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SUMMARY

Herein, we report for the first timihe fabrication of novel @ mesoporous nickel
single diamond morphology usirdjrect templating throughicontinuouscubic phases of
monoolein (Rylo) via the electrodeposition routdesoporous nickel was successfully
electrodeposited from nickel elealyte at room temperatut@rough the bicontinuous cubic
phases of monoolein (Ryl@t a potential 0f0.95 V vs. Ag/AgCl.The structure of the
fabricated nickel films was confirmed Isynall angle Xray scattering AXS) analysis and
the calculatedattice parameter othe fabricated filrs was found to bel{75 + 2.5 A.
Transmission electron microscopy (TEMY the fabricated nickel films confirmed the
deposition of nickel in a-B network of interconnected nanowiréBhe electrochemical
surface area of # nickel films deposited in the presence ofonoolein template was
estimated to be ~266 fold higher than that of the nickekfdeposited in the absence of the
template.Furthermore,lie specificsurface area of theemplatednickel films was calculated
to be (~13 r/g). In addition, thetemplatednickel films were found to exhibit high
electrochemical stability. This makes these films very promising to be used as capacitors in
batteries and fuel cells. These results validate the use of monoolein astaretdirecting
agent for fabrication of-B mesoporous materials Miae electrodeposition route.

Mesoporous platinum was electrodeposited the first timefrom hexachloroplatinic acid
(HCPA) solution through the bicontinuous cubic phasesiohoolein(Cithrol) at potential of
-0.25 Vvs. Ag/AgCl Cyclic voltammetryconfirmed the presence of nanostructured platinum
in the deposited films. Furthermore, a clear SAXS peak was obsditvedattice parameter
for this peak was calculated to be 4&6Howeve, the structure of the deposited platinum
films could not be revealed from tI®AXS analysis. Therefore, further investigations are
required in order to reveal the structure of the fabricated platinum films.

For the first time, we report the fabricatioof Pt/Ni and Ni/Pt composite by
electrodeposition gplatinum and nickel ont8-D Ni and Pt scaffolds, respectively. Théd3

Ni and Pt scaffolds were fabricated by direct templating through cubic phases of monoolein
and phytantriol, respectively. The fadated Pt/Ni, Ni/Pt films could be promising as
electrode materials for batteries, fuel cells, sensors and other applications.

Some of the physicochemical properties of monoolein products, Rylo and Cithrol were
studied using different analytical technigu@®othcross polarised light microscog¢PLM)

and SAXS analysis revealed the formation of stable cubic phases of Rylo and Cithrol at room
temperature under excess water. CPLM analysis demonstrated that the phase transition fror
cubic phase@; )to hexagnal H:).occurred at 65C for Rylo and at a lowagemperature for
Cithrol (52.3°C). Consistently, SAXS patterns of Rylo and Cithrol at full hydration at
different temperatures showed a phase transition fdiamond cubic phas¢Q.%?) to
hexagonal K. ). at 65 °C for Rylo and at 55°C for Cithrol. The phase transition was
accompanied with a decrease in the lattice parameter with both materials. SAXS analysis als
revealedan increase in the lattice parameters of the cubic phases of both monoolein types
(Rylo and Cithrol) by increasing the concentration of B6jup to 20% (wt/wt), indicating a
swelling of monoolein cubic phasekherefore, Bri56 is promising for tuning the structural
parameters of monooleiwater system which is potentially important foany applications

such as membrane protein crystallization, drug delivery and electrodeposition templating of
nanostructured materials.
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THESIS STRUCTURE

This thesis consists of six chapters; a brief description of the contents of each chapter is state
in the following paragraphs:

Chapter 1 discussespriefly, the applications of mesoporous materials, their preparation
methods, some examples of mesoporous materials, in particular nickel and platinum and thei
applications as well as liquid crystals and their phases. It also discusses in detailidhe liqu
crystalline systems used in this study.

Chapter 2 describes, in detail, all the analytical techniques used to collect the data in this
work. It also describes the materials, chemicals, techniques and instruments that have bee
used in this work as wedls the sample preparation. It also describes how thehddtheen
analysed.

Chapter 3 investigates the optimum conditions needed for electrodeposition of mesoporous
nickel as well as the preparation of electrodeposited nickel films. It also reports the
electrochemical, structural and morphological characterisation of the deposited nickel films.
Chapter 4 investigates the experimental conditions required for electrodeposition of
mesoporous platinum. It also studies the preparation of electrodepositedmlditims and

the electrochemical as well as the structural characterisation of the fabricated platinum films.
Chapter 5 studies the use of mesoporou® dickel flms and mesopous 3D platinum

films as hard templatefer fabrication of Ni/Pt and Pt/Ncompositesvia electrodeposition
route. It also reports the electrochemical charaaton of the fabricatedomposites

Chapter 6 studies some physiechemical properties of monoolein products, namely Rylo
and Cithrol. It also studies the phase behagfomonoolein. In addition it studies the effect

of Brij-65 on the phase behavior of monoolein.

Chapter 7 includes the general conclusions of the important findings obtained in this work. It

also includes the possible suggestions for future work.
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Chapter 1 Introduction

Chapter 1: Introduction

1.1Liquid crystals and their phases

Matter exists in four different forms, or phases. These phases are solid, liquid, gas, and
plasma. A delicate state of matter which is stable thermodynamically and exists between the
solid and liquid phase is call liquid crystals I(Cs). According to the physiechemical
parameters responsible for the phase transitions, liquid crystals can be classified into twc
main groups, thermotropic liquid crystal3LCs) and lyotropic liquid crystalsLLCs).
Thermotropic lguid crystals exhibit a phase transition into the liquid crystal phases with
temperature and pressure changeddowever, lyotropic liquid crystals exhibit phase
transitions as a function of both temperature and concentration of the liquid crystal
molecules. Here in our work we are interestetlli@s. Details abouitLCs and their phases

are described in the following section.

1.1.1Lyotropic liquid crystal ( LLCSs)

Lyotropic liquid crystals are made from surfactants which form lyotropic liquid crystalline
phases when they are mixed with a polar solvench as watéf. Surfactants are
amphiphilic molecules. An amphiphilic molecule consists of two parts, a polar head and one
or more non polar tails. The head dhd tail are attached together to make a surfactant. If the
amphiphilic molecules are dissolved in an agueous solvent, the amphiphilic molecules form
groupings, for example in spherical shapes called micelles where the polar heads protect th
nonpolar chans. This process is called a safsembly process. In a micelle, a polar head
forms an outer shell in contact with an aqueous solvent, while thealantails are hidden

inside the shell. Hence, the core of a micelle, being formed of longaolan tals, resembles



Chapter 1 Introduction

an oil drop. This structure is stable thermodynamically. Micelle aggregates form only when
the concentration of the amphiphilic molecule reaches a given concentration called critical
micelle concentration (CMC). The selfsembly process isnaimportant characteristic

feature of lyotropic liquid crystald.(Cs) which makes them different from thermotropics.

