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SUMMARY  

Herein, we report for the first time the fabrication of novel 3-D mesoporous nickel with 

single diamond morphology using direct templating through bicontinuous cubic phases of 

monoolein (Rylo) via the electrodeposition route. Mesoporous nickel was successfully 

electrodeposited from nickel electrolyte at room temperature through the bicontinuous cubic 

phases of monoolein (Rylo) at a potential of -0.95 V vs. Ag/AgCl. The structure of the 

fabricated nickel films was confirmed by small angle X-ray scattering (SAXS) analysis and 

the calculated lattice parameter of the fabricated films was found to be (175 ± 2.5 Å). 

Transmission electron microscopy (TEM) of the fabricated nickel films confirmed the 

deposition of nickel in a 3-D network of interconnected nanowires. The electrochemical 

surface area of the nickel films deposited in the presence of monoolein template was 

estimated to be ~266 fold higher than that of the nickel films deposited in the absence of the 

template. Furthermore, the specific surface area of the templated nickel films was calculated 

to be (~13 m
2
/g). In addition, the templated nickel 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 as a structure directing 

agent for fabrication of 3-D mesoporous materials via the electrodeposition route. 

 

Mesoporous platinum was electrodeposited for the first time from hexachloroplatinic acid 

(HCPA) solution through the bicontinuous cubic phases of monoolein (Cithrol) at potential of 

-0.25 V vs. Ag/AgCl. Cyclic voltammetry confirmed the presence of nanostructured platinum 

in the deposited films. Furthermore, a clear SAXS peak was observed. The lattice parameter 

for this peak was calculated to be 456 Å. However, the structure of the deposited platinum 

films could not be revealed from the SAXS analysis. Therefore, further investigations are 

required in order to reveal the structure of the fabricated platinum films. 

 

For the first time, we report the fabrication of Pt/Ni and Ni/Pt composites by 

electrodeposition of platinum and nickel onto 3-D Ni and Pt scaffolds, respectively. The 3-D 

Ni and Pt scaffolds were fabricated by direct templating through cubic phases of monoolein 

and phytantriol, respectively. The fabricated 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 techniques. Both cross polarised light microscopy (CPLM) 

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 from 

cubic phase (QȽȽ) to hexagonal (HȽȽ) occurred at 65 
o
C for Rylo and at a lower temperature for 

Cithrol (52.3 
o
C). Consistently, SAXS patterns of Rylo and Cithrol at full hydration at 

different temperatures showed a phase transition from diamond cubic phase (QȽȽ
D
) to 

hexagonal (HȽȽ) at 65 
o
C for Rylo and at 55 

o
C for Cithrol. The phase transition was 

accompanied with a decrease in the lattice parameter with both materials. SAXS analysis also 

revealed an increase in the lattice parameters of the cubic phases of both monoolein types 

(Rylo and Cithrol) by increasing the concentration of Brij-56 up to 20% (wt/wt), indicating a 

swelling of monoolein cubic phases. Therefore, Brij-56 is promising for tuning the structural 

parameters of monoolein-water system which is potentially important for many 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 stated 

in the following paragraphs: 

Chapter 1 discusses, briefly, the applications of mesoporous materials, their preparation 

methods, some examples of mesoporous materials, in particular nickel and platinum and their 

applications as well as liquid crystals and their phases. It also discusses in detail the liquid 

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 been 

used in this work as well as the sample preparation. It also describes how the data had been 

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 electrodeposited platinum films and 

the electrochemical as well as the structural characterisation of the fabricated platinum films.  

Chapter 5 studies the use of mesoporous 3-D nickel films and mesoporous 3-D platinum 

films as hard templates for fabrication of Ni/Pt and Pt/Ni composites via electrodeposition 

route. It also reports the electrochemical characterisation of the fabricated composites.  

Chapter 6 studies some physico-chemical properties of monoolein products, namely Rylo 

and Cithrol. It also studies the phase behavior of monoolein. 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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 Int roduction Chapter 1: 

1.1 Liquid 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 called liquid crystals (LCs). According to the physico-chemical 

parameters responsible for the phase transitions, liquid crystals can be classified into two 

main groups, thermotropic liquid crystals (TLCs) and lyotropic liquid crystals (LLCs).  

Thermotropic liquid crystals exhibit a phase transition into the liquid crystal phases with 

temperature and pressure changes
1
. However, 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 interested in LLCs. Details about LLCs and their phases 

are described in the following section. 

 

1.1.1 Lyotropic liquid crystal ( LLCs)   

Lyotropic liquid crystals are made from surfactants which form lyotropic liquid crystalline 

phases when they are mixed with a polar solvent, such as water
2,3

. Surfactants are 

amphiphilic molecules. An amphiphilic molecule consists of two parts, a polar head and one 

or more non polar tails. The head and the tail are attached together to make a surfactant. If the 

amphiphilic molecules are dissolved in an aqueous solvent, the amphiphilic molecules form 

groupings, for example in spherical shapes called micelles where the polar heads protect the 

non-polar chains. This process is called a self-assembly process. In a micelle, a polar head 

forms an outer shell in contact with an aqueous solvent, while the non-polar tails are hidden 

inside the shell. Hence, the core of a micelle, being formed of long non-polar tails, resembles 
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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 self-assembly process is an important characteristic 

feature of lyotropic liquid crystals (LLCs) which makes them different from thermotropics. 

 

Under suitable conditions of temperature and relative concentrations, mixtures of surfactants 

and solvents self-assemble in different structures known as lyotropic mesophases. Based on 

the dimensional range (2.5-25 nm), the lyotropic phases are also known as liquid crystalline 

nanostructures
4
. Lyotropic liquid crystalline (LLC) phases have been identified by different 

analytical methods, such as polarized light microscopy, X-ray scattering and Raman 

spectroscopy
5,6,7

. These phases are lamellar L, cubic Q, hexagonal H, and some intermediate 

ones.  

