, the images
are presented on the same scale. Images from sample (14)

change locally, and its width remained the same. However, there is a possibility
of existence the internal diffusion. The LII phase seems to be grown with time,
where the bottom-right of the HII phase appears to be pushed.

The behaviour of water transport through phytantriol mesophases can be

Table 4.3: History of the hydration of phytantriol affecting the formation of HII phase
for 3 samples. (a) a neat droplet of phytantriol was hydrated at 50◦C. (b) a neat droplet
of phytantriol was hydrated at 25◦C for 2 hours, then the temperature was increased
to 50◦C. (C) a neat droplet of phytantriol was hydrated at 25◦C for 21 hours, then the
temperature was increased to 50◦C. Images in (a), (b) and (c) from Samples (12), (13)
and (14), respectively.
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Figure 4.16: Diffusivity of water through phytantriol mesophases as a function of tem-
peratures.

described by extracting the diffusion coefficient D. Figure 4.16 demonstrates the
estimation of D values from T= 18 to 55 ± 2◦C. The diffusivity grew from T=
25◦C to 30◦C then drops at 35◦C. The slow in the diffusivity might be because
when the temperature increase, water channels shrinks, as previously mentioned.
Results at temperatures 40◦C and above demonstrates the insulating behaviour
of phytantriol at high temperatures. To the best of our knowledge, the hydra-
tion through mesophases as a function of temperature has not been studied. In
literature, the ionic transport through phytantriol mesophases has been studied
at high temperature, which we expect water transport behave similarly. Brown
et al. have studied ionic conductivity through the transformation from the QD

II

to HII phase of phytantriol at T ≈ 42◦C [2]. The conductivity in the HII phase
has been found to decrease because the change in the tortuous structure of water
channels when going from the QD

II to HII phase. This finding indicates that the
HII phase might suppress the water transport into the lipid resulting in limiting
the diffusivity, which might be nearly zero.
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4.4 Conclusions

Phytantriol lyotropic mesophases were formed using the water penetration method
in 1D- and 2D geometries. This method depends upon placing pure phytantriol
in contact with water, establishing a concentration gradient which leads to the
formation of mesophases. These mesophases were monitored as a function of time
via CPLM and SAXS techniques, which enables the extraction of the diffusion
coefficient by using the 1D diffusion model.

The dynamic hydration through phytantriol mesophases was demonstrated
as a function of temperature. The diffusion coefficient increases from D = 0.20
to 0.50× 10−10m2s−1 at temperature at T= 18 to 30◦C, then drops at T= 35◦C
and continuous to drop until it reaches ≈ 0 m2s−1 at T= 40 − 55◦C. The slow
in the diffusivity can be understood as the sensitivity of lipid to temperatures
as the temperature increases water channels shrinks, where the thermal excita-
tion leads to increasing the volume of the tail group and decrease the area of
the head group [148]. The diffusivity becomes more limited at temperature 40◦C
and above. This behaviour can be attributed to either the sensitivity of lipid to
temperatures or limitation of water transport through the HII phase.

The systematic study of mesophase transitions by the SAXS technique al-
lows to establish the phase diagram in position-time space and study the swelling
of water nanochannels in QII phases. The phase diagram provides information
about the necessary duration of phytantriol hydration to form a specific thickness
of a single phase. This supports Chapter 6, where the QD

II phase was used as a
template. The swelling of water nanochannels in QII phases was monitored by
calculating the lattice parameter. The values of the lattice parameters are associ-
ated with two parameters: duration of hydration and the position of QII phases
relative to bulk water. Generally, as the hydration duration increases and the
locations of the QII phases are close to water, the lattice parameters increase.
From t = 240 min to t = 7200 min, the lattice parameters for the QG

II phase
increased from aG = 8.7 nm to 9.6 nm and were nearly stable for the QD

II phase
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due to reaching equilibrium. Regarding the position, the lattice parameter for
QG
II phase at t = 7200 min increases from aG = 8.5 nm to 9.6 nm, when the phase

moves from far to near location from the bulk water. aD for the QD
II phase also

remained constant (aD ≈ 6.3 nm) at all positions.
Monitoring phytantriol mesophase transitions gives a clear understanding

of water transport. This can be vital knowledge for applications that depend on
ion transport through the water nanochannels of mesophases, such as the lipid
scaffolding of electrodeposition systems.
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5.1 Introduction

Many studies have been used the lamellar Lα and inverse bicontinuous cubic QII

phases with random orientation of domains which is called a polycrystal. The
Lα phase has applications in the industry field such as lubricants [254] and in
nanotechnology, it has been used as a template to produce a metallic material
with a lamellar nanostructure [94]. Regarding QII phases, they have been used as
templates to produce metallic and semiconductor nanostructures, because their
morphologies are highly desirable in the electronics field, such as sensors, solar
cells, optoelectronic and thermoelectric devices [4, 63, 110], and energy storage
[255, 256] and also in the pharmaceutical field for drug delivery applications
[106, 107]. Controlling randomly oriented domains of these phases to be sin-
gle crystal or oriented monodomain materials can provide different transport,
mechanical and optical properties [169]. Since the morphologies of QII phases
provide benefits for many applications, producing an oriented QII phases can
efficiently improve the electrical and mechanical properties of nanostructured
materials, which are desired to improve device performance [257, 258].

Various methods have been used to align lyotropic mesophases that were
described in Chapter 2, Section 2.5. Here the focus is on the methods used to
align lyotropic mesophases of phytantriol. Rittman et al. [Chapter2, Section
2.5.3] has reported an oriented QG

II and QD
II phases via GISAXS [171]. This

has been achieved by applying multiple cycles of hydration and dehydration to
thin films of phytantriol, with a thickness of 60 nm, at a controlled temperature.
Sometimes, dewetting occurred, where the sample no longer showed a uniform
coating, which leads to an unoriented sample. Therefore, the uniform coating of
the sample is necessary to obtain the oriented QII phases.

Another method has been used to align the Lα phase from the phytantriol.
Sproul has confirmed the alignment of the optical active phase (Lα) at room
temperature via the cross-polarized light microscopy (CPLM) technique with
two microscope - unpublished work [259]. A droplet of phytantriol has been con-
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fined between glass slides and submerged in a water container in order to hydrate
the sample. Samples have been prepared with a different gap size, as shown in
Table 5.1. The vertical microscope shows dark images appeared for samples with
gap sizes 30 microns and 75 microns, while bright images for samples with gap
sizes 120 and 225 microns. Dark and bright images indicating to alignment and
dealignment of the Lα phase, respectively. As a result, the alignment of the Lα
phase at room temperature only occurs when the gap size is small (30 microns
and 75 microns).

In this research, the alignment of the Lα, QG
II and QD

II phases of phytantriol
were achieved with the water penetration method. The alignment was obtained
from two different geometrical samples: two-dimensional disc geometry and one-
dimensional tube geometry. The alignment of the Lα phase from 2D-samples was
achieved by preparing samples in the same manner as the samples preparation in
Table 5.1 and confirmed by using the CPLM technique. The difference between
Sproul’s work and our work is that the gap size between glass slides for all sam-
ples was controlled to be 180 ±10 microns and the alignment investigated with
this particular thickness of gap as a function of temperature. The alignment of
the Lα phase was obtained when the temperature was controlled at 25, 30 and
35◦C. However, the alignment was not obtained at room temperature (18 ±2◦C).
The alignment of the Lα, QG

II and QD
II phases were achieved at room temperature

by storing 1D-tube samples, that were prepared in the same manner as the sam-
ples preparation in Chapter 4, for three months that was confirmed by the SAXS
technique. The methodology of storage samples has been used with homogeneous
samples from other amphiphilic compounds, such as a non-ionic surfactant [260]
and a mixture lipid of glycerol monooleate, net positively charged lipid and glyc-
erol monooleate-polyethylene glycol [75].

In this chapter, results will be divided into two main sections: CPLM and
SAXS techniques. The CPLM technique will show the alignment for only the
optically active phase,Lα, while for the optically inactive phases, the SAXS tech-
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Table 5.1: CPLM images for four samples of 2D-disc phytantriol were taken from
two microscopes at room temperature by Sproul [259]. These samples have various
thicknesses of the gap between glass slides. At small thickness (≈ 30 and 75 µm), black
images were observed from the above microscope indicating the oriented Lα phase.
Less oriented Lα phase observed with increasing the thickness of the gap, resulting
bright images from the above microscope. The black circle in the first image (Top-left)
represents the edge of the droplet. Image adapted from [259]

nique will confirm their oriented, as well as optically active phase. To be able
to confirm the oriented phases from SAXS pattern, it is necessary to understand
the difference between oriented and unoriented samples from their diffraction pat-
tern, that was introduced in chapter 3, section 3.3.4.2. After presenting results,
discussion section includes an interpretation of results and compared with the
relevant literature that used the similar method applied here but with different
amphiphilic lipids.
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5.2 CPLM Technique: Alignment of Uniaxial Phase (Lα)

In this section, 2D-disc samples that have already been presented in chapter
4 will be shown here with a focus on features related to alignment on CPLM
images. Additional measurements were performed to explore alignment, that
will be introduced too.

These 2D-disc phytantriol samples were monitored by the CPLM technique
at room temperature (≈ 18∓2◦C) and at controlled ambient temperature (25, 30
and 35∓ 2◦C). At these temperatures, the optically active phase, the Lα phase,
is expected to appear according to the phase diagram. At room temperature
[Figure 5.1- table [a]], a bright ring image appears from the vertical microscope

Figure 5.1: (Left) Schematic drawing of the experimental set-up for confirming align-
ment of Lα phase. The sample was monitored via two microscopes placed on; (1) top of
the bilayer of Lα phase and (2) at angle 45◦ from the first microscope. (Right) CPLM
images of phytantriol samples were taken at the same time through two microscopes.
(a) At room temperature, bright images are shown under both microscopes, indicat-
ing dealignment of Lα phase. At high temperatures (b) 25◦C,(c) 30◦C and (d) 35◦C,
Microscope (1) shows dark images of lα phase suggesting the alignment of Lα plane.
Looking from the microscope (2), which was tilted at angle 45o from the optical axis
of lα phase, bright rings are seen, indicating dealignment of lα phase. Figures (a), (b),
(c), and (d) were labelled as (3), (1), (8), and (9) samples, respectively in Appendix A.
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[microscope 1]. This finding is consistent with Sproul’s results, where the Lα

phase becomes unoriented when the gap between slides is large, such as at 120
microns and above [Table 5.1] [259]. However, when the temperature was raised
[Figure 5.1 [b], [c] and [d]], dark images appear from the vertical microscope
[microscope 1]. An extra microscope at an angle 45o from the first microscope
was added to the experimental set-up in order to view the Lα phase from a
different angle, as shown in schematic diagram in Figure 5.1- [microscope 2].
This enables the Lα phase to be viewed simultaneously from two directions: from
the top (microscope 1), and at an angle (microscope 2).

CPLM images from the microscope 2 [Figure 5.1] show clear bright rings
corresponding to the Lα phase. The absence of optical activity of the Lα phase

Figure 5.2: Schematic illustration of (a) the alignment and (b) dealignment of Lα phase
with polarised light (gold arrow) under the CPLM. When the direction of the polarised
light travel is parallel to the optical axis (black arrow), the direction of the polarised
light does not change, resulting in a dark image (a). However, when the optical axis is
in a diagonal direction with the direction of the polarised light propagation, resulting
in splitting the ray into tow components: ordinary (blow) and extraordinary (red) with
different velocities. The equivalent component to analyser will pass, resulting in the
bright image.
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[Figure 5.1[b-d]] can be interpreted as being due to the alignment of the Lα planes
with glass slides. The Lα phase have two axes: a unique axis in the direction
normal to the plane called the optical axis, where all the in-plane directions
are equivalent. In this setup, the light propagation is parallel to the optical
axis; hence the direction of polarisation is not rotated leading to the dark image
[Figure 5.2[a]]. However, the behaviour of samples changes under the microscope
2 [Figure 5.1[b-d]] because the optical axis of the Lα phase makes an angle with
the direction of the propagation of the polarised light. Thus, the light will face
both axes of the Lα phase that split the polarised light ray into two components
(external and ordinary rays) with different directions of velocities resulting in a
phase shift [182]. As a result, the polarised light will be rotated, and some of
the components that are not perpendicular to the analyser will pass through the
analyser that makes up the bright region in the picture [182] [Figure 5.2[b]], as
explained in chapter 3, section 3.2.