Under suitable conditions of temperature and relative concentrations, mixtures of surfactants
and solvents selissemble in different stctures known as lyotropic mesophases. Based on
the dimensional range (225 nm), the lyotropic phases are also known as liquid crystalline
nanostructuré's Lyotropic liquid crystalline I(LC) phases have been identified by different
analytical methods, such as polarized light microscopyayX scattering and Raman
spectroscopdf’. These phases are lamellarcubicQ, hexagonaH, and some intermediate

ones.

According to the direction of the curvature, theC phases can be classified into eyp
(normal phases) and type Il (inverse phases). Type | can be mitgljdrgxagonalH,), or
bicontinuous cubic@,), while type Il can be inverse micelldr,(, inverse hexagonaHy,),
or inverse bicontinuous cubi®f) (Figure 1.1). There are & different morphologies of the
inverse bicontinuous cubic phad@; } are: G (gyroid, space group la3d ££9), D (double
diamond, space group Pn3my(g)) and P (primitive, space group Im3m,g). These phases
are complex symmetrical threimensional structur@sonsisting of two intertwined water

channels separated by a single continuous lipid bilayer (Figure 1.1).
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Figure 1.1 Different phases of lyotropic liquid crystal. The inverse bicontinuous cubic
(Qu) phases were designed uskgthought Canopy Python software
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1.2 Liquid crystalline systems used in this study

Monooleinwater and phytanol-water are the liquid crystalline systems used in this study.

More details of these two systems are described below.

1.2.1Monoolein-water system

1.2.1.1Chemical and physical properties of monoolein

Monoolein (%(cis-9-octadecenoylacglycerol) is a viscoudiquid with a characteristic
odor’. It is pale yellow or clear amber in col8uOn the molecular level, monoolein is an
amphiphilic maerial (it contains hydrophilic and lipophilic moieties) consisting of aC18
hydrocarbon chain and a glycerol backbone which are joined together at the first position (1
monoolein) via an ester bond with one cis double bond at the ninth position as ishown
Figure 1. 2. The glycerol moi ety (known a:
characteristics of the molecule. This is due to the presence of hydroxyl groups in this part.

While the C18 hydrocarbon chhdbid. (called tl

H D/T\D =
H

Figure 1.2 Chemical structure of monoolein, (1(cis-9-octadecenoyBrac-glycerol).

Monoolein is insoluble in water and cold alcohol; however it is very soluble in oil, and other
solvents such as petroleum ether or chlorot8riBesides its high oil solubility, it is a nen
toxic, biodegradable and biocompatible materihis makes monoolein and its commercial

4



Chapter 1 Introduction

forms suitable for a wide range of applications including, pharmaceuticals, food, cosmetics,
agriculture and protein crystallizatbnSome of these applications include biological
applications, in particular for drug delivery applicatibn®iosensors, emulsifiers, solubility
enhancers and others. Furthermore, monoolein bicontinuous cubic phases have been usef
for many applications including gene therapy, crystallization of membrane proteins,

fabrication of metal nanoparticles and foep industry’.

1.2.1.2Lyotropic phases formed by monoolein

As amphiphilic material, monoolein shows differephases in the presence of water
including, lamellar, hexagonal and bicontinuous cubic phases (double diamond, space grouy
Pn3m(Q.24) and gyroid, space groua3d (Q»30)*, which assemble in 1, 2 and 3 dimensional
structures. In addition, monoolein exhibits more phases in the presence of additives such a
lipids, salts, detergents and others. These additiphases include bicontinuous cubic phase

(Im3m), micellar cubic Fd3n), sponge phase, vesicles and bicelles (Figure 1.3).

Im3m Fd3m Vesicles Bicelles

Figure 1.3 Additional phases of monoolein occurring in the presence of diffent
additives: Bicontinuous cubic (primitive, space gro(dm3m)), micellar cubic Fd3m) phase,
sponge phase, vesicles and bicelles. Adapted from Kulkarnf.et al.
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1.2.1.3Phase behavior of monoolein

Many studies have reported the phase behaviour of monaweéger mixture¥°*3’. Small
angle Xray scattering (SAXS) has been used to investigate the phase behaviour of

monoolein/water systémFigure 1.4 shows the phase diagram for monoalgiter system.

120 A

100 Hy + H,O

FI

&0 Pn3m + H,O

Temperature (°C)

10 20 30 40 50

Composition, % (w/w) water

Figure 1.4 Phase diagram ® monooleinwater system.The diagrams adapted fronBriggs
et al®.

In the phase diagram, the boundaries and coexistence regions are shown. The type c
structure formed depends on water content or/and temperature. The phases observed |
monoolein aqueousystem are lamellar crystalline phade), lamellar liquid crystalline
phase I(y), fluid isotropic phaseHR), inverse hexagonal phasd,), and inverse cubic of

space groupk3d (Q,¢, gyroid) andPn3m(Q,°, diamond).
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Under excess water, monooleaxhibits two different types of bicontinuous cubic phases
(Qu) depending on the water contelit These cubic phases assemble with two distinct
morphologies:Q, € (gyroid type, space groufa3d) and Q,° (diamond type, space group
Pn3m® and complemented by the cubic ph&¢ (primitive, space groupm3m). These
phases are complex symmetrical thdémensional structur@sonsisting of two intertwined
water channels separated by a single continuous lipid bil&yso. the cubic phases are
characterised by high surface dfedigh solubility in both hydrophilic and kiyophobic
material$®. This makes the bicontinuous cubic phases of monoolein very attractive for many
applications including for the crystallization of membrane proté®, for the solubilisation

of different molecules such as vitanfif)sdrugé® and essential oféand for the synthesis of
metal naoparticle§ and metal oxides such as alunffhdn this work bicontinuous cubic
phases of monoolein were used as templates for preparation of high surface area nickel an

platinum at room temperature \@éectrochemical degsition route.

The classical phase behavior of monoolein/water system could be modulated by severa
environmental factors including, temperaftffe pressur®, magnetic field® and
electrostatic field<. In addition, the presence of additives could modulate the lyotropic
behavior of monoolien/water systéffi The additives could alter the molecular structure of
monoolein resulting in different phase behavior in the presence of water. Many additives
have been reported to modulate the phase behavior of monoolein/waémnssyscluding
hydrophilic, hydrophobic or amphiphilic molecutesExamples of such additives are

lipids?>3931 detergnts>*3**, electrolytes>3® sugard”?®, glycerof® and others.
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1.2.2Phytantriol -water system

1.2.2.1Chemical structure of phytantriol
Phytantriol (3,7,11,1%etramethyil,2,3hexadecanetrioljFigure 1.5) has been used in many
applications including, cosmetis drug delivery®® and only recently for metal

depositioft™.

OH

OH
HO

Figure 15 Chemical structure of phytantriol (3,7,11,15tetramethyl-1,2,3
hexadecanetriol).