 

According to the direction of the curvature, the LLC phases can be classified into type I 

(normal phases) and type II (inverse phases). Type I can be micellar (LI), hexagonal (HI), or 

bicontinuous cubic (QI), while type II can be inverse micellar (LII), inverse hexagonal (HII), 

or inverse bicontinuous cubic (QII) (Figure 1.1). There are three different morphologies of the 

inverse bicontinuous cubic phase (QȽȽ) are: G (gyroid, space group Ia3d (Q230)), D (double 

diamond, space group Pn3m (Q224)) and P (primitive, space group Im3m (Q229). These phases 

are complex symmetrical three-dimensional structures
8
 consisting 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 

(QII) phases were designed using Enthought Canopy Python software.  
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1.2 Liquid crystalline systems used in this study  

Monoolein-water and phytantriol-water are the liquid crystalline systems used in this study. 

More details of these two systems are described below.  

 

1.2.1 Monoolein-water system   

1.2.1.1 Chemical and physical properties of monoolein  

Monoolein (1-(cis-9-octadecenoyl)-rac-glycerol) is a viscous liquid with a characteristic 

odor
9
. It is pale yellow or clear amber in colour

9
. On the molecular level, monoolein is an 

amphiphilic material (it contains hydrophilic and lipophilic moieties) consisting of a 18-C 

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 shown in 

Figure 1.2. The glycerol moiety (known as the óheadô) is responsible for the hydrophilic 

characteristics of the molecule. This is due to the presence of hydroxyl groups in this part. 

While the C18 hydrocarbon chain (called the ótailô) is strongly hydrophobic
9
. 

 

 

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

 

Monoolein is insoluble in water and cold alcohol; however it is very soluble in oil, and other 

solvents such as petroleum ether or chloroform
10

. Besides its high oil solubility, it is a non-

toxic, biodegradable and biocompatible material. This makes monoolein and its commercial 
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forms suitable for a wide range of applications including, pharmaceuticals, food, cosmetics, 

agriculture  and protein crystallization
4
. Some of these applications include biological 

applications, in particular for drug delivery applications
11

, biosensors, emulsifiers, solubility 

enhancers and others. Furthermore, monoolein bicontinuous cubic phases have been useful 

for many applications including gene therapy, crystallization of membrane proteins, 

fabrication of metal nanoparticles and for soap industry 
4
. 

 

1.2.1.2 Lyotropic phases formed by monoolein 

As amphiphilic material, monoolein shows different phases in the presence of water 

including, lamellar, hexagonal and bicontinuous cubic phases (double diamond, space group 

Pn3m (Q224) and gyroid, space group Ia3d (Q230))
4
, which assemble in 1, 2 and 3 dimensional 

structures. In addition, monoolein exhibits more phases in the presence of additives such as 

lipids, salts, detergents and others. These additional phases include bicontinuous cubic phase 

(Im3m), micellar cubic (Fd3m), sponge phase, vesicles and bicelles (Figure 1.3).  

 

 

Figure  1.3 Additional phases of monoolein occurring in the presence of different 

additives: Bicontinuous cubic (primitive, space group (Im3m)), micellar cubic (Fd3m) phase, 

sponge phase, vesicles and bicelles. Adapted from Kulkarni et al.
4
.  



Chapter 1                                                                                       Introduction 

 

6 

 

1.2.1.3 Phase behavior of monoolein 

Many studies have reported the phase behaviour of monoolein-water mixtures
12,6,13,7

. Small 

angle X-ray scattering (SAXS) has been used to investigate the phase behaviour of 

monoolein/water system
6
. Figure 1.4 shows the phase diagram for monoolein-water system.  

 

 

Figure  1.4 Phase diagram of monoolein-water system. The diagram is adapted from Briggs 

et al.
6
. 

 

In the phase diagram, the boundaries and coexistence regions are shown. The type of 

structure formed depends on water content or/and temperature. The phases observed in 

monoolein aqueous system are lamellar crystalline phase (Lc), lamellar liquid crystalline 

phase (LŬ), fluid isotropic phase (FI), inverse hexagonal phase (HII), and  inverse cubic of 

space groups Ia3d (QII
G
, gyroid) and Pn3m (QII

D
, diamond).  
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Under excess water, monoolein exhibits two different types of bicontinuous cubic phases 

(QII) depending on the water content
7,14

. These cubic phases assemble with two distinct 

morphologies: QII
G 

(gyroid type, space group Ia3d) and QII
D 

(diamond type, space group 

Pn3m)
6
 and complemented by the cubic phase QII

P
 (primitive, space group Im3m). These 

phases are complex symmetrical three-dimensional structures
8
 consisting of two intertwined 

water channels separated by a single continuous lipid bilayer. Also the cubic phases are 

characterised by high surface area
15

, high solubility in both hydrophilic and hydrophobic 

materials
16

. This makes the bicontinuous cubic phases of monoolein very attractive for many 

applications including for the crystallization of membrane protein
17,18,19

, for the solubilisation 

of different molecules such as vitamins
20

, drugs
21

 and essential oils
22

 and for the synthesis of 

metal nanoparticles
4
 and metal oxides such as alumina

23
. In this work bicontinuous cubic 

phases of monoolein were used as templates for preparation of high surface area nickel and 

platinum at room temperature via electrochemical deposition route.  

 

The classical phase behavior of monoolein/water system could be modulated by several 

environmental factors including, temperature
6,24

, pressure
25

, magnetic fields
26

 and 

electrostatic fields
27

. In addition, the presence of additives could modulate the lyotropic 

behavior of monoolien/water system
4,28

. 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/water systems including 

hydrophilic, hydrophobic or amphiphilic molecules
4
. Examples of such additives are 

lipids
29,30,31

, detergents
32,33,34

, electrolytes,
35,36

 sugars
37,28

, glycerol
38

 and others.  
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1.2.2 Phytantriol -water system  

1.2.2.1 Chemical structure of phytantriol  

Phytantriol (3,7,11,15-tetramethyl-1,2,3-hexadecanetriol) (Figure 1.5) has been used in many 

applications including, cosmetics
16

, drug delivery
39,40

 and only recently for metal 

deposition
41

.  

 

 

Figure  1.5 Chemical structure of phytantriol (3,7,11,15-tetramethyl-1,2,3-

hexadecanetriol). 

 

Phytantriol contains a polar head and a non-polar 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 properties (non-polar tail). This means that the phytantriol 

is an amphiphilic molecule when dissolved in a solvent such as water. The intermolecular 

forces make phytantriol self-assemble in many mesophases as the polar heads protect the 

non-polar chains. The structure and geometry of these mesophases depend on the 

concentration and temperature of the phytantriol
5
.  