Regarding data from the sample measured at room temperature [Figure
5.1[a]] bright rings images appear from both microscopes indicating the unaligned
Lα phase. This result is reproducible, as shown in Table 5.1[120 and 225 ±11µm],
for samples with the gap size above 75 ±11µm [259]. However, keeping the same
thickness of the gap (180± 10 µm) with higher temperatures leads to the oriented
Lα phase, as shown in Table 5.1 [b]-[d].

5.3 SAXS Technique

In this experiment, two different preparation of samples were used in order to
determine the factors influencing in the alignment of lyotropic mesophases. The
first type of sample is the 1D-tube geometry sample which has been already pre-
sented in chapter 4. Here, these samples are denoted as ”filled capillary samples”
and the 2D-SAXS pattern are presented. The 2D-SAXS can clearly show the dif-
ference between oriented and unoriented samples, as explained in Chapter 3.2.2,
Section 3.3.4.2. The second type of sample was prepared by coating a glass capil-
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Figure 5.3: Schematic of (a) filled capillary and (b) film-coated capillary samples. Red
arrow represent thickness of phytantriol (a) ≈ 4 cm and (b) ≈ 10 microns. The bottom
schematic in (a) is all lyotropic phases that can be observed at room temperature for
a thick layer of phytantriol due to the establishing of the hydration gradient. The
bottom schematic in (b) is a cross-section of the sample before hydration (left) and
after hydration (right) that forms only QDII phase due to the thin layer of phytantriol.

lary tube with phytantriol and filling with water. Here, these samples are denoted
as ”film-coated capillary sample”. Both of these samples types were measured at
room temperature after a few hours from preparation and measurements were
extended to months.

5.3.1 Filled Capillary Sample

The filled capillary sample were monitored as a function of time by SAXS. The
measurements were recorded from the first to the fifth day, as well as a month
and three months from the sample preparation. As mentioned in Chapter 4,
when the phytantriol is introduced to water, the hydration gradient will emerge.
Therefore, at room temperature, all phytantriol mesophases (LII , Lα, QG

II and
QD
II ) will be formed, as shown in Figure 5.3[a]. 2D-SAXS images show oriented

Lα, QG
II and QD

II phases, that will be presented below.

5.3.1.1 Oriented Uniaxial Phase (Lα)

The first few days of forming the Lα phase (from the 240 to 7200 min) are shown
in Figure 5.4. At the earliest time of the sample hydration (a-b), the X-ray
scattering image of the Lα phase region [Figure 5.3[a]] shows the circular pattern
(Debye-Scherrer rings) indicating the polydomain Lα phase.
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Figure 5.4: 2D-SAXS patterns of the Lα phase as a function of time. Circle scattering
patterns (a-b) indicating the polydomain Lα phase. As the hydration in the sample
progressed, more domains are oriented with two clear horizontal spots (c-d) indicating
the oriented Lα phase. The capillary was placed vertically in the practical experiment.
Images from sample (7)- Appendix A

As the time of hydration increases in the sample (c-e), the circular pattern
gradually turned into two horizontally spots, and cloudy patterns. These patterns
can be understood as the alignment of the Lα phase with respect to the tube
surface. The orientation of lamellar bilayers is shown by the direction of spots,
which is perpendicular to the bilayers [261]. Regarding the cloudy pattern, it
could be from some residual of the unoriented Lα phase.

5.3.1.2 Oriented QGII Phase

The initial days of hydration the sample (from the 240 to 7200 min), theQG
II phase

was formed, as shown in Figure 5.5[a-e]. At these times, the SAXS images of the
QG
II phase show Debye-Scherrer rings, indicating that the phase is polydomain

and unaligned.
After a month of hydration the sample, the 2D-SAXS image of the QG

II

phase exhibits changes in the diffraction pattern. The inset SAXS image in
Figure 5.5(f) shows a remarkably symmetrical spots pattern indicating to the
QG
II oriented phase. To confirm this pattern belongs to the QG

II phase, the radial
integration was analysed [Figure 5.5 (f)], which shows Bragg peaks in agreement
with the Ia3d space group. Figure 5.5 (G) shows the lattice parameter of the
oriented QG

II phase, which is ≈ 9.5 nm and it is the same lattice parameter after
hydration the sample for five days [Table 4.1]. This can be understood as this
phase reached to equilibrium. The direction of the orientation for the QG

II phase
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Figure 5.5: 2D-SAXS patterns of the QGII phase as a function of time. Circular scat-
tering patterns appear in all images (a-e) indicating an unoriented phase. (f) 1D and
2D-SAXS pattern of QGII phase after passing a month and its lattice parameter (G).
Spots SAXS pattern indicates the oriented QGII phase. The capillary was placed verti-
cally in the practical experiment. Data from sample (7) in Appendix A.

can be predicted by the spot pattern calculation, as described in Chapter 3,
Section 3.3.4.2.

5.3.1.3 Oriented QDII Phase from Filled Capillary Sample

Once again, the circular patterns were obtained from the 240 to 7200 min of
hydration when measuring the QD

II phase region [Figure 5.6], as were observed
with the QG

II phase. These patterns indicate unoriented QD
II phase.

However, three months after the sample was hydrated, patterns had turned
from circular to spots, as shown in Figure 5.7 [left]. This changes in patterns
indicate that the QD

II phase developed from the unoriented to the oriented phase.
X-ray diffraction images of the oriented QD

II phase and their corresponding radial
integration plot at various positions are shown in Figure 5.7. The pattern of spots
can be seen at all of these positions. The lattice parameter at these positions
are ≈ 6.63 nm [Figure 5.8] which are about 0.3nm bigger than lattice parameters



5.3. SAXS TECHNIQUE 105

Figure 5.6: 2D-SAXS patterns of the QDII phases as a function of time. Circle scattering
patterns appear in all images (a-e) indicating to unoriented sample. The capillary was
placed vertically in the practical experiment. Data from sample (7) in Appendix A.

shown in Table 4.2. Stability of the lattice parameters values at all positions
indicates that the QD

II phase reached to equilibrium.
This experiment was repeated more than once to check the reproducibility

of alignment. Figure 5.9 shows sequential 2D SAXS patterns for another filled
capillary sample at different positions. At a position of 2 mm to 6 mm from bulk
water, random spots and a cloudy diffraction pattern for the QD

II phase were
observed. The low intensity at 2 mm may be due to the lack of sufficient grains
at this position. However, the orientation of domains start to develop at position
10 mm. This can be seen clearly in Figure 5.9[left] which shows a high degree of
spots symmetry vertically and horizontally. The spots become less oriented as we
move close to water. This behaviour has already been observed in 1-monoolein
by Oka and Hojo, which will be discussed in Section 5.4. .

There are three possibilities of producing the oriented Lα, QG
II and QD

II

phases at room temperature: the method of the sample preparation, time of hy-
dration or both. As the sample was prepared by the water penetration method,
the hydration gradient establishes, leading to forming all phytantriol mesophases
[Figure 5.3[a]]. Such the hydration gradient might break the symmetry. The
second possibility is the time of exposing the phytantriol to water. In this case,
domains may grow and align just with time. Since the system is liquid, the
molecule is free to move and no activation is required, so molecules move in the
mesophase with very little overall cost energy. Hence, the number of dislocations
decreases, leading to a single crystal. However, the polycrystal structure takes
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Figure 5.7: (Left-top) the CPLM image of the phytantriol after passing 3 months under.
(Left-bottom) 2D SAXS pattern of QDII phase at positions: 1 mm, 2 mm and 3 mm
from water respectively. Pattern of spots is clearly seen at these positions. (Right)
1D-SAXS patterns of presented positions. The capillary was placed vertically in the
practical experiment. The data from sample (7) in Appendix A.

Figure 5.8: Extracting lattice parameter of the QDII phase after passing three months
from hydration. The data from sample (7) in Appendix A.

time to change into the single structure due to a lot of movement in the liquid sys-
tem. This might be why the long-relatively time scale in lyotropic phases needed
to produce oriented phases. The last possibility of alignment is combining both
the hydration gradient and time.

In order to eliminate one of the possible factors of aligning lyotropic
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Figure 5.9: 1-D (right) and 2-D (left) SAXS patterns of the phytantriol at different
positions after passing 3 months. The capillary was placed vertically in the practical
experiment. Data from sample (7)* in Appendix A.

mesophases, the thickness of phytantriol was reduced to a thickness that the
hydration gradient can be neglected. This thin thickness (film) was formed by
coating the wall of the tube with phytantriol and filled with water, that will be
introduced in the following subsection.

5.3.2 Film coated capillary sample

The film coated capillary sample was prepared as described in Chapter 3, Section
3.3.2.2. The thickness of the thin film has been estimated ≈ 10µ [85]. Since this
film is exposed to excess water, the formation of the most hydrated phase (QD

II)
is expected to form in a relatively short time and saturated compared to the
filled capillary, [Figure 5.3 [b]]. Thus, the hydration gradient in the film could be
neglectable.

SAXS measurements were taken at two hours, a month and three months,
as shown in Figure 5.10. The inset 2D pattern in Figure 5.10[a] shows Debye-
Scherrer rings indicating that the domains have random orientations. A month
later (b), the sample was tested, and the domains had not changed their orien-
tation. After passing three months (c), the domains were oriented with symmet-
rical spots. Results from coated and filled capillaries samples suggest that the
oriented QD

II phase can only be produced after passing three months. Production
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Figure 5.10: 1D-SAXS and their 2D-SAXS patterns of the QDII phase from the phy-
tantriol film-coated capillary sample. (a-b) the measurements were recorded after two
hours and a month from the sample hydration. The SAXS images show Debye-Scherrer
rings indicating to unoriented domains. After passing 3 months, the SAXS image shows
the spot pattern indicating to oriented domains. Data from sample (16).

of oriented QII phases after a long time of the preparation of samples have been
reported but with mixtures of lipids [75] and a non-ionic surfactant [260], that
be introduced in Section 5.4

5.3.3 Spot Pattern Calculation of QD
II Phase

The orientation of QII phases can be determined by the spot pattern calculation.
The positions of spots for oriented QII phases can be predicted by calculating the
azimuthal angles between the uniaxial axis rotation ([hrkrlr]) and each reflection
([hkl]) as explained in Chapter 3.2.2, Section 3.3.4.2.

Figure 5.11 show two SAXS images of QD
II phase from different samples.

Red circles represent the predicted spot positions and the uniaxial axis with yellow
line, which was parallel to the long axis of the capillary. The data were recorded
with the X-ray beam passing across the diameter of the tube (perpendicular to
the capillary wall), and the alignment of both samples is parallel to the capillary
wall. Figure 5.11(a) demonstrates the agreement between predicted spots (red
circles) and real spots. The orientation of the sample is consistent with the [111]
axis. The simulation of this sample shows exceptional agreement with all spots
in the first ring of the diffraction pattern that corresponds to the (110),

√
2,

reflection. The QD
II phase from the another sample [Figure 5.11 [b]] definitely
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Figure 5.11: Prediction of spot positions (red circles) of the oriented QDII phase from
two samples. (a) QDII phase oriented along the rotation [111] axis with respect to the
capillary axis. (b) QDII phase oriented along the rotation [110] axis with respect to the
capillary axis. The capillary axis is vertical and parallel to the rotation axis (yellow).
(a) and (b) are from samples (7) and (7)*, respectively

does not match [111], and gives a better agreement with [110], although not all
of these spots agree perfectly. The reason for the difference in the orientation of
these samples will be explained in the following section.

5.4 Further Discussion

The alignment of the Lα phase from 2D-disc geometry samples was confirmed
by using the CPLM technique. This alignment was achieved by hydration of
phytantriol at higher temperatures (25◦C, 30◦C and 35◦C ±2) than the room
temperature (≈ 18◦C ±2) with a gap size (≈ 180 microns) for all samples. Such
temperatures show view dark images under the vertical microscope [Figure 5.1[b-
c]], indicating an Lα phase oriented with bilayers perpendicular to the light beam.
In contrast, at room temperature, the bright image appeared, indicating to the
polydomain Lα phase [Figure 5.1[a]]. The alignment of the Lα phase at high
temperatures might be explained in terms of a temperature-dependence of the
mobility of grain boundary. Increasing the mobilities enables the domain bound-
ary to move more freely and thereby domains to grow, resulting in large domains
and eventually become single crystal.
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The alignment of the Lα, QG
II and QD

II phases from 1D-tube geometry sam-
ples was confirmed at room temperature via the SAXS technique. This alignment
was achieved by allowing phytantriol to expose to excess water for a period of
time. For the Lα phase, the phytantriol was hydrated above 48 hours. The bilay-
ers of the Lα phase align parallel to the capillary wall, which is consistent with
the orientation of the Lα phase in 2D-disc geometry samples. The dark CPLM
image suggest orientation with the bilayers perpendicular to the light propagation
direction, and so parallel to glass slides. When storing this sample for a month
and three months, QG

II and QD
II phases developed to oriented phases, respectively.

