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Abstract 

In this thesis, the adsorption of single-wall carbon nanotubes (SWCNTs) at the 

liquid/liquid interface, and the subsequent electrochemical investigation of the 

electrical properties of the adsorbed nanotubes have been studied.  

Prior to the adsorption of the nanotube, the stability of dispersion of SWCNTs in 

non-aqueous solvents was assessed by determining the onset of aggregation of the 

SWCNTs when organic electrolyte was introduced. It was found that electrostatic 

repulsion between the SWCNTs contributes significantly to the stability of the 

SWCNTs in non-aqueous solvents. Similar result was also found when the 

aggregation kinetics of molybdenum disulphide (MoS2) dispersion in non-aqueous 

media was studied using the same organic electrolyte.    

The formation of nanomaterial-polymer composites by deliberate electrochemical 

oxidation of pyrrole and the sonochemical polymerisation of the organic solvent was 

also studied. Electrolyte addition was shown to be a promising way to separate the 

2D material from the sonopolymer.  
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Chapter 1 

Introduction 

 

1.1 Carbon Nanotubes 

Carbon nanotubes (CNTs) have been extensively studied since their discovery in 

1991 by Iijima
1
 due to their remarkable physical and structural properties. They are 

composed of a single or few-layer thick graphene sheet seemingly rolled-up into 

seamless cylindrical tubes (Figure 1.1). The ends of the tubes may be open or closed 

by a hemi-fullerene.
2
 Graphene is a single sheet of graphite, one atom thick, 

consisting entirely of sp
2
 hybridized carbon atoms arranged in a hexagonal 

honeycomb lattice.
3
  

 

 

Figure 1. 1. Schematic representation of a graphene sheet, SWCNT and a 

MWCNT. 

 

As indicated in Figure 1.1, the two main types of CNTs are single-wall 

carbon nanotubes (SWNTs) and Multiwall carbon nanotubes (MWCNTs). SWNTs 

consist of a single cylindrical layer of graphene sheet, whilst MWCNTs are 

composed of more than one layer of graphene rolled into concentric cylinders, with a 

Graphene
SWCNT

MWCNT
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spacing of 0.34 nm between the individual cylinders.
2
 The diameters of the 

nanotubes are typically 0.8 – 2 nm for SWCNTs and 5 – 20 nm for the MWCNTs, 

whilst their lengths range from about 100 nm to several centimetres.
2
 Thus, CNTs 

possess large length to diameter ratio (aspect ratio, 10
2
 – 10

7
), and are commonly 

regarded as quasi-one-dimensional (1D) nanostructures.
4, 5

  

CNTs hold great potential for numerous applications, including fillers in 

nanocomposite materials,
1
 nanoelectronics,

6
 field effect transistors,

7
 electrochemical 

and sensor devices
5, 8

 and as catalyst support.
9, 10

 These applications are suggested 

based on the unique material properties exhibited by the nanotubes. For example, 

CNTs possess excellent mechanical properties, with a reported Young’s modulus of 

~1 TPa and a tensile strength that is between 10–100 times higher than that of steel.
1, 

11
 A thermal conductivity of 3500 W m

-1 
K

-1 
has been measured at room temperature 

for a SWCNT;
12

 this value is impressively higher than that of diamond (2000 W m
-1 

K
-1

).
2
 In metallic SWCNTs and MWCNTs, the electronic transport takes place 

ballistically (i.e., electrons transport through the nanotube without scattering) for 

distances in the range of microns, enabling the nanotubes to carry a large amount of 

current without dissipating heat.
5, 13

 CNTs have been shown to tolerate current 

densities in excess of 10
9
 A cm

-2
,
14

 which is ca. three orders of magnitude greater 

than copper.
11, 13

 In the case of semiconducting SWCNT, ballistic electron transport 

is also possible, but occurs only over nanotube lengths in the range of a few hundreds 

of nanometres.
11, 15

 Moreover, CNTs exhibit a large surface area, up to 1500 m
2
 g

-1
 

and good chemical stability.
11
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1.1.2 Structure of a SWCNT 

As mentioned previously, a SWCNT can be visualized as a single layer of 

graphene sheet rolled into a cylindrical tube. Depending on the direction about which 

the graphene sheet is rolled, various kinds of SWCNTs are produced (Figure 1.2). 

The structure, diameter and physical properties of each SWCNT are stated by a 

chiral vector, Ch, which is defined by the relation 

                          Ch = na1+ ma2                                                                            (1.1)  

 where the integers n and m are called chiral indices and denotes the number of unit 

vectors (a1 and a2) in the hexagonal honeycomb lattice.
5, 16, 17

 The diameter dt and 

the chiral angle, θ , (angle between Ch and a1 direction) can be expressed in terms of 

the integers, 𝑛 and 𝑚 as
17, 18

  

dt = Ch π = ⁄
a

π
√n2+ nm + m2                                                 (1.2) 

  

θ = tan-1 [√3m/(2n + m) ]                                                         (1.3) 

              

where a is the lattice constant of the hexagonal honeycomb lattice, which is given as 

𝑎 = √3 × 𝑎𝑐𝑐 (𝑎𝑐𝑐 is the C-C bond length, which is ~ 0.142 nm in graphite), and Ch 

is the length of the chiral vector, Ch.  
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Figure 1. 2. Schematic illustration of the rolling up of a graphene sheet to form a 

variety of SWCNTs.  

 

Based on the values of the n and m indices, SWCNTs can be grouped into 

three categories: zigzag, armchair and chiral nanotubes (Figure 1.2). A SWCNT is 

termed zigzag if its value of m = 0, armchair if its value of m = n, and chiral for all 

other values of m.
19

 Alternatively, the chiral angle can also be used to define the 

different types of SWCNTs: zigzag nanotubes correspond to θ = 0, armchair 

nanotubes correspond to θ = 30
o
 and the nanotubes are chiral for values 0 < θ < 30

o
.
17

  

Depending on the chirality of the tubes, they can be either metallic or 

semiconducting nanotubes. They are metallic if they are armchair or zigzag with 

𝑛 − 𝑚 = 3𝑘, where 𝑘 is an integer that is not equal to zero.
20

 Otherwise, the 

SWCNT are semiconducting with a band gap that is inversely proportional to their 

diameters.
5
 Based on this, it has been predicted that, in a given sample of SWNTs in 

which the nanotube’s chirality is not controlled, two-thirds of the nanotubes will be 

semiconducting and one-third will be metallic.
21

  

 

armchair zigzag chiral
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1.1.2 Methods of SWCNT Synthesis 

There are currently three main methods, namely, arc discharge (AD), laser 

ablation and chemical vapour deposition (CVD), that can be used to synthesise 

SWCNTs. These methods can allow high-quality and bulk quantities of SWCNTs to 

be produced.
22

 The AD technique, initially applied for the synthesis of fullerenes, 

was the earliest method to be utilised to grow SWCNTs.
23, 24

 In this method, a 

potential difference is applied across two graphite electrodes contained in a reaction 

chamber filled with an inert gas, such as helium or argon. As the electrodes are 

brought into close proximity, an arc is produced which results in the vaporisation of 

the graphite anode to form CNTs.
19, 25

 The nanotubes produced in this way are 

usually MWCNTs. To form SWCNTs, a metal catalyst (e.g., cobalt, iron, nickel-

yttrium mixture, etc.) has to be incorporated into the arc-discharge system.
19, 26

 A 

yield of 70 – 90% SWCNTs has been obtained with the nickel-yttrium catalyst using 

this technique.
26

 The main advantage of AD method is that SWCNTs with a high 

degree of structural perfection can be produced by careful control of process 

parameters since high temperatures (> 2000 K) are used in the synthesis.
19, 27

 

However, a major drawback of this technique is that the SWCNTs are formed 

alongside other carbonaceous impurities (usually, fullerenes, amorphous carbon and 

graphitic polyhedrons) and metal catalysts, thereby necessitating post-synthesis 

purification.
28

  

The laser ablation method, initiated by the Smalley’s group,
29

 was the next 

method to be applied for the synthesis of SWCNTs. In this technique, a high power 

laser is used to vaporise a graphite/metal (e.g., Ni-Co) composite target contained in 

a chamber heated to 1200 °C. The chamber is filled with a flowing inert gas, which 

during synthesis sweeps the produced nanotubes to a water-cooled copper collector 
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placed outside the reaction chamber. The laser ablation method has been used to 

obtained high quality SWCNTs with a yield comparable to that of AD method.
30

 The 

main disadvantage of this technique, however, is that it is relatively more expensive 

than the AD method, as it requires high purity graphite rods, high laser powers and 

produces lower amounts of SWCNTs per day.
20

     

The CVD technique is generally considered as the most promising method for 

industrial synthesis of SWCNTs because it can be easily scaled-up and, also, allows 

more control over the morphology and structure of the formed nanotubes.
22

 In this 

technique, the carbon source is a hydrocarbon gas (acetylene or methane), which is 

made to flow along with an inert gas into a tube furnace reactor inside which a metal 

catalyst (usually, iron, nickel or cobalt nanoparticles) is deposited on a solid 

substrate. The furnace is typically held at temperatures between 500 °C and 1000 °C. 

The catalytic thermal decomposition of the hydrocarbon gas is followed by 

nucleation and growth of the SWCNTs. The yield of SWCNT is very high as 

compared to the other methods. One of the main advantages of this method is that it 

allows the growth of nanotubes directly on conventional, as well as patterned, solid 

substrates. There are several variants of CVD process that can be used to synthesise 

SWCNTs. One such method is the high pressure carbon monoxide (HipCO) method, 

in which carbon monoxide is used as the carbon feedstock and iron pentacabonyl, 

Fe(CO)5, is employed as the catalyst precursor.
19, 22, 28

       

1.1.3 Dispersion of SWCNTs in Liquid Phase 

Owing to strong tube-tube attractive Van der Waals interaction and the 

hydrophobic graphene surface, as-produced SWCNTs tend to aggregate into bundles 

or ropes and are not easily dispersed in either water or organic solvents. Presently, 
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there are three main approaches that can be used to disperse SWCNTs in the liquid 

phase. The first approach involves coating or wrapping the SWCNTs with a 

dispersant material, typically a surfactant,
31, 32

 a polymer
33

 or a biomolecule
34

 to aid 

their solubilisation in a given solvent. Mechanical agitation (ultra-sonication or high 

shear mixing) is usually applied to help in de-bundling and dispersing the 

nanotubes.
32

 The coated or wrapped nanotubes are stabilised in the surrounding 

solvent medium by steric hindrance or electrostatic repulsion, arising from the 

adsorption of surfactant molecules onto the SWCNTs.
32, 35

 One of the main 

advantages of this strategy is that water is frequently used as the dispersing medium, 

which is particularly important for a myriad of applications in which water must be 

used. Additionally, it also allows high weight fractions of SWCNTs to be suspended; 

up to 20 mg mL
-1

 of SWCNTs has been successfully dispersed with the aid of a 

surfactant.
31

  However, the introduction of a third component into the system, which 

may be difficult to remove, is undesirable in many applications and most 

fundamental investigations.  

The second approach that has been used to disperse SWCNTs in liquid phase 

is chemical functionalisation of the SWCNT sidewalls or ends caps prior to their 

dissolution. This approach has been used to increase the dispersibilty of SWCNTs in 

both water
36

 and various organic solvents.
37

 Several functionalisation strategies, 

including halogenation, oxidation, thiolation, amidation, esterification, radical 

addition, cycloaddition and electrochemical reduction have been employed and 

varying levels of enhancement in dispersibility has been achieved.
38

 However, this 

approach results in the modification of the intrinsic properties of the SWCNTs and 

must be avoided in the case of investigations aimed at studying the pristine properties 

of the SWCNTs.
38, 39
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In order to avoid perturbation of the nanotube’s intrinsic properties or the 

introduction of a third component into the system, the direct dispersion of pristine 

SWCNTs into non-aqueous solvents has been widely used. As in the case of aqueous 

dispersion preparation, ultrasonication is used to de-bundle and disperse the 

nanotubes in the non-aqueous solvents. To date, a large number of common solvents 

have been tested and varying degrees of exfoliation and dispersion quality 

demonstrated.
40, 41

 
42

 Amongst the successful solvents, cyclohexyl-pyrrolidone 

(CHP), N-methyl-2-pyrroldone (NMP) and N, N-dimethylformamide (DMF) are 

commonly regarded as the best for dispersing pristine SWCNTs.
35, 42, 43

 Other 

solvents, which have been shown to successfully exfoliate and disperse SWCNTs 

include, 1,2-dichloroethane (DCE)
44-46

 and 1,2-dichlorobenzene (DCB).
40, 47

 These 

latter solvents are particularly relevant to the work described in this thesis. 

There have been numerous studies aimed at understanding what distinguishes 

a “good” solvent for dispersing SWCNT from a “bad” one.
35, 42, 48-50

 The majority of 

these studies have been based on solubility parameters, including the Hildebrand 

solubility parameter, Hansen solubility parameters and solvent surface energy. 

Initially, the Hildebrand solubility parameter was applied to study the dispersibility 

of SWCNTs in a range of solvents.
40, 42, 48, 49

 The Hildebrand or total solubility 

parameter (𝛿T), defined as the square root of the cohesive energy density (Equation 

1.4), is a numerical value that indicate the total attractive intermolecular forces that 

must be overcome when dispersing solute molecules in a given solvent.
51

 Solvents 

whose Hildebrand parameter matches that of the solute are regarded as “good” 

solvents. In the case of SWCNTs, it was found that the Hildebrand parameter is not 

specific enough to predict good nanotubes solvents as only a fraction of the solvents 

with the appropriate 𝛿𝑇 values were found to disperse SWCNTs.
42, 49, 50
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δT= 𝑐1/2 = (
∆H − RT

Vm

)

1
2

                                                              (1.4) 

where c = cohesive energy density, ∆H = enthalpy of vaporisation, R = gas constant, 

T = temperature and Vm = molar volume. This led to the consideration of the Hansen 

solubility parameters, which arise on the basis that the cohesive energy density of a 

material (i.e., Hildebrand solubility parameter) is the sum of three different 

intermolecular interactions, namely, dispersive (δD), polar (δP) and hydrogen 

bonding (δH) interactions (δT = δ
D

+ δP + δH).
52

 Therefore, by taking into account 

the different interactions, a clearer picture of the contribution of each component to 

the total interactions can be obtained. By using the set of thee Hansen parameters, 

Bergin et al.
42

 found that SWCNTs were dispersed in solvents with δD in the range 

17–18 MPa
1/2

, δP in the range 5 < δP < 14 MPa
1/2 

and δH in the range 3 < δP < 11 

MPa
1/2

. Similar results were also demonstrated by other researchers.
49, 50

 However, 

while the Hansen solubility parameters could be useful in predicting nanotube 

solvents, it was also observed that many solvents having the correct Hansen 

parameters were not effective at dispersing SWCNTs.
42

  

Since SWCNTs exhibit a well-defined surface, it was suggested
42, 53

 that the 

surface energies rather than the cohesive energies should best describe the nanotube-

solvent interactions. Indeed, it was demonstrated experimentally that solvents with 

surface energies close to that of SWCNTs (ca. 70 mJ m
2

) were successful at 

dispersing SWCNTs.
42, 53

 However, many solvents with surface energies close to 70 

mJ m
2 

were also found to be ineffective at dispersing SWCNTs.
42

 In addition 

solvents with very similar surface energies were observed to demonstrate different 

nanotube dispersibility. Therefore, while both the Hansen solubility parameters and 
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the solvent surface energy can be used as a guide to predict SWCNTs solvents, 

further work is needed to fully understand SWCNT dispersibility in non-aqueous 

solvents.  