 

1.2.2.2 Phase behavior of phytantriol 

The phase behavior of phytantriol was first reported by Barauskas et al.
5
. Studying 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 done by X-ray diffraction and polarised microscopy. The phase diagram 

of phytantriol is shown in Figure 1.6. 

 

 

Figure  1.6 Phase diagram of phytantriol-water system. Adapted from Barauskas et al.
5
. 

  

According to Barauskas et al.
5
, several phases in the phytantriol-water system have been 

observed including, inverse micellar (LII), inverse hexagonal (HII), lamellar (LŬ), and inverse 

cubic of space groups Ia3d (QII
G
, gyroid) and Pn3m (QII

D
, diamond) (Figure 1.6). Other 

phases were observed from phytantriol-water system but in the presence of additives. The 

cubic phase with the space group Im3m (QII
P
, primitive) was observed in the presence of 

distearoylphosphatidylglycerol (DSPG) and the sponge phase was observed in the presence 

of 2-methyl-2,4-pentanediol (MPD)
42

. 
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Cubic phases of phytantriol are in equilibrium in excess water and they are formed at a 

temperature range of (4-40 °C)
5
. This makes the family of cubic phases of phytantriol very 

important and attracts the scientific and industrial attention in various fields ranging from 

biophysics to drug delivery
5,16,40

. Akbar et al.
41

 reported recently the fabrication of 3-D 

mesoporous platinum networks by direct liquid crystal templating approach via 

electrodeposition route. In their work, Pt was electrodeposited from HCPA solution the 

double diamond cubic phases of phytantriol/water system as templates. Electrodeposition of 

Pt films was carried out using potentiostatic controller at room temperature at potential of -

0.25 V vs. Ag/AgCl. The fabricated 3-D Pt films were found to have single diamond 

morphology with a double lattice parameter (130 Å). Also the fabricated 3-D Pt films were 

found to exhibit extremely high surface area and high electrochemical stability
41

. In this 

thesis, we used the cubic phases formed by phytantriol/water system at room temperature as 

templates for fabrication of 3-D mesoporous platinum films with high surface area. The 

fabricated 3-D mesoporous platinum films were then used as hard templates for 

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

Mesoporous materials have been defined by the international union of pure and applied 

chemistry (IUPAC) as the materials which have pores in the size range of 2-50 nm
43

. 

Moreover, these materials were found to exhibit high surface areas
44

. They are widely used in 

many technological applications such as catalysis, sensors, selective separation and others
45

. 

Therefore, research interest in the synthesis and characterisation of these materials has 

increased. The synthesis of mesoporous materials is more complicated than the synthesis of 

conventional materials. Thus new approaches have been developed for synthesis of 

mesoporous materials
46,41

. In 1992, the first successful synthesis of mesoporous silica and 

aluminosiicates was reported at the Mobil Corporation
47

. This approach was based on the 

self-assembly 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 been widely developed including the use of other template materials such as block 

copolymers
48

, primary amines
49

, and poly(ethylene oxide)  surfactants
50

 to produce a range of 

silicate and non-silicate oxides
50

.  Moreover, Attard et al.
46,51

 developed a different approach 

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

% surfactant) was used to form a homogeneous self-assembled liquid crystal template. This 

approach enabled production of thin mesoporous films for metals using electrodeposition. 

Later, this approach was successfully used to produce nanostructured thin films of 

platinum
52,53,41

, tin
54

, nickel
55

 and others via electrodeposition route using different liquid 

crystal templates. 

 

Mesoporous materials possessing ordered porous networks have an advantage over 

mesoporous materials with non-ordered porous networks such as nanoparticles. The former 

are expected to possess superior mass transport properties and larger surface areas
56

, which 



Chapter 1                                                                                       Introduction 

 

12 

 

make these materials potentially important in many applications such as catalysis, selective 

separation, and electrochemical devices such as batteries and fuel cells
57

. Consequently, 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 materials 

(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 with 3-D 

structures. Details about mesoporous nickel and platinum materials as well as the different 

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

 

1.3.1 Mesoporous nickel  

Nickel is used in many applications such as an electrode material in batteries 
58

 (cadmium-

nickel oxide, zinc-nickel oxide, metal hydride-nickel oxide, and hydrogen-nickel oxide), fuel 

cells
59,60

 electrochemical hydrogenation of organic species
61

, in alkaline water electrolysis
62

 

and in sensors
63

. Enhancing the sensitivity of electrochemical 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.g., 

glassy carbon, gold, and platinum) to 2-D or 3-D nanostructured materials such as porous 

films of Pt
64,65

, Au
66,67

 and Ni
55,68

. Nickel electrodes with high 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 thermal decomposition and sintering of a 

mixture of nickel powder, consisting of micrometer-sized particles, and an organic binder. 

Also nickel has been electrodeposited into the voids of a microporous polymer matrix 
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template. Then the polymer is burn out by heat treatment to produce micro-porous nickel 

coatings
69

. A highly porous large surface area nickel film was prepared from a high internal 

phase emulsion (HIPE) template
70

. Moreover, nanoporous Raney nickel was prepared using 

cathodic co-deposition of the Raney nickel precursor alloys (Ni/Al or Ni/Zn) on a conducting 

support. However, the materials obtained in all these trials have disordered, and non-uniform 

pores. This feature together with the high surface area acts to delay or inhibit the movement 

of gas and liquid 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 through 

the pore network and in turn exhibit superior performance in electrochemical systems which 

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 nickel via the liquid crystal 

templating route. The first synthesis of mesoporous nickel using the liquid crystal templating 

via the electrodeposition route was reported by Nelson et al.
55

. They reported the 

electrodeposition of metallic nickel from aqueous nickel (II) acetate through the hexagonal 

(HI) lyotropic liquid crystalline phases of polyoxyethylene (10) cetyl ether (Brij-56) and 

polyethylene glycol octadecyl ether (Brij-78) surfactant templates to form nickel films with 

hexagonal arrays of nanometer-sized channels
55

. The fabricated nickel films contained a well-

ordered pore network with spacings between 5 and 8 nm. The estimated accessible surface 

area of the templated nickel films was found to be 100 times greater than samples fabricated 

without a template. Later, several attempts have been conducted to prepare mesoporous Ni 

with uniform, ordered pore networks (Table 1.1).  
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Table  1.1 Mesoporous nickel materials fabricated using different methods 