Phytantriol contains a polar head and a-potar tail. The three hydroxyl groups in the head
are responsible for hydrophilic properties of the molecule (polar head), while the alkyl chain
is responsible for the hydrophobic propest(nonpolar tail). This means that the phytantriol
is an amphiphilic molecule when dissolved in a solvent such as water. The intermolecular
forces make phytantriol sedfssemble in many mesophases as the polar heads protect the
nontpolar chains. The sicture and geometry of these mesophases depend on the

concentration and temperature of the phytantriol

1.2.2.2Phase behavior of phytantriol

The phase behavior of phytantriol was first reported by Barauskas.eStaldying of the

phase diagram of phytantriol provides the basis of many technical applications, especially
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cubic liquid crystalline phases. The investigation of the phase behavior of aqueous
phytantriol has been dory X-ray diffraction and polarised microscopy. The phase diagram

of phytantriol is shown in Figure 1.6.
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Figure 1.6 Phase diagram of phytantriotwater system.Adapted from Barauskas et’al.

According to Barauskas et lseveral phases in the phytantiter system have been
observed including, inverse micelldy,§, inverse hexagonaH), lamellar Ly), and invers

cubic of space groupg3d (Q,°, gyroid) andPn3m (Q,°, diamond)(Figure 1.6). Other
phaseswvere observed fromphytantriolwater system but in the presence of additives. The
cubic phase with the space groimp3m (Q,", primitive) was observed in the gsence of
distearoylphosphatidylglycerol (DSPG) and the sponge phase was observed in the presenc

of 2-methy}2,4-pentanediol (MPDY.
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Cubic phases of phytandfi are in equilibrium in excess water and they are formed at a
temperature range of 40 °CY. This makes the family of cubic phases of phytantraly
important and attracts the scientific and industrial atenin various fields ranging from
biophysics to drug delivefy®*®. Akbar et af' reported recently the fabrication of[B
mesoporous platinum networks by direct liquid crystal templating approach via
electrodeposition route. In their work, Pt was electrodeposited from HCPA solbgon t
double diamond cubic phases of phytantriol/water system as templates. Electrodeposition o
Pt films was carried out using potentiostatic controller at room temperature at potential of
0.25 V vs. Ag/AgCl. The fabricated-B Pt films were found to haveingle diamond
morphology with a double lattice parameter (130 A). Also the fabricaedP8 films were

found to exhibit extremely high surface area and high electrochemical sfabllitythis

thesis, we used the cubic phases formed by phytantriol/water system at room temperature &
templates for fabrication of-B mesoporous platinum films with high surface area. The
fabricated 3D mesoporous platinum films werehein used as hard templates for

electrodeposition of Ni to form high surface area Ni/Pt composite.

10
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1.3 Mesoporous materials

Mesoporous materials have been definedthry international union of pure and applied
chemistry ([UPAC) as the materials which haverps in the size range of-30 nni?.
Moreover, these materials were found to exhibit high surface*ar&hgy are widely used in

many technological applications such as catalysis, sensors, selective separation afid others
Therefore, research interest in the synthesis and characterisation of these materials he
increased. The synthesis of mesoporous materials is more complicated than the synthesis ¢
conventional materials. Thus new approaches hiagen developed for synthesis of
mesoporous materidf§™. In 1992, the first successful synthesis of mesoporous silica and
aluminosiicates was reported at the Mobil Corporafiomhis approach was based on the
selfassembly of a cationic surfactant into micelles which was used as a template for the
formation of a porous oxide network. Since 1992, the mesostructural templating techniques
have beerwidely developed including the use of other template materials such as block
copolymer&®, primary amine¥, and poly(ethiene oxide) surfactarfsto produce a range of
silicate and nossilicate oxide¥. Moreover, Attarcet al*®>! developed a different approach

for organic structural templating. lhis approach, a high concentration of surfactant (>30 wt

% surfactant) was used to form a homogeneousassiémbled liquid crystal template. This
approach enabled production of thin mesoporous films for metals using electrodeposition.
Later, this approachwas successfully used to produce nanostructured thin films of
platinunt>>3*, tin** nickeP® and others via electrodeposition route using different liquid

crystal templates.

Mesoporous materials possessing ordered porous networks have an advantage ove
mesoporous materials witron-ordered porous networks such as nanoparticles. The former
are expected to possessperior mass transport properties and larger surface’anehich

11
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make these materials potentially important in many applications such as catalysis, selective
separation, and electfoemical devices such as batteries and fuel*éelBonsequently, the

interest in materials having ordered porous networks with uniform pore diameters in the
nanometer range has increased massively in order to replace conventional porous materia

(nanoparticles).

There are a wide range of mesoporous materials synthesised by different approaches
however, in this study we are interested in synthesising nickel and platinum Rith 3
structures. Details about mesoporous nickel and platinum materials as well as tleatdiffer

methods used to prepare mesoporous materials are summarised in the following sections.

1.3.1Mesoporous nickel

Nickel is used in many applications such as an electrode material in baftddadmium

nickel oxide, zinenickel oxide, metal hydridaickel oxide, and hydrogenickel oxide), fuel
cells*%° electrochemical hydrogetian of organic speci&§ in alkaline water electroly<is

and in sensof& Enhancing the sensitivity of electtiemical sensors is highly desirable.
This can be achieved by increasing of the surface area of an electrode. Therefore, recently
electrochemical electrodes have been developed from conventional flat electrodes (e.qg.
glassy carbon, gold, and platinum) 2D or 3-D nanostructured materials such as porous
films of PP*®® Au®®®” and NP°® Nickel electrodes with iph surface area have been
prepared using many methods. The production of porous nickel films involves either a
thermal treatment step or leaching with concentrated alkali solutions. For example, synthesis
of sintered microporous nickel films involves the decomposition and sintering of a
mixture of nickel powder, consisting of micromesgzed particles, and an organic binder.

Also nickel has been electrodeposited into the voids of a microporous polymer matrix
12
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template. Then the polymer is burn out bgahtreatment to produce miegporous nickel
coating&®. A highly porous large surface area nickel film was prepared from a high internal
phase emulsion (HIPE) templ&teMoreover, nanoporous Raney nickel was prepared using
cathodic cedeposition of the Raneyiakel precursor alloys (Ni/Al or Ni/Zn) on a conducting
support. However, the materials obtained in all these trials have disordered, antdfaon

pores. This feature together with the high surface area acts to delay or inhibit the movemen
of gas andifuid species through the pore network. In contrary, materials with a uniform,
ordered pore network and high surface area facilitate the movement of gas and liquid througt
the pore network and in turn exhibit superior performance in electrochemical sygtérhs

rely on gas or liquid diffusion within the electrode material. Therefore interest has increased
towards the fabrication of mesoporous nickel with a uniform, ordered pore network. New
approaches have been developed to prepare mesoporous nickele vimuid crystal
templating route. The first ayhesis of mesoporous nickel usiting liquid crystal templating

via the electrodeposition route was reported by Nelsemn al®

. They reported the
electrodeposition of metallic nickel from aqueous nickel (Il) acetat@ughthe hexagonal

(H,) lyotropic liquid crystalline phases of polyoxyethylene (10) cetyl ether -@%jjand
polyethylene glycboctadecyl ether (Bry8) surfactant templates to formickel films with
hexagonal arrays of nanomesézed channefa The fabricated mikel films contained a well
ordered pore network with spacings between 5 and 8 nm. The estimated accessible surfac
area of the templated nickel films was found to be 100 times greater than samples fabricate

without a templateLater, several attempts f@been conducted to prepare mesoporous Ni

with uniform, ordered pore networks (Table 1.1).