The oriented QD
II was also produced from the stored film-coated sample for three

months.
The film-coated capillary sample was prepared in order to test the hypoth-

esis of a hydration gradient, that might cause alignment. In the filled capillaries
samples, the hydration direction is parallel to the capillary axes, while in the
film-coated capillary sample, the hydration direction is from the centre to the
wall of the capillary. If the alignment direction was the hydration gradient, then
it would only be parallel to the capillary axis for the filled capillary, not for the
coating-film capillary. Thus, when the X-ray beam is passing through the centre
of the film-coated capillary (parallel to the alignment axis), the spots pattern
cannot be seen because all directions perpendicular to the alignment axis are
equivalent. However, the film capillary sample showed spots SAXS pattern af-
ter passing three months of the sample hydration. Based on the results from
filled and film-coated capillaries samples, the oriented lyotropic phases can be
achieved at room temperature by exposing the phytantriol to excess water for a
long time. These findings lead to that the time factor plays an essential role in
alignment rather than the hydration gradient factor. The role of time in align-
ment is consistent with researches used other amphiphilic compound. Kim et
al. have obtained a super-swelled single-crystal of bicontinuous cubic phases by
storing a mixture lipid sample for three months [75]. Super-swelled samples have
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been prepared by using a mixture of glycerol monooleate (GMO)/net positively
charged lipid/glycerol monooleate-polyethylene glycol (GMOPEG) and dissolv-
ing them in the chloroform solvent. The solvent is dried off the lipid, which is
then exposed it to excess water for two days at 45◦C. Samples have been ex-
amined after equilibrating at room temperature. The X-ray results indicate the
production of super-swelled bicontinuous cubic structures samples, where the size
of water channels increase. When a fresh super-swelled sample has been exam-
ined by SAXS, rings in its diffraction pattern were observed, as shown in Figure
5.12. However, when samples have been stored for six and twelve weeks, spots
pattern has been observed for the QD

II and QP
II [Figure 5.12], respectively. Beside

Kim et al. experiment, Imp´eror et al. have also reported a single crystal of the
QG
II phase after several months of preparing a homogeneous sample of a mixture

of a non-ionic surfactant and water [260]. These findings can suggest that the
domains need time to be oriented.

Further evidence of excluding the role of hydration gradient in alignment
is unstable orientation of phytantriol. If the hydration gradient helps in align-
ment, it will produce consistent orientation in all samples as well as keeping the
same positions of spots in the whole single sample. The inconsistent direction of
the oriented QD

II phases from phytantriol samples were observed in Figure 5.11.
This result has also been observed by Oka et al for mixture of 1-monoolein and
additives samples, prepared by using the water penetration experiment [170], as
described in Section 2.5.2. The orientation of the single crystal of the QD

II phase
changes from sample to other, which have been considered to be depended on
the orientation of their crystal nucleation [170]. In addition, focusing on the one
sample, spot positions of the oriented QD

II phase region seem to be rotated from
a position to another, as shown in Figure 5.7. This has been also observed in the
super-swelled sample from mixtures of lipids by Kim et al. [75] [Figure 5.12[b]].
The inconsistent of spot positions can be understood as there are many nucle-
ation sites, which each site depends on the orientation of seeds. The crystal will
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Figure 5.12: 2D X-ray diffraction patterns of (a) a super-swelled primitive
and (b) diamond bicontinuous cubic phases obtained from mixture lipid samples
(GMO/DOTAP/GMOPEG). (a-left) The fresh sample shows ring diffraction patterns
indicating to a polycrystalline sample. (a-right) The orientation of the sample devel-
oped after storage for 3 months. (b) SAXS images show a single crystal at different
spatial locations. Image adapted from [75]

grow and orient with respect to the orientation of seed.

5.5 Conclusions

The CPLM technique was used to confirm the alignment of the Lα phase from
phytantriol. It was achieved by placing the phytantriol droplet between glass
slides with a gap 180 microns and hydrating the phytantriol at a temperature
above 18 ±2◦C. To be able to form an oriented Lα at room temperature, the
phytantriol needs to hydrate for more than 1560 min. This was confirmed by
SAXS images, where the diffraction pattern of the Lα phase changed from the
pattern of the rings into spots.

The oriented QG
II and QD

II phases were also obtained at room temperature
from 1D-filled capillary samples. 2D-SAXS diffraction pattern of QG

II and QD
II

phases showed spots pattern after one month and three months, respectively, of
the sample hydration. The QD

II phase was oriented along [111] direction but in
another sample was oriented along [110]. The inconstant orientation of spots
in the QD

II phases from one position to another might because there are many
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crystal nucleation sites along the tube that direct the growth of crystals.
The results demonstrated that the time helped in the alignment of all of

the phases, Lα, QG
II and QD

II , but not the hydration gradient. This was confirmed
by preparing the coated-film capillary with thickness around 10 microns. The
direction of hydration in the coated-film capillary is parallel to the X-ray beam
while it is perpendicular to the X-ray beam in the filled capillary. The results of
the coated-film capillary sample show that oriented QD

II phase was obtained after
hydrating the film for three months. Thus, time alone can develop the ordered
structures.
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6.1 Introduction

A novel approach to the fabrication of electronic nanodevices is presented in this
chapter. The usual approach to making a device requires the patterning of nano-
materials after they are grown and subsequently connecting them to electrodes,
as explained in Chapter 1, Section 1.3. However, the approach provided here can
produce a nanomaterial with the electrodes already connected, which would lead
to faster progress in device fabrication. A similar methodology has been used
to create electrical contacts between copper particles by the electrodeposition
process [262]. These particals are placed between two electrodes in a solution,
where an applied electric field can polarize these particles and acts as anode and
cathode; this process is called bipolar electrochemistry [263]. The applied electric
field has been exploited to grow a copper wire from one particle to another. This
methodology of bipolar electrochemistry has been predicted to use for microcir-
cuit building without needing to photolithographic methods [262].

The ultimate of this work is to fabricate an electronic device with a semi-
conductor material due to the possibility of observing changes in their properties
relative to the band structure; however, starting with metallic materials would
be easier for testing the new approach, due to their physical properties and there
being relatively more examples in the literature. In this research, the approach
was tested first with copper (Cu), and then with platinum (Pt). Copper was
chosen as a starting point due to the accessibility of its solution, which enabled
testing different methods for the fabrication approach with a new solution for
each experiment. However, the fabrication of nanostructured copper presented
difficulties, these attempts are presented in Appendix D. As platinum nanostruc-
tures had been successfully fabricated previously [89] and our research group had
previous experience depositing platinum in the phytantriol template [4, 51, 88],
we switched to testing the method with platinum. An additional motivation for
fabrication Pt-nanostructures is that it is a highly applied material in various
applications. In a Pt-nanostructure, the ratio of the surface area to the volume
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is extremely high. Thus, platinum and platinum-based materials are desirable
as an electrocatalyst in applications, such as fuel cells [264], ion sensing [265],
electronic [266] and optoelectronic devices, due to their high catalytic activity,
chemical, and mechanical stability [113]. If the approach works with metals, then
might be expected that it would be relatively easy to change the material to a
semiconductor, where the semiconductor bismuth sulfide has already been de-
posited through the phytantriol templates [63].

In the work presented here, metal nanostructured materials were fabri-
cated via the electrodeposition process using a soft template (phytantriol). In a
conventional electrochemical cell, one working electrode (WE) is used to deposit
a target material, while in this research, two working electrodes are exploited in
the electrochemical cell. These working electrodes were fabricated by scratch-
ing a straight line across a piece of gold (Au) substrate, producing two working
electrodes separated by a sub-millimetre sized gap. Using these two electrodes
during the electrodeposition process can allow growing the nanostructured ma-
terial across the gap, which will be explained below.

In order to attain material growth across a gap, there are two possible
related configuration for attaching WEs to a potentiostat, which is an electronic
device for controlling voltage and measuring current. These possibilities are ei-
ther to connect one of the working electrodes or to connect both electrodes (WE1

and WE2) to the potentiostat, and we referred to these configurations as ”one
half electrode” and ”both half electrodes”, respectively [Figure 6.1]. Both meth-
ods were used in the research and discussed in this chapter. The advantage of
using the one half electrode in the deposition is that the connection moment be-
tween electrodes can be observed by watching the colour of the surface for the
unconnected working electrode. At the start of the electrodeposition process, the
material is only deposited on one of the working electrodes, that is connected to
the potentiostat (e.g., WE1) [Figure 6.1 (a-i)]. At this time, the surface colour
of the WE1 changes to the deposited material colour, while the surface colour
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of the unconnected electrode (WE2) does not change. Therefore, at the moment
the deposited material bridges the gap, the surface colour of the second working
electrode, WE2, will change to the colour of the deposited material [Figure 6.1
(a-ii)]. Regarding the both half electrodes configuration, the deposition occurs
on both electrodes simultaneously [[Figure 6.1 (b-i)]], so the connection moment
cannot be observed from the colour of the surface of the working electrode [[Fig-
ure 6.1 (b-ii)]], but it can confirm by measuring resistance between the electrodes.
The motivation of this configuration is that the connection between electrodes
might be made in a short time. When depositing the material on both electrodes,
bridging the gap is expected to be participation from the deposited material on
both electrodes, which might lead to a faster connection between electrodes than
the one half electrode configuration.

After fabrication the nanostructured material, the template can be re-
moved, leaving the nanostructured material on the substrate between two elec-
trodes. Thus, the electrical characterisation of the nanostructured material can
be conducted using these working electrodes that attach to it. The morphology
of the nanostructured materials produced from the double diamond morphology,
QD
II phase, of the template is expected to be a single diamond morphology ac-

cording to the results of Akbar et al. [4], which will be discussed in the following
section.

6.1.1 The Growth Mechanism in the QD
II Template

Understanding the growth mechanism of materials fabricated from the electrode-
position process can help in the interpretation of nanostructure patterns obtained
in this research. Phytantriol has previously been used as a scaffolding to syn-
thesise nanostructures. Akbar et al. have successfully produced platinum 3D
and 1D nanostructures from the QD

II and HII phases of phytantriol respectively,
which have been achieved by electrodeposition [4, 88]. This process is adapted
in this thesis by using the QD

II phase from phytantriol as a template to form a
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Figure 6.1: Sketch of the fabrication of an electronic nanodevice by the growth of a
nanostructured material between two working electrodes (WE1 and WE2) via the elec-
trodeposition process. The electrodeposition process can be conducted by two configu-
rations: (a) Connected one of working electrodes to the potentiostat (one half-electrode
configuration) and (b) Connected both of working electrodes to the potentiostat (both
half-electrodes configuration). (a) At the beginning of the deposition, the material is
deposited only on the surface of WE1 (black colour) (i). If the nanostructured material
reaches to WE2, the colour of the surface will be changed from a gold colour to the
deposited colour (ii). (b) At the beginning of the deposition, the material is deposited
on both electrodes (WE1 and WE2) (i). When the nanostructured material bridges the
gap, the colour of both electrodes will not change.

nanostructured material between two electrodes.
The deposition of metals in the presence of a template, such as the QD

II

phase, takes place within the water nanochannels of the template, which are in
direct contact with the electrode surface. At the interface between the surface
of the electrode and the electrolyte, the metal will be reduced, resulting in nu-
cleation sites for the nanomaterial [267]. After the formation of the nucleation
sites, the material will continue to grow within the channels [268]. The direction
of metal growth will be away from the electrode surface. Over time, the water
channels will fill up and turn into solid nanowires [200, 92]. The resulting ma-
terial is influenced by the porous structure of the phase of the original template
and represents the structural negative of the morphology of the template. [269].