Product Structure Method  Pore size References 

NiO  HI  Direct soft templating through Brij-56 and Brij-78 surfactants  

via the electrodeposition route 

5 -8 nm Nelson et al.
55

 

Ni  HI Direct soft templating through a hexagonal liquid crystalline  

phase prepared from ternary mixture of Triton X-100, 

poly(acrylic acid) and water via the electrodeposition route 

Ḑ 17 - 25 nm Ganesh et al.
71,58

 

Ni HI Electroless deposition using Brij-56 (C16 EO10) as a template NA Yamauchi et al.
72

  

 

 

NiO NA Thermal treatment of Ni(OH)2 using sodium dodecyl sulfate  

and urea  as a hydrolysis controlling agent 

3-7 nm Xing et al.
73

 

Ni/Co alloy HI  Electroless deposition using Brij-56 a template  NA Yamauchi et al.
74

  

NiO HI Hard templating using SBA-15 silica as template 3-7 nm Wang and Xia
75

 

Ni (OH)2 HI Direct soft templating through a hexagonal liquid crystalline  

phase prepared from Brij-56 via the electrodeposition route 

7 nm Zhao et al.
76

 

Ni(OH)2  HI Direct soft templating through a hexagonal liquid crystalline  

phase prepared using 50 wt. % Brij-56 via the electrodeposition 

route 

2.5 nm Zhao et al.
77
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Continue Table 1.1

  

   

    

Ŭ-Ni(OH)2  HI Liquid phase deposition (LPD) method varied Deki et al.
78

 

Ni 3-D 

nanoporous 

gyroid 

Electroless Plating using a nanoporous block copolymer with 

gyroid nanochannels as a template 

NA Hsueh et al.
79

 

Ni/Co  HI Electrodeposition using hexagonal phase  

of cetyltrimethylammonium bromide surfactant 

~ 2 nm Bartlett et al.
80

 

 

Ni Co S  Nanosheet 

arrays 

Electrodeposition on carbon cloth  2-10 nm Chen et al.
81

 

MnO 2/Ni  3-D porous 

 network 

Ni was deposited chemically on planar conducting substrate 

with thermal treatment, followed by electrodeposition of Mn   

NA Xiao et al.
56

 

Ni-NiO2  3-D  

nanorod array 

Electrodeposition using aluminium oxide template NA Wang et al.
63

 

Ni  Porous Ni Electrodeposition using polystyrene sphere templates 280 nm Li et al.
82

  

HI = hexagonal, NA = not applicable  
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1.3.2 Mesoporous 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 non-enzymatic glucose sensing
57

. For example, mesoporous (HI-ePt) 

platinum microelectrodes electrodeposited from the hexagonal (HI) lyotropic liquid 

crystalline phase were synthesised and investigated for the detection of hydrogen peroxide. 

The fabricated electrodes exhibited excellent potential to be used as amperometric sensors for 

the detection of hydrogen peroxide
83

. Recently, a new method based on mesoporous platinum 

(Pt) electrodes has been developed for the detection of sugars (glucose, fructose, and sucrose) 

with high-performance anion-exchange chromatography (HPAEC). In this approach, the 

detection is based on the direct oxidation of sugars on mesoporous Pt films deposited on a 

gold electrode
84

. Moreover, mesoporous platinum nanowires have been synthesised and 

tested as a biosensor for the detection of glucose
85,86

.  In fuel cells, platinum can be used as a 

catalyst which facilitates the reactions at the cathode (oxygen reduction reaction)
87

 and the 

anode (methanol oxidation reaction). However, the majority of platinum catalysts consist of 

carbon-supported Pt nanoparticles which are subjected to carbon corrosion and aggregation 

during the electrochemical reaction of the fuel cell
88

. In order to overcome these problems, 

fabrication of nanoporous platinum is required to replace the carbon-supported Pt 

nanoparticles. Therefore, a wide range of nanoporous platinum materials with various shapes 

and sizes were fabricated for this purpose such as Pt-nanowires
87

 nanotubes
89

, 

nanodendrites
90

 and others. Many attempts have been reported to fabricate nanostructured 

platinum with controlled size and shapes using different methods, some of these attempts are 

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 (H I-ePt) Direct soft templating through hexagonal phase of octaethyleneglycol 

monohexadecyl ether (C16EO8) via the electrodeposition route 

2-15 nm Attard et al.
51

  

lamellar Pt nanostructures Direct soft templating through lamellar phase of tetraethylene glycol 

monododecyl ether (C12EO4)  surfactant using the electrodeposition 

route 

NA Zhao et al.
91

 

Pt nanocubes and nanospheres Substrate enhanced electroless deposition process varied Qu et al.
92

 

Pt nanowires Photochemical reduction of platinum ions 40 ± 5 nm Kundu et al.
93

 

Pt nanowires Using cetyltrimethylammonium bromide as a phase transfer agent 2.2 nm   Song et al. 
94

 

Pt nanowires Using n-dodecyl-trimethylammonium bromide 

as phase transfer agent 

2.3 nm  Teng et al.
95

 

Pt nanowires Hard templating using anodic aluminum oxide template 50-60 nm  Napolskii et al.
96

 

Pt nanotubes Electroless synthesis  varied Muench et al.
97

 



Chapter 1                                                                                       Introduction 

 

18 

 

Continue Table 1.2  

  

   

Hexagonal Pt array  Direct soft templating through the hexagonal phase of octaethylene 

glycol monohexadecyl ether (C16EO8) via the electrodeposition route 

1.8 - 4 nm  Elliott et al.
52

 

Hexagonal PtRu  Hard templating using 3-D mesoporous silica template 2.4 nm  Jiang and 

Kucernak
98

 

Pt nanosponges and  

nanonetwork (PNNs) 

By galvanic replacement reactions with Te nanowires  NA Lin et al.
99

 

3-D Pt nanoflowers Chemically using carbon nanospheres support NA Sun et al.
100

 