13
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Table 1.1 Mesoporous nickel materials fabricated using different methods

Product Structure Method Pore size References
NiO H, Direct softtemplating through Brib6 and Bri}78 surfactants 5-8 nm Nelsonet al®®
via the electrodepositioroute
Ni H, Direct softtemplating through a hexagonal liquid crystalline D 17-25nm Ganestet al/**®
phase prepared from ternary mixture of Trito1100,
poly(acrylic acid) and water vide electrodeposition route
Ni H, Electroless deposition using BEp (Gis EOyo) as a template  NA Yamauchiet al’?
NiO NA Thermal treatment of Ni(OHusing sodium dodecyl sulfate  3-7 nm Xing et al”®
and ureaas a hydrolysis controlling agent
Ni/Co alloy H, Electroless deposition using BEp a template NA Yamauchiet al’*
NiO H, Hard templatig using SBA15 silica as template 3-7 nm Wang and Xi&
Ni (OH), H, Direct softtemplating through a hexagonal liquid crystalline 7 nm Zhaoet al’®
phase prepared from Bi%6 viathe electrodeposition route
Ni(OH) H, Direct softtemplating through a hexagonal liquid crystalline 2.5 nm Zhaoet al/’

phase prepared using 50 wt. % B¢ via the electrodepositior
route

14
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Continue Table 1.1

U-Ni(OH) >

Ni

Ni/Co

NiCo S

MnO ,/Ni

Ni-NiO,

Ni

H,

3-D
nanoporous
gyroid

H,

Nanosheet
arrays

3-D porous
network

3-D
nanorod array

Porous Ni

Liquid phase deposition (LPD) method varied

Electroless Plating using a nanoporous block copolymer NA
gyroid nanochannels as a template

Electrodepositiomsing hexagonal phase ~2nm
of cetyltrimethylammonium bromide surfactant
Electrodepsition on carbon cloth 2-10 nm

Ni was depositecchemically on planar conducting suipate NA
with thermal treatment, followed by electrodeposition of Mn

Electrodepositiomsing aluminium oxide template NA

Electrodepositiomsing polystyrene sphere templates 280 nm

Deki et al’®

Hsuehet al’®

Bartlettet al®°
|81

Chenet a

Xiao et al>®

Wanget al®

Li et al®

H, = hexagonal, NA = not applicable
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1.3.2Mesoporous platinum

Mesoporous platinum materials have attracted attention due to their fascinating properties for
a variety of applications, including sensing, cathode materials for fuel cells, batteries, electro
analysis electrodes for electrochemical biosensors (including, free hydrogen peroxide
biosensor as well as n@mzymatic glucose sensiigFor example, mesoporous {&Pt)
platinum microelectrodes electrodeposited from the hexagongl Iffétropic liquid
crystalline phase we synthesised and investigated for the detection of hydrogen peroxide.
The fabricated electrodes exhibited excellent potential to be used as amperometric sensors ft
the detection of hydrogen peroxideRecently, a new method based on mesoporous platinum
(Pt) electrodes has been developedtierdetection of sugars (glucose, fructose, and sucrose)
with high-performance anioexchange chromatography (HPAEC). In this approach, the
detection is based on the direct oxidation of sugars on mesoporous Pt films deposited on
gold electrod®. Moreover, mesoporous platinum nanowires have been synthesised and
tested as a biosemsfor the detection of gluco$&®. In fuel cells, platinum can be used as a
catalyst which facilitates the aetions at the cathode (oxygen reduction readiamd the

anode (methanol oxidation reaction). However, the majority of platinum catalysts consist of
carbonsupported Pt nanoparticles which are subjected to carbon corrosion and aggregatior
during the electrochemical reaction of the fuel®elh order to overcome these problems,
fabrication of nanoporous platinum is required to replace the casbpported Pt
nanopatrticles. Therefore, a wide range of nanoporous platinum materials with various shape:
and sizes were fabricated for this purpose such awmamiwired” nanotube¥,
nanodendrite€ and others. Many attempts have been reported to fabricate nanostructured
platinum with controlled size and shapes using different methods, some of these attempts ar

summarized in Table 1.2.
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Table 1.2 Nanostructured platinum materials fabricated with different methods.

Nanostructured Pt materials Preparation method Pore size  References
Nanoporous Pt films {,-ePt) Direct softtemplating through hexagonal phase of octdetigglycol 2-15 nm Attard et al”*
monohexadecyl ether (€EQg) viatheelectrodeposition route
lamellar Pt nanostructures Direct softtemplating throughdmellar phase of tetraethylene glycol NA Zhaoet al*

monododecyl ether (GEO,) surfactant usinghe electrodeposition

route
Pt nanocubes and nanospheres Substrate enhanced electroless deposition process varied Quet al?
Pt nanowires Photochemical reduction of platinum ions 40 +5nm Kunduet al®®
Pt nanowires Using cetyltrimethylammonium bromide as a phase transfer agent 2.2 nm Songet al.**
Pt nanowires Usingn-dodecyitrimethylammonium bromide 2.3 nm Tenget al?®

Pt nanowires

Pt nanotubes

as phase transfer agent

Hard templating using anodic aluminum oxide template 50-60 nm

Electroless synthesis varied

Napolskiiet al?®

Muenchet al®’
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Continue Table 1.2

Hexagonal Pt array

Hexagonal PtRu

Pt nanosponges and
nanonetwork (PNN9

3-D Pt nanoflowers

Nanostructured platinum

3-D Pt networks with a gyroid

morphology

3-D mesoporous Pt network with
a double gyroid morphology

3-D mesoporous Pt network with
a double gyroid morphology

Direct softtemplating through the hexagonal phase of octaethylene 1.8- 4 nm
glycol monohexadecyl ether {§£0g) via theelectrodeposition route

Hard templating using-B mesoporous silica template 2.4 nm
By galvanic replacement reactions with Te nanowires NA
Chemically using carbon nanospheres support NA

Preferential pulsed electteposition (PED) from a dilute solution varied
of chloroplatinic acid

Using nanostruared MCM48 and SBAL5 silica materials as a NA
structure directing agents

Using electrodeposition of Pt into a double gyroid mesoporous : 3-4 nm
film as a template

By vayor infiltration of a reducing agent using double gyroid >10 nm
mesoporous silica (KFb) template

Elliott et al®?