1.2 Molybdenum disulphide 

The recent isolation of two-dimensional (2D) graphene and the demonstration 

of its exotic properties,
54, 55

 have led to an upsurge of renewed interest in other 2D 

layered materials, particularly the transition metal dichalcogenides (TMDs).
56, 57

 

Layered TMDs are a family of materials with the general formula MX2, where M is a 

transition metal element (e.g., Nb, Ta, W, Mo) and X is a chalcogen atom (e.g., S, 

Se, Te).
56, 58

 Historically, this family of materials have been studied and used in 

various applications including lithium ion batteries, dry solid lubricants and 

catalysis.
59, 60

 The exfoliated forms of the layered TMDs exhibit a diverse range of 

interesting mechanical, optical, thermal and electronic properties, due to surface and 

quantum confinement effects.
61

 These properties are different from, but 

complementary to, those of graphene.
56, 62

 While graphene is a zero-band gap 

semiconductor, single-layers of TMDs show sizeable bandgaps, which is important 

for a range of applications, such as electronics and optoelectronics.
56, 62

 Among the 

different members of the TMDs family, molybdenum disulphide (MoS2) has received 

the most attention due to its unique optical, catalytic and electronic properties.
57, 63, 64

 

For instance, MoS2 in its three-dimensional (3D) bulk form possesses an indirect 

band gap of 1.2 eV,  but changes to a direct band gap of 1.8 eV upon exfoliation 

down to a monolayer,
62

 and exhibits strong photoluminescence.
65

 The field-effect 

transistor fabricated from monolayer MoS2 has been shown to demonstrate carrier 

mobility of about 200 cm
2
 V

-1
 s

-1
 and a current on/off ratio of 1 × 10

8
.
66

 Additionally, 
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single-/few-layer MoS2 has demonstrated promise as a catalysis for hydrogen 

evolution reaction (HER) and energy storage devices.
67

  

 

 

 

Figure 1. 3. Crystal structure of layered MoS2. Adapted with permission from 

ref.
66

 Copyright 2011 Macmillan Publishers Ltd. 

 

A single-layer or monolayer MoS2 consists of a hexagonal layer of 

molybdenum atoms sandwiched between two layers of sulphur atoms, in the form S-

Mo-S (Figure 1.3).
63

 The thickness of the three atoms (S-Mo-S) layer is reported to 

be in the range 0.6–0.7 nm.
63, 68

 Bulk MoS2 crystals are constructed from these S-Mo-

S layers, while individual monolayers are attached to each other via van der Waals 

interaction forces, just as in the case of graphite.
56, 63

 Because of the weak van der 

Waals interaction energies between the single layers, MoS2 crystals can readily be 

exfoliated down to single- or few-layers 2D structures. Depending on the 

coordination of the Mo atoms, monolayer-MoS2 can occur in either the trigonal 

prismatic (2H-MoS2) phase or in an octahedral (1T-MoS2) phase (Figure 1.4).
64, 68

 

6.5 Å

Monolayer MoS2
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The two crystal phases exhibit different electronic properties and stabilities; 2H-

MoS2 is semiconducting and thermodynamically stable while 1T-MoS2 is metallic 

and metastable.
61, 67, 68

 The 1T-MoS2 is believed to exhibit superior electrocatalytic 

activity towards hydrogen evolution reaction than the 2H-MoS2, with charge transfer 

kinetics cited as one of the key factors responsible for the enhancement.
69-71

 

Interconversion between the two different phases has been demonstrated; 2H-MoS2 

can be converted via intercalation with alkali metals (e.g., Li or K) to 1T-MoS2,
72, 73

 

and since the latter is thermodynamically less stable, it converts slowly during 

storage at room temperature back to the 2H-MoS2 phase.
74

 2H-MoS2 has also been 

obtained by annealing freshly prepared 1T-MoS2
 
at 300 °C.

73
 

 

Figure 1. 4. (a) trigonal prismatic and (b) octahedral structures of monolayer 

MoS2. The purple and yellow spheres represent molybdenum and sulphur 

atoms, respectively. Adapted with permission from ref.
68

 Copyright 2013 

Macmillan Publishers Ltd. 

1.2.1 Liquid-Phase Exfoliation of MoS2 

Several methods have been employed to date to prepare single- or few-layer 

MoS2. The first method that was used to isolate high quality single-layer MoS2 is 

micromechanical cleavage.
75

 This method involves using adhesive tape to detach 

Trigonal Prismatic Octahedral

(a) (b)
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atomically thin flakes from the bulk MoS2 crystals. The detached single- or few-layer 

crystals can easily be transferred to a substrate (often, Si/SiO2 because it allows the 

prepared nanosheets to be optically detected).
56, 63, 66

 Although this method produces 

the highest quality single-MoS2 nanosheets, it suffers from lack of scalability and 

control over the size and thickness of the MoS2 layers.
56, 63

 As such, the application 

of this method is limited, largely, to fundamental characterisations as well individual 

device fabrication.
65, 68, 76

 For fundamental and practical applications requiring large 

quantities of exfoliated MoS2 nanosheets, liquid phase-exfoliation methods are 

commonly utilised. These methods are not only capable of producing large quantities 

of single- and few-layer MoS2, but also, allow for solution-based processing of the 

resultant dispersion, such as deposition on solid substrates, formation of thin or free-

standing films and nanocomposite materials, which can be prepared by simple 

mixing of the suspension with other nanomaterials.
77-80

 There are many approaches 

that have been used to obtain MoS2 nanosheets in the liquid-phase. These include 

chemical or electrochemical lithium-intercalation, followed by exfoliation in water or 

ethanol, and exfoliation by direct ultrasonication in appropriate organic solvents, 

aqueous-surfactant solutions or polymer solutions.
77, 81, 82

  

1.2.1.1 Chemical and Electrochemical Lithium-Intercalation Methods  

Although the chemical lithium-intercalation and exfoliation of bulk MoS2 into 

single-layers was first reported in 1986,
83

 dedicated effort on isolation and deposition 

of high quality monolayer MoS2 sheets was only reinitiated recently after the 

discovery of graphene.
68, 73, 84

 In a typical procedure, the bulk MoS2 powder is 

soaked in a solution containing organic-based lithium intercalant, such as n-

butyllithium (n-BuLi) or lithium borohydride (LiBH4) for 1–3 days to allow lithium 
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to intercalate between the sheets of the MoS2. When the intercalated MoS2 is 

exposed to water, the lithium reacts vigorously with the water evolving hydrogen 

gas, which separates the MoS2 layers, forming a colloidal suspension.
83-86

  The MoS2 

nanosheets are stabilised electrostatically by a surface charge (presence of OH
– 

groups).
83, 85

 Ultrasonication is typically employed to aid in the exfoliation of the 

nanosheets.
83-86

 Although a high yield of monolayers can be obtained using this 

method, it has some drawbacks, which includes extreme environmental sensitivity, 

long lithiation time (1- 3 days) and cleaved reaction temperature (e.g. 100 °C).
73, 84

  

In order to overcome some of the drawbacks of the chemical exfoliation 

method, Zeng et al.
87

 proposed an alternative approach that uses electrochemical 

control to drive the lithium intercalation process. Lithium insertion into the MoS2 

inter-sheets occurs during galvanic discharge of the electrochemical cell, which 

comprised of bulk MoS2-containing cathode and a lithium foil anode (serves as 

lithium ion source). As before, the lithium-intercalated species are exfoliated in water 

or ethanol via ultrasonication. The use of electrochemical control to intercalate 

lithium into the MoS2 nanosheets has made the process faster, requiring only few 

hours (e.g., 6 h) as compared to days for the case of chemical lithium-intercalation 

route. Moreover, the amount of lithium inserted can be monitored and accurately 

controlled, which is advantageous as sufficient lithium-intercalation can be achieved, 

and the decomposition of the lithium-intercalated species into metal nanoparticles 

and LiS2, due to over-lithiation, can also be avoided.  

Generally, the lithium-intercalation approach produces nanosheets which 

differ with respect to their structure and electronic properties from those of the bulk 

starting material.
73, 88

 Specifically, the molybdenum atom coordination changes from 
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trigonal prismatic (2H), associated with the pristine MoS2, to octahedral (1T), while 

the electronic structure changes from semiconducting to metallic.
73

 As mentioned 

previously, annealing at 300 °C can lead to the conversion of the metallic 1T-MoS2 

to the semiconducting 2H-MoS2, though 100% conversion is not usually achieved.
73

  

1.2.1.2  Direct Exfoliation of MoS2 in Liquids 

An effective alternative route to using lithium-intercalation is the direct 

exfoliation of MoS2 in suitable organic solvents, surfactants or polymer solutions. 

First described by the Coleman group,
77, 89

 this represents a simple, scalable and 

inexpensive strategy that can be used to prepare pristine (2H) 2D MoS2 nanosheets in 

solution. This approach is similar to that described in section 1.1.3 for the case of 

SWCNT dispersion preparation. Typically, the bulk MoS2 is submerged in an 

appropriate liquid medium and sonication is used to provide energy sufficient enough 

to overcome the van der Waals interlayer attraction, resulting in the exfoliation of the 

MoS2 nanosheets in solution. When water is used as the dispersion medium, a third 

phase component (e.g., a surfactant) must be incorporated as a stabiliser.
81, 90

 In this 

case, the nanosheets are stabilised against re-stacking either by steric or electrostatic 

repulsive interaction arising from the adsorption of the surfactant molecule on the 

nanosheets.
81, 90

 Alternatively, the deliberate addition of a stabilising agent can be 

avoided by exfoliating the nanosheets in specific organic solvents.
77, 78

 A wide range 

of organic solvents have been used to exfoliate and disperse MoS2 nanosheets, with 

NMP and CHP appearing to be the most successful.
89

 It is important to note that 

these solvents were also among the best solvents for dispersing SWCNTs. Direct 

solvent exfoliation produces mostly few-layer MoS2 nanosheets, with small lateral 

size (50–1000 nm).
77

 As with SWCNTs, attempts to describe the stabilisation 
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mechanism in terms of solvent solubility parameters have been reported and it was 

suggested that MoS2 were dispersed in solvents that had surface energies close to that 

of nanosheets (~70 mJ m
-2

, estimated by the authors from the exfoliation work and 

inverse gas chromatography measurements).
89

 In addition the Hansen solubility 

parameters were also suggested to be useful in describing MoS2 dispersibility.
89

 

However, not all solvents exhibiting the correct surface energy or Hansen solubility 

parameters were efficient in dispersing MoS2, suggesting that as with SWCNTs 

further work is needed to fully understand MoS2 dispersibility in non-aqueous 

solvents.  

1.3 Particle Adsorption at Liquid/Liquid Interface 

The adsorption of colloidal particles at liquid/liquid interfaces was first 

described by Ramsden
91

 and Pickering
92

 more than 100 years ago. Pickering
92

 

demonstrated that different micrometre size solid particles can adsorb at the interface 

between two immiscible liquids and generate a resistant film, which inhibits droplet 

coalescence, thereby stabilising emulsion droplets. Although using particles as 

emulsion stabilisers may have several advantages over surfactant stabilisation (e.g., 

better emulsion stability), little attention was paid to the former approach until 

recently, with the renewed interest attributed to the present activity in nanoscale 

technology for fabrication of functional nanomaterials.
93, 94

 There is also 

considerable interest in solids adsorbed at liquid/liquid interfaces for applications in 

catalysis and sensing.
95

 The benefits of using liquid/liquid interfaces for the self-

assembly of nanostructures is that the interface is  defect-free and dynamic, allowing 

errors generated during the assembly to be corrected easily.
96

 Several groups have 

successfully demonstrated the self-assembly of various kinds of nanoscale objects 
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including metal nanoparticles,
97, 98

 two-dimensional (2D) nanomaterials (e.g., 

graphene
99, 100

 and MoS2
101

) and CNTs
102-106

 at the liquid/liquid interface. Depending 

on whether the liquid/liquid interface is curved (i.e., involving emulsion droplets) or 

flat, the resultant particle assembly can form rings,
106

 microporous capsules
107

 or 2D 

nanoparticle films, localised between the bulk liquid phases
97

.  

Generally, the adsorption of colloidal particles from either the organic or 

aqueous phase to the water/oil interface is considered to be driven by a decrease in 

the free energy of the interface.
95, 96, 108

 When a single spherical particle with radius, 

r, is adsorbed at the water/oil interface, the decrease in the interfacial energy from an 

initial value, E0 (before adsorption) to a final one E1 (after adsorption) is given by
109

 

 

∆E = E0 − E1 = −
πr2

γ
o w⁄

[γ
o w⁄ − (γ

p w⁄ − γ
p o⁄ )]

2

                        (1.5) 

  

where ∆𝐸 is the desorption energy (i.e., the energy input required to desorb the 

particle), γ
o w⁄ , γ

p w⁄  and γ
p o⁄  are the interfacial tensions arising from the oil/water, 

particle/water and particle/oil interfaces, respectively.  