Nanostructured platinum Preferential pulsed electrodeposition (PED) from a dilute solution  

of chloroplatinic acid 

varied Rajalakshmi and 

Dhathathreyan
101

 

3-D Pt networks with a gyroid  

morphology 

Using nanostructured MCM-48 and SBA-15 silica materials as a 

structure directing agents 

NA Shin et al.
102

 

3-D mesoporous Pt network with 

a double gyroid morphology 

Using electrodeposition of Pt into a double gyroid  mesoporous silica 

film as a template  

3-4 nm Kibsgaard et al.
103

 

3-D mesoporous Pt network with 

a double gyroid morphology 

By vapor infiltration of a reducing agent using double gyroid  

mesoporous silica (KIT-6) template 

> 10 nm Doi et al.
104
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Continue Table 1.2    

Free-Standing Pt nanowires By casting using Te (Te@C) nanocables 12 nm Liang et al. 
87

 

Hexagonal mesoporous Pt Direct soft templating through hexagonal phase of  C16EO10  surfactant 

via  the electrodeposition route 

NA Asghar et al.
53

 

3-D Pt with single diamond 

morphology 

Direct soft templating through phytantriol cubic phase via the 

electrodeposition route 

10 nm Akbar et al.
41

 

3-D mesoporous Pt nanocubes A novel meso-crystal self-assembly mechanism Ḑ50 nm Cao et al.
105

 

Mesoporous Pt nanospheres Using triblock copolymer [poly(styrene-b-2-vinylpyridine-b-ethylene 

oxide), PS-b-P2VP-b-PEO] as template 

  

varied Li et al.
106

 

3-D nanoporous gyroid Pt By electroless plating using polystyrene-b-poly(L-lactide) (PS-PLLA) 

block copolymer as a template 
20 nm Cheng et al. 

107
 

Mesoporous Pt/Ni with  

double gyroid morphology 

By co-electrodeposition of Pt and Ni into a mesoporous silica 3-4 nm Kibsgaard et al.
108

 

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

Mesoporous materials with well-defined 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 preparation of mesoporous materials
46,51,109

. The structure and the 

shape of the mesoporous material depend on both the template and the method used in the 

preparation. A wide variety of templates ranging from 2-D hexagonal to 3-D structures are 

available. In the hard templating method, templates with predefined and non-flexible 

channels are used. The common templates used for hard templating methods include 

mesoporous silica
75,110,109

, anodic aluminium oxide
111,112

, and others. However, in the soft 

templating method, templates with flexible shapes and structures are used. Examples of these 

soft templates are surfactants
113,51,41

, amphiphilic block copolymers
50,114

, emulsions
115,116,117

, 

polymer latex spheres
118,119

 and others. Details about both hard templating and soft 

templating methods are described in the following sections. 

 

1.4.1 Hard 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 of 

mesoporous materials. The hard templating process is carried out in two stages; the first stage 

is the annealing of the materials with the silica template. The second stage is the removal of 

the parent silica template using concentrated NaOH or HF
109

. There are many silica templates 

with different structures, for example, the SBA-15 silica template has 2-D hexagonal 

symmetry, while the KIT-6 silica template has 3-D cubic symmetry. Mesoporous silica 

materials have been involved in the preparation of a wide range of mesoporous materials with 

different structures including, C
120

, Pt
110,121

, Sn
109

 and many others. Anodic aluminium oxide 
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(AAO) templates have been also widely used in the preparation of mesoporous materials
122

. 

AAO templates have 2-D hexagonal pores. A wide variety of metal nanowires have been 

prepared in AAO templates using different routes including casting, chemical, electro-

electrochemical, and photochemical depositions
122

. Metallic nanowires of Ni
123

, (Ni, Cu, Co, 

Fe)
124

, Co 
125

 and others have been prepared onto AAO templates via electrodeposition route.  

 

Although the hard templating method is a highly reproducible method, it has some limitations 

including, high cost, long time scale, multiple-step procedure, as well as the difficulty to 

remove the parent templates
126

.   

  

1.4.2 Soft templating approach 

In this approach, many soft templates can be used for the fabrication of nanostructured 

materials as mention in Section 1.4. Among these templates the lyotropic liquid crystals 

(LLC) which are characterised by high structural deformations as well as 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 materials. This method called true liquid crystal templating. 

Details about this method will be discussed later in the following section. In addition, LLCs 

have been used indirectly for the preparation of mesoporous materials through the preparation 

of mesoporous silica 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 

polyoxyethylene-10-cetyl ether (Brij-56) aligned under an extremely high magnetic field of 

30 Tesla
127

. 
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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 [poly(styrene-b-2-

vinylpyridine-b-ethylene oxide), PS-b-P2VP-b-PEO] was used as a pore-directing agent for 

the fabrication of mesoporous Pt nanospheres with variable pore size
106

.  Chen et al.
107

 have 

reported the fabrication of a 3-D mesoporous platinum via electroless plating using the block 

copolymer, polystyrene-b-poly(L-lactide) (PS-PLLA) as a template. The soft templating 

approach has some advantages over hard templating including; low cost, simple processing 

and easy to remove templates
128

.  

 

1.4.3 Liquid crystal templating  

This approach 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 fabrication of nanostructured 

materials
51

. This approach overcomes the problems associated with the hard templating route 

such as fabrication and removal of the hard templates. Furthermore, lyotropic liquid 

crystalline phases are ideal systems for the synthesis of nanomaterials due to their periodic 

architecture with lattice parameters in nanometers.  

 

The first synthesis of nanostructure material using a lyotropic liquid crystalline phase as a 

direct template was reported by Attard et al.
51

. They reported a successful electrodeposition 

of highly ordered nanoporous platinum films with high surface area using a lyotropic liquid 

crystalline phase as a template. Since that time, this technique is used as a general synthetic 

technique for the fabrication of nanostructured materials. This approach involves 

electrodeposition of materials directly through the channels provided by the template in the 

electrolyte to access the conductive substrate. Therefore, the substrate needs to be coated with 
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the lyotropic liquid crystal template before electrodeposition. This approach is known as true 

lyotropic liquid crystal templating. Successful fabrication of a wide range of 2-D mesoporous 

materials has been reported using direct liquid crystal templating via electrodeposition route 

including platinum
51,52

, tin
54

 and nickel
55,71,76,77,80

. Recently this approach was successfully 

modified and extended to produce 2-D hexagonal mesoporous Pt with biaxially aligned 

mesopores
53

 and 3-D nanostructured Pt with a single diamond morphology
41

.  
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1.5 Aims and objectives  

This work aimed to develop and extend methods for the fabrication of mesoporous metals 

with 3-D structures at room temperature using liquid crystal templating approach via the 

electrodeposition route. This work can be broken down into several separate points. 