Jiang and
Kucernak®

Lin et al®®

Sunet al®
Rajalakshmi  anc
Dhathathreyaf?*
Shinet al'®

Kibsgaardet al'®®

Doi et al1*
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Continue Table 1.2

Free-Standing Pt nanowires

Hexagonal mesoporous Pt

3-D Pt with single diamond

morphology

3-D mesoporous Pt nanocubes

Mesoporous Pt nanospheres

3-D nanoporous gyroid Pt

Mesoporous Pt/Ni with
double gyroid morphology

By cading using Te (Te@C) nanocables 12 nm

Direct softtemplating through hexagonal phase@kEO;, surfactant NA
via theelectrodeposition route

Direct softtemplating through phytantriol cubic phase thia 10 nm
electrodeposition route
A novel mesecrydal selfassembly mechanism D50 nm

Using triblock copolymer [poly(styreAe-2-vinylpyridine-b-ethylene varied
oxide), PSb-P2VR-b-PEQ] as template

By electroless plating using polystyrebgoly(L-lactide) (PSPLLA) 20 nm
block copolymer as a template

By co-electrodeposition of Pt and Ni into a mesoporousssilic 3-4 nm

Liang et al.®’

Asgharet al’®

Akbaret al*

Caoet al!®

Li et alt®®

Chenget al.*’

Kibsgaardet al'®

H, = hexagonal, NA = not applicable
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1.4 Preparation of mesoporous materials

Mesoporous materials with wedefined pore sizes can be prepared by various approaches in
which different templates are utilised. Hard templating and soft templating are the main
approaches used for the preparatiérmesoporous materidfe™'%. The structure and the
shape of the mesoporous material depend on both the template and the method used in tt
preparation. A wide variety of templates ranging fror® hexagonal to ® structures are
available. In the hard templatingmethod, templates with predefined and Aflexible
channels are used. The common templates used for hard templating methods include

110109

mesoporous silica . anodic aluminium oxidé™*2

, and others. However, in the soft
templating method, templates with flexible shapes and structures are used. Examples of thes
soft templates are surfactalits™*!, amphiphilic block copolymet$** emulsion§>1611"
polymer latex spheré¥!® and others. Details about both hard templating and soft

templating methods are described in the following sections.

1.4.1Hard templating approach

In this approach, hard templates are used in the preparation of mesoporous materials
Mesoporous silica materials are the most common templates used for the preparation o
mesoporous materials. The hard templating process is carried out in two stagegs;dtagérs

is the annealing of the materials with the silica template. The second stage is the removal o
the parent silica template using concentrated NaOH 6f°HFhere are many silica templates

with different structures, for example, the SBA silica tempte has 2D hexagonal
symmetry, while the KI16 silica template has-B cubic symmetry. Mesoporous silica
materials have been involved in the preparation of a wide range of mesoporous materials with

different structures including,'€, P£%*21, sH% and many diers. Anodic aluminium oxide
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(AAO) templates have been also widely used in the preparation of mesoporous riterials
AAO templates have-BP hexagonal pores. A wide variety of metal nanowinase been
prepared in AAO templates using different routes including casting, chemical, €lectro
electrochemical, and photochemical depositith$/etallic nanowires of N¥°, (Ni, Cu, Co,

Fe)** Co'®and others have been prepared onto AAO templates via electrodeposition route.

Although the hard templating method is a highly reproducible method, it has sata@dims
including, high cost, long time scale, multygtep procedure, as well as the difficulty to

remove the parent templatés

1.4.2Soft templating approach

In this approach, many soft templates can be used for the fabrication of nanostructurec
materials as mention iBection 1.4 Among these templates the lyotropic liquid crystals
(LLC) which are characterised by high structural deformationwedsas flow properties.
Therefore, they have been used either directly or indirectly for preparations of nanostructure
materials with different mesoporous structures. LLCs have been used directly as templates
for fabrication of nanostructured material$iis method called true liquid crystal templating.
Details about this method will be discusdatér in the following sectianin addition, LLCs

have been used indirectly for the preparation of mesoporous materials through the preparatio
of mesoporous sda materials which are commonly used as hard templates for fabrication of
other mesoporous materials (via hard templating method). Mesoporous silica materials were
prepared using the surfactants hexadecyltrimethylammonium bromide (CTAB) and
polyoxyethyler-10-cetyl ether (Brij56) aligned under an extreely high magnetic field of

30 Tesld?’.
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Another set of soft templates which are commonly used for the fabrication of mesoporous
materials are block copolymers. For example, the triblock copolymer §yigaeb-2-
vinylpyridine-b-ethylene oxide), P$-P2VRb-PEO] was used as a peteecting agent for

the fabrication of mesoporous Pt nanospheres with variable pot& sighenet al'®” have
reported the fabrication of al3 mesoporous platinum via electsk plating using the block
copolymer, polystyrené-poly(L-lactide) (PSPLLA) as a template. The soft templating
approach has some advantagesr hard templating includindgow cost, simple processing

and easy to remove templatés

1.4.3Liquid crystal templating

This agroach is one of the soft templating techniques used for fabrication of nanostructured
materials. In this approach, lyotropic liquid crystalline phases are used directly as templates
and the electrodeposition through them is a versatile route for fabriaatinanostructured
material$’. This approach overcomes the problems associated with the hard templating route
such as fabrication and removal of the hdetnplates. Furthermore, lyotropic liquid
crystalline phases are ideal systems for the synthesis of hanomaterials due to their periodi

architecture with lattice parameters in nanometers.

The first synthesis of nanostructure material using a lyotropigdligrystalline phase as a
direct template was reported by Attard et'alThey reported a successful electrodeposition

of highly ordered nanoporous platmufilms with high surface area using a lyotropic liquid
crystalline phase as a template. Since that time, this technique is used as a general synthe
technique for the fabrication of nanostructured materials. This approach involves
electrodeposition of aterials directly through the channels provided by the template in the

electrolyte to access the conductive substrate. Therefore, the substrate needs to be coated w
22
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the lyotropic liquid crystal template before electrodeposition. This approach is kisanrea
lyotropic liquid crystal templatingSuccessful fabrication of a wide range €D 2Znesoporous
materials has been reported using direct liquid crystal templating via electrodeposition route
including platinum™?, tin>* and nicke®®">"®""# Recenly this approach was successfully
modified and extended to produceD2hexagonal mesoporous Pt with biaxially aligned

mesopored and 3D nanostructured Pt with a single diamond morphdtbgy
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1.5 Aims and objectives
This work aimed to developnd extendnethod for the fabrication of mesoporous metals
with 3-D structures at room temperature gsimuid crystal templating approach viae

electrodeposition route. Thigork can be broken down into several separate points.

9 To determine whether it ipossible to electrodeposit nickel with single diamond

morphology using monoolein as a templ@éager 3).

91 To determine whether it ipossible to electrodeposit platinum with single diamond

morphology using monoolein as a templg@aapterd).

9 To determine whether it is possible to utilise filatinum and nickehanowiresas
hard templates for fabrigah of Ni/Pt and Pt/Ni composites, respectively via

electrodeposition routgChapter 5).

9 To investigate thehysicochemical properties of monooleand its phase behavior

(Chapter 6).
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Chapter 2. Materials and Methods

2.1 Introduction

This chapter describes all theadytical techniques and methods used to collect the data in
this work. The theoretical bases of these techniques are briefly described. Details of the
materials used in this work, sample preparations and experimental conditions are alsc

included.

2.2 Material s

Nickel sulphate (NiS@6H;0O), nickel chloride (NiGl.6H,O), concentrated sulfuric acid
(H2SOy) and hexachloroplatinic acid (HCPA) @PtCk) solution (8 wt % in water) were
purchased from Sigma Aldrich (UK). Monoolein product Ry85%) was sourced from
Danisco A/S (UK) and monoolein product Cithrol was sourced from CRODA, Croda
International Plc, UK. Boric acid (4%) was purchased from Fluka (UK). Phytantriol
(3,7,11,18tetramethyl1,2,3hexadecanetriol (£14:03)) was a gift from Adina Cosmetics
Ingredierts UK (purity > 98.3 %). Potasium hydroxide was purchased from Fisher Chemical
(UK), 0.5 M aqueous sulfuric acid ¢H0O,) solution was prepared from Merck pgrade.