Equation 1.5 shows that for a given liquid/liquid system (keeping γ
o w⁄ , γ

p w⁄  

and γ
p o⁄  constant), the reduction in interfacial energy increases with increasing 

particle size, r
2
. This means that larger particles will form more stable assemblies at 

the liquid/liquid interface than smaller ones. For micron-size particles, the energy 

required to desorb a particle is typically much larger than the thermal energy, kbT, 

(on the order of 10
7
 kbT)

96
. As a result of this, micron-sized particles are generally 

held irreversibly at the liquid/liquid interface. On the other hand, nanometre sized 

particles exhibit desorption energy that is comparable to the thermal energy. This 
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leads to a dynamic adsorption of these nanoparticles to the interface, with particles 

being reversibly adsorbed and desorbed.
109, 110

  

Besides particle size, the interfacial tensions γ
o w⁄ , γ

p w⁄  and γ
p o⁄  (i.e., 

wettability of a particle surface) also controls the strength with which a particle is 

adsorbed at liquid/liquid interface (Equation 1.5). Practically, the measurement of 

γ
p w⁄  and γ

p o⁄  is not straightforward, and often the three-phase contact angle (𝜃) 

between the solid and the two immiscible liquid phases is used as a measure of 

particle wettability. The three-phase contact angle is related to the interfacial tensions 

of the three phases by Young’s equation (Equation 1.6)
111

 

cos θ =
γ

p/o
− γ

p/w

γ
w/o

                                                                 (1.6) 

By convention, 𝜃 is measured through aqueous phase. As shown in Figure 1.5, when 

𝜃 < 90° the particle is hydrophilic and a larger portion of the particle is located in 

the bulk of the water phase. If 𝜃 > 90° the particle is hydrophobic and a larger 

portion of the particle is located in the bulk of the oil phase. When 𝜃 is around 90°, 

the particle prefers to sit at the interface between the two bulk liquid phases.
111, 112
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Figure 1. 5. Schematic illustration of the various positions of a spherical particle 

at liquid/liquid interface as a function of its contact angle. 

 

Using the three-phase contact angle, the desorption energy of a spherical 

particle can be more easily calculated by employing the following Equation (1.7):
93

 

∆E = πr2γ
o w⁄ (1 ± cos 𝜃)2                                                   (1.7) 

The sign inside the bracket of Equation 1.7 is positive for particle removal from the 

liquid/liquid interface into the organic phase and negative for removal into the 

aqueous phase.  

It is important to note that Equations (1.5) and (1.7) are only applicable to 

spherical particles. For rod-like or cylindrical particles, such as SWCNTs, the 

expressions must be modified to account for the particle’s geometry. Wang et al.,
113

 

have recently derived an expression for the change in interfacial energy (∆E) due to 

the adsorption of a SWCNT at the liquid/liquid interface (Equation 1.8), where  L 

and R are the length and radius of the SWCNT, respectively. 

∆E = − 2RLγ
ow

(πθ/180° cos θ − sin θ)                                (1.8) 
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aqueous

aqueous  phase

organic phase

r

r

r
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In the above equation, SWCNT are assumed to adsorb with their long axis parallel to 

the liquid/liquid interface (Figure 1.6) because of their large aspect ratio.
105, 114, 115

 On 

the basis of Equation 1.8, bundles and full-length nanotubes should be more effective 

at stabilising liquid/liquid interfaces than individual or short-length nanotubes. Using 

Equation 1.8, Wang et al.
113

 estimated ∆E to be about 200 kbT for an individual 

SWCNT and 4500 kbT for a bundle of the same length comprising 710 individual 

tubes (the length and diameter of the nanotubes were however not specified). It has 

also been observed experimentally that short-length nanotubes produced by acid cut 

procedure exhibit reduced emulsion stabilisation capabilities compared to longer 

nanotubes.
116

 Further discussion on CNT adsorption at liquid/liquid interfaces is 

presented in chapter 4.   

 

 

Figure 1. 6. Schematic representation of a SWCNT oriented parallel to the 

liquid/liquid interface. 

 

 

 

organic

aqueous

aqueous  phase

organic phase
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1.4 Liquid/Liquid Electrochemistry 

Liquid/liquid electrochemistry is concerned with the study of electrochemical 

processes occurring at the interface between two immiscible electrolyte solutions 

(ITIES). Typically, one of these solutions is an aqueous electrolyte and the other is a 

polar organic solvent containing an electrolyte. The organic solvent should be of 

moderately high relative permittivity (εr), typically in the range 10–35,
117, 118

 so as to 

allow the dissociation of the dissolved electrolyte. Several organic solvents have 

been used in ITIES studies, with the most common ones being nitrobenzene (NB, εr = 

34.8),
119

 and DCE (εr = 10.36)
120

. Hydrophobic room temperature ionic liquids 

(RTIL) have also been used in place of organic electrolyte.
121, 122

 The presence of 

electrolytes makes the respective phases conductive and allows external control of 

the electrical potential difference across the interface. Under proper set-up, the ITIES 

acts in a similar way to the metal/electrolyte interface. The difference between the 

two is that, in the case of the metal/electrolyte interface, current is observed due to 

redox reactions taking place on the surface of the electrode, whilst interfacial 

transper of charged species (either ions or electrons) governs the observed current 

flow for the case of ITIES.
123-125

 Due to this similarity in behaviour of the two 

interfaces, many of the established electrochemical methods, such as 

chronoamperometry, cyclic voltammetry and impedance spectroscopy can be utilised 

in ITIES studies.
119, 120, 124-127

 

The history of studies on the ITIES dates back to the end of nineteenth and 

the beginning of twentieth centuries, but major progress in the field started only in 

the 1970s after it was demonstrated that the ITIES could be polarised 

electrochemically.
123, 128-132

 The introduction of a four-electrode potentiostat, with 

positive feedback loop to allow the elimination of ohmic drop, by Samec and co-
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workers
130, 133

 during this period was a major development that advanced 

electrochemical measurements at the ITIES.  

There are two main factors that make electrochemical studies at the ITIES of 

great interest. Firstly, the ITIES can serve as a simple model of biological 

membranes for investigating many important biological processes, such as ion 

transfer.
134

 Secondly, charge transfer reactions across liquid/liquid interfaces have a 

wide range of applications in chemistry, including solvent extraction,
135

 

electrocatalysis
136, 137

 and phase transfer catalysis,
138

 amperometric sensors
139

 and 

electroanalysis
140

. Recently, the functionalisation or modification of liquid/liquid 

interfaces with metal or semiconducting nanoparticles, carbon nanostructures 

(including graphene and CNTs) has attracted significant attention for a range of 

applications, particularly, optics, catalysis and sensing.
100, 141-143

 The study of the 

ITIES has focused mainly on ion-transfer, electron-transfer and assisted ion-transfer 

reactions.
144, 145

 

1.4.1 Galvani Potential Difference and Nernst Equation for ITIES 

The thermodynamic equilibrium condition for partitioning of an ion i 

between the aqueous (w) and organic (o) phase solutions is expressed by equating the 

electrochemical potential (𝜇𝑖
𝛼 , 𝛼 =  w or o) of the ion in both phases

127, 146
  

𝜇𝑖
𝑜 = 𝜇𝑖

𝑤                                                                         (1.9) 

where 𝜇𝑖
𝛼 is given by Equation (1.10) as 

𝜇𝑖
𝛼 = 𝜇𝑖

𝛼 + 𝑧𝑖𝐹𝜙                                                           (1.10) 

In the above Equation, 𝜙 is the inner (Galvani) potential of the phase α, and 𝜇𝑖
𝛼 is 

the chemical potential of the ion i in that phase, 𝑧𝑖 is the charge number of the ion 
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and F is the Faraday constant. The 𝑧𝑖𝐹𝜙 term represents the electrostatic contribution 

to the electrochemical potential.
146

 From Equations (1.9) and (1.10), the Galvani 

potential difference between the two phases (∆𝑜
𝑤𝜙 = 𝜙𝑤 − 𝜙𝑜) can be expressed 

as
117, 127, 146

 

∆𝑜
𝑤𝜙 =

1

𝑧𝑖𝐹
(𝜇𝑖

𝑜 − 𝜇𝑖
𝑤)                                                      (1.11) 

Equation (1.11) can leads to Equation (1.12) by taking into account the concentration 

dependence of chemical potential of the ion
146

 

∆𝑜
𝑤𝜙 =

1

𝑧𝑖𝐹
(𝜇𝑖

𝑜,° − 𝜇𝑖
𝑤,°) +

𝑅𝑇

𝑧𝑖𝐹
ln

𝑎𝑖
𝑜

𝑎𝑖
𝑤

                             (1.12) 

where 𝜇𝑖
𝛼° is the standard chemical potential of the ion in phase α, T is the absolute 

temperature, R is the gas constant, and 𝑎𝑖 is the activity of i in phase α. At an activity 

ratio of unity, the standard Galvani potential difference (∆𝑜
𝑤𝜙𝑖

°, also known as the 

standard ion transfer potential) for i can be expressed as
117

 

∆𝑜
𝑤𝜙𝑖

° =
1

𝑧𝑖𝐹
(𝜇𝑖

𝑜,° − 𝜇𝑖
𝑤,°) =

1

𝑧𝑖𝐹
∆𝐺𝑖

𝑤→𝑜,°                      (1.13) 

where ∆𝐺𝑖
𝑤→𝑜,°

 is the standard molar Gibbs energy of transfer of ion i from the 

aqueous phase to the organic phase and is given by the difference, 𝜇𝑖
𝑜,° − 𝜇𝑖

𝑤,°. Ions 

exhibiting large negative or positive values of ∆𝐺𝑖
𝑤→𝑜,°

 are termed hydrophobic and 

hydrophilic ions, respectively.
122

 The standard ion transfer potential is an important 

parameter as it measures the relative affinity of a given ion for two immiscible 

phases in contact.
146

  From Equation (1.12 & 1.13), the Nernst equation for the ITIES 

can be written as
125, 127, 144, 146
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∆𝑜
𝑤𝜙 = ∆𝑜

𝑤𝜙𝑖
° +

𝑅𝑇

𝑧𝑖𝐹
ln

𝑎𝑖
𝑜

𝑎𝑖
𝑤

                                               (1.14) 

Although Equation (1.14) is similar in form to the Nernst equation for redox 

reactions at the solid electrode/solution interface, it should be noted that there is no 

redox process involved in the former case.
125, 144

 The similarity, however, suggests 

that the energetics at ITIES is described by the same laws as those in the redox 

process at solid electrodes.
146

 It is also clear from this equation that the composition 

of the liquid phases can be altered by applying a positive or negative Galvani 

potential difference from an external source which causes an ion to transfer from one 

phase to the other.  

When more than one ion is involved in the partition equilibrium, which is 

typically the situation in practical ITIES systems, the equilibrium Galvani potential 

difference is given by
117, 125

  

     

∑
𝑧𝑖𝑐𝑖

𝑉𝛼+ 𝑉𝛽 (
𝛾𝑖

𝛼

𝛾𝑖
𝛽) exp [

𝑧𝑖𝐹
𝑅𝑇

(∆𝑜
𝑤𝜙 − ∆𝑜

𝑤𝜙𝑖
°)]𝑖

= 0               (1.15) 

where 𝑉𝛼 and  𝑉𝛽 are the volume of the two immiscible phases (e.g., w and o), 𝑐𝑖 is 

the concentration of the ion across both phases, 𝛾𝑖
𝛼 and 𝛾𝑖

𝛽
 are the activity 

coefficients in each phase. This equation is complicated and can only be solved 

analytically in some limiting cases. e.g. the case of a monovalent salt (A
+
 B


) that 

dissociates completely in both phases.
117, 122, 125

  Two of these limiting cases are 

relevant to the work described in this thesis and are discussed in section 1.5.2. 
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1.4.2 Polarisable and Non-polarisable ITIES 

Generally, the interfaces between two immiscible electrolyte solutions can be 

classified as polarisable or non-polarisable interfaces depending on whether the 

interface can be polarised externally using a potentiostatic control or not. When the 

two immiscible solutions in contact contain a common ion such as 

tetrabutylammonium (TBA
+
) with hydrophobic and hydrophilic counterions, the 

TBA
+
 will achieve partition equilibrium between the two solutions, such that the 

interface becomes polarised at a fixed potential called the distribution potential. This 

distribution potential is given by Equation (1.14), which is rewritten as Equation 

(1.16) provided the condition, 

 ∆𝑜
𝑤𝜙TBA+

° − ∆𝑜
𝑤𝜙X−

° ≫ 4(
𝑎TBAY

0

𝑎TBAX
0 )(1 +

𝑎TBAY
0

𝑎TBAX
0 )  

applies, where X and Y are aqueous and organic counterions respectively. 

 

∆𝑜
𝑤𝜙 = ∆𝑜

𝑤𝜙TBA+
° +

𝑅𝑇

𝐹
ln

𝑎TBA+
𝑜

𝑎TBA+𝑤
                                         (1.16) 

 

Since this polarisation potential is fixed, the interface cannot be polarised by 

applying potential from an external source without changing the chemical 

compositions of the adjacent phases. Thus, the interface is said to be non-polarisable 

and this constitutes one limiting case of Equation (1.15).
144

 This type of interface is 

typically used as a reference liquid/liquid interface because it is reversible for one of 

the organic phase ions (e.g., bis(triphenylphosphoranylidene)ammonium ion, 

BTPPA
+
, used in this thesis).  

On the other hand, a polarisable (or more accurately, ideally polarisable) 

interface is one in which a hydrophilic salt, such as LiCl, is dissolved in water and a 
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hydrophobic salt such as tetrabutylammonium tetraphenyl borate (TBATPB), is 

dissolved in organic phase so that the concentration of each salt in the other phase is 

negligible. Under these conditions, the Galvani potential of the interface will be 

undefined and thus the interface will be ideally polarisable, i.e., the interface can be 

polarised from an external potential provided ∆𝑜
𝑤𝜙Li+

° , ∆𝑜
𝑤𝜙TPB−

° ≫ 0  and ∆𝑜
𝑤𝜙TBA+

° ,

∆𝑜
𝑤𝜙Cl−

° ≪ 0.
117, 119, 125, 144

 This represents the second limiting case of Equation (1.15) 

that is important in this thesis.  

1.4.3 The potential Window 

For the case of the ideally polarisable ITIES discussed above, there is a 

Galvani potential range over which negligible ion re-distribution occurs (i.e., within 

this range all ions remain essentially in their parent phases). This potential range is 

called the potential window and its limits are dictated by the lowest values of the 

standard Galvani potentials of the ions involved.
117

 Figure 1.7 illustrates the 

principles of the potential window for a liquid/liquid system in which the aqueous 

phase contains lithium chloride (LiCl, a hydrophilic salt) and the organic phase 

(DCE) contains bis(triphenylphosporanylidene)ammonium tetrakis(4-chlorophenyl) 

borate (BTPPATPBCl, a hydrophobic salt). 
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Figure 1. 7. Cyclic voltammogram of an ITIES system (10 mM LiCl(aq)/10 mM 

BTPPATPBCl(DCE)) illustrating the potential window for the supporting 

electrolyte (the window is limited by the transfer of aqueous phase ions, Li
+
 and 

Cl

). Scan rate: 50 mV s

-1
.  