¶ To determine whether it is possible to electrodeposit nickel with single diamond 

morphology using monoolein as a template (Chapter 3). 

¶ To determine whether it is possible to electrodeposit platinum with single diamond 

morphology using monoolein as a template (Chapter 4). 

¶ To determine whether it is possible to utilise the platinum and nickel nanowires as 

hard templates for fabrication of Ni/Pt and Pt/Ni composites, respectively via 

electrodeposition route (Chapter 5). 

¶ To investigate the physico-chemical properties of monoolein and its phase behavior 

(Chapter 6). 
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 Materials and Methods Chapter 2: 

2.1 Introduction  

This chapter describes all the analytical 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 also 

included. 

 

2.2 Material s  

Nickel sulphate (NiSO4.6H2O), nickel chloride (NiCl2.6H2O), concentrated sulfuric acid 

(H2SO4) and hexachloroplatinic acid (HCPA) (H2PtCl6) solution (8 wt % in water) were 

purchased from Sigma Aldrich (UK). Monoolein product Rylo (95%) 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 

(3,7,11,15-tetramethyl-1,2,3-hexadecanetriol (C2H42O3)) was a gift from Adina Cosmetics 

Ingredients UK (purity > 98.3 %). Potasium hydroxide was purchased from Fisher Chemical 

(UK), 0.5 M aqueous sulfuric acid (H2SO4) solution was prepared from Merck p.a.-grade. 

Butyl rubber (Miccro XP-2000) (red polymer) was sourced from Hi-Tek Products Ltd, UK. 

Ethanol (C2H5OH) was purchased from Fischer Scientific (UK). Brij-56 (polyethylene glycol 

hexadecyl ether (C16EO10)) was purchased from Aldrich (UK). Alumina powder in three 

grades (25, 1.0, 0.3 ɛm) and polishing pads (microcloth PSA) were purchased from Buehler 

(UK). Gold wire electrodes and platinum wire electrodes were purchased from Goodfellow, 

Cambridge Limited (UK). Gold-coated glass slides were purchased from EMF, evaporated 

metal films (UK). Gold-coated foil slides were purchased from Goodfellow, Cambridge 
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Limited. DVDs were sourced from Delkin Devices (UK). A glass capillary tube (diameter 1.5 

mm, thickness 10 ɛm) was purchased from Capillary Tube Supplies Ltd, Reading, UK. All 

compounds were used as received. All aqueous solutions were prepared in Milli-Q water.    

 

2.3 Sample preparations 

2.3.1 Preparation of Liquid crystal ethanolic solutions 

Solutions of monoolein/ethanol wt/wt % (1:1) and phytantriol/ethanol wt/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 homogenous samples.  

 

2.3.2 Nickel deposition solution 

Nickel deposition solution consisting of (0.856 M NiSO4.6H2O, 0.158 M of NiCl2.6H2O and 

0.539 M of boric acid) was used as an aqueous phase for electrodeposition of nickel. The 

mixture was prepared by dissolving 135 g of NiSO4.6H2O, 22.5 g of NiCl2.6H2O and 20 g of 

boric acid in 600 mL in Milli-Q water. The solutions were prepared in a fume cupboard.  The 

final mixture has a pH of 4.0.  

 

2.3.3 Platinum deposition solution 

Platinum was deposited from HCPA solution. The solution was used as received. 
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2.3.4 Preparation of monoolein-Brij -56 mixture 

Solutions of monoolein/ethanol wt/wt % (1:1) and Brij-56/ethanol wt/wt % (1:1) were 

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

compositions of monoolein-ethanol/Brij-56-ethanol were prepared as shown in Table 2.1. 

 

Table  2.1 Composition of monoolein/Brij-56 mixtures used in this study 

Brij -56  

% (w/w) 

Monoolein  

% (w/w) 

3 97 

5 95 

7 93 

10 90 

15 85 

20 80 

 

 

2.3.5 Electrochemical preparation of mesoporous materials 

Pre and post preparations as well as the experimental conditions used for preparation of 

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

 

2.3.5.1 Cleaning of platinum and gold wire electrodes  

Prior to electrodeposition, the working wire electrodes (platinum or gold) were polished with 

sand paper and alumina in three grades (25, 1.0, and 0.3 ɛm). The polishing with alumina 

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

appeared as a clean shiny mirror. After polishing, the electrodes were scanned 25-50 times by 
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cyclic voltammetry in 0.5 M H2SO4 at 200 mV/s between potential limits of +1.2 and -0.25 V 

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

 

2.3.5.2 Coating 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 evaporate leaving a film of the lipid at 

the electrode surface as shown in Figure 2.1. The film thickness was adjusted to be 

approximately 16 ɛm according to Akbar et al.
129

. This was estimated by dividing the volume 

of the ethanolic solution of the lipid with the electrode area which was covered by the lipid.  

 

                

Figure  2.1 Working electrodes coated with surfactant layers. A) Gold DVD electrode and 

B) Gold wire electrode.   
 

2.3.5.3 Soaking of working electrodes in metal solutions 

Prior to electrodeposition, the lipid-coated working electrodes were soaked 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 solution
129

.  

(A) (B) 
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2.3.5.4 Electrodeposition experiment 

Electrodeposition of nanostructured metals was conducted using a potentiostatic controller at 

room temperature in excess of Ni deposition solution (for nickel deposition) or in excess of 

HCPA solution (for platinum deposition) using Ag/AgCl reference electrode, a platinum flag 

counter electrode and a working electrode. The working electrode (substrate) 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 electrodes with an area of 1.96 × 10
-3

 cm
2
.  