Butyl rubber (Miccro XP2000) (red polymer) was sourced fromHk Products Ltd, UK.
Ethanol (GHsOH) was purchased from Fischer Scientific (UK). 8 (polyethylene glycol
hexadecyl ether (GEO:g)) was purchased from Aldrich (UK). Aluma powder in three
grades (25, 1.0, 0.3 em) and polishing pa
(UK). Gold wire electrodes and platinum wire electrodes were purchased from Goodfellow,
Cambridge Limited (UK). Golttoated glass slides werarphaed from EMFE evaporated

metal films (UK). Goldcoated foil slides were purchasé@m Goodfellow, Cambridge
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Limited. DVDs were sourced from Delkin Devices (UK). A glass capillary tube (diameter 1.5
mm, thickness 10 em) was |ppliesdtd &eading, UKrAd m C

compounds were used as received. All aqueous solutions were prepared-@ Whller.

2.3 Sample preparations

2.3.1Preparation of Liquid crystal ethanolic solutions

Solutions of monoolein/ethanol wt/wt % (1:1) and phytantriol/edhavt/wt % (1:1) were
prepared by dissolving the appropriate weights of lipids in ethanol in eppendorf tubes. The
eppendorf tubes were immediately sealed to avoid the loss of ethanol. The mixture was

mixed manually for 10 min in order to obtain homogensaraples.

2.3.2Nickel deposition solution

Nickel deposition solution consisting of (0.856 M NiS&H,0, 0.158 M of NiC}.6H,O and

0.539 M of boric acid) was used as an aqueous phase for electrodeposition of nickel. The
mixture was prepared by dissolving 1358fgNiSO,.6H,0, 22.5 g of NiCl.6H,O and 20 g of

boric acid in 600 mL in MilkQ water. The solutions were prepared in a fume cupboard. The

final mixture has a pH of 4.0.

2.3.3Platinum deposition solution

Platinum was deposited from HCPA solution. The sotuti@s used as received.
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2.3.4Preparation of monooleinBrij -56 mixture

Solutions of monoolein/ethanol wt/wt % (1:1) and H/ethanol wt/wt % (1:1) were

prepared as described above in Section 2.3.1. Then mixtures with different wt %

compositions of monooleiathanol/Brif56-ethanol were prepared as shown in Table 2.1.

Table 2.1 Composition of monoolein/BHp6 mixtures used in this study

Brij -56 Monoolein
% (w/w) % (w/w)
3 97
5 95
7 93
10 90
15 85
20 80

2.3.5Electrochemical preparation of mesoporous materials

Pre and post preparations aglwas the experimental conditions used for preparation of

mesoporous materials via electrodeposition process are described in the following sections.

2.3.5.1Cleaning of platinum and gold wire electrodes

Prior to electrodeposition, the working wire electro@@atinum or gold) were polished with

sand

paper

and

al

umi

na

n

t hr ee

grades

(2

powder was performed on a polishing pad. The electrodes were polished until the surface

appeared as a clean shiny mirror. Aftelighing, the electrodes were scanneebR3imes by
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cyclic voltammetry in 0.5 M BEBQ, at 200 mV/s between potential limits of +1.2 a@®5 V

vs. Ag/AgCl until hydrogen and oxygen adsorption peaks appear clearly.

2.3.5.2Coating of working electrodes with surfactants

The working electrodes were coated with a film of surfactant (monoolein or/phytantriol) by
dipping each electrode into the lipid ethanolic solution. The electrodes were then left to dry at
room temperature for 30 min to allow the ethanol to evapdeatving a film of the lipid at

the electrode surface as shown in Figure 2.1. The film thickness was adjusted to be
approxi mately 16 etal*arhicwas esdtimated by divididgkhle elume

of theethanolic solution of thipid with the electrode area whietascovered by the lipid.

(A) (B)

Layer of
monoolein

Gold DVD

<« layerof
monoolein

w< ’ Gold wire

Figure 2.1 Working electrodes coated with surfactant layers. AlGold DVD electrode and
B) Gold wire electrode.

Red polymer

Conductive
copper tape

2.3.5.3Soaking of working electrodes in metal solutions

Prior to electrodeposition, the liptbated working electrodes wersoaked in metal
electrolytes for 20 min. The soaking time showed potential effect on the formation of the
liquid crystal phases at the electrode surface in the presence of excess metal<olution
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2.3.5.4Electrodeposition experiment

Electrodepositiorof nanostructured metals was conducted uaipgtentiostatic controlleat

room temperature in excess of Ni deposition solution (for nickel deposition) or in excess of
HCPA solution (for platinum deposition) using Ag/AgClI reference electrode, a platinum flag
counter electrode and a working electrode. The working electrodsti@@) used in the
deposition varied depending on the type of the targeted characterisation study. For cyclic
voltammetry studies and electron microscopic analysis, nanostructured metal films were
deposited on clean polished platinum/gold wire electrod#s an area of 1.96 10° cn?.

For SAXS XRD, SEM and TEM analysis, nanostructured metal flms were deposited on
different gold plate electrodes with large surface area (~1L.® cnf) prepared from archival

gold (24 karat) coated DVDs (purchased frb@lkin Devices, UK). Electrodeposition was
carried out at potentials 60.95 V and-0.25 V vs. Ag/AgCl for nickel and platinum,

respectively.

2.3.5.5Posttreatment of working electrodes

Following the deposition, the working electrode was removed from thplating cell and
immersed in ethanol (205 mL) for one hour in order to remove the lipid template. This
process was repeated2ltimes. Then the working electrode was washed by soaking in a
mixture of ethanol and water (wt/wt ratio of 1:1) for 30 mirdaled by rinsing thoroughly

with deionised distilled water. An electrodeposited metal layer on the working electrode was

then analysed.
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2.4 Techniques

2.4.1Electrochemical techniques

Cyclic voltammetry and potential step are the electrochemical techniqueis tisisdvork.
Details about the techniques as well as the experimental conditions used in this work are

described below.

Electrochemical cell

Electrochemical experiments take place in electrochemical cells. A typical electrochemical
cell consists of a gentiostat which controls the electroanalytical process, a reference
electrode (RE), a working electrode (WE), a counter electrode (CE), a glass cell, and an

output device (computer) with analysis software (Figure 2.2).
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Figure 2.2 A schematic illustration of a typical electrochemical cell.
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In our experiments, all electrochemical experiments were carried out at room temperature in ¢
20 mL glas cell. An Ag/AgCl electrode was used as the reference allec(RE),a platinum

flag with an area of 1 cnf was used as the counter electrode (CE) and variable working
electrodes (WE) were used depending on the purpose of the expeifiimegltass tubing of
thereference electrode is filled withM KCI solution. The cell was controlled bgn Autolab
PGSTAT101 potentiostat. The cell was attached to a computer in order to process the date
Prior to each electrochemical experiment, the counter electrode was fla®etiim2s
followed by rinsing with distilled water,ntil a colourless flame was observed. The cell was
cleaned with distilled water before each use. For cyclic voltammetry, the electrodes were
immersed in either 0.5 M 430, or 3M KOH aqueous solutions. For electrodeposition, the

three electrodes were imnsed in the cell containing the metal electrolytes.