 

By ITIES convention, the polarity of the interface is assigned to the aqueous 

phase, so that positive polarisation implies that the aqueous phase becomes more 

positive and negative polarisation means the opposite.
124, 125

 If a positive or negative 

Galvani potential is applied from an external source, only a little current flows within 

the potential window due to charging of the interface. As the polarisation continues 

in either direction, ions limiting the potential window will begin to transfer from 

their original phase into the adjacent phase and a large increase in current is 

recorded. At high positive polarisation, either the positive ion in the aqueous phase, 

Li
+
 in this case, or the negative ion in the organic phase, TPBCl


, transfers to the 

opposite phase. Similarly, at high negative polarisation either the negative ion in the 

aqueous phase (Cl

 in the present case) or the positive ion in the organic phase 

(BTPPA
+
) transfers into the opposite phase. Faradaic processes, e.g., ion transfer can 

or
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only be studied within the available potential window. Thus, it is important to have 

as large a potential window as possible. The size of the potential window is 

influenced by the choice of the organic solvent (since water is typically used as the 

aqueous phase) and the supporting electrolytes in each phase.
147, 148

  

Due to inherent thermodynamic limitations, the Galvani potential difference 

∆𝑜
𝑤𝜙 across the ITIES cannot be measured directly. In order to estimate this potential 

difference, an extra-thermodynamic assumption must be employed. The assumption 

that is most frequently used is the Parker’s
149

 hypothesis which states that the cation 

and the anion of tetraphenylarsonium teraphenylborate (TPAs
+ 

TPB

) have equal 

standard Gibbs energy of transfer between any pair of solvents (i.e., ∆𝐺
TPA+
𝑤→𝑜,°

= 

∆𝐺TPB−
𝑤→𝑜,°

) considering that the two ions are of similar size. ∆𝐺
TPA+
𝑤→𝑜,°

 and ∆𝐺TPB−
𝑤→𝑜,°

 can 

be determined from the standard Gibbs energy of transfer of the salt, TPAsTPB. On 

the basis of this, the standard Gibbs energy of transfer of all other ions can be 

evaluated by determining the standard Gibbs energy of transfer of their salt 

fromsolubility, partition or volatammetric measurement with either TPAs
+ 

or TPB

. 

The standard Galvani potential difference for the ion transfer can thus be obtained by 

applying Equation (1.9).
122, 127, 131, 150

  

1.4.4 Simple Ion Transfer across Polarised ITIES  

Ion transfer across polarised liquid/liquid interfaces is probably the 

commonest charge transfer reaction studied at these interfaces. Apart from the 

transfer of the supporting electrolyte ions described previously, it is also possible to 

observe the transfer of ions which can partition between the two phases and are less 

soluble in either phase than the supporting electrolyte of that phase. The transfer of 

these semi-hydrophobic or semi-hydrophilic ions will take place at intermediate 
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Galvani potentials within the ideally polarisable potential range of the ITIES system. 

This will result in the observation of an electric current due to ion transfer from one 

phase to the other. Figure 1.8 shows a typical cyclic voltammogram demonstrating 

the transfer of a tetramethylammonium (TMA
+
) ion (added to the aqueous phase) 

across the water/DCE interface. The aqueous phase contains 0.1 M LiCl and the 

DCE phase contains 10 mM BTPPATPBCl as supporting electrolytes. The transfer 

of the TMA
+
 ion occurs in the middle of the potential window, displaying features 

similar to those observed for a diffusion limited redox reaction at a metal 

electrode/electrolyte interface. The forward peak current is now due to the TMA
+
 

crossing the interface from the aqueous phase into the DCE phase on positive 

polarisation and back into the aqueous phase on reverse polarisation. Ion transport 

across the liquid/liquid interface is typically considered to be fast and, therefore, can 

be described by the same equations as those for transport of redox species to and 

away from an electrode. The separation of the positive and negative peak potential 

for a reversible ion transfer is also similar to that of a redox process at solid 

electrode/electrolyte interface (i.e. 59/𝑧𝑖 mV).
120, 124, 125
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Figure 1. 8. Cyclic voltammetric response of supporting electrolytes ions (black 

curve, shown previously in Figure 1.5) and reversible TMA
+
 (0.2 mM) transfer 

across 10 mM LiCl(aq)/10 mM BTPPATPBCl(DCE) interface (blue curve). Scan 

rate: 50 mV s
-1

. The voltammetric response of the supporting electrolyte ions is 

shown for comparison. 

1.4.5 Facilitated Ion Transfer across Polarised ITIES 

The facilitated, or assisted, transfer of ions by a ligand (or ionophore) present 

in the organic phase is an important class of ion transfer reactions studied at the 

polarised liquid/liquid interface. If an ion present in the aqueous phase can 

selectively combine with a hydrophobic ligand in the organic phase to form a 

complex, the ion’s Gibbs energy of transfer can be lowered and the transfer process 

is said to be facilitated.
145, 151

 This type of ion transfer reaction was first studied by 

Koryta
131

 in 1979, where it was shown that the transfer of K
+
 and Na

+
 ions dissolved 

in the aqueous phase was facilitated by a natural antibiotic, valinomycin and 

synthetic ionophore, dibenzo-18-crown-6 (DB18C6), present in the organic phase. 

These ions, which would normally limit the potential window on the positive end, 

were observed to transfer within the polarisation range due to the complex formation 
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which effectively shifts their transfer potentials to less positive values. In the case of 

a simple complex formation with a 1:1 stoichiometry (either the ligand in the organic 

phase or the ion in the aqueous phase is in excess with respect to the other), the 

association constant of the complex, 𝐾𝑎, can be written as
144, 145

  

𝐾𝑎 =
𝑎ML

𝑜

𝑎M
𝑜 𝑎L

𝑜                                                                (1.17) 

 where 𝑎ML
𝑜  stands for the activity of the complex, 𝑎M

𝑜  and 𝑎L
𝑜 are the activity of ion 

and ligand, respectively. The Galvani potential difference for the facilitated ion 

transfer is now given by
139

 

∆𝑜
𝑤𝜙 = ∆𝑜

𝑤𝜙M
° +

𝑅𝑇

𝑧𝑖𝐹
ln

𝑎ML
𝑜

𝐾𝑎𝑎M
𝑤𝑎L

𝑜                                     (1.18) 

Equation 1.18 indicates that the presence of a ligand in the organic phase can shift 

the potential of ion transfer depending on the association constant of the complex.
122, 

144
 Similar to simple ion transfer, facilitated ion transfer is also considered to be fast, 

and therefore limited by the diffusion of either the ligand in the organic phase or the 

ion in the aqueous phase.
139, 152

  

With regards to the mechanism of facilitated ion transfer, four possible mechanisms 

(Figure 1.9) have been proposed by Girault et al:
153

 transfer by interfacial 

complexation (TIC), transfer by interfacial dissociation (TID), transfer followed by 

organic phase complexation (TOC) and aqueous complexation followed by the 

transfer of the complex (ACT). The precise mechanism involved depends on several 

factors, namely, relative concentrations of the aqueous ion and the ligand, 

distribution coefficient of the ligand in the respective phases and/or association 

constant.
139

 When using the ligand, DB18C6 or valinomycin, the concentration of the 

aqueous ion to be transferred is in excess compared with that of the ligand in the 
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organic phase, which is the condition used in facilitated ion transfer studies reported 

in this thesis, the mechanism involved is believed to be TIC.
139, 153

  

 

 

Figure 1. 9. Schematic of mechanisms of facilitated ion transfer across polarised 

ITIES. Adapted from ref.
153

 

1.4.6 Electron Transfer across Polarised ITIES  

In addition to ion (simple and facilitated) transfer reactions, heterogeneous 

electron transfer at the ITIES can also be observed between a hydrophilic redox 

couple (O1
w/R1

w) present in the aqueous phase and a hydrophobic redox couple 

(O2
o/R2

o) contained in the organic phase (Figure 1.10). The interfacial electron 

transfer can be driven in either direction via the application of an external potential, 

just as in the case of ion transfer. For the generic electron transfer reaction   

O1
w

+ R2
o ⇌ R1

w + O2
o                                                               (1.19) 

The equivalent Nernst equation can be written as Equation (1.21) starting with the 

equilibrium condition (Equation 1.20)  
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𝜇O1
𝑤 +  𝜇R2

𝑜 = 𝜇R1
𝑜 +  𝜇O2

𝑤                                            (1.20) 

∆𝑜
𝑤𝜙 = ∆𝑜

𝑤𝜙ET
° +

𝑅𝑇

𝐹
ln

𝑎R1
𝑜 𝑎O2

𝑤

𝑎R2
𝑜 𝑎O1

𝑤                                            (1.21) 

where ∆𝑜
𝑤𝜙ET

°  is the standard Galvani potential difference for the interfacial electron 

transfer or simply the standard redox potential. This is given by Equation (1.22), i.e., 

as the difference between the standard redox potentials of the two redox species 

stated on the aqueous SHE (standard hydrogen electrode) scale.
136

 

∆𝑜
𝑤𝜙ET

° = [𝐸O2/R2
o ]

SHE

o
− [𝐸O1/R1

w ]
SHE

𝑤
                                   (1.22) 

The term, [𝐸O2/R2
o ]

SHE

o
, representing the standard redox potential of the organic redox 

couples vs. SHE is difficult to measure experimentally, since such a measurement 

would include a liquid junction potential. One approach that is commonly used to 

avoid this difficulty is to measure the standard redox potential of the organic redox 

couple on Fc
+
/Fc (ferrocenium/ferrocene) scale,

136, 137
 as the standard redox potential 

of the Fc
+
/Fc couple in DCE, [𝐸Fc+/Fc

o ]
SHE

DCE

, has been evaluated using thermodynamic 

cycle to be 0.64 V.
154

   

 

Figure 1. 10. Schematic illustration of heterogeneous electron transfer at ITIES. 
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1.4.7 Activity of Ionic Solutions 

In the previous sections, 1.4.11.4.6, the Nernst equations for the ion and 

electron transfer at the ITIES and other formulations were expressed in terms of 

activities rather than concentrations. This is because in electrolyte solutions, 

electrostatic interactions between ions are typically non-negligible even in dilute 

solutions and are, in fact, believed to be the main cause of non-idealities in these 

solutions.
155

 The activity of an ionic species, ai, can be viewed as its effective 

concentration that takes part in a physical or chemical process and is related to the 

actual ion concentration, ci, as given by the following relation:
156

 

ai = γ
i

ci

ci
°

                                                                   (1.23) 

where γ
i
 is termed the activity coefficient and serves as the correction factor for the 

non-ideal behaviour; ci
° denote a standard state concentration (usually taken to be 1 

mol L
-1

). In the above equation, both ai and γ
i
 terms are dimensionless.  

In very dilute solutions (in which interactions between the ions can be 

neglected, γ
i

→ 1), the concentration and activity terms can be considered to be 

identical (i.e., ai = ci) and the solution is said to exhibit “ideal behaviour”.
156

 

Because of the stronger Coulombic forces between ions, the concentration at which 

electrolyte solutions loses its ideality is generally low (in the range of micro-molar in 

aqueous solution).
157

  

The activity coefficient, γ
i
, can be determined with the help of either the 

Debye-Hückel limiting law or the Debye-Hückel extended law, depending on the 

ionic strength, I, of the solution.  I (in mol L
-1

) measures the total concentration of 

the ions present in a solution and can be calculated using equation 1.24:
156, 158
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𝐼 =
1

2
∑ cizi

2

i

                                                       (1.24) 

where zi is the charge on the ion and ci is its concentration. When the ionic strength 

of the solution is ≤ 10
-3

 mol L
-1

, the Debye-Hückel limiting law (equation 1.25) is 

used to calculate the activity coefficient. For solutions having higher ionic strength 

(up to 10
-1

 mol L
-1

), the Debye-Hückel extended law (equation 1.26) becomes 

applicable.
156, 158

 

log γ
i

= −Az2√I                                                       (1.25) 

log γ
i

= − (Az2√I) (1 + Ba√I)⁄                                        (1.26) 

In the above equations, A and B are constants and depend on temperature and the 

relative permittivity of the solvent; a (measured in angstroms) is the radius of the 

hydrated ion. All other parameters have their usual meanings. For water at 25°C, the 

values of A and B are found to be 0.509 and 0.329, respectively.  

Experimentally, the activity of a single ion cannot be measured since every 

solution has to be electrically neutral. What is measured instead is the mean ionic 

activity, γ
±

, which represents the average contributions of all ions in a solution.
156

                                                                                                                                                                                                                                                                                                                                                                                             

1.5 Aim and Objectives  

The main aim of the current work is to investigate the adsorption of single-

walled carbon nanotubes at the interface between two immiscible liquids, probe their 

electrochemical properties at the interface and the formation of carbon nanotube-

conducting polymer composites.  

The specific objectives of the project are as follows: 
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1. To prepare SWCNTs dispersions in organic solvents, characterise them and 

study nanotubes’ aggregation induced by the presence of an organic 

electrolyte. 

2. To adsorb SWCNTs at the liquid/liquid interface by ultrasonication and 

investigate the effect of both organic and inorganic electrolytes on the 

adsorption behaviour, as well as characterise the film produced in-situ using 

optical microscopy and ex-situ using electron microscopy. 

3. To use electrochemical techniques, based on ion transfer, to characterise the 

adsorption of SWCNTs at the liquid/liquid interface. 

4. To prepare carbon nanotubes-conducting polymer nanocomposites via 

interfacial oxidation of the monomer in the presence of an adsorbed 

nanotube film. 

5.  To prepare MoS2 dispersion, characterise it, and study its aggregation 

behaviour in the presence of an organic electrolyte.     

1.7 Thesis Overview 

The present thesis is divided into seven chapters. Chapter one provides an 

introduction to the relevant literature and theory pertaining to the work presented in 

this thesis. Chapter two presents the experimental details including materials, 

methods, equipment and some additional background to some techniques used in this 

work. Chapters three to six present the experimental work and discussion of results 

obtained. Each of these chapters begins with a brief introduction, which serves to 

augment the introduction presented in the current chapter, and conclusions.  

Chapter three presents work on the effect of organic electrolyte on the kinetic 

stability of non-aqueous dispersions of single-wall carbon nanotubes (SWCNTs). 
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The SWCNTs dispersions were prepared in 1,2-dichloroethane (DCE) and 

characterised using UV-Vis absorption spectroscopy, atomic force microscopy 

(AFM) and Raman spectroscopy. Aggregation of the SWCNTs when electrolyte was 

introduced into the dispersion was studied using UV-Vis absorption spectroscopy.   