Akbar et al. have reported a novel synthesis of a 3D platinum-nanowire
network film using the QD

II phase of phytantriol as a template [4] [Figure 6.2 (a)].
The expected structural morphology of the Pt-nanostructure was the same as
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Figure 6.2: (a) ‘Double diamond’ QDII phase, where blue and grey represent the two
water channels separated by the lipid bilayer. (b) The expected structure of deposited
platinum into both water channels network of the template is ‘double diamond’ (Pn3m
symmetry). (c) Obtained ‘single diamond’ (Fd3m symmetry) platinum nanostructure.
The lattice parameter aD in (b) is half the value of that in (c). Images adapted from
[200].

the template (double diamond with Pn3m symmetry) [Figure 6.2 (b)]. However,
the resulting Pt-nanostructure has a single diamond structural morphology with
Fd3m symmetry [Figure 6.2 (c)]. The change in the morphology has been un-
derstood as capping off of one of the channels at the surface of the QD

II phase.
Hence, the deposition has occurred in one of the water nanochannels of the QD

II

phase template resulting in the single diamond morphology. This morphology is
expected to be observed in this thesis.

6.1.2 Chapter Outline

This chapter is structured as follows: The preparation of the electrodes and
templates, and the experimental setup will be presented in Section 6.2, after which
the results of the attempts to fabricate Pt-nanostructures across the gap with
sub-millimetre size will be presented in Section 6.3. The results section includes
electrical and structural characterisations of the Pt-nanostructures. The results
will be discussed in Section 6.4. In this chapter, the platinum nanostructure
obtained from the QD

II phase template is referred to as ”Pt-QD
II”.
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6.2 Methods, Experimental Setup and Measurements

This section is divided into five subsections. The preparation of the working
electrodes and templates from the QD

II phase of phytantriol will be introduced
respectively in Sections 6.2.1 and 6.2.2. The experimental setup of the elec-
trodeposition cell for fabrication of the nanostructured films will be described in
Section 6.2.3. The steps for fabrication of these films will be summarised in Sec-
tion 6.2.4. Finally, the methods applied to nanostructured materials to measure
the resistance (R), and techniques used for the structural characterisation of the
nanostructured films will be described in Section 6.2.5.

6.2.1 The Preparation of the Working Electrodes

Archival gold (Au) DVDs were used as working electrodes (WEs). The plastic
substrate of the Au-DVD is coated by a gold film, which is covered by a layer
of plastic. This plastic layer was physically removed after cutting the DVD into
small pieces with a soldering iron.

In order to prepare two working electrodes separated by a gap, the Au
piece was scratched in the middle with a diamond scribe to make a gap, as shown
in Figure 6.3-step (1). To confirm that the current did not flow between these
electrodes, a multimeter was used to measure the resistance R between them.
The resistance was greater than the maximum that can be measured with the
multimeter (> 1 MΩ).

To control the size of the deposition area, the area was outlined in nail
varnish [Figure 6.3-step (2)] and left to dry for at least 20 minutes. The area
of all electrodes was measured by a digital micrometer before starting the elec-
trodeposition process, in order to estimate the thickness of the template.
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Figure 6.3: A schematic representation of the preparation of the working electrodes
and the template for the electrodeposition process. A piece of gold film is scribed in
the middle to produce two ares of gold film on the same substrate which will be used as
the two working electrodes (Step 1). The deposition was confined to a specific area by
applying nail varnish as an isolating layer (Step 2) and an inset image shows an example
of working electrodes. Working electrodes are dipped in the phytantriol/ethanol mix-
ture (Step 3) to make a thin film of phytantriol on its surface. Finally, the phytantriol
is hydrated in DI water to form the QDII phase (Step 4).

6.2.2 The Preparation of the QD
II Template

The QD
II-phytantriol template was prepared by mixing phytantriol and ethanol

(C2H5OH) with a w/w ratio of 1:2. The WE was dipped in the mixture and then
put in a vertical position under ambient conditions overnight using a flask clamp
to remove excess amounts of the mixture. This allowed the ethanol to evaporate
leaving a thin film of phytantriol on the WE surface [Figure 6.3-step (3)].

The thickness of the phytantriol template was estimated using the formula:

Thicknessph = Vph
AWE

(6.1)

where Vph is the volume of phytantriol, which can be calculated by dividing the
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mass of phytantriol by its density, ρ =0.94 g·cm−3 [1]. The mass was measured
by weighing the WE before and after it was coated with the phytantriol template.
AWE is the total area of the electrodes, including the sides and the reverse sides
of the substrate. The thickness of the template for all samples was estimated
to be 12 ±4 µm. The phytantriol-coated electrode was soaked in deionised (DI)
water in order to hydrate the phytantriol and form the QD

II phase [Figure 6.3-step
(3)]. The time to complete hydration varied with the thickness of the template.
For example, the ≈ 10 micron thick film showed the formation of the QD

II phase
after 2 hours [Chapter 5, Section 5.3.2]. If the thickness of the template is more
than 10 microns, the time of hydration is greater than 2 hours. In this research,
we hydrated the template for 3 hours to ensure the formation of the QD

II phase.
Furthermore, the WE was soaked in the electrolyte for 10 min before starting
electrodeposition to diffuse electrolyte ions into the template. The time of this
soaking was adopted from Akbar, who has examined time dependence of soaking
a neat of phytantriol film with thickness 18 ±3 µm in the HCPA solution [200].
An adequate time equilibrate the QD

II phase for depositing Pt-QD
II films has been

found to be around 10 min.

6.2.3 Experimental setup of the Electrodeposition process

The three-electrode setup was used for the fabrication of Pt-QD
II films. The typical

three-electrode setup includes a reference electrode (RE), a counter electrode
(CE), and a working electrode, as described in Chapter 3.4, Section 3.4. In this
research, an Ag/AgCl reference electrode, a Pt mesh counter electrode with an
area of ≈ 1 cm2 [Figure 6.4] and gold (Au) DVD working electrodes [Figure 6.3]
were used. All electrodes were placed in a 20 mL glass cell, which contained
hexachloroplatinic acid (HCPA) solution 8 wt. % in H2O (Sigma-Aldrich).

The electrochemical cell was controlled by a potentiostat (EmStat ES3+
16J449), which is an electronic device with a USB cable to connect to a computer
and cell cables for the RE, CE, WE, and the ground [Figure 6.5]. The poten-
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Figure 6.4: Electrodes used in the electrochemical cell. (a) Reference electrode (RE)
and (b) counter electrode (CE)

tiostat uses the PSTrace software, which sets experimental parameters such as
voltage and time of deposition, and measures the current flowing between the
WE and CE over time [225]. Two configurations were used to connect the WE
to the potentiostat to fabricate the Pt-nanostructure across the gap, as shown
in Figure 6.5: (a) connect both WEs, (b) connect only one of the WEs. The
motivations for using these configurations has mentioned previously in Section
6.1.

The platinum material was deposited with a potential step, which is a com-
monly implemented electrochemical technique. An applied potential (V) changes
from one value V1, at which the deposition cannot occur, to another value Vdep, at
which the deposition can occur [270]. The corresponding current is measured as
a function of time, which is known as chronoamperometry. All experiments were
performed with an initial voltage of V1 = 0.6 V for t1=15 seconds, where the plat-
inum reduction is thermodynamically unfavourable, and deposition cannot occur.
Then the voltage was stepped to the deposition voltage (Vdep) for a controlled
period, tdep. The Vdep of platinum through the QD

II template was applied to the
gold WEs at the deposition voltage -0.2 V vs Ag/AgCl. This voltage value has
been chosen as it has previously been found to be the most suitable value at which
to fabricate nanostructured platinum from the phytantriol template [200, 4]. All
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Figure 6.5: Electrochemical three-electrode cell setup with potentiostat. Three elec-
trodes were connected to the potentiostat and placed in the electrolyte. Two configu-
rations, (a) and (b), are shown for connecting the WEs to the potentiostat as described
in the text.

electrochemical experiments were performed at room temperature.

6.2.4 Synthesis of Nanostructured Films

The nanostructured films were fabricated using the following three steps: First,
the preparation of the QD

II template as described in Section 6.2.2, Figure 6.3 (3-
4). Second, deposition of metal through the water channels of the QD

II phase, and
third, removing the template. The QD

II template was removed by washing the
WE at least three times in 10–15 mL of ethanol for 1 hour. The WE was further
washed in a 1:1 ethanol/water mixture for 30 minutes, then rinsed with plenty
of DI water. Eventually, only the nanostructured platinum film was left on the
WE substrate. This template removal procedure is according to the protocols
reported by Akbar et al. [4].

In a similar manner to the estimation of the thickness of the phytantriol
template, which used Equation 6.1, the thickness of the nanostructured films,
Pt-QD

II , was estimated. This equation includes the area of electrodes and the
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volume of Pt, which requires the mass and density of Pt. The mass (m) of Pt
can be determined using Faraday’s law:

m = QM

FZ
(6.2)

where Q is the total charge consumed during the deposition in coulombs. The
value of Q was extracted from the integration of the current throughout the time
of deposition. M is the molar mass of Pt in grams per mol (MPt = 195.078
g/mol). F is the Faraday constant (F = 96485.33289 C mol−1), and Z is the ion
valence number of platinum (Z=4). The calculated mass of platinum was divided
by the density of a porous platinum. The density of the Pt-porous structures can
be extracted by multiplying the density of the bulk Pt,ρPt = 21.45 g/cm3 , by
the volume fraction of one water channel of the QD

II phase 0.14 [1], which gets
filled with metal. The density of the porous platinum structure was estimated
to be ρPt−porous = 3.003 g/cm3. Another method to estimate the density of the
porous platinum is by measuring mass and volume, which will we do it in the
future work.

6.2.5 Characterisation of Nanostructured Materials

6.2.5.1 Electrical Characterisation

The measurements of the resistance of Pt-QD
II films were conducted with a mul-

timeter in the presence of the template and after it was removed. Furthermore,
the resistance was measured over time. This measurement was performed by ap-
plying a potential of 2mV with a Keithley 2400 voltage-source unit on the WEs
and monitoring the resistance R across the gap. The voltage was controlled with
a LabVIEW programme, which was written to record the resistance as a function
of time.



6.2. METHODS, EXPERIMENTAL SETUP AND MEASUREMENTS 126

6.2.5.2 Structural Characterisation

The internal structures and the surface morphology were analysed for the Pt-
nanostructured films via small-angle X-ray scattering (SAXS) and scanning elec-
tron microscopy (SEM). The background of these techniques has been already
introduced in Chapter 3, Sections 3.3 and 3.5.1, respectively. The measurements
were performed after the removal of the template, and the films were dried under
ambient conditions for over 24 hours.

The nanostructured materials deposited on the working electrodes were
loaded to the chamber of both instruments. In SAXS, the working electrode
was directly attached to the SAXS sample holder by Kapton tape. In SEM, the
working electrode was placed on the sample holder inside the chamber.
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6.3 Results

In this section, an example of the chronoamperometry behaviour of the Pt- nanos-
tructural material produced from the QD

II template will be introduced in Section
6.3.1. The following section [Section 6.3.2] shows attempts of depositing the Pt-
nanostructure on the gap by using one half electrode and both half electrodes
configurations. Finally, the Pt-nanostructured films were characterised by SAXS
and SEM in Section 6.3.3.

6.3.1 Chronoamperometry of Pt-Nanostructures Fabricated from the

QD
II Template (Pt-QD

II)

After preparing electrodes and templates as described in Section 6.2.4, electrodes
were placed in the electrolyte to start the deposition of platinum nanostruc-
tures. Platinum was deposited within the water channels of the QD

II phase using
the potential step chronoamperometry, as described in Section 6.2.3. Typical
chronoamperometry starts with zero current, and the potential is held at a value
where reduction and oxidation at the WE and the CE, respectively, cannot occur
[271]. Chronoamperometry allows to define diffusion coefficients and electroac-
tive species concentrations [272].