Cyclic voltammetry

Cyclic voltammetry is the most common technique used to investigate electrochemical
reaction mechanism. In this technique, the potential is scanned linearly between two values
back andorth at a constant rate to measure the current with respect to the potential. The scar
is repeated for many times. The output plot is called a voltammogram which shows the

relation between the current and the potential.

In our work, gclic voltammetrywasinitially used tocleanthe electrode surface (platinum or
gold) before electrodeposition. The progressive formation and removal of oxide/hydride
layers during cyclic voltammetry can clean all the impurities on the electrode surface.
Platinum electrods were cycledn 0.5 M HSO, aqueoussolution at potentials scanned between

+1.2 and-0.32 V vs. Ag/AgCI at room temperature (~ 20 °C) at various scan rates, while gold
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electrodes were cycled in 0.5 M,$0, at potentials scanned between +1.6 a®@ V vs.

Ag/AgCl at room temperature (~ 20 °C) at various scan rates.

Furthermore, cyclic voltammetry was used doaracterisehe electrodeposited platinum and
nickel films. For characterisation of deposited nickel, nickel films were cycled in 3 M KOH
for potertials scanned betweehl.0 and-0.45 V vs. Ag/AgCl at 200 mV/s scan rate. A
representative cyclic voltammogram of the deposited nickel is shown in Figure 2.3A. The
voltammogram was used to identify the deposited nickel. According toedahs®, cyclic
voltammogram of nickel electrode shows the presence of characteristic anodic and cathodic

peaks at a potential range from 0.3to 0.5 V.

For characterisation of deposited platinum, platinum films werdedyin 0.5 HSO, at
potentials scanned betweed.2 and-0.35 V vs. Ag/AgCI at 200 mV/s scan rate. A cyclic
voltammogram of the deposited platinum is shown in Figure 2.3B. The voltammogram was
then used for identification of platinum. Based on the litgggtcyclic voltammogram of
platinum electrode shows peaks aj, H, O, and Q which represent the formation of
adsorbed hydrogen, the oxidation of adsorbed hydrogen, the formation of adsorbed oxygen o
platinum oxide layerand the reduction of the oxidayer respectively?’. Point A represents

the start of bulk hydrogen evolution, while point B represents the start of the bulk oxygen
evolutiom™’, Cyclic voltammogram of platinum electrode also shows peaks at adsorbed
hydrogen and adsorbed oxygen regions. The number, shape, and size of the peaks observed
the hydrogen region depend on the platinum crystal pt&hnés general, the hydrogen region
shows three peaks labelled 1, 2 and 3 in Figure 2.3B. These three peaks correspond t

different platinum crystal planes (110), (100) and (111), respectiv&ly The hydrogen
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region is known as hydrogen under potential (HUPD) region and is used to measure the

electroactive surface area of the platinum electrodes as described below.

70

(A) Anodic peak

-10 4

-30 -

-50 4

Cathodic peak
-70 L] L] L] L]

12 -1 -08 -06 -04 -02 O 02 04 06
E (V)

900

(B) Hydrogen  |Double-layer Oxygen
700 - region region region

500 - 1
Ha 32 0, B

300 A

100 - e

-100 -

i (WA)

-300 -
-500 A

-700 -
Oc

'900 T T T
0.9 14

0.4
E (V)

Figure 2.3 Representative cyclic voltammograms for: A)Nickel film, andB) Platinum

film. Deposition were carried out at room temperature on gold wire electrode (area = 1.96 x
10° cn). Cyclic voltammetry was recorded in 3M KOH potentials scanned between +1.0
and -0.45 V vs. Ag/AgCI for nickel and in 0.5 M aqueous,80, at potentials scanned
between +1.2 V anéd.32 V vs Ag/AgCl for platinum.
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The electroactive surface area of nickel and platinum electrodes was calculatedhé&om
voltammograms by calculating the roughness factor (Rfy. deposited nickel and platinum

films, the Rf values were from the formula in Equation 2.1:

=||£ 2.1

Where A is geometrical surface area and S is the actual surface area. For nickel films S ca

be calculated from the following formula:

I —— 2.2

Wher e | is value of the integration of th
rate. The surface area was estimated assurhiagcharge density associated with the
formation of oNi(@H)s@M (@H)a=0H00514 € chls reportedn the

literaturd3413°

However the actual surface area (S) for platinum films can be caltditata the formula in

Equation 2.3:

Where | and | are the integrations for the hydrogen region (hydrogen under potential
(HUPD) region) during for war drat.clhersurface arear e \
was estimated assuming hydrogen adsorption charge density of 0.00021 &scmported

by Brummeret al**®.
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Accordingly, the g poenidkdl and plainum fwascestimaed esing ( |

Equation 2.4 asollows:

Where, m is the mass of the metal, which was calculated using the same formula in Equatior

25 as follows:

o &4 I 2.5

WhereMW is the molecular weight (MW 58.7 g/mole for nickel and 195.08 g/mole for
platinum) and Ms number of moles of metal which can be calculated using the formula in

Equation 2.6 as follogr

Where q is the electrical chargea B Avogadro's number (6.022 107 mol™), e is the
electron charge (1.6 10*° C), and n is number of electrons which makes 1 atom Zrfor
nickel and 4 for platinum)rhe electric chargéy) can be calculated from theg&ation 2.7 as

follow:

q=, ™« 2.7

Where i= integral of current and dt = interval time.
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Potential step

In a typical potential step experiment, the applied potential (E) is changed suddenly from one
value (E1) to another value (E2). The resulting current is thessuned against time as

shown in Figure 2.4
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Figure 2.4 A representative transient of nickel deposition on gold wire electrode (area
1.96 x 10°cm?) at potential of -0.95V vs Ag/AgCl.

Potential stepan be used for deposition of metals from metal electrolytes. This process is

M=’ nickeP® and other metals have been successfully

called electrodeposition. Platind
deposited by this method. In our work, potential step was used for electrodeposition of Ni and
Pt from their metal electrolytes. Details of electrodeposition experiments are described above

in Section 2.3.5.

2.4.2Electrodeposition process

Electrodeposition isommonly used to produce a thin layer of a desired material at a surface
of an electrode (cathode). The substrate to be coated is immersed into a solution whick

contains the correspdimg metal electrolyte. The thredectrodes in the electrodeposition
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cdl are connected together ta axternal power supply (potentiogtaWhen an electric
current passes through the electrolyte, the cations of the desired material will be reduced to it
metallic form and deposited on the surface of the electft'd® The electrodposition
technique has many advantages including low cost as well as high deposition rates. Product
of electrodeposition are widely used for many industries, such as electtdnasellery*!
shipbuilding, air space, machinery, and toy industries. In this wibik, films of mesoporous

nickel and platinum were prepared using potential step deposition appmeactported
previously by Ke et ai*> Sample preparans and experimental conditions used in the

electrodeposition experiments are described above in Section 2.3.5.