Chapter four describes a study on the adsorption behaviour of SWCNTs at 

the non-polarised and polarised liquid/liquid interface. The effect of introducing 

electrolyte in either, or both, of the phases on the adsorption behaviour of the 

nanotubes was initially investigated. The assembled structures were characterised in-

situ at the non-polarised and polarised liquid/liquid interface, and ex-situ after the 

nanotube layer had been transferred to a solid substrate. Electrochemical 

characterisation based on ion transfer across the liquid/liquid interface was used as a 

probe of the adsorption of SWCNTs at the interface. Simple ion transfer of 

tetramethylammonium (TMA
+
), hexafluorophosphate (PF6


) and a facilitated transfer 

of potassium ion across the interface were studied in the absence and presence of 

adsorbed nanotubes in order to evaluate the electrical properties of the assembled 

SWCNTs. Ex-situ XPS measurement was used to determine the elemental 

composition of the interfacial SWCNTs after electrochemical measurement of ion 

transfer with a view to investigate adsorption of ionic species by the interfacial 

nanotubes from the surrounding solution. 

Chapter five describes the elecropolymerisation of pyrrole at the interface 

between two immiscible electrolyte solutions, both in the absence and in the presence 

of interfacial SWCNTs leading to the formation of polypyrrole (PPy) and 

SWCNT/PPy composites at the interface. The morphologies of the prepared free-
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standing films were characterised ex-situ after transfer to a solid substrate using 

atomic force microscopy, scanning electron microscopy and Raman spectroscopy.   

Chapter six presents similar study to chapter three, but now involving 

electrostatic stabilisation of molybdenum disulphide dispersion in 1,2-

dichlorobenzene (DCB). The dispersion was also characterised using UV-Vis 

absorption spectroscopy, AFM, zeta potential and Raman spectroscopy. The stability 

of the dispersion was also studied using UV-Vis absorption spectroscopy. 

Finally, chapter seven gives the overall conclusions and recommendations for 

future work.  
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Chapter 2  

Material and Methods  

2.1 Materials 

2.1.1 Chemicals 

Molybdenum disulphide (MoS2), 1,2-dichloroethane (DCE, ≥99.8%), 1,2-

dichorobenzene (DCB, ≥99%), acetone (99%), ethanol (99.8%), lithium chloride 

(LiCl, 99%), tetramethyl ammonium chloride (TMACl, ≥99%), potassium tetrakis 

(4-chlorophenyl) borate (KTPBCl, 98%), Bis(triphenylphosphoranylidene) 

ammonium chloride (BTPPA, 97%), sodium hexafluorophosphate (NaPF6, 99.99%), 

ammonium hexachloroiridate (III) ((NH4)3IrCl6, 99.99%) and ammonium 

hexachloroiridate (IV) (NH4)2IrCl6, 99.99%) were purchased from Sigma Aldrich, 

UK and used as received. The pyrrole monomer (Py, 98%) was also obtained from 

Sigma Aldrich, UK, but was distilled before used. Sulfuric acid (H2SO4, ˃95%), 

potassium chloride (KCl, 99.8%), and hydrogen peroxide (H2O2, 6%) were obtained 

from Fisher scientific, UK. Dibenzo-18-crown-6 (DB18C6, 98+%) was a product of 

Lancaster Synthesis, UK. Potassium tetrakis(pentafluorophenyl)borate (KTPFB, 

97%) was purchased from Alfa Aesar. Deionized water (18.2 MΩ cm resistivity) was 

obtained from a Milli-Q “Direct 8” purification system (Merck Millipore. USA). 

Bis(triphenylphosporanylidene) ammonium tetrakis(4-chlorophenyl) borate and 

Bis(triphenylphosporanylidene) ammonium tetrakis(pentafluorophenyl) borate were 

synthesized as outlined in section 2.2.2.  
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2.1.2 Single Wall Carbon Nanotubes 

The SWCNTs used in this research work were produced by electric arc 

discharge (AD) and chemical vapour deposition (CVD) methods. The AD SWCNTs 

(purified via density gradient centrifugation, >95% carbon, <1% metal catalyst) were 

purchased from Sigma Aldrich and arrived in the form of small plain sheets. The 

diameter and length quoted by the manufacturer for this nanotube sample are 1.2–1.7 

nm and 0.3–5 µm, respectively.
159

 The supplied nanotubes were composed of 30% 

metallic and 70% semiconducting SWCNTs, based on the supplier information. The 

CVD SWCNTs (Elicarb TM, purity > 90%) were a gift from Thomas Swan & Co. 

Ltd (Consett) and were in powdered form. The average diameter of the CVD 

nanotubes, as published on the producer website, is 0.9–1.7 nm.
160

  Both nanotubes 

samples were used as received.  

2.1.3 Other materials 

Silver wire (temper annealed, 0.37 mm diameter, 99.9%), platinum wire 

(temper hard, 0.5 mm diameter, 99.99%), and platinum woven mesh (0.1 mm 

diameter, 99.9%) were purchased from Advent Research Materials Ltd. Platinum 

disc electrode (2.07 mm diameter, CHI 102) was purchased from CH Instrument, 

Inc. Whatman cellulose filter papers (grade 42, 2.5 µm nominal retention rating) 

were a product of GE Health care, UK. Poly(vinylidene fluoride) membrane, PVDF 

(hydrophobic, 0.1 μm pore size, 13 mm diameter, 125 µm thickness) were obtained 

from Merck Millipore, UK. Silicon-silicon dioxide wafer (oxide thickness 290 nm) 

was used as a substrate for atomic force microscopy, Raman spectroscopy and 

Scanning electron microscopy studies. 
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2.1.4 Equipment 

An Elmasonic P 70 H ultrasonic bath (Elma Schmidbauer, GmbH) was used 

for the preparation of SWCNT and MoS2 dispersions and to induce nanotube 

adsorption at the liquid/liquid interface. The ultrasonic bath was connected to a 

recirculating cooling unit (F250, Julabo, GmbH) to maintain a low water bath 

temperature (< 30 °C) during sonication. UV-Vis absorption spectroscopy was 

performed on an Ocean Optics USB2000 spectrometer, equipped with DH-2000BAL 

UV-Vis-NIR light source, using either a 1 cm or 2 mm quartz cuvette. An Attention 

theta optical tensiometer (Biolin Scientific) was used for surface tension and contact 

angle measurements. A 1001 TPLT gastight syringe (Hamilton) was used to dispense 

sessile drops on solid substrates. Optical images of interfacial SWCNT layer/film 

were recorded with a Stereo Zoom microscope (SMZ168, Motic) connected to a 

digital live camera (GXCAM-9, GX Optical). An S230 SevenCompact
TM

 (Mettler 

Toledo) conductivity meter was used to measure the conductivity of the organic 

electrolyte in DCB. A 2-16P centrifuge was used for the centrifugation of bulk MoS2 

and SWCNT dispersions, while a 1-14 microcentrifuge was used for centrifuging 

small volume samples. The two centrifuges were produced by Sigma 

Laborzentrifugen GmbH, Germany.  

2.2 Methods 

2.2.1 Preparation of SWCNT and MoS2 Dispersions 

SWCNT dispersions were prepared in both DCE and DCB, while exfoliation 

and dispersion of MoS2 was carried out in DCB only. In the case of nanotubes, small 

amounts (between 0.6 to 2.2 mg) of the powdered material or sheets of SWCNT 

were placed in a 500 ml flat-bottom glass bottle and 100 mL of the organic solvent 
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was added. The mixture was then bath sonicated for 12 h at 37 kHz and 30% power 

setting. The as-prepared dispersion was further centrifuged at 15000 rpm for 1 h to 

remove any large aggregates and the supernatant was carefully collected.  For MoS2, 

12 h bath sonication of a mixture of 1 g of MoS2 powder and 100 mL organic solvent 

was employed. Large aggregates or unexfoliated materials were removed from the 

dispersion by centrifuging it twice, first at 6000 rpm and then at 12 000 rpm for 30 

min each. The supernatant was carefully collected and stored.  

2.2.2 Preparation of Organic Electrolytes 

Bis(triphenylphosporanylidene) ammonium tetrakis(4-chlorophenyl) borate 

(BTPPATPBCl) and Bis(triphenylphosporanylidene) ammonium 

tetrakis(pentaflourophenyl) borate (Figure 2.1) electrolytes were prepared by 

metathesis of Bis(triphenylphosporanylidene) ammonium chloride (BTPPACl) and 

the salt of the corresponding anion (potassium tetrakis (4-chlorophenyl) borate, 

KTPBCl and potassium tetrakis(pentaflourophenyl) borate, KTFPB).
100, 161

 

Equimolar amounts of the BTPPATPBCl and KTPBCl (or KTFPB) were dissolved 

separately in a minimum amount of 2:1:1 acetone/ethanol/water mixture. The 

resulting solution of one of the salts was added to the other whilst stirring. This 

resulted in the formation of a white precipitate which was further stirred for a minute 

and then left standing for 20 min. The precipitate was filtered under vacuum through 

a Whatman filter paper and washed first with a mixture of acetone/ethanol/water, 

then with copious amounts of deionized water in order to get rid of the water soluble 

by-product, KCl. A boiling 1:1 mixture of acetone and ethanol was then added to the 

dry residue until it dissolved. The mixture was then left to recrystallize overnight. 

This resulted in the formation of white crystals of BTPPATPBCl or BTPPATFPB.  
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Figure 2. 1. Structures of the ions of the organic electrolytes, BTPPATPBCl and 

BTPPATPFB. The cation, BTPPA
+
 is the same for both electrolytes. 

2.2.3 Stability of SWCNT Dispersion in Electrolyte Solution 

The stability of both the AD-SWCNT and CVD-SWCNT dispersions in the 

presence of BTPPATPBCl electrolyte was studied using UV-Vis absorption 

spectroscopy. The sedimentation method described by Giordani and co-workers
162

 

was adapted for this study. Single bulk dispersions of each SWCNT type was used to 

prepare all the samples for the dispersion stability experiment. The samples were 

prepared by adding 0.2 mL of appropriately diluted BTPPATPBCl solution to 1.8 

mL of SWCNT dispersion (6 mg L
-1

). The concentration of BTPPATPBCl in the 

dispersions ranged from 1 µM to 10 µM.  The dispersions were mixed thoroughly by 

agitation and then allowed to stand for 48 h, after which they were centrifuged at 

5000 g for 20 min in order to sediment any aggregated nanotubes. The supernatants 

were carefully collected and their absorption at 660 nm was recorded. The 

concentration of SWCNT that remained dispersed was calculated based on the 

extinction coefficient determined, as discussed in section 3.3.1. UV-Vis absorption 
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of all samples was collected using a 2 mm quartz cuvette. Pure DCE was used as the 

reference when measuring the absorbance of control samples, which were prepared 

and treated in a similar way as the other samples, but had pure DCE added to them 

instead of BTPPPATPBCl. For the rest of the samples (i.e. SWCNT dispersions 

containing different concentrations of the electrolyte), the appropriate BTPPATPBCl 

electrolyte concentration in DCE was used as reference. 

2.2.4 Aggregation Kinetics of MoS2 

The aggregation behaviour of MoS2 dispersion was similarly studied using 

UV-Vis absorption spectroscopy. As in the case of SWCNT stability studies, all 

aggregation samples were prepared from one bulk MoS2 dispersion. The procedure 

used for the aggregation kinetics experiment was based on centrifuging the 

dispersions of MoS2 at 8000 rpm for varying time periods (2 – 20 min) immediately 

after the addition of the BTPPATPBCl electrolyte solution. The samples were 

prepared by adding 0.2 mL of appropriately diluted BTPPATPBCl solution to 1.8 

mL of a dispersion of MoS2 (9.3 mg L
-1

). The concentration of the BTPPATPBCl in 

the dispersions ranged from 2 µM to 1 mM. Control samples were prepared in the 

same way, except that pure DCB was added instead of BTPPATPBCl electrolyte 

solution. All samples, including controls, were shaken by hand before inserting them 

into a microcentrifuge. For each electrolyte concentration, a sample and a control 

were centrifuged together and absorption at 670 nm of the supernatants was recorded 

to determine the concentration of MoS2 using the extinction coefficient calculated, as 

discussed in section 6.2.1.   
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2.2.5 Adsorption of SWCNT at Liquid/Liquid interface 

The self-assembly of SWCNT at the liquid/liquid interface (water/DCE or 

water/DCB) was achieved using the following procedure. Firstly, an aliquot of the 

SWCNT dispersion in a given organic solvent was mixed with the organic electrolyte 

solution and added to a four-electrode electrochemical cell (see section 2.3 for 

description of a four-electrode cell). An approximately equal volume of aqueous 

electrolyte was then placed on top of the organic phase. The cell was bath sonicated 

(37 kHz and 40% power) for 10 - 15 min to induce nanotube adsorption at the 

interface. Before sonication, the open ends of the cell were properly sealed with 

Parafilm to prevent evaporation of the liquids. Because ultra-sonication leads to the 

formation of emulsions in both liquids, as well as at the interface, the cell was always 

left to stand for 12 h before any further work is carried out. This time period was 

sufficient for any unstable emulsions to coalesce. This procedure was also used in 

preliminary interfacial assembly studies of the SWCNTs. The only difference is that 

screw top glass vials were used, and the assembly was made with different 

combinations of electrolyte solutions (DCE/water, DCE/0.1 M LiCl (aq), 10 mM 

BTPPATPBCl (DCE)/water and 10 mM BTPPATPBCl (DCE)/0.1 M LiCl). 

2.2.6 UV-Vis Absorption Spectroscopy 

This was used for the qualitative characterisation of the SWCNT and MoS2 

dispersions, and for the determination of the concentration of the materials in a given 

dispersion. According to the Beer-Lambert law (Equation 2.1), the absorbance, A of 

the SWCNT/MoS2 dispersion is related to its concentration, C, where l is the light 

path length and 𝛼 is the extinction coefficient. 

𝐴 = 𝛼𝐶𝑙                                                                          (2.1) 



62 
 

 In order to determine 𝛼, which will allow for the calculation of the dispersion 

concentration at any time, a calibration procedure was undertaken. Firstly, the 

absorbance of the as-prepared SWCNT or MoS2 dispersion was obtained. Then, 15 

to 30 mL of the dispersion was filtered through a 0.1 µm PDVF membrane that had 

been previously dried in an oven overnight at 70 
°
C, cooled in the desiccator and 

weighed. After filtration, the membrane was again dried in an oven at the same 

conditions, cooled in the desiccator and weighed. The difference in the weight of the 

membrane before and after filtration gave the amount of the deposited material. The 

UV-Vis absorbance of the filtrates was also measured. For the SWCNTs, the 

absorption spectrum (Figure 2.2a) of the filtrate indicates that all the SWCNTs in the 

original dispersion had been removed by the membrane. Therefore, the amount of the 

SWCNTs in the dispersion was determined as the mass of the material deposited on 

the membrane. For the MoS2 dispersion, however, it was found that about 10 – 14% 

mass of the material had passed through the membrane into the filtrate (Figure 2.2b). 