Typical chronoamperometric behaviour for depositing platinum through
the QD

II phase was observed in this research, an example of which is shown in Fig-
ure 6.6(a). This behaviour is consistent with the chronoamperometric behaviour
of platinum nanostructured films produced from the QD

II phase of phytantriol
template [200]. After pre-equilibration for 15s, the voltage was instantaneously
stepped from the zero current voltage to a chosen voltage (-0.2 V) which allows
reduction and oxidation to occur. The large step change of the potential of the
electrode surface leads to the emergence of a steep concentration gradient close
to the surface of the electrode [273, 274]. As a result, a step with a large increase
in the current emerges that corresponds to the rapid reduction of platinum [200],
as shown in Figure 6.6[a-i]. The step is followed by a decaying signal because the
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current is limited by the depletion of the reactant species close to the surface of
the electrode [274, 275]. In the literature, this decay has been attributed to a
diffusion-limited current, which obeys the Cottrell equation [271]. The Cottrell
equation describes a current–time transient relationship produced by a potential
step to a planar electrode as follows [271]:

|i| = nFA[C]bulk
√
D

√
π
√
t

(6.3)

where i is the diffusion-limited current, which corresponds to the current transient
that flows in a circuit before arriving at a steady-state [276] [Figure 6.6(a-ii)], n is
the number of electrons engaged in the redox reaction, F is the Faraday constant,
A is the area of the electrode (m2), C is the concentration in bulk solution (mM),
t is time (s), and D is the diffusion coefficient (m2.s−1) [225].

The Cottrell equation was used to confirm that the decay, transient cur-
rent, in the chronoamperometry is the diffusion-limited current. The transient
current can be separated from the steady-state current. Thus, there is an offset
of the current transient (ioffset) and time (toffset). The ioffset is 0.5 mA, which
corresponds to the steady-state current [Figure 6.6- (a-ii) red dashed line in the
inset image], and the toffset is 15 s, which corresponds to the duration before
which the potential is stepped to the deposition potential. Subtracting these
offsets from the data gives a good linear relationship in the Cottrell plot for the
data from 15.22 to 16.16 sec, as shown in Figure 6.6(b). The slope of the straight
line is = 1.52× 106A−2 s−1, which represents π

n2F 2A2C2D
, where n= 4, F= 96500

C/mol, A= 3 ×10−2 m2, and C= 0.0001952 mol/cm3. The diffusion coefficient
D for the hexachloroplatinate ions through the cubic phase was calculated and
its value was D = 3.37 × 10−10 m2 s−1. This value is in the same order of mag-
nitude for the diffusion coefficient of hexachloroplatinate ions through the QD

II

phase of phytantriol (D = 2.11 ± 0.01 × 10−10 m2 s−1) that was calculated by
Clarke-Unpublished work [277]. The value of D in our research a bit faster than
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Figure 6.6: (a) Chronoamperometry of platinum electrodeposition in the QDII phase of
phytantriol with deposition potential being stepped from V= +0.6 v for t = 15 sec
(a-i) to V= -0.2 v vs. Ag/AgCl at room temperature. The negative sign of the current
may correspond to attraction positive species to the working electrode connected to
ground. (b) Cottrell plot of the current transient, before steady-state current (a-ii)

Clark’s work, which may be because either the area of electrodes was smaller or
the thickness of the phytantriol was thinner than that used by Clarke.

6.3.2 Configurations used for the Fabrication of Pt-QD
II Across a Gap

Two configurations of connecting the working electrodes to the potentiostat were
used [Figure 6.5] to determine the optimum conditions for growing the Pt nanos-
tructure across the gap. The results from both configurations will be presented
below.

6.3.2.1 Deposition by One Half Electrode Configuration

In the one half electrode configuration, one of the working electrodes, (WE1),
was connected to the potentiostat. Table 6.1 shows the chronoamperometry for
two samples along with photomicrographs, the resistance across the gap, and in
the last column, further information about the samples.

The chronoamperometry of sample A exhibits the typical deposition be-
haviour of the Pt through the QD

II template [Table 6.1]. When the sample was
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examined after the deposition process, only the surface of WE1 was black, as
shown in Table 6.1 [sample A-photos column]. The black colour corresponds to
the Pt-nanostructure [200]. The occurrence of deposition on only WE1 indicates
that the Pt-nanostructure has not bridged the gap. Furthermore, the resistance
of the gap was measured at over 1MΩ indicating no electrical connection between
the electrodes.

Although the preparation and the experimental setup were the same as for
sample A, sample B shows a different chronoamperometry [Table 6.1 sample B].
At the start of deposition, the current shows the expected initial jump, followed
by the decay expected of typical chronoamperometry. At this time when the sam-
ple was examined, only the surface of WE1 was black. As the deposition process
continued, the current increased until it showed a new step at t = 130 sec instead

Table 6.1: The two samples presented were connected to the potentiostat with one
of the working electrodes (one half electrode configuration). The chronoamperometry
column shows current transients vs time for Pt-electrodeposition in the presence of the
QDII phase template. The photographs were taken after deposition; the green shape
represents the connection to the working electrode. The next column gives the resis-
tance of the gap measured with a digital multimeter. The deposition was carried out
with gold electrodes with different areas and different gap sizes, as shown in the notes
column.
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of reaching the steady state, as expected in the typical chronoamperometry [Fig-
ure 6.6(a)-after 150 sec]. At this moment, the black colour covered both of the
electrodes. This black colour indicates that the deposition reached WE2. The
second step at 390 sec (Figure 6.11-(E)) corresponds to the moment of the depo-
sition was paused and restarted. When the first step at t = 130 sec appeared, the
experiment was kept running for 260 sec, then paused in order to check the con-
nection between electrodes by measuring the resistance. As the connection was
made, the deposition was restarted in order to grow more Pt-nanowires across
the gap. The motivation behind continuing the electrodeposition process is to
ensure there is enough material for analysis after the template is removed. As
the nanostructure is fragile, there is a possibility it will be lost while removing
the template. Thus, depositing more nanowires increases the chance of keeping
some of the nanowires on the gap.

The resistance, R, for the platinum nanostructure bridging the gap was
measured as 180 Ω before removing the template. This value may include the
resistance of the nanostructure, the template and residual electrolyte in the tem-
plate. To eliminate possibilities, the template was removed, as described in Sec-
tion 6.2.4, which means that only the Pt-QD

II film on the surface of electrodes
including the gap was measured. At least 12 hours after the template was re-
moved, the resistance of the Pt-QD

II film was measured, and the resistance did
not change, R = 180 Ω. This measurement was repeated after approximately a
month, and R was unchanged.

For further measurements, the resistance of Pt-QD
II was measured as a

function of time at room temperature. For this measurement, gold wires were
connected to the WEs using silver paint, which must be dried in an oven at
≈ 200◦C. After connecting the gold wires, the resistance was measured with a
multimeter, and it had increased to about 220 Ω. In addition, the resistance
was estimated by applying a voltage (2 mv) and measuring the corresponding
current. Figure 6.7(a) shows the resistance increase with time for an initial 130
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sec at room temperature. The measurement was stopped for 40 sec, and then the
experiment was restarted for another 130 sec, shown in Figure 6.7(b). At t = 190
sec, the resistance decreased, then was roughly stable, followed by an increase.
The decrease of R may be due to a reconnection within the setup, followed by an
increase in R when it disconnected. The increase of R in [Figure 6.7](b) follows
a similar trajectory as the data in (a) suggesting that if the measurements of
the resistance values in (a) had been recorded continuously, the resistance would
continue to increase until R≈ 1 M Ω [Figure 6.7 (b)]. At this stage, there is no
current passed through the nanostructure.

One half electrode configuration successfully deposited Pt-nanostructured
on the gap with one sample, sample B, among 12 samples. Another method,
both half electrodes configuration, was used to attempt making the connection
between working electrodes. This method will be introduced in the following
section.

Figure 6.7: Resistance as a function of time for the platinum nanostructure bridging
the gap. The applied voltage was 2 mV. (a) Measurements were immediately recorded
after the gold wires were connected. (b) 15 min after the first measurement.
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6.3.2.2 Deposition by Both Half Electrodes Configuration

In the both half electrodes configuration, both of the working electrodes are
connected to the potentiostat, where the growth of platinum occurs at both
working electrodes simultaneously. Thus, the possibility of bridging the gap could
be increased. However, the connection cannot be directly observed by looking at
the sample as in the one half electrode configuration. In the both half electrodes
configuration, the connection can only be confirmed by measuring the resistance
of the gap with the multimeter.

Both half electrodes configuration was used to deposit five samples; two
of them are shown in Table 6.8 (samples D and E). When the voltage had been
stepped to the deposition voltage, the platinum was deposited on the surface of
both working electrodes, as shown in Table 6.8 [samples D and E-photo column].

Figure 6.8: All samples presented were connected to the potentiostat with both of
the working electrodes (both half electrodes configuration). The chronoamperometry
column shows current transients vs time for platinum electrodeposition in the presence
of the QDII phase template. Photographs were taken after deposition as shown in the
photos column, the green shape represents the connection to the working electrode.
This was followed by measuring the resistance across the gap using a digital multimeter.
The deposition was carried out on gold electrodes with different areas and different gap
sizes, as shown in the note column.
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The chronoamperometry of sample D has already been presented in Figure 6.6.
After deposition, the samples were removed from the electrolyte, and the resis-
tance across the gap was measured. It was greater than the maximum value that
can be measured with the multimeter ( R > 1MΩ) confirming the absence of the
Pt-QD

II across the gap.
When this procedure was repeated, the behaviour of the chronoamperom-

etry changed [Table 6.8 sample E]. After the first decay, the current continued
to increase until the end of the deposition. This behaviour was reproduced when
the electrodeposition was repeated for this sample [blue plot], as well as for other
samples not shown here. The reason for not achieving the steady-state might be
because when Pt grows on the surface of a WE and gets bigger, the whole area of
the electrode gets bigger, resulting in an increased current. Another possibility
is the nanostructure outgrowing the template. This sample also does not bridge
the gap, with the resistance found to be higher than ≈ 1MΩ.

6.3.3 Structural and Morphological Characterisations of a Fabricated

Nanostructured Platinum

After removing the phytantriol template from the Pt-QD
II films, structural and

morphological characterisation were carried out by SAXS and SEM, respectively.
The results from both techniques will be presented in the following sections.

6.3.3.1 Small Angle X-rays Scattering (SAXS)

The SAXS technique was used to confirm the formation of nanostructures be-
tween working electrodes obtained from sample B [Table 6.1]. Figure 6.9(a)
shows an image of the sample, where the positions of the X-ray spot is repre-
sented by the rectangle gradient fill region. The SAXS data for this region was
taken at different positions along the gap from 1–1.8 mm [Figure 6.9(a)]. The
SAXS patterns of these positions show two prominent Bragg peaks, which appear
in all scattering patterns, as shown in Figure 6.9(b). These peaks correspond to
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the Pt-nanostructure, while no peak appears in the blue plot, which was taken
from the gold substrate. The first peak is at q ≈ 0.85 nm−1, and the second peak
is at q ≈ 1.6 nm−1, where their relative positions, 1/d = q/2π, are in the ratio
√

3:
√

8 and can be indexed as (111) and (220). These peaks are consistent with
a single diamond structure with symmetry Fd3m. This structure is consistent
with the results of Akbar et al. [4] [Section 6.1.1].

It is difficult to confirm that the X-ray beam sampled only the Pt-QD
II

across the gap. There are two possible interpretations of the SAXS patterns of
the Pt-QD

II film. First, as the gap was manually etched, it is hard to make the gap
to be a straight line. Hence, when moving the X-ray spot along the gap from 1
to 1.8 mm [Figure 6.9(a)], there is a possibility that in some positions the SAXS
spot mostly covers one of the working electrodes. Thus, one possibility is that the
scattering patterns are from one of the working electrodes. Another possibility
is that the diffraction spectrum could be from one of the working electrode and
the gap. Since the width of the gap is ≈ 120 µm and the X-ray spot is ≈ 500 µm
wide, the X-ray spot might span the working electrode and the gap.

6.3.3.2 Scanning Electron Microscopy (SEM)

SEM images reveal the surface morphology of the deposited platinum from two
samples, as shown in Figure 6.10(a-b). In sample (a), the gold substrate shows
dark and bright rectangular regions which indicate to different heights of the
gold film. Next to the gold, bright grey strips correspond to the Pt-QD

II film.
The appearance of strips because the film was affected by the geometry of the Au
substrate, which has a periodicity that is the same periodicity of the Au substrate.
The middle of a platinum stripe aligns with where light and dark transition, which
corresponds to the edge between high and low regions. Thus, the edge maybe
behaves as the dominant nucleation sites, and the growth of platinum starts from
these sites. This strip-driven growth also appears in a thicker sample at low
and high magnifications [Figure 6.10(b-c)]. In the high magnification image, the
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Figure 6.9: (a) Image of the QDII -Pt film attached to the SAXS holder (grey rectangle).
(c) Schematic of sample shown in (a) with double arrows corresponds to positions of
X-ray spots. (b) 1-D SAXS patterns for different positions of the film along the gap
1mm to 1.8 mm, and the gold substrate. Data from sample B from Table 6.1.

stripe of the Pt-QD
II film, that is in between the red arrows, shows cauliflower

structures [Figure 6.10[c]]. This structure has previously been observed for a
platinum nanostructure produced from the template of QD

II phase of phytantriol
[200].