2.4.3X-ray diffraction (XRD)

This technique is primary used for phase identification of a crystalline material. The basic
principle of this technige is based on the constructive interference of monochromatigsx

and the crystalline sample. Diffraction patterns are generated upon interaction of the
el ectromagnetic radiation with the sampl e
d % (Figure 2.5). The diffraction patterns are then detected and processed. The diffraction
peaks can be then converted intsphcings. The unknown materials can be then identified

by comparing the-dpacings with patterns of a standard reference.

37



Chapter2 Materials and Methods
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Figure25A schematic il lustration of Bragg®6s

In XRD measurements, a monochromatic beam-o&ys§ is focused on the sample. Most of
the X-ray beam passes through the sample and some of bearatterexst at a specific
diffraction angle depending upon the structural symmetry of the sample. The scattesed X
form a scattering pattern which is then detected Hingnsional Xray detector which
generates-D patterns (Figure 2.6). ThedImensionalX-ray patterns can be converted into
1-D patterns usin@g special software. ThRD patterns contain the information about the

structureof the sample.

Slits

Vacuum pass

Source of X-ray Sample 2D detector

Figure 2.6 A schematic illustration showing a typical setup of XRD instrument.
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2.4.4Wide-angle powder diffraction (XRD)

X-ray powder diffraction (XRD) is used intensivefgr the identification of unknown
crystalline materials. In ouravk, X-ray diffraction (XRD) was used to identify the deposited
nickel materials. A thin layer of nickel was deposited on a gold DVD substrate (area = 1.0
cn?). The substrate with the deposited nickel was analysed-tay Miffraction (XRD) using

D8 ADVANCE X-ray diffractometer (Bruker, Germany). The patterns efa) diffraction

were run in normal 2 theta scan with Cu talbevavelength of & 1.54 A), voltage of0 kV

and current of 40 mA. As a control experiment, a blank gold DVD substrate (before
deposition) was also analysed by XRD under the same conditions. The gold DVD substrate
was fixed in the sample holder of the XRD machine bygisiluetack at the back of the
substrate. The conductive side of the substrate was pushed by using two microscope glas

substrates to make sure that the conductive side was flat with the edges of the sample holder

2.4.5Small angle Xray scattering (SAXS)

2.4.5.1Technique overview SAXS instrumentation and measurement

SAXS is one ofX-ray scattering techniqueshich are mainly used to provide information
aboutthe nanostructure of materid$ It has been developed originally in the 1930s to study
metal alloys®. Later, SAXS technique has been improved rapidly over the years and has
become one of the most popular techniques used for structural characterisation of different
materials, includig polymers, biological macromolecules, colloids, liquid crystals and
others. It has been used in broad range of applications including nanostructured metals

alloys, ceramics, and composite matetf&f$’.
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In this study, the small angle-Ray Bruker NanostatAXS (CAF lab, University of Reading,

UK) was usd to identify and confirm the phase behavior of liquid crystals (monoolein and
phytantriol) under different conditions. TB#uker Nanostar AXSmallangle Xray system

was operated at 45 kV and 650 pA. Before use, the instrument was calibrated by silver
behenatevith d = 58.380 A*®. Sample to detector distances of 60 cm were used. Scattering
patterns were obtained with the wavelength 1.54*A The analysis was carried out under
vacuum to minimize air scattering. The samples were equilibrated in SAXS instrument for 10
min before a 830 min SAXS exposure undgacuum. In order to study the phase transition

of monoolein at different temperatures, monoolein samples were heated ff@n°25at a

scan rate of 5 °C mih In general, the SAXS data were displayed as 2D SAXS scattering
patterns which were then camted into 1D patterns using Image J software with macros

written inthouse.

In addition, asynchrotronradiation fcility (Beamline 107, Diamond Light Source, Oxford,

UK) was used for structural characterisation for mesoporous nickel and platinumitfivas

also used for studying the formation and stability of cubic phases of monoolein (Rylo) under
excess of water. Measurements were conduc
energy of 12.5 KeV. The wavelength of tderayswas 0.99A. The datavas collected using

a Pilatus 100 K detector. In order to measure the sample to detector distance and beam cente

silver behenate was used as a calibrant.
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2.4.5.2Sample preparation for SAXS

In this study, samples were prepared for SAXS analysis usingetiffeells depending on

the size of the sample, the purpose of the experiment as well as the tiee SAXS
instrument used in the detection. Details about the cells used and the preparation process a
shown in the following sections:

Capillary cell

The capillary cellswere used to prepare the samples useddentification of the phase
behavior of the lipid crystalline templates (monoolein and phytantriol) in excess water or
excess of metal solution. Also they warsed to study the effect of tempgire and Bri56

on the phase behavior of monoolein (Rylo and Cithrol). Capillarys vedire used for
measurement with 8ruker NanostarAXS system. The inside wall of the capillary tube
(diameterl . 5 mm, thickness 10 em) was coated w
or without the additive (Brip6) by pipetting phytantriol/ethanol mixture wt/wt % (1:1),
monoolein/ethanol mixture wt/wt % (1:1) or monoolein/Brij mixture inside the tuben Tire

tube was lefto dry inair at room temperature for 10 min. A layer of the lipid was formed on
the inside wall of the tube (~340 pm thick}?°. The tube was then filled with water or metal
solution. The tass capillary tube was then sealed on both sides to avoid liquid loss. The
capillary tube was then placed on the capillary cell holder of the SAXS machine and used for

the measurements (Figure 2.7).

Brass led Rubber ring Glass tube Brass tube Metal ring

| L
| )

Figure 2.7 A schematic illustration of the capillary cell used in SAXS measurements.
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Sample preparation using gold DVD disk electrode

For structural characterisation by SAXS, mesoporous films of nickel or platinum were
deposited on gold DVD disk working elemttes. In order to make these gold DVD
electrodes, the two polycarbonate disks of the DVD were split apart by tweezers. Then the
gold coated polycarbonate layer of the DVD was cut and used as electrodes. Conductive
copper tape was attached to the DVD piedd®n the back and the edges of the gold DVD
pieces were coated with red polymer (Figure 2.8). The red polymer is used for many
reasons:1) to mount the delicate gold layer firmly on the DVD pieces, 2) to cover the copper
tape and thus to prevent the dapos of the metals on the copper tape, 3) to adjust the area
of the electrode which is required for deposition. Electrodes of an area ranging from 1.0 to
1.3 cnf were made and used directly without polishing. High magnification SEM images of
gold DVD elet¢rodes showed that the electrode contains parallel grooves (Figure 2.8B). The
DVD electrodes with the deposited metal films were exposed directly to SAXS1fomiin.

This preparation was used for measurements with Batker Nanostar AXSnstrument and
synchrotron SAXS. DVD sample preparations were also used for XRD, SEM and TEM

analysis.

(A) (B)

Gold DVD

Red polymer

Conductive
copper tape

Figure 2.8 Gold DVD working electrode: A) An image of a blank gold DVD electrode and
B) The corresponding high magnification SEM image
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