For SAXS, XRD, SEM and TEM analysis, nanostructured metal films were deposited on 

different gold plate electrodes with large surface area (~1.0 - 1.3 cm
2
) prepared from archival 

gold (24 karat) coated DVDs (purchased from Delkin Devices, UK).  Electrodeposition was 

carried out at potentials of -0.95 V and -0.25 V vs. Ag/AgCl for nickel and platinum, 

respectively.   

 

2.3.5.5 Post-treatment of working electrodes  

Following the deposition, the working electrode was removed from the templating cell and 

immersed in ethanol (10-15 mL) for one hour in order to remove the lipid template. This 

process was repeated 1-2 times. Then the working electrode was washed by soaking in a 

mixture of ethanol and water (wt/wt ratio of 1:1) for 30 min followed 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 

2.4.1 Electrochemical techniques 

Cyclic voltammetry and potential step are the electrochemical techniques used in this work.  

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 potentiostat 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).  

 

 

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 a 

20 mL glass cell. An Ag/AgCl electrode was used as the reference electrode (RE), a platinum 

flag with an area of ~ 1 cm
2
 was used as the counter electrode (CE) and variable working 

electrodes (WE) were used depending on the purpose of the experiment. The glass tubing of 

the reference electrode is filled with 1 M KCl solution. The cell was controlled by an Autolab 

PGSTAT101 potentiostat. The cell was attached to a computer in order to process the data. 

Prior to each electrochemical experiment, the counter electrode was flamed 2-3 times 

followed by rinsing with distilled water, until 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 H2SO4 or 3 M KOH aqueous solutions. For electrodeposition, the 

three electrodes were immersed 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 and forth at a constant rate to measure the current with respect to the potential. The scan 

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, cyclic voltammetry was initially used to clean the 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 electrodes were cycled in 0.5 M H2SO4 aqueous solution at potentials scanned between 

+1.2 and -0.32 V vs. Ag/AgCl at room temperature (~ 20 °C) at various scan rates, while gold 
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electrodes were cycled in 0.5 M H2SO4 at potentials scanned between +1.6 and -0.2 V vs. 

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

 

Furthermore, cyclic voltammetry was used to characterise the electrodeposited platinum and 

nickel films.  For characterisation of deposited nickel, nickel films were cycled in 3 M KOH 

for potentials scanned between +1.0 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 to Jabs et al.
130

, cyclic 

voltammogram of nickel electrode shows the presence of characteristic anodic and cathodic 

peaks at a potential range from 0.3 to 0.5 V. 

 

For characterisation of deposited platinum, platinum films were cycled in 0.5 H2SO4 at 

potentials scanned between +1.2 and -0.35 V vs. Ag/AgCl 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 literature, cyclic voltammogram of 

platinum electrode shows peaks at Hc, Ha, Oa, and Oc which represent the formation of 

adsorbed hydrogen, the oxidation of adsorbed hydrogen, the formation of adsorbed oxygen or 

platinum oxide layer, and the reduction of the oxide layer, respectively
131

. Point A represents 

the start of bulk hydrogen evolution, while point B represents the start of the bulk oxygen 

evolution
131

. Cyclic voltammogram of platinum electrode also shows peaks at adsorbed 

hydrogen and adsorbed oxygen regions. The number, shape, and size of the peaks observed in 

the hydrogen region depend on the platinum crystal planes
132

. In general, the hydrogen region 

shows three peaks labelled 1, 2 and 3 in Figure 2.3B. These three peaks correspond to 

different platinum crystal planes (110), (100) and (111), respectively
131,133

. 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.  

.  

 

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

film.  Deposition were carried out at room temperature on gold wire electrode (area = 1.96 × 

10
-3 

cm
2
). Cyclic voltammetry was recorded in 3M KOH at potentials scanned between +1.0 

and -0.45 V vs. Ag/AgCl for nickel and in 0.5 M aqueous H2SO4 at potentials scanned 

between +1.2 V and -0.32 V vs. Ag/AgCl for platinum. 
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The electroactive surface area of nickel and platinum electrodes was calculated from the 

voltammograms by calculating the roughness factor (Rf). For 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 can 

be calculated from the following formula:   

 

╢  
╘

Ȣ   ○ 
                                         2.2 

 

Where I is value of the integration of the anodic region scan and ɜ is the value of the scan 

rate. The surface area was estimated assuming the charge density associated with the 

formation of one monolayer of Ŭ-Ni(OH)2 is qNi(OH)2 = 0.000514 C cm
-2
 as reported in the 

literature
134,135

.   

 

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

Equation 2.3:  

╢  
╘ ╘

Ȣ ○ 
                                               2.3 

 

Where I1 and I2 are the integrations for the hydrogen region (hydrogen under potential 

(HUPD) region) during forward scan and reverse scan and óɜô is the san rate. The surface area 

was estimated assuming hydrogen adsorption charge density of 0.00021 C cm
-2 

 as reported 

by Brummer et al.
136

.  
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Accordingly, the specific surface area (ům) for nickel and platinum was estimated using 

Equation 2.4 as follows:  

 

Ɑ□  
╢

□
                m

2
 g

-1
                              2.4 

 

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

2.5 as follows:  

 

□ ╜  ╜╦                                              2.5 

 

Where MW is the molecular weight (MW = 58.7 g/mole for nickel and 195.08 g/mole for 

platinum) and M is number of moles of metal which can be calculated using the formula in 

Equation 2.6 as follows:  

 

╜
▲ 

 ╝═   ▪  ▄
                                                 2.6 

 

Where q is the electrical charge, NA is Avogadro`s number (6.022 × 10
23

 mol
-1
), e is the 

electron charge (1.6 × 10
-19

 C), and n is number of electrons which makes 1 atom (n = 2 for 

nickel and 4 for platinum). The electric charge (q) can be calculated from the Equation 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 then measured against time as 

shown in Figure 2.4 

 

 

Figure  2.4 A representative transient of nickel deposition on gold wire electrode (area = 

1.96 × 10
-3 

cm
2
) at potential of -0.95V vs. Ag/AgCl.  

 

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

called electrodeposition. Platinum
129,137,57 

, nickel
55

 and other metals have been successfully 

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.  