6.4 Discussion

In this section, results from the two methods which were used to try to fabricate
the Pt-QD

II nanostructures between working electrodes will be discussed. The
method which connects one of the working electrodes to the potentiostat (one
half electrode) and successfully produced the platinum nanostructure across the
gap will be discussed first. This discussion includes possible reasons the connec-
tion between electrodes was successfully made in one sample and an explanation
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Figure 6.10: SEM images were taken for two samples: (a) a Pt-QDII film with thickness
0.13 µm and (b) A Pt-QDII film with thickness 1 µm at low and high (c) magnification,
10000x and 50000x, respectively. Red arrows represent locations of gaps observed in
the film.

of the resistance behaviour of the Pt-QD
II . After that, the possible reasons for

the failure to form the Pt-nanostructure across the gap using the both half elec-
trodes configuration will be discussed. This section ends with issues related to
depositing materials on the working electrodes and how to overcome them will
be presented in subsection 6.4.1.

Among twelve samples, only one sample showed a connection between
working electrodes using the one half electrode configuration [Table 6.1-Sample
B]. Confirmation of the depositing Pt-nanostructure across the gap in this sample
was attempted in three ways: measuring the resistance of the gap, observing the
behaviour of the chronoamperometry and using the SAXS technique. When the
resistance of the gap was measured by the multimeter, it was found to be 180 Ω,
while the resistances of the rest of the samples were found to be ≈ 1M Ω. The
low resistance of sample B confirms the connection between electrodes. Moreover,
when the chronoamperometry of sample B was compared with that of the rest
of the samples [Table 6.1 and 6.8], a step appeared only in the chronoamperom-
etry of sample B which can be attributed to the moment the Pt-nanostructure
bridged the gap. The appearance of the step at the moment of connection was
also observed when depositing Cu with and without the template, as discussed
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Figure 6.11: (Left) The chronoamperometry of sample B was divided into two parts,
and each part was divided into regions (A to E). (Right) A schematic diagram of a
possible scenario of the non-uniform growth mechanism in these regions.

in Appendix D. The third way (SAXS) could not confirm that the diffraction
pattern collected is from only the the Pt-nanostructure across gap, as explained
in Section 6.3.3.1.

The reason for the success of only one sample (sample B) among twelve
samples might be due to the random growth mechanism. When random growth
occurs, the deposition can initiate at any site at the surface of the WE and then
grow like streaks. In the case of sample B, the deposition may have started at the
edge of WE1. A possible scenario for this deposition is illustrated by a schematic
of the Pt growth according to the chronoamperometry, as shown in Figure 6.11.
For clarification, the chronoamperometry was divided into two parts: part (1)
includes the beginning of the current until 100 sec before the first jump in the
current and part (2) focuses on the jump region, from 130 to 1170 sec.

In the first part of the chronoamperometry of the successful sample [Figure
6.11- part (1)], there are three distinct regions (A, B and C). Before the deposi-
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tion process started, WE1 was held at V= +0.6 v at which deposition could not
occur [Figure 6.11(A)]. After the voltage step was applied, the current showed a
large jump followed by decay corresponding to the start of the deposition process
[Figure 6.11(B)]. This process includes the reduction of the platinum on the sur-
face of the working electrode, which could happen on some random sites on the
surface of the WE1. As the deposition time progressed, more sites of the WE1

are expected to be filled with Pt [Figure 6.11(C- schematic)].
At 130 sec, a step in current suddenly appeared, followed by a continued

increase in current [Figure 6.11 part (2)(D)]. During this step, platinum was ob-
served on the WE2 surface. The step can be attributed to the bridging of the
gap by the Pt-nanostructure because the WE2 was no connected to the poten-
tiostat , and no deposition could occur until the connection was made. At the
moment of connection, the area exposed to the electrolyte increases, leading to
an increasing number of available sites for growth [Figure 6.11(E- schematic)].
As the deposition occurred on the WE2, an increase in the corresponding current
was observed [Figure 6.11(E- chronoamperometry)].

The growth of platinum from the WE1 to the WE2 is extreme. This growth
bridges over the 120 µm gap in only 130 sec. The extremely rapid growth is un-
likely to occur as uniform growth because, in uniform growth, the growth would
be in every direction at the same rate. Hence, in order to form the bridge, the
deposition has to continue until the thickness of the deposited platinum is the
same as the gap width, as depicted in Figure 6.12(2-5). This implies that the
thickness of the template has to be larger than the gap width to avoid growth out
of the template [Figure 6.12[1]]. Growth out of the template is not desirable in
this research because it produces bulk platinum which can lead to a connection
of bulk platinum rather than nano platinum. Another reason for avoiding the
growth out of the template is to prevent the occurrence of a short circuit. The
ionic conductivity inside the template is minimal compared to the bulk solution.
Hence, in case of existing bulk Pt on the surface of the template, the deposition
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Figure 6.12: A possible scenario for making a connection between the WEs based on
a uniform growth mechanism. Red and green arrows represent the thicknesses of the
template and the size of the gap, respectively.

will be on the bulk Pt rather than inside the template resulting in a short cir-
cuit preventing additional growth inside the template. Thus, with sample B, if
we suppose the growth is uniform, the thickness of the Pt-QD

II film has to be ≈
120 µm in order to reach the WE2, which will overflow out from the used tem-
plate, which has a thickness ≈ 12 ±4 µm. This connection out of the template
is unlikely to be what has occurred in the presented sample [Table 6.1-sample
B] because the thickness of the deposited Pt was estimated to be ≈ 0.83 µm.
Therefore, the growth of the Pt-QD

II film can be considered to be non-uniform
growth.

The random growth observed in sample B could be reflected in the chronoam-
perometry. The chronoamperometry of sample B [Figure 6.11(C-D)] shows an
increase from the region (C) to (D). The increase in the current can be inter-
preted as fractal growth. Davidson et al. have observed heavily branched de-
posits of magnesium at micron-scale when the current density has been increased
[5]. This growth has been suggested as the diffusion-limited aggregation (DLA),
fractal growth [Chapter 3, Section 3.4.2.2]. However, it is difficult to confidently
identify the appropriate model to describe the growth mechanism of sample B
due to the lack of studies that link chronoamperometry to growth models within
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scaffolding. Further evidence of random growth is seen in the SEM images [Fig-
ure 6.10]. The images of the platinum nanostructure show cauliflower structures,
which can be attributed to the random aggregation of particles which grow to
form clusters [278]. With the rounded geometrical structure of the cluster, the
connection across the gap is not expected. There is a possibility of existence a
highly directional growth, such as streaks or branches, for the platinum nanos-
tructure, that does not show in SEM images. As the SEM images were taken
after washing the template and the measurement of resistance as a function of
time [Figure 6.7], streaks may be broken. These findings suggest that the exis-
tence of Pt-nanostructures bridging the gap may be due to the random growth
mechanism with highly directional growth.

After the removal of the template, the resistance, R, of the Pt-QD
II in be-

tween the WEs was measured with the multimeter after drying the sample under
ambient conditions and found to be 180 Ω. The resistance of a single wire of
platinum RPt−wire can be speculated from;

RPt−wire = ρ
L

A
(6.4)

where ρ is the resistivity of Pt which is 10.6 ×10−8 Ω.m; and L is the length
of wire, and A is the area, which is πr2. The length and the diameter of the
Pt-nanowire can estimated from a transmission electron microscopy (TEM) im-
age of a Pt-nanostructured film that has been produced from the QD

II phase of
phytantriol by Akbar et al. [4] [Figure 6.13(a)]. We used this TEM image be-
cause our SEM image shows the same morphology, cauliflower structure, of the
Pt-nanostructured film, as shown in Figure 6.13(c). The length and the diameter
of the Pt-nanowire was measured by the ImageJ, which found to be about 3.24
nm and 3.32 nm, respectively [Figure 6.13(a)(i)]. When solving the Equation
6.4 using these values, the resistance of the Pt-nanowire was estimated R ≈ 42
Ω, which is less than the measured resistance (R= 180 Ω). It might be that
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Figure 6.13: (a) Transmission electron microscopy (TEM) image of Pt-QDII film from
the phytantriol template that has been taken by Akbar et al. [4]. Red and green arrows
represent the length and diameter of a nanowire, respectively. (a-i) Schematic of a Pt
nanowire. (a-ii) The orange and blue double arrows represent the in series and parallel
connection of wires. (b) Schematic of the possible scenario of bridging the gap with
four nanowires in series, that were represented by the superimposed simulation. (c)
SEM image image of Pt-QDII film from the phytantriol template that has been taken
by Akbar [200]. The superimposed simulation are adapted from [4].

there are four Pt-nanowires connected in series [Figure 6.13(a)(ii)] or equivalent
arrangements which yield in the same value. These wires are maybe the critical
path between two electrodes. Figure 6.13(b) shows the possible scenario of the
inhomogeneous growth with streaks in the sample. Supposing the resistance of
the WE1 and streaks are low, and there is a small part between streaks and the
WE2 before the touching moment, the resistance of this part is expected to be
a dominate resistance (R=180 Ω), which might be four Pt-nanowires in series
connect two electrodes.

The value of the resistance increased after heating the sample to ≈ 200◦C
in the oven, as described Section 6.3.2.1. After removing the sample from the
oven, the resistance was recorded as a function of time, as shown in Figure 6.7.
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There are two possible explanations of this increase R with time, or it might
be due to a combination of both explanations. First, the increasing resistance
may be due to evaporation of water from the film during heating in the oven.
This water is probably present because the sample was left under ambient con-
ditions or because water remained in the pores of the Pt-QD

II film. Thus, when
the measurements were made, the electrical current flows through the material
and water, which results in parallel conduction. At this stage, the resistance is
low. As the electrical current generates heat energy, the water will evaporate, so
the parallel conduction through the water is eventually suppressed. This results
in an increase in the resistance with time until the sample is destroyed, which is
a possible consequence of passing a lot of current into nanowires. A second pos-
sibility is that the phytantriol template was not completely removed. Hence, the
heat of the oven causes a phase transition, which might break the nanostructure.

Another attempt at producing Pt-nanostructures across the gap was made
by connecting both working electrodes to the potential source ( both half elec-
trodes configuration) [Section 6.3.2.2]. Although depositing material at both
electrodes simultaneously was successful in the case of bulk Cu [Appendix D Fig-
ure D.2], eight experiments were conducted in the presence of the template, and
no copper or platinum nanostructures were produced across the gap [Figure D.3
and Table 6.8, respectively]. As discussed above with the one half electrode con-
figuration, the success with one sample may have been due to random growth.
Similarly, for the both half electrodes configuration, the random growth may
have occurred in the direction away from the gap. This issue could be solved
by decreasing the size of the gap to the nanoscale. As the size decreases, the
probability of forming streaks of nanostructures extending towards the gap could
be increased. These electrodes can be fabricated by the lithography technique
that are presented in Appendix E. The following section describes issues related
to Au-DVDs electrodes.
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6.4.1 Issue with DVD-based Au electrodes

Although electrodes made from Au DVDs have the advantages of quickness of
preparation, suitability for SAXS measurements and a reasonable cost, the gold
layer can peel off its substrate after removing the phytantriol template. Figure
6.14[b] shows an example of this issue, which was found in some samples. This
can hinder the formation of a nanostructure at the gap: as the Pt-QD

II is fragile,
the peeling substrate can destroy the nanostructure.

To overcome this issue with working electrodes, electrodes can be fabricated
using the lift-off lithography technique. In this technique, an adhesive layer can
be used to change the sticking property of the gold sheet. Another advantage
is that lift-off lithography facilitates drawing a pattern for electrodes. Thus, the
geometry and size of the gap can be controlled.