Therefore, the actual mass of the MoS2 in the original dispersion was calculated by 

taking into account the loss of material. As the mass of both the SWCNT and the 

MoS2 in the as-prepared dispersions are now known, the concentration of each 

material in the dispersion could be determined. The remaining portion of the original 

dispersion that had not been filtered was diluted to yield five portions of diluted 

dispersions of each material and their absorbance at 660 nm was recorded and a plot 

of absorbance versus concentration was obtained. 
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Figure 2. 2. UV-Vis absorption spectra of (a) SWCNT and (b) MoS2 dispersions 

before and after filtration through a 0.1 µm PDVF membrane. 

 2.2.7 In-situ Optical Microscopy of Interfacial SWCNT layers 

The structure of the interfacial SWCNT layers, formed between the bulk 

aqueous and organic phases, were visualized in-situ using a stereo zoom microscope 

with a working distance of 113 mm. To view this layer, the microscope was focused 

on the interface through the aqueous phase (top layer) as illustrated in Figure 2.3. 

Optical micrographs of the nanotube interfacial layer were captured with a digital 

live camera and processed using GXcapture software. Images were taken at least 12 

h after sonication (i.e. when both aqueous and organic phases are clear of any 
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emulsions). Initial measurements were made with small glass vials (ca. 1.5 cm tall) 

to observe the morphology of the adsorbed nanotube layer without the influence of 

an applied potential. Then, with the SWCNTs assembled at water/DCE interface in a 

four electrode cell, videos clips of the interfacial layer was recorded as a function of 

the applied interfacial potential between the aqueous and organic phases.  

 

 

 

Figure 2. 3. Schematic illustration of the arrangement used for in situ optical 

microscopy of interfacial SWCNT layer. 

 

The scale bars of the micrographs were determined by imaging a copper grid 

of known pore size each time a micrograph of the interfacial nanotube was taken. 

The TEM grid was placed on top of a water phase contained in a separate vial. The 

height of the water was adjusted to the level of the interfacial nanotube layer. By 

comparing the actual pore size of the copper grid with the measured one, the scale of 

the micrographs of the nanotube interfacial layers were estimated.  

2.2.8 Contact Angle Measurement 

The three-phase contact angle (𝜃) formed between the SWCNT, water and 

DCE was measured in order to evaluate the wettability of the nanotubes at the 

Org 

W SWCNT interfacial layer 

Microscope 
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water/DCE interface and the effect of introducing electrolyte in either or both of the 

phases. Measurements were carried out on SWCNT films prepared at the water/DCE 

interface by the adsorption procedure described in section 2.2.4 and deposited on the 

surface of clean Si/SiO2 wafers. To transfer a film, the vial containing the biphasic 

system, with the SWCNT layer located at the interface, was tilted and the wafer was 

carefully inserted into the DCE phase below the interfacial film with the help of 

tweezers. The wafer was lifted gradually until the film rested on its surface. After 

deposition, the films were dried with N2 and then left for 3 h in an oven heated at 70 

°C to evaporate any residual solvent. The SWCNT film transfer protocol is 

illustrated in Figure 2.4. Fresh SWCNT film was used for each measurement and an 

average of three measurements were obtained for each liquid/liquid system. 

 

 

Figure 2. 4. Schematic illustration of SWCNT film transfer protocol from the 

water/DCE interface to a Si/SiO2 substrate. 

 

To take a measurement, the substrate was placed in a cubic quartz cuvette 

containing the less dense aqueous phase.  A sessile drop of the heavier organic phase 

was then injected onto the surface (Figure 2.5). The droplet was allowed to stabilise 

(typically, less than 1 min) before images of the droplet were recorded. 𝜃 was 

determined by measuring the angle formed between the solid substrate and the 

droplet surface. This was achieved by using the OneAttension software provided 

W
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with the instrument to fit the Young-Laplace equation (∆𝑝 = 𝛾(
1

𝑅1
+

1

𝑅2
), where ∆𝑝 is 

the pressure difference across the curved liquid interface, 𝛾 is the surface tension, R1 

and R2 are the radii of curvature) to the shape of the recorded drop.  

 

 

Figure 2. 5. Schematic representation of configuration used for the 

determination of three phase contact angle between a solid substrate (SWCNT) 

and two immiscible liquids. 

 

2.2.9 Raman spectroscopy 

Raman spectroscopy has been used extensively for the characterisation of a 

wide range of materials, including carbon nanostructures, transition metal 

dichalcogenides and their composites. It is based on inelastic scattering of 

electromagnetic radiation. In a typical Raman scattering experiment, a 

monochromatic laser beam (usually from a laser in the visible, near-infrared or near-

ultraviolet region) is irradiated on a sample. The majority of the scattered light is of 

the same energy as the incident light and constitutes what is known as elastic or 

Rayleigh scattering. However, a tiny fraction (about 1 in 10
 
million) of the scattered 

photons is shifted in energy owing to its interaction with the vibrational energy levels 

of the molecules (or phonons for a solid) in a sample. This inelastically scattered 

light is termed Stokes or anti-Stokes Raman scattering, depending on whether energy 

is lost or gained by the photons. By detecting the shifted light (usually the Stokes 

lines because they are more intense), information about the molecular structure of the 

material can be obtained.
163
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In this study, Raman analysis was performed on a Renishaw inVia Raman 

microscope with 532 nm (2.33 eV) and 633 nm (1.96eV) laser excitations and at a 

power < 1 mW using 50× or 100× objective. This resulted in a theoretical laser 

spot size (calculated using Equation 2.2) of about 0.87 µm and 1.03 µm for the 532 

nm and 633 nm laser, respectively. 

𝑑𝑠 =
1.22𝜆

𝑁𝐴
                                                                               2.2 

In the above Equation, ds and NA represent laser spot size and numerical aperture of 

the objective used, respectively. The NA for both the 50× and 100× objectives 

employed in this work are the same and equals 0.75.    

2.2.10 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is an imaging technique that uses a 

focused beam of high energy electrons (typically, 1 to 30 kV)
164

 to produce images 

of a solid sample. The electrons in the beam interact with the sample’s atoms and 

generate various signals (i.e., secondary electrons, backscattered electrons and 

characteristic X-rays) that can be processed to derive information regarding the 

sample’s surface topography, crystallography and chemical composition.
165

 In 

contrast to light microscopes, whose theoretical resolution limit is about 0.2 µm (due 

to the limit imposed by the wavelength of visible light, 400 – 700 nm), SEM can 

provide a much higher resolution (on the order of 1 – 5 nm),
165

 since electrons have 

much smaller wavelength (40 pm – 1 nm, depending on the accelerating voltage)
164

 

compared to the visible light. In addition, the SEM has a larger depth of field, better 

surface sensitivity and longer working distance than the light microscopes. As a 

result, SEM has been widely used for characterisation of a wide variety of inorganic 

and organic materials on a micron to submicron scale.
165

 



68 
 

Figure 2.6 shows a simple schematic diagram of a typical SEM system. 

Electrons are produced and accelerated down the column by the electron gun 

(electron source and anode). The electrons are then finely focussed to the sample by 

the condenser (electromagnetic) lenses. Once the beam hits the sample various 

signals are produced, which can be detected by a selection of detectors. The signals 

of interest for imaging are the secondary (electrons emitted after absorption of 

primary electrons) and backscattered electrons. The electron column is usually held 

at high vacuum, generally between 10
–5 

– 10
–7

 torr
166

 to avoid scattering of the 

electrons via interaction with air or any particulate matter before reaching the 

sample. 
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Figure 2. 6. Schematic representation of the main components of an SEM. 

Reproduced with permission from ref.
164

 Copyright © 2016 Elsevier Ltd. 

 

In this work, the SEM images were taken using an FEI XL30 Environmental 

SEM – Field Emission Gun, operated at 10 kV Emission. SEM images of SWCNT 

films prepared at the liquid/liquid interface were analysed using image J (version 

1.48)
167

 to determine the extent of surface coverage by the nanotubes. 

2.2.11 Atomic Force Microscopy 

Since its invention in 1986,
168

 atomic force microscopy (AFM) has become a 

widely used surface characterisation tool. This is because the AFM is a very high-

resolution measurement and imaging technique that is capable of generating surface 

topographic images of a material down to the atomic scale on the vertical axis and to 

a few nanometres on the horizontal axis. Thus, one of its main advantages over SEM 
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is its ability to produce a three-dimensional topography of a sample surface, which is 

beneficial for height analysis.
169

   

The working principle of an atomic force microscope is schematically 

illustrated in Figure 2.7. A cantilever equipped with a sharp tip is used to scan over 

the surface of a sample. The cantilever, which is typically made from either silicon or 

silicon nitride, probes the sample surface by detecting the forces between the tip and 

the sample.
170

 As the tip is brought near the sample, these forces cause a deflection of 

the cantilever which is monitored using a laser beam. By using a photodetector 

together with a feedback loop mechanism, a three-dimensional image of the sample 

surface can be generated.  

 

 

 

Figure 2. 7. Schematic illustrations of the working principle of an Atomic force 

microscope. 

 

AFM imaging is typically performed in three basic modes – contact, non-

contact and tapping modes – which are dependent on the way the tip interacts with 
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Sample stage
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the sample surface. In the contact mode, the AFM tip is physically made to contact 

the sample during scanning. In this mode, the cantilever experiences repulsive forces, 

which cause the cantilever to deflect as it scans across the topographic features of the 

sample surface. This deflection is used as the input signal to a feedback loop which 

tries to maintain the cantilever at a specified deflection. The major disadvantage of 

this imaging mode is that either the sample or tip could be damaged during the 

scanning process.
169, 170

 

In the non-contact mode, however, the cantilever tip does not touch the 

sample, but instead the cantilever is made to vibrate very close to the sample surface 

at a frequency near, or just above, its resonant frequency. The amplitude of this 

vibration is normally less than 10 nm. In this mode, the tip experiences van der 

Waals attractive forces, which act to decrease the resonant frequency of the 

cantilever.
169

 Topographic images of the sample can be obtained by measuring the 

changes in the resonant frequency of the cantilever owing to the attractive 

interactions between the sample and the tip.
171

 The main drawbacks of this imaging 

mode is that the presence of a contaminant fluid (typically, water) layer found on 

most surfaces under ambient conditions may lead to low-resolution images being 

obtained.
170, 171

  

The tapping mode is the preferred AFM operation mode when imaging soft 

materials, films or particles that are loosely held on a surface.
169

 In this mode, the 

cantilever is made to vibrate at or near its resonant frequency (50 – 500 kHz).
171

 The 

amplitude of this vibration is typically in the range 20 nm to 100 nm. As the 

cantilever vibrates, the tip makes intermittent contact with the sample surface. The 

tip only slightly “taps” or touches the sample surface for a very short time period, 



72 
 

which means that the lateral forces exerted by the tip on the sample surface are 

dramatically reduced as compared to the contact mode.
169

  

In this work, a Bruker Multimode 8-HR atomic force microscope operated in 

“PeakForce” tapping mode with a silicon tip on a silicon nitride cantilever was used 

to collect AFM images of all samples. The images were analysed using NanoScope 

Analysis software (version 1.40, Bruker instruments) and WSxM SPM software (4.0 

Beta 8.1).   

2.2.12 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a powerful surface-sensitive 

spectroscopic technique that is popular for investigating the composition and 

electronic structure of solid surfaces. The technique is based on the principle of the 

photoelectric effect and utilizes monochromatic X-rays to excite the electronic states 

of atoms from the surface of a sample. The photoelectrons ejected from the sample 

atoms are filtered based on their kinetic energy by a hemispherical analyser. The 

intensity of the analysed photoelectrons as a function of their kinetic energy is 

measured by an electron detector. The kinetic energy of the photoelectrons (KE) is 

described by the following relation:
172

  

𝐵𝐸 =  ℎʋ − 𝐾𝐸 − 𝜙                                                           (2.3)   

where ℎʋ is the energy of the incident X-ray photons, BE is the binding energy of the 

photoelectrons and 𝜙 is the spectrometer work function. Because the binding energy 

of the electron is characteristic of the electronic structure of the element from which 

it was ejected, information about the sample surface composition as well as chemical 

environment of each element can be determined. Although X-rays can penetrate 

micrometres below the sample surface, ejected electrons from depths greater than 10 
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nm are usually not detected because they undergo energy loss events, and thus only 

contribute to the background noise.
172, 173

   

The XPS measurements reported in this work were performed at the EPSRC 

NEXUS facility (Newcastle, UK) using a K-Alpha X-ray photoelectron spectrometer 

(Fisher scientific), which utilises a micro-focused monochromatic Al Kα source. The 

survey spectra were taken at 0.4 eV step size at three different locations on each 

sample. 

2.2.13 Zeta Potential 

Zeta potential (ζ), also referred to as the electrokinetic potential, is the 

electrostatic potential at the location of the shear or slipping plane of a colloidal 

particle moving under the influence of an electric field.
174

 As shown in Figure 2.8, 

the shear/slipping plane is the boundary (actually, notional) within the diffuse part of 

the electrical double layer (EDL) which divides the moving particle and the 

dispersion medium around it. Although ζ is not the actual surface potential of the 

particles, it is often used to assess the surface charge on colloidal particles.
174, 175

 It is 

also widely used as a key indicator of dispersion stability: colloidal particles with 

large negative or positive ζ are usually considered to be stable against aggregation 

due to electrostatic repulsion between the particles.
174-176

 However, it is important to 

note that while ζ does provide indications of colloidal stability, the magnitude of the 

ζ alone does not guarantee stability since it does not provide any information 

regarding the van der Waals attractive forces.
174, 176
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Figure 2. 8. Schematic illustration of the electrical double layer around a 

particle in a suspension and the location of the slipping plane, where zeta 

potential is measured.  