 

2.4.2 Electrodeposition process 

Electrodeposition is commonly 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 which 

contains the corresponding metal electrolyte. The three electrodes in the electrodeposition 
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cell are connected together to an external power supply (potentiostat). When an electric 

current passes through the electrolyte, the cations of the desired material will be reduced to its 

metallic form and deposited on the surface of the electrode
138,139

. The electrodeposition 

technique has many advantages including low cost as well as high deposition rates. Products 

of electrodeposition are widely used for many industries, such as electronics
140

, jewellery
141

, 

ship building, air space, machinery, and toy industries. In this work, thin films of mesoporous 

nickel and platinum were prepared using potential step deposition approach as reported 

previously by Ke et al.
142

. Sample preparations and experimental conditions used in the 

electrodeposition experiments are described above in Section 2.3.5. 

 

2.4.3 X-ray diffraction (XRD)  

This technique is primary used for phase identification of a crystalline material. The basic 

principle of this technique is based on the constructive interference of monochromatic X-rays 

and the crystalline sample. Diffraction patterns are generated upon interaction of the 

electromagnetic radiation with the sample when conditions satisfy Bragg's Law (nɚ = 2d sin 

ɗ)
143

 (Figure 2.5). The diffraction patterns are then detected and processed. The diffraction 

peaks can be then converted into d-spacings. The unknown materials can be then identified 

by comparing the d-spacings with patterns of a standard reference.  
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Figure  2.5 A schematic illustration of Braggôs Law.  

 

In XRD measurements, a monochromatic beam of X-rays is focused on the sample. Most of 

the X-ray beam passes through the sample and some of beam is scattered at a specific 

diffraction angle depending upon the structural symmetry of the sample. The scattered X-rays 

form a scattering pattern which is then detected by 2-dimensional X-ray detector which 

generates 2-D patterns (Figure 2.6). The 2-dimensional X-ray patterns can be converted into 

1-D patterns using a special software. The XRD patterns contain the information about the 

structure of the sample.  

 

 

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

X-ray powder diffraction (XRD) is used intensively for the identification of unknown 

crystalline materials. In our work, 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 

cm
2
). The substrate with the deposited nickel was analysed by X-ray diffraction (XRD) using 

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

were run in normal 2 theta scan with Cu tube at wavelength of (ɚ = 1.54 Å), voltage of 40 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 by using blue-tack at the back of the 

substrate. The conductive side of the substrate was pushed by using two microscope glass 

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

 

 

2.4.5 Small angle X-ray scattering (SAXS) 

2.4.5.1 Technique overview, SAXS instrumentation and measurement 

SAXS is one of X-ray scattering techniques which are mainly used to provide information 

about the nanostructure of materials
144

. It has been developed originally in the 1930s to  study 

metal alloys
145

.  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, including polymers, biological macromolecules, colloids, liquid crystals and 

others.  It has been used in broad range of applications including nanostructured metals, 

alloys, ceramics, and composite materials
146,147

.  

 

 

https://en.wikipedia.org/wiki/X-ray_scattering_techniques


Chapter 2                                                                        Materials and Methods 

 

40 

 

In this study, the small angle X-Ray Bruker Nanostar AXS (CAF lab, University of Reading, 

UK) was used to identify and confirm the phase behavior of liquid crystals (monoolein and 

phytantriol) under different conditions. The Bruker Nanostar AXS small-angle X-ray system 

was operated at 45 kV and 650 µA. Before use, the instrument was calibrated by silver 

behenate with d = 58.380 Å
148

. Sample to detector distances of 60 cm were used. Scattering 

patterns were obtained with the wavelength 1.54 Å
149

. The analysis was carried out under 

vacuum to minimize air scattering. The samples were equilibrated in SAXS instrument for 10 

min before a 5-30 min SAXS exposure under vacuum.  In order to study the phase transition 

of monoolein at different temperatures, monoolein samples were heated from 25-90 °C at a 

scan rate of 5 °C min
-1

. In general, the SAXS data were displayed as 2D SAXS scattering 

patterns which were then converted into 1D patterns using Image J software with macros 

written in-house.  

 

In addition, a synchrotron radiation facility (Beamline I07, Diamond Light Source, Oxford, 

UK) was used for structural characterisation for mesoporous nickel and platinum films. It was 

also used for studying the formation and stability of cubic phases of monoolein (Rylo) under 

excess of water. Measurements were conducted using a beam size of 300 ɛm Ĭ 500 ɛm with 

energy of 12.5 KeV. The wavelength of the X-rays was 0.99 Å. The data was collected using 

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

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

In this study, samples were prepared for SAXS analysis using different cells depending on 

the size of the sample, the purpose of the experiment as well as the type of the SAXS 

instrument used in the detection. Details about the cells used and the preparation process are 

shown in the following sections:  

Capillary cell   

The capillary cells were used to prepare the samples used for identification of the phase 

behavior of the lipid crystalline templates (monoolein and phytantriol) in excess water or 

excess of metal solution. Also they were used to study the effect of temperature and Brij-56 

on the phase behavior of monoolein (Rylo and Cithrol). Capillary cells were used for 

measurement with a Bruker Nanostar AXS system. The inside wall of the capillary tube 

(diameter 1.5 mm, thickness 10 ɛm) was coated with phytantriol or monoolein template with 

or without the additive (Brij-56) by pipetting phytantriol/ethanol mixture wt/wt % (1:1), 

monoolein/ethanol mixture wt/wt % (1:1) or monoolein/Brij mixture inside the tube. Then the 

tube was left to dry in air at room temperature for 10 min. A layer of the lipid was formed on 

the inside wall of the tube (~10-40 µm thick)
129

. The tube was then filled with water or metal 

solution. The glass 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). 

 

 

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 electrodes. 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 pieces. Then 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 deposition 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 cm
2
 were made and used directly without polishing. High magnification SEM images of 

gold DVD electrodes showed that the electrode contains parallel grooves (Figure 2.8B). The 

DVD electrodes with the deposited metal films were exposed directly to SAXS for 1-10 min. 

This preparation was used for measurements with both Bruker Nanostar AXS instrument and 

synchrotron SAXS. DVD sample preparations were also used for XRD, SEM and TEM 

analysis.  

 

                                                                                                                                   

Figure  2.8 Gold DVD working electrode: A) An image of a blank gold DVD electrode and 

B) The corresponding high magnification SEM image.   

(A) (B) 
























































































































































































































































