In this project, the lift-off lithography technique was used to fabricate gold
electrodes with a gap of a few microns width, ≈ 20µm. Two of the fabricated
electrodes are shown in Figure 6.15. However, these electrodes were not success-
fully worked, that will be discussed in Appendix E, as well as the experimental
fabrication of these electrodes. As the fabrication of these electrodes consumes a
lot of time, we could not complete the fabrication of electrodes. This fabrication
will be made in future work and attempt to make a nano-scale gap.
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Figure 6.14: Defective behaviour in gold DVDs. A sample for Pt-QDII nanostructure
fabrication with (a) and without (b) the template. At the gap, the gold has peeled
away after the template was removed and the remaining sample was dried at ambient
conditions.

Figure 6.15: Micro-gap electrodes composed of a pair of gold electrodes separated by
a gap of ≈ 20µm
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6.5 Conclusions

A procedure for fabricating electronic nanodevices without needing for lithogra-
phy technique was set up and tested. This approach aims to producing nanos-
tructures across a gap between two working electrodes via the electrodeposition
process. Two different configurations of connecting the working electrodes to the
potentiostat have been investigated, in order to find the most appropriate and
effective method for producing platinum nanostructures across the gap.

The Pt-nanostructure was successfully produced in only one sample among
12 samples studied by the one half electrode configuration. Success in this sample
can be understood as due to a random streaks growth mechanism. The existence
of the Pt-nanostructure was confirmed by measuring the resistance across the
gap.

The Pt-nanostructure across the gap shows a stable value of resistance, 180
Ω, before and after the template was removed. However, the resistance increased
with time after the sample was heated in an oven. The increase of the resistance
might be because the template was not completely removed. Thus, the residual
phytantriol template was dehydrated by the heat of the oven, which led to a phase
transition and resulted in the Pt-nanostructure being broken. Another possible
explanation is that the water that exists in the template evaporated, leading to
a decrease in the current passing through the gap.

The internal nanostructures and the surface morphology of Pt-QD
II films

were determined by SAXS and SEM. The SAXS pattern showed a single diamond
symmetry as expected from literature [4]. The measurements were recorded at
different positions along the gap to confirm the existence of the Pt-nanostructure.
However, it is difficult to confirm that the obtained pattern comes from only the
gap. The morphology of the Pt-QD

II film in SEM images showed the cauliflower
pattern, which is also consistent with literature [200]. The cauliflower pattern
can be attributed to random growth.

To make this procedure reproducible, more experiments should be con-
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ducted to define the factors which help or hinder the production of nanostructures
across the gap. Fabrication electrodes with a smaller gap than the electrodes used
with a gap ≈ 120µm could be increased the probability of producing platinum
nanostructures across the gap. This fabrication will be a part of future work.



Chapter 7

Summary and Future Work

Finally, in this chapter, a brief summary and main conclusions will be given in
Section 7.1, followed by a discussion of possible future work in Section 7.2.

7.1 Summary

Phytantriol mesophases were formed in a non-equilibrium system, which were
identified by the CPLM technique and confirmed by the SAXS technique in
Chapter 4. When phytantriol is placed into contact with water, a hydration
gradient is established and mesophases formed. The dynamic hydration process
through phytantriol mesophases at different temperatures from 18 to 55 ◦C was
described using the 1D diffusion model. The diffusion coefficient D increased from
0.20×10−10 m2 s−1 at room temperature to D = 0.50×10−10 m2 s−1 at 30±2◦C.
However, at 35± 2◦C and over the diffusivity decreased to D = 0.40× 10−10 m2

s−1 at 35± 2◦C and continued to decrease to less than 0.20 ×10−10 m2 s−1 at 40
– 55± 2◦C. These changes in diffusivity are unknown, but it might be due to the
shrinking of the water channel of the HII phase with increased temperature.

The swelling of water channels in the QG
II and QD

II phases were tracked at
room temperature as a function of position and time by extracting the lattice

148
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parameters. As the time of hydration increases, the lattice parameter of the QG
II

phase increases, but it is stable for the QD
II phase. In addition, the locations of

the QG
II phase closer to the bulk water showed increases in the lattice parameter

compared to the distant locations. In contrast, the lattice parameter of the QD
II

phase was the same value, which is, independent of location and time. The sta-
bility of the lattice parameter for the QD

II phase is due to the establishment of
the equilibrium within the QD

II phase [1].
Lyotropic mesophases of phytantriol were aligned and confirmed by CPLM

and SAXS techniques [Chapter 5]. The alignment of the optically active phase
(Lα phase) was achieved by confining the phytantriol droplet between glass slides
and hydrating the droplet at temperatures 25-30 and 35◦C. Two microscopes
were used to confirm the alignment, where one of the microscopes was placed on
top of the sample (Microscope 1) and the other at an angle 45◦ from the first
microscope (Microscope 2). Bright CPLM images of the Lα phase were viewed
from the Microscope 2, while dark CPLM images were viewed from the vertical
microscope indicating the alignment of the Lα sheets with glass slides. When
examining the droplet at room temperature (18 ± 2◦C), bright CPLM images
were viewed from both microscopes. Thus, temperature plays a role in producing
a single crystal of the Lα phase. However, the alignment of the Lα phase was
achieved at room temperature when phytantriol was hydrated for more than two
days in a tube. The alignment was confirmed via the SAXS technique. Moreover,
QG
II and QD

II phases were also oriented after a month and three months of hydra-
tion, respectively. The role of time was essential in producing oriented phases at
room temperature, which might be because domains grow with time, resulting
in a large domain. Producing oriented phases and exploiting them as templates
might lead to fabricating oriented nanostructured materials. Optical, mechanical
and electrical properties of these materials are expected to improve [169], which
are desired for enhancing the performance of a device [257, 258].

The stable phase in excess water, QD
II , was exploited as a template to
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fabricate nanomaterials for an electronic nanodevice in Chapter 6. The nanoma-
terial was produced by applying the template on the surface of working electrodes
separated by a gap. Two configurations of depositing Pt-nanostructure on the
gap were attempted. Among a series of experiments, one sample showed that
the platinum nanostructure grew from one of the working electrodes to another
electrode (one half electrode configuration) passing over a gap of 120 µm in only
130 sec. The growth mechanism in this sample can be understood as a random
growth with branches or streaks structures, and the approach is only successful
with one sample. The resistance of the nanostructure was measured by a multi-
meter to confirm the existence of the Pt-nanostructure across the gap and found
to be 180 Ω, while the resistance of the rest of samples were found to be greater
than 1M Ω confirming the lack Pt-nanostructure across the gap. We speculated
the resistance of a single wire, which it could be ≈ 42 Ω, suggesting that the
gap between electrodes might be bridged by four nanowires connected in series
or equivalent arrangements of wires yielding the same value.

7.2 Future Work

The fabrication of an electronic nanodevice using the approach taken in this
thesis is fast, inexpensive and can be applied to a variety of materials, such as
metals and semiconductors. In this work, the Pt-nanostructure was successfully
produced on the gap between two electrodes, so further measurements, such as a
temperature-dependent measurement can be conducted. It is interesting because
the nanostructure can change the physics of electronic transport and this might
be manifest in the different temperature dependence. Potential applications de-
pend on the results, if the Pt-nanostructure shows a response to temperatures, it
can be used as a temperature sensor.

The existing literature has been limited to the synthesis of nanomaterials
and descriptions of the morphology of nanomaterials from, for example, SEM and
TEM images. To the best of our knowledge, there is an absence of theoretical
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understanding of growth mechanism and how to relate the growth within the scaf-
folding structure. Hence, to be able to deposit material across the gap, further
experiments can be conducted to understand the mechanism of material growth
inside a template. An investigation that could be helpful to bridge the gap with
nanostructures successfully is fabrication of electrodes having a gap width of a
few microns or smaller by the lithography process. Another experiment could be
carried out is the study of the influence of the solution purity on the material
growth inside a template. The growth mechanism might be variable when using
a new solution for each experiment compared to using the same solution for many
experiments.

Further experiments could be carried out to fabricate an oriented nanos-
tructured material. Since the QD

II phase of phytantriol became aligned at room
temperature with time, a mixture of phytantriol and water can be stored to use
as a template. Hence, the material deposited in the oriented template is expected
to have an oriented structure. This oriented film can be compared with an un-
oriented film to study the influence of the material structure on the electronic
properties for electronic devices.

It would be interesting to study the hydration process at high temperatures
by the SAXS technique. In Chapter 4, Section 4.3.4, the phytantriol droplet was
hydrated at room temperature for two hours then the temperature was raised
to 50◦C. The diffusion of water through the droplet seems to be very limited
according to the CPLM images of the HII phase, where the HII phase did not
grow during 5 hours. This behaviour might be due to either the shrinking of the
water channels of the HII phase or sensitivity of lipids to temperatures. Exper-
iments with the SAXS technique can confirm this possibility. The experiment
can be conducted by preparing the sample in the tube in the same manner of
samples used in Chapter 4 and placed it into the SAXS chamber, which allows
controlling the temperature to the desired temperature. The measurements will
also be recorded from water to the interface between phytantriol and air that in
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the same manner of samples measured at room temperature [Figure 4.4]. The
1D-SAXS pattern can confirm if the low D due to shrinking of the water channels
of the HII phase by extracting the lattice parameters.



Appendix A

Samples used in Thesis

Chapters 4 and 5 are based on samples prepared by the water penetration method.
2D-disc and 1D-tube samples were summarised in Table A.1.
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Table A.1: Table contains all samples that are presented and labelled them consistently
throughout the thesis. All 2D-disc samples were examined under the CPLM technique.
The 2D Samples were prepared by placing a droplet between glass slides with a fixed
spacer (180 ±2µm) followed by injecting with DI water and soaking in the DI water
container at controlled temperature. All 1D samples were prepared in glass capillaries
by filling one side with DI water and another side with phytantriol.



Appendix B

Phytantriol Mesophase

Transitions in the 1D-Tube

Geometry

A series of data was recorded for a 1D-tube sample from 240 to 7200 min by the
SAXS technique. The data at 240, 1560 and 7200 were presented on Chapter 4,
Figure 4.4. In this section, the data at 3000 and 4500 min are presented in Figure
B.1. The measurement at 3000 min, some data for the QD

II phase and water were
missed.

B.1 Diffusion in 1D-tube Geometry

Further measurements of the hydration process were made with the 1D tube
sample at room temperature using the CPLM techniques. Figure B.2 shows
the mesophase transitions in the tube as a function of time using CPLM. The
interface boundary between phytantriol and water is a skewed line, as shown in
Figure B.2(c-green line). To calculate the movement of boundaries uniformly,
the interface boundary between water and phytantriol was drawn perpendicular

155



B.1. DIFFUSION IN 1D-TUBE GEOMETRY 156

Figure B.1: X-ray diffraction patterns of phytantriol mesophase transitions at 3000 and
4500 min. (left) 1-D SAXS waterfall plots. (right) same data plotted as colour plots.
Data from sample (7)
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Figure B.2: (a) A series of CPLM images for phytantriol mesophase transitions as a
function of time in a capillary. (b) The movement of the boundaries as a function
of time and the diffusion constant was extracted from Equation 4.3. (c) CPLM image
with labels for actual and adjusted interface boundaries. The actual interface boundary
between water and phytantriol was labelled with the green line and the offset for this
boundary with the white line. The black line was used as a reference for measuring the
distance from the water/phytantriol interface to the interface boundaries. Data from
sample (6)

to the capillary substrate (white dashed line). The difference between the real
interface of the meniscus and the drawn interface at the measured black line was
about 0.4 mm. When plotting the mesophase transitions as a function of time,
the interface boundary between LII and Lα was relatively flat [Figure B.2 (b)-
red plot]. The boundary between Lα and QG

II showed linear in the log-log scale
only after ≈ 780 min had passed from the preparation of the sample. When the
diffusion model [Equation 4.3] was applied to these data, the diffusion constant
D = 0.20× 10−10 m2 s−1 was the best fit to the data.



Appendix C

Labview programme

A Laboratory Virtual Instrument Engineering Workbench (LabVIEW) is a graph-
ical programming language, which has features that allow communication and
controlling with laboratory instruments, create experimental systems and mea-
surements. In this project, the LabVIEW was used for controlling the tempera-
ture of a water container, and for electrical characterisation of samples.