 

Zeta potential is usually determined indirectly from the measurement of 

electrophoretic mobility (μe) of the colloidal particles. One method that is commonly 

used to measure μe is the electrophoretic light scattering, also known as laser Doppler 

electrophoresis. In this method, an electric field is applied, by means of two 

electrodes, across a dispersion contained in a sample holder. This causes the charged 

particles in the dispersion to migrate towards the oppositely charged electrode. The 

velocity (ʋ, m s
-1

) with which the particles move is related to μ
e
 by

174, 177
 

μ
e
=

ʋ

E
                                                                              2.4 

where E is the electric field strength (V m
-1

). ʋ is measured by a light scattering 

technique known as laser Doppler velocimetry (LDV). The mobile particles under 
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the influence of the electric field scatter an incident light and the shift in frequency of 

the scattered light with respect to the incident light is proportional of the velocity of 

the moving particles. This allows the calculation of μ
e
, and in turn, the ζ using 

Henry’s Equation (2.5)
174, 177

 

 

μ
e
=

2εrε0ζf(κa)

3η
                                                                                  2.5 

where εr and ε0 (8.854 × 10
-12 kg m V-2 s-2) are the relative permittivity of the 

dispersant and permittivity of vacuum, respectively; η is the viscosity of the 

dispersant at the experimental temperature (kg m
−1

 s
−1

) and f(κa) is the Henry’s 

function. f(κa) is taken as either 1.5 (Smoluchowski approximation) or 1 (Hückel 

approximation) depending on the ratio of the particle size to the thickness of the 

EDL. When the thickness of the EDL is much smaller than the particle size (i.e., due 

to particle size > 0.2 µm and moderate electrolyte concentration ca. 10
-3

 M), the 

Smoluchowski approximation applies, whereas for smaller particles in low dielectric 

media, the Hückel approximation is mostly used.
174, 175, 177

 

In this work, ζ measurement was carried out using a Malvern Zetasizer Nano 

ZS (Malvern Instruments) with irradiation at 633 nm from a He-Ne laser. A Malvern 

universal Dip-cell, made with glass, was used to hold the MoS2 – DCB dispersion. 

This cell is required when measuring ζ of particles dispersed in a non-aqueous (low 

dielectric constant) medium, because the two electrodes are positioned in close 

proximity, which allows for the generation of high field strengths at low applied 

voltages.
178

 The Zetasizer Nano ZS uses M3-PALS (Mixed Measurement Mode – 

Phase Analysis Laser Scattering), which is a variant of LDV, for detection. Because 

PALS is extremely sensitive for detection of very small particle velocities, it is 
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currently considered the best technique for measurements of ζ in non-aqueous 

dispersions.
178

 It measures changes in phase of the scattered light with respect to the 

incident light instead of the shift in frequency used by LDV. Typically, for non-

aqueous dispersions, the default voltage (i.e., 40 V) is too high because of the close 

spacing of the electrodes in the sample cell. In order to find an optimum voltage for 

the ζ measurement, voltage “titration” was initially carried out. Several voltages (5, 

10, 15 and 20 V) were applied and the data obtained was evaluated in terms of 

repeatability of the average ζ measured and phase plot symmetry. Examples of phase 

plots obtained with applied voltages of 10 V and 20 V are shown in Figure 2.9. The 

optimum voltage was found to be 10 V, as this gives a repeatable average ζ value and 

a symmetrical phase plot with low noise. 
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Figure 2. 9. Phase plots obtained with an applied voltage of (a) 10 V and, (b) 20 

V for MoS2 dispersion at a concentration of 9. 3 mg L
-1

. 

 

2.3 Electrochemical Experiments  

2.3.1 Liquid/Liquid Electrochemistry 

 

Liquid/liquid electrochemical measurements were carried out in home-made 

glass cells illustrated in Figure 2.10(a-b). The two immiscible liquids used to form 

the liquid/liquid interface, in the present work, were water and either DCE or DCB. 

These solvents were selected because of their common use in liquid/liquid 

(a)

(b)



78 
 

electrochemistry
127, 179

 and as they have also been used previously in the preparation 

of CNTs dispersions.
41, 44

 The solvents were added to the cells in such a way that the 

ITIES is positioned between the two Luggin capillaries. The cell was operated in 

four-electrode configuration (Figure 2.10c): two reference electrodes (RE1 and RE2) 

and two counter electrodes (CE1 and CE2), one pair for each phase. The CEs 

(platinum mesh), dipped into the bulk of each phase, were used to supply the electric 

current, whilst the REs (Ag|AgCl), positioned in the two side arms terminating with 

luggin capillaries near the ITIES, were used to control the potential difference 

between the two phases. Due to problems associated with reference electrodes 

dipped directly into the organic solvents,
127

 the RE for the organic phase was placed 

in a second aqueous solution containing chloride ions and a common ion with the 

organic phase. This configuration resulted in the formation of a second interface, 

called the reference interface, in the RE1 arm (Figure 2.10). Because the two phases 

are in contact and contain a common ion, which equilibrates between the phases, the 

potential across the interface can be considered to be constant. In the preliminary 

work, the two-arm cell shown in Figure 2.10a was used. In this cell design, the 

organic CE was inserted through the aqueous phase and across the interface into the 

organic solution (bottom phase). Therefore the electrode surface in contact with both 

the aqueous phase and interface was coated with glass to avoid any electrical contact.  

However, in this configuration, the CE distorts the structure of SWCNT adsorbed at 

the interface. To circumvent this problem, the three-arm cell shown in Figure 2.10b 

was used, where the CE was directly immersed into the organic phase through the 

provision of the additional side arm.  
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Figure 2. 10. Schematic of four-electrode cells used for ITIES investigations. (a) 

Two-arm cell, (b) Three-arm cell, and (c) Four-electrode configuration. 

 

As the cells were constructed with glass, the interface between the two 

immiscible liquid phases was curved due to the preferential wetting of the 

hydrophilic glass surface by the aqueous phase. Thus, the geometric area (A) of the 

interface was found using Equation 2.6 for the three-arm cell and Equation 2.7 for 

the two arm cell.
180

 Both Equations take into account the curved nature of the 

interfacial area.  

 

𝐴 = 𝜋(ℎ2 + 𝑟𝑔
2)                                                                    2.6 

𝐴 = 𝜋(ℎ2 + 𝑟𝑔
2) − 𝜋𝑟𝑐

2                                                        2.7 
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where ℎ is the height of the interface curvature, 𝑟𝑔 is the internal radius of the glass 

cell and the term, 𝜋𝑟𝑐
2 represent the area of the organic phase counter electrode with 

𝑟𝑐 representing its radius. 

The electrochemical measurements were performed in a faraday cage, so as 

to shield the system from electrical noise. Cyclic voltammetry and potential step 

experiments were controlled with an Autolab potentiostat (PGSTAT100, Metrohm-

Autolab). Positive feedback iR compensation was applied during all cyclic 

voltammetry measurements of ion transfer in order to eliminate the effect of ohmic 

drop within the cell. The measured potentials between the aqueous and organic phase 

were converted to Galvani potentials by using the standard ion transfer of TMA
+
 

(∆𝑜
𝑤𝜙) taken as +0.16 V for water/DCE

118
 and +0.277 V for water/DCB

181
 system.  

2.3.2 Three-Electrode Configuration 

The three-electrode configuration was used to study electropolymerisation of 

pyrrole at a metal electrode. A platinum (Pt) disc electrode, 2.07 mm diameter, was 

used as the working electrode. The Pt electrode was polished with Diamond 

suspension (Kemet International Ltd, UK) and rinsed several times with deionised 

water. Pt mesh and saturated calomel electrode (SCE) were used as the counter and 

reference electrodes, respectively. The electropolymerisation was conducted in DCB 

solution containing 0.1 M pyrrole monomer and 10 mM BTPPATPFB, as supporting 

electrolyte. Polypyrrole was deposited on the Pt electrode by cyclic voltammetry, 

using the Autolab potentiostat (PGSTAT100).  
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 2.3.3 Supporting Electrolytes 

The commonest choice of supporting electrolytes in liquid/liquid 

electrochemistry work are lithium chloride for aqueous phases and either 

BTPPATPBCl or BTPPATPFB for the organic phase. The reason for their popularity 

is that lithium chloride is highly hydrophilic, whilst BTPPATPBCl and BTPPATFPB 

are very hydrophobic and the combination of lithium chloride with one of the 

aforementioned organic electrolytes gives a large potential window for studying 

charge transfer reactions of interest.  However, both BTPPATPBCl and 

BTPPATFPB organic electrolytes are not commercially available and are typically 

prepared by metathesis, as described previously in section 2.2.2.  

2.3.4 Preparation of Silver/Silver Chloride Reference Electrodes 

The silver/silver chloride (Ag/AgCl) reference electrodes were prepared by 

electroplating. The Ag wire was immersed in a 0.1 M solution of potassium chloride, 

and served as the anode. A platinum electrode, immersed in the same solution, was 

used as the cathode. Electrolysis was carried out at constant current of 5 mA for 600 

s. This resulted in the formation of a thin film of AgCl on the Ag wire. The potential 

of the Ag/AgCl electrode, 𝐸Ag/ACl, is dependent on the activity (concentration) of the 

chloride ions in solution, as dictated by the Nernst equation; 

 

AgCl(s) + e− ⇌ Ag(s) + Cl(aq)
−                                                       2.8 

𝐸Ag/ACl = 𝐸Ag/ACl
𝑜 − 𝑅𝑇

𝐹⁄ ln 𝑎Cl−                                               2.9 

 

where, EAg/ACl
o =+0.222 V at 25°C vs. SHE (standard hydrogen electrode), aCl

 

represents the activity of the chloride ions in solution,  R (8.314 J K1mol
1

) and 
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F (96485 C mol
1

) are the molar gas constant and the faraday constant respectively. 

EAg/ACl remains constant as long as the concentration of the chloride ions in the 

solution does not change.  
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Chapter Three 

Electrostatic Stabilisation of Single Wall Carbon nanotubes 

Dispersed in DCE 

3. Introduction 

Since the discovery of CNTs, there have been numerous reports focusing on 

dispersion and stabilisation of nanotubes in liquid media. As previously discussed in 

section 1.3, because of their strong hydrophobicity, pristine SWCNTs can only be 

dispersed in non-aqueous solvents and require chemical or physical (e.g., by 

adsorption of surfactant) functionalisation to disperse them in water. It is now well 

established that a number of common solvents such as CHP, NMP, DCE and DMF 

can be used to prepare stable dispersions of SWCNTs.
42-44, 53, 182-184

 However, 

because of their size and rigidity, SWCNTs may not form a true solution.
35

 As such, 

SWCNT dispersions can best be considered as lyophobic colloids.
185

 This implies 

that the dispersions are thermodynamically unstable and will eventually form 

aggregates and coagulate out of the suspension.  

Although extensive work addressing the kinetic stability of CNTs in aqueous 

media has been carried out,
185-187

 only limited studies have investigated this 

behaviour in non-aqueous dispersions. In one of these studies,
188

 the aggregation 

mechanism of pristine SWCNTs in NMP was investigated by molecular dynamics 

(MD) simulations. It was shown that a layer of structured NMP molecules is 

confined between pairs of nanotubes, which provides a steric barrier preventing the 

nanotubes from aggregation.
188

 Similarly, Azar and Pourfath
189

 also used the MD 

simulation approach to study the aggregation kinetics and stability mechanisms of 

pristine and functionalised (carboxylated or hydroxylated) carbon nanomaterials 
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(CNTs and graphene) in ten different solvents, including water, DMF, NMP, 

chloroform and DCB. They found that the functionalised carbon nanomaterials were 

more stable in the investigated solvents than their pristine counterpart and attributed 

the enhanced stability to the stronger confinement of the solvent molecules between 

the nanotubes or graphene sheets due to the presence of the functional groups, thus 

leading to higher solvent-induced repulsion.
189

 While this organised solvent barrier is 

believed to contribute to the dispersion stability, it may not be the dominant 

mechanism responsible for SWCNTs dispersion stability in non-aqueous solvents, as 

demonstrated by recent electrolyte–induced aggregation studies by the Poler 

group.
190

  

In a series of papers,
162, 190-192

 the Poler group highlighted the contribution of 

the electrical double layer (EDL) repulsion, as described by the DLVO (Derjauin, 

Landau, Vewey and Overbeek) theory, to the stabilisation of pristine SWCNTs 

dispersions in non-aqueous solvents. The group investigated the dispersion stability 

and aggregation kinetics of SWCNTs in two different solvents, NMP and DMF, and 

their mixtures using three types of coagulants: simple inorganic salts, mononuclear 

and multinuclear metal coordination complexes. They found that the dispersion 

stability depended on the solvent properties, with NMP and mixtures of NMP/DMF 

showing greater stability over pure DMF.
190-192

 Similarly, the chemical nature of the 

coagulant was also shown to influence the stability of the SWCNT dispersion: 

dispersion stability decreased in the order; simple inorganic ion > mononuclear 

complexes > dinuclear complexes > multinuclear complexes.
190

 The difference 

between the inorganic and mononuclear complexes was attributed to the size of the 

solvated ion, as both coagulants were found to exhibit similar CCC α Z
–2

 

dependence
190

 predicted by the Debye-Hückel approximation for systems with low 
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zeta potentials.
193

 However, the behaviour of the multinuclear complexes was 

reported to be different, as these coagulants did not obey the CCC α Z
–2

 or            

CCC α Z
–6

 scaling law.
190

 It was suggested that the multinuclear complexes were in 

direct contact or even bonded to the SWCNTs.
190

  

The origin of the surface charge on pristine SWCNTs that gave rise to EDL 

repulsion is, however, not clear. The Poler group
190

 has remarked that the levels of 

oxygen functional groups on the surface of the nanotubes will contribute to the 

surface charging of the nanotube and consequently dispersion stability. Indeed, 

Rodgers et al.
194

 found, through electrolyte-induced aggregation study of pristine 

graphene dispersions made from graphite of differing oxygen content, that the more 

oxidised graphite resulted in a more stable dispersion.
194

 In this study, DCE was used 

to prepare the graphene dispersions and the coagulant was an organic electrolyte, 

bis(triphenylphosphoranylidene)ammonium tetrakis(4-chlorophenyl)borate 

(BTPPATPBCl).
194

 It has also been suggested
195

 that electron transfer occurs 

between the solvent and the SWCNTs, leading to the nanotubes to acquiring a 

charge. In some solvents, such as NMP and DMF, the suggested charge on the 

SWCNT is negative, while in others, such as 1, 2-dichlorobenzene and chloroform, 

the suggested charge is positive.
195

    

The focus of the work presented in this chapter is to compare the stability of 

two types of pristine SWCNTs dispersed in DCE using BTPPATPBCl as the 

coagulant. Firstly, the nanotubes were characterised using several techniques to 

ascertain their quality, size and oxygen content. Then the stability of the nanotube 

was studied using UV-Vis absorption spectroscopy sedimentation procedure 

described previously in the literature.
185, 191
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3.1 SWCNT Dispersion in DCE  

As the main focus of this work was to use electrochemistry to investigate the 

properties of SWCNTs adsorbed at the liquid/liquid interface, the choice of solvent 

for dispersing SWCNTs was limited to those solvents that can be used in ITIES 

studies – the solvent must be immiscible with water and able to dissolve 

electrolyte.
123, 137

 DCE, being one of the commonest solvent employed in ITIES 

studies and having been used successfully to obtain stable CNTs dispersions,
40, 44-46, 

196
 was selected.  