For controlling the temperature, the programme was written based on a
Proportional-Integral-Derivative (PID) controller theory. The PID controller is a
control loop taking an error into consideration [279]. It calculates the difference
between a measured process variable (PV), such as temperature, and the desired
setpoint (SP) as an error value [280]. The error will be automatically tuned by (P,
I and D) terms [Figure C.1]. Thus, there is always a steady-state error between
the process variable, PV, and the setpoint value,SP, [281].

Experimentally, two devices were used to communicate with LabVIEW.
A TENMA 72-2540 power supply device was used to control the voltage of the
pelter elements. Another device is a KEITHLEY 2400 device that was used to
measure the temperature of the sample by the Pt100 waterproof thermometer.
The used LabVIEW programme will be described below.

• A communication was set between devices and LabVIEW programme with
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Figure C.1: A schematic diagram of a PID controller [280]

open and close Visa, respectively.

• The Pt100 waterproof thermometer was calibrated by writing a quadratic
equation between temperature and resistance in a formula node.

• For controlling the temperature, a PID controller was added to the pro-
gramme, which can set the desired temperature. The voltage was controlled
by adding a control icon, and the corresponding current was measured by
an indicator icon.

• The data was saved to a text file for analysis.

Regarding electrical characterisation, the programme was written to con-
trol the voltage and measure the corresponding current. In this experiment the
KEITHLEY 2400 was used as a voltage source unit. Both voltage and current
were recorded as a function of time.



Appendix D

Approaches to Depositing a

Material on the Gap

In this Appendix, initial experiments to test the approach to fabricating an elec-
tronic nanodevice by using two electrodes separated with a gap were carried out
using copper (Cu). These experiments were conducted before conducting exper-
iments presented in Chapter 6. In the first step, the Cu was deposited without a
template, then with a template. The difference between the Cu and the Pt ex-
periments is the experimental setup, where the three-electrode setup was used to
fabricate Pt-QD

II films, while here the two-electrode setup that will be introduced
in the following section was used.

D.1 Experimental Setup

The two-electrode setup was used to examine the possibility of fabricating a
material across the gap. In a typical two-electrode setup, a counter electrode
(CE) and a working electrode (WE) are used for the electrodeposition process.
In this research, this setup was used with copper wire as the CE, and two planar
gold WEs submerged in a beaker containing 0.2M copper sulphate (CuSO4).
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Furthermore, an electric circuit was added to the electrochemical cell for in situ
measurements of the current on WE2, Imon, during the electrodeposition process.
Figure D.1 shows the experimental setup of the deposition process which consists
of the electrochemical cell composed of a voltage source unit (Keithley 2400
(1)), the CE and the WEs; and the electric circuit, a second voltage source unit
(Keithley 2400 (2)). This experiment was controlled by the custom LabVIEW
programme [Appendix C]. In the electrochemical cell, the CE was held at a set
deposition voltage Vdep = 0.5 V, and the corresponding current Idep was measured
as a function of time. In terms of the electrical cell, one of the working electrodes
(WE1) was electrically grounded, and the other electrode (WE2) was held at
Vmon=2 mV. The value of the Vmon is small relative to the deposition voltage
and is not expected to affect the electrochemistry. When the deposition process
starts, positive Cu ions will be attracted to both working electrodes. The current
flow in WE2 (Imon) was measured by Keithley 2400 (2).

Assuming Imon is a fraction of the value of the total current passed through
the cell (deposition current, Idep), at the moment of connection, Imon is expected
to measure the current passing through WE2, the gap and WE1 (I2, Igap, and
I1, respectively). Thus, Imon is expected to show a step compared to the Idep at
the moment the gap is bridged. Therefore, the electric circuit can confirm the
moment of connection between the working electrodes.

D.2 Results and Discussions

In this section, the results of depositing copper without a template will be pre-
sented first, followed by the results of depositing copper with a template. The
SAXS measurement of the obtained Cu-nanostructures will be presented at the
end of this section.

Bulk Cu was deposited on the surface of the two working electrodes sepa-
rated by a gap ≈ 1 mm. Figure D.2 shows the deposition and monitoring currents
as a function of time. At the beginning of the deposition, copper was deposited
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Figure D.1: Electrochemical two-electrode cell setup with electrical circuit for in-situ
conductance measurements.

on both working electrodes. When looking at the electrodes, the surface colour
changed from a golden colour to the reddish-brown colour corresponding to Cu,
as shown in Figure D.2(a) and (b) respectively. The behaviour of Imon has the
same behaviour as that of Idep with a different sign. As time progressed, the Cu
was observed to grow towards the gap. At t = 3 min, there is a step on Idep and
Imon, which might correspond to two Cu-clusters on the surface of the working
electrode touch each other. At t = 5 min, a sudden step appeared only in Imon,
and at this time a bridge of Cu was fabricated between the electrodes, as shown
in Figure D.2(c). Thus, the step can be related to the moment of connection
between the electrodes, as expected [Section D.1]. As the deposition continued,
more material was fabricated across the gap, as shown in Figure D.2(d). With
this circuit, the current passed through the gap cannot be determined because
the current passing through WE1 is unknown. An attempt to measure the Igap
was made by switching the deposition voltage between on and off each 20 second,
that will be explained below.

As the bulk Cu was successfully deposited in the gap, we expect this
methodology to also succeed in the presence of the template. A Cu-nanostructured
film was deposited by switching the voltage between 0-0.5 V. The motivation be-
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Figure D.2: The top is the deposition and monitoring currents as a function of time
for bulk Cu. The bottom shows microscopic images of the sample that were recorded:
(a) before starting deposition and (b-d) during measurements. The red dashed line
indicates the step observed only in Imon, which might correspond to the moment of
connection, as shown in image (c).

hind switching the voltage is that when the voltage at 0 V, no deposition current
passes through the circuit, so the Imon measures the current passing through the
gap, where Igap ≈ Imon. Figure D.3 shows the deposition voltage and correspond-
ing deposition and monitoring currents. The deposition process started with
Vdep= 0V for ≈ 2 sec and then the Vdep was stepped to the deposition voltage
0.5V for ≈ 20 sec. At this time the Cu was deposited in the water channels of the
QD
II phase, and the colour of the working electrodes was black. As the deposition

continued, the Cu outgrows the template, and the colour changed to reddish-
brown, as shown in Figure D.3(c-d). The deposit continued until the connection
occurred [Figure D.3 (e)]. A step appears at t = 140 min and 2 sec and at this
time a link was made from bulk Cu between the two electrodes. This step can
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be attributed to the change in the resistance of the gap. The current passing
through the gap can be estimated when extracting the Imon at the time when
Vdep=0 V. However, the scale that was used during deposition is very coarse.

After depositing, the current-voltage characteristic of the deposited Cu was
determined. Figure D.4 shows the voltage applied -10 mV to 10 mV and the cor-
responding current passing through the nanostructure. The linear relationship
between voltage and current gives slop 0.03 Ω corresponding to 1/R, and the
resistance R found to be 33 Ω. This value corresponds to the resistance of the
Cu nanowires, where the number of wires can be speculated by estimation the
resistance of the single wire Rwire from;

Rwire = ρ
L

A
(D.1)

where ρ is the resistivity of Cu which is 1.68 ×10−8 Ω.m; and L is the length of
wire, and A is the area, which is πr2. We measured the diameter and length of
nanowires from a transmission electron microscopy (TEM) image of a platinum
film from the QD

II phase of phytantriol, which has been taken by Akbar et al.
[4], by the ImageJ. The diameter and length were found to be about 3.32 nm
and 3.24 nm, respectively. The resistance of a single wire was found to be ≈ 7
Ω, which is less than the measured resistance R= 33 Ω. Thus, it might be that
the connection between electrodes was made by four Cu-nanowires connected in-
series or in equivalent arrangements which yield in the same value.

This experiment was repeated three times, and the results showed that the
connection did not occur and the growth outside of the template was observed
in a short time of t ≈ 5 − 10 min. The outgrowing of the template might have
occurred because the rate of the deposition was high, which leads to fast and
non-uniform growth. Thus, the time needed to restrict the deposition to inside
the template decreases, leading to decreasing the chance of a connection at the
nanoscale. The issue might be solved by reducing the applied voltage.
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Figure D.3: (a) The deposition voltage sweeps from 0-0.5 V, and the corresponding the
deposition and the monitoring currents as a function of time for Cu-nanostructures are
shown. A step was observed at≈ 140 min and 35 sec. Microscopic images of the samples
that were recorded (a) before starting deposition and (b-d) during measurements are
presented at the bottom.

The Cu-nanostructured film was analysed using the SAXS technique. Fig-
ure D.5 shows an image of the sample after the template was removed. When
the sample was measured, the SAXS pattern did not show any peaks. These
measurements were repeated at different positions of the sample. There are two
possible reasons for this result. As the sample was washed and then exposed to
air for drying, the Cu-nanostructured film is expected to be reactive, so the struc-
ture may have collapsed. Another possibility is that the deposited material does
not contain nanostructures, where the material did not grow inside the template.
For further experiments, the Cu was changed to Pt because the previous work
has successfully fabricated Pt-nanostructures from the phytantriol template [4].
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Figure D.4: I-V characteristic of the deposited Cu. The data was recorded without
removing the phytantriol template.

Figure D.5: SAXS pattern of the gold substrate (red plot) and the Cu-nanostructure
film (black plot). The inset image is a sample of the possible Cu-nanostructure



Appendix E

Electrodes Fabrication via

Photolithography Technique

In Chapter 6, electrodes with sub-millimetre sized gab were used to fabricate a
nanostructured material on the gap. In this Appendix, working electrodes sepa-
rated with a micron-sized gab, that were manufactured using the photolithogra-
phy technique, will be described. The smaller gap could increase the possibility

Figure E.1: The photolithography (lift-off process) steps for fabrication electrodes. (a)
A thin film photoresist was spun onto the glass slide. (b) Then the laser scans across the
film according to the downloaded file into the DLW software for the electrode design.
After that, electrodes developed with the diluted 351 developer (c). Titanium (Ti)
layer was evaporated on top of the resist then the gold (Au) layer on top of Ti (d).
Finally, the unwanted parts were removed by acetone, leaving the gold electrode design
on the glass (e).
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of producing the nanostructured material across the gap. The background of this
technique was described briefly in Chapter 2, Section 1.3.

Figure E.1 shows steps of electrodes fabrication. A piece of a glass slide
(size ≈ 1 − 2cm2) was spin-coated with ≈ 1.8µm layer of a positive photoresist
(PR) (MICROPOSIT, S1813) at 4000 rpm for 30 second [Figure E.1 (a)]. The
photoresist was baked in a convection oven at 363 K for 30 minutes. A direct laser
writer (DLW), Heidelberg Instruments µPG 101 Direct Laser Writer Lithography
System, drew desired patterns onto the layer of photoresist [Figure E.1[b]]. Since
the photoresist is sensitive to light, sections exposed to the laser light will be
softened and removed by a 351 developer diluted in Deionised water DI (devel-
oper 1 :DI 3.5) [Figure E.1[c]]. Then, the sample was immediately submerged in
the DI water for around 1 min in order to stop the developing process followed
by blow-dried with the N2 gun. After drawing the pattern of electrodes, metals
were deposited by the thermal evaporator (Edwards AUTO 306). In order to
fabricate electrodes with a thick layer ≈ 50 nm, an adhesive layer of titanium
(Ti) with thick ≈ 28 nm was needed to deposit first onto the photoresist mask
[Figure E.1[d]]. Eventually, the resist was dissolved in Aceton, lifting off the gold
with the required geometry on the glass [Figure E.1[e]].

After fabricating the Au-electrodes, a resister layer was spin-coated on elec-
trodes as a mask. These electrodes were exposed to the DLW to draw a pattern
for controlling the deposition to be on the gap. The mask was designed with
holes on the gap and pads connections of electrodes [Figure E.2].

These electrodes were examined by measuring the current passes through
the gap. This experiment was conducted by applying 10 mV and measuring the
current across the gap for three min; then, a potassium chloride (KCL) droplet
was placed on the gap [Figure E.3]. The corresponding current did no show re-
sponding at the moment of placing the droplet and also after three min. This
behaviour might be because contaminants on the surface cover the gold that acts
as an isolated layer. Another possibility is that it might be some resist was left
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on electrodes which hinder conductivity.

Figure E.2: A mask on the Au-electrodes with a hole on the gap made by exposing a
photoresist layer to DLW.

Figure E.3: Noise in the current across the gap as a function of time. The red arrow
represents the moment of placing the KCL droplet across the gap.
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