Two types of SWCNTs (produced by chemical vapour deposition, CVD, and 

arc discharge, AD, methods) were dispersed in DCE by sonication. The resulting 

suspension was centrifuged at 15000 rpm for 1 hour to remove large aggregates. The 

detail experimental procedure can be found in the experimental chapter (section 

2.2.1). The resultant dispersion, in the case of AD-SWCNT, was observed to be 

stable for at least nineteen months without any significant aggregation – no 

macroscopic aggregates can be seen with the naked eye and the UV-Vis absorbance 

did not change significantly. The CVD SWCNT dispersion was only observed for a 

period of about two weeks, but was found to be very stable over this time period with 

no visible aggregates formation or change in intensity of UV-Vis absorption. Figure 

3.1 shows the photographs of SWCNTs dispersions obtained immediately after 

sonication (Figure 3.1 A) and after centrifugation (Figure 3.1 B).  
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Figure 3. 1. SWCNT in DCE dispersion immediately after sonication (A) and 

after centrifugation (B).  

 

3.2 Characterisation of SWCNT Dispersions 

3.2.1 UV-Vis Absorbance and Extinction Coefficient Measurements 

Optical absorption spectroscopy can be used to characterise the electronic 

properties of SWCNTs and to estimate the amount of suspended nanotubes in a given 

solvent. The absorption spectrum of a single species of SWCNT is characterised by a 

series of sharp features, which could be assigned to various inter-band transitions 

between the van Hove singularities (vHs) in the electronic density of states (see 

Figure 3.2) of the SWCNT.
197

 As the energies of these transitions depend on the 

diameter and the chiral angle of the SWCNT, the relatively wide variations of 

nanotubes diameters and chiral angles, typically found in many nanotube samples, 

will significantly affect the resolution of these features, leading to broad and 

unresolved optical absorption peaks.
197, 198

 Furthermore, the bundling state of most 

SWCNTs samples is also known to diminish the sharpness of the optical absorption 

signals.
199

 

 

A B 
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Figure 3. 2. Schematic of the electronic density of states (DOS) of metallic and 

semiconducting SWCNTs. The arrows show the various transitions between the 

van Hove singularities that are allowed.  

 

In Figure 3.3, the UV-Vis absorption spectra of both the CVD and AD 

SWCNTs samples are shown. The spectrum of the CVD-SWCNTs shows less clear 

absorption features in the wavelength range 400 to 800 nm, which suggests that, the 

diameter and chiral angle distributions in this sample is very broad. This observation 

is in agreement with the report of Koh et al,
200

 who observed a featureless absorption 

spectrum for SWCNTs prepared by CVD method.  In contrast, the UV-Vis spectrum 

of the AD-SWCNTs exhibit characteristic peaks in the range 600–800 nm and    

400– 600 nm that are assigned to the electronic transitions between the van Hove 

singularities for metallic M11 and semiconducting S33 nanotubes, respectively.
200, 201

 

The presence of these transitions suggests that the AD-SWCNTs have narrower tube 

dimeter and chiral angle distributions.
200

 The low resolution of the peaks, however, 

indicates that individual tubes were not isolated; instead the nanotube dispersion 

contains mainly small nanotube bundles.
199

 This is plausible considering that DCE is 

not the best solvent for solubilisation of SWCNTs.  
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Figure 3. 3. UV-Vis absorption spectra of pristine CVD SWCNT (12 mg L
-1

) and 

AD SWCNT (18 mg L
-1

) dispersions. 

 

As the two SWCNT samples showed different absorption features, attributed 

to differences in the types and distribution of nanotubes species, their extinction 

coefficient, α may also be different. As such, UV-Vis calibration was performed for 

each sample to determine α. The Beer-Lambert law (𝐴 = 𝛼𝐶𝑙), states that the 

absorbance, A of a solution is directly proportional to its concentration, C. Therefore, 

by fixing the light path length, l and measuring the absorbance at a given wavelength 

for a range of concentrations, 𝛼 can be determined. Figure 3.4 shows the plots of 

absorbance of the SWCNT dispersions at 688 nm as a function of nanotube 

concentration. In each case, the absorbance can be seen to increase linearly with 

concentration. By dividing the slope of each plot by the path length (2 mm), 𝛼 was 

determined as 4.2 × 103 mg−1 mL m−1  and 3.9 × 103 mg−1 mL m−1 for CVD and 

AD SWCNTs, respectively. The similarities of the extinction coefficients may be due 

to the nearly identical diameters (i.e. 0.9 – 1.7 nm for CVD
160

 and 1.2 – 1.7 nm for 

AD
159

 SWCNTs) of the two types of SWCNTs. The slight differences can be 
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attributed to different levels of impurities (see AFM characterisation in section 

3.3.2).  Nevertheless, the calculated α values are comparable to 

3.2 × 103 mg−1 mL m−1 obtained at 688 nm by Jeong et al for arc discharge 

SWCNTs dispersed in water,
8
 but significantly different from that reported by Cheng 

et al (1.7  10
3
 mg−1 mL m−1 obtained at 660 nm) for HiPCO nanotubes dispersed 

in DCE.
40

 It should be noted that the HiPCO SWCNTs exhibit smaller tubes 

diameters (typically, 0.8 to 1.2 nm)
202

 as compared to CVD or AD SWCNTs. The 

smaller tube diameters are known to cause a shift in the inter-band electronic 

transitions of the SWCNTs to higher energies, with the M11 transitions, which occur 

in the 600 – 800 nm regions in the case of AD-SWCNT being shifted to between  

400 – 650 nm wavelength regions.
201

 Thus, the 688 nm wavelength used to evaluate 

α represents a different (S22) electronic transition for the case of HiPCO SWCNTs
201

 

hence the large difference in 𝛼. Additionally, the purity levels and processing 

conditions may all contribute to the differences in the extinction coefficient.  

 

Figure 3. 4. Plots of absorbance (688 nm) vs concentration of CVD (a) and AD 

(b) SWCNT dispersions. 
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3.2.2 Atomic Force Microscopy of Dispersed SWCNTs 

Atomic force microscopy (AFM) was used to evaluate the quality, length and 

diameter distributions of dispersed SWCNTs. Figure 3.5 shows representative AFM 

images for both CVD and AD SWCNTs. The AFM samples were prepared by drop 

casting one or two drops of dilute SWCNT dispersion (4 mg L
-1

 or 1 mg L
-1

) on a 

clean Si/SiO2 wafer. From these images, it can clearly be seen that both AD (Figure 

3.5 a-d) and CVD (Figure 3.5 e-f) samples show the presence of a number of tubular 

structures and significant amount of impurities, in the form of white patches. The 

relative amount of these additional materials, which could be metal catalysts and 

other carbonaceous materials,
200, 203

 is much higher in the CVD sample compared to 

AD SWCNT, suggesting that the AD SWCNT is cleaner than the CVD SWCNT. 

This finding is consistent with earlier reports, which have suggested that the AD 

route yields high purity nanomaterials.
200, 201

  

Figure 3.6 shows the diameter and length distributions of the dispersed 

nanotubes, derived from the AFM images. The diameters were estimated from the 

topographic heights of the tubular structures. As can be seen from the histograms, the 

two types of SWCNTs show different diameter distributions and bundling state. For 

the case of AD SWCNT (Figure 3.6a), the histogram exhibits a diameter distribution 

of about 1–21 nm, with an average bundle diameter of ~6 nm, suggesting that the AD 

SWCNT dispersion is dominated by bundles of a few nanotubes. In contrast, the 

CVD SWCNTs (Figure 3.6c) show relatively narrower bundle diameter distribution, 

with the majority of the tubes dispersed as aggregates exhibiting a bundle diameter of 

~11 nm, which is slightly higher than the mean bundle diameter of the AD SWCNT.  

As with the diameters of the different nanotubes samples, the length 

distributions produced for each sample is also different. As shown in Figure 3.6b, the 
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average length of the AD SWCNT bundles is 0.7 µm. The length distribution ranged 

from 0.2 µm to 1.7 µm. Compared to AD SWCNTs, the length distribution of CVD 

nanotubes is again narrower (0.05 µm to 1.05 µ nm) and exhibit a much shorter mean 

length (0.255 µm). As the manufacture’s quoted length distribution in the case of AD 

SWCNT (data not provided for the CVD sample), ranged from 0.3 µm to 5 µm, the 

AFM data indicated that the processed SWCNTs have shorter lengths and narrower 

distribution, consistent with SWCNTs dispersions prepared by sonication.
200, 204

  

 

 

Figure 3. 5. Representative AFM images of AD (a-d) and CVD (e-f) SWCNT in 

DCE dispersions.  
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Figure 3. 6. AFM derived diameter and length distributions for AD (a-b) and 

CVD (c-d) SWCNT in DCE dispersions.   

3.2.3 Raman Spectroscopy 

Raman spectroscopy has been widely used to gain information about the 

structure and properties of SWCNTs.
17, 205-207

 The spectra can be collected on either 

isolated or bundled nanotubes.
206

 The characteristic features of major importance in 

the SWCNT Raman spectra include the radial breathing mode (RBM), the tangential 

mode (G-band), the D-band (disorder-induced band) and the G'-band. The RBM 

modes, located in the lower wavenumber region (about 120–350 cm
-1

), are produced 

by the collective atomic vibration of all the carbon atoms in the radial direction. The 

position of the RBMs, 𝜔𝑅𝐵𝑀 is directly related to the tube diameter, (𝑑𝑡) of the 

SWCNTs, as expressed by Equation 3.1
17

 

𝜔𝑅𝐵𝑀 = 𝐴 𝑑𝑡⁄ + 𝐵                                                    (3.1) 
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where A and B can be taken as 217 cm
-1

 and 15 cm
-1

, respectively.
208

 The B 

parameter is included to account for the interactions between the individual 

nanotubes in a bundle.
205

 

The G-band is a feature that is observed for all graphitic materials and is 

associated with the stretching of the C–C bond.
209

 However, unlike the graphite or 

graphene, which exhibit only one single peak at about 1582 cm
-1

, the G-band in 

SWCNTs is split into multiple peaks due to curvature effects.
17, 209

 The two most 

intense peaks, G
+
 (appearing around 1590 cm

-1
) and G

– 
(appearing around 1560 cm

-1
) 

that arise due to symmetry breaking when the graphene sheet is rolled to make a 

nanotube, are the dominant features commonly observed in the G-band area.
205

 The 

lineshape of the G
– 

peak is dependent on the electronic properties of the nanotubes: 

metallic SWCNTs exhibit a Breit–Wigner–Fano (BWF) lineshape, while 

semiconducting SWCNTs have a Lorentzian lineshape.
205

 The position of the G-band 

can be employed to investigate charge transfer from dopants additional to the 

nanotubes.
17, 208

 The disorder or D band, appearing around 1350 cm
-1

 is usually 

associated with a decrease in symmetry of the SWCNTs due to functionalisation or 

presence of structural disorder.
198

 The ratio of the intensity of D to G peaks (ID/IG) is 

commonly employed as measure of defect density or extent of subsequent 

functionalisation.
198

  

 The Raman spectra of the AD and CVD SWCNTs were obtained using two 

laser excitation wavelengths, 633 nm (1.96 eV) and 532 nm (2.33 eV). Figure 3.7 

shows representative Raman spectra obtained at 633 nm for each SWCNT type. The 

spectra display the nanotubes’ characteristic peaks, such as the G-band, the RBMs 

and D-band. In order to gain more information about each type of SWCNT, the three 

regions were further analysed, as discussed below.  
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Figure 3. 7. Raman spectra of AD (a) and CVD SWCNTs (b) obtained using a 

633 nm excitation wavelength (1.96 eV).  

The RBM Region 

In Figure 3.8 the spectra of the RBM region recorded at the two laser 

excitation wavelengths (633 nm and 532 nm) are shown. The spectra of the AD 

SWCNT (Figure 3.8a-b) show two dominant peaks at the 633 nm, and a single peak 

at 532 nm excitation wavelengths. The wavenumber of each peak and the 

corresponding tube diameter, calculated using Equation 3.1, are given in Table 3.1. 

For the case of CVD SWCNT (Figure 3.8c-d), the number of peaks observed at each 
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excitation wavelength is higher: with the 633 nm laser wavelength, seven prominent 

peaks were observed, whilst with the 532 nm laser wavelength, four peaks were 

found.  The wavenumber of each peak and the corresponding peak diameter, 

calculated using Equation 3.1, are given in Table 3.2. Although for full 

characterisation of the nanotubes diameter distribution, several excitation 

wavelengths must be used, nonetheless, the distributions derived from the two laser 

wavelengths indicate that the CVD SWCNT is composed of many different types of 

SWCNTs that are in resonance at the 633 nm and 532 nm excitation wavelengths 

compared to the AD SWCNT, thus, corroborating the result obtained from the UV-

Vis absorption spectroscopy. On the other hand, the Raman results may seem to 

contradict the AFM data discussed in section 3.2.2, however, it is important to note 

that the two techniques gives different information. The AFM gives information on 

the dispersion state of the SWCNTs (i.e., whether the dispersion contains individual 

nanotubes or bundles, and the diameter of the isolated or bundled nanotubes) but 

cannot provide information regarding the diameters of individual tubes present in a 

bundle, while the Raman spectroscopy, through analysis of the RBM region can 

provide information (including diameter distribution) on the different types of 

nanotubes contained in a given bundle provided the tubes are in resonance with the 

excitation wavelength. In the present study, individual nanotubes were not isolated as 

evident from the AFM data (see section 3.2.2); instead the SWCNTs were dispersed 

as aggregates of small bundles. Therefore, the diameter distributions given by the 

AFM data represent the bundled diameter of the aggregates and not the actual 

diameters of the individual tubes making up the aggregates. On the contrary, the 

diameters calculated from the Raman spectra were the actual diameters of the 

individual nanotubes contained in the dispersed aggregates.   
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Figure 3. 8. RBM spectra of AD (a-b) and CVD SWCNTs (c-d) excited at 633 

nm (1.9 eV) and 532 nm (2.33 eV).  

 

Table 3. 1 Diameter distribution calculated from the 𝝎𝑹𝑩𝑴 of AD SWCNT  

Laser excitation 

wavelength (nm) 

𝝎𝑹𝑩𝑴  (cm
-1

) SWCNT diameter 

(nm) 

633 154 1.56 

 170.1 1.4 

532 170.1 1.4 
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Table 3. 2 Diameter distribution calculated from the 𝝎𝑹𝑩𝑴 of CVD SWCNT 

Laser excitation 

wavelength (nm) 

𝝎𝑹𝑩𝑴  (cm
-1

) SWCNT diameter 

(nm) 

633 148.2 1.63 

 166 1.44 

 190.6 1.24 

 217 1.07 

 255.6 0.90 

 281.76 0.81 

 337 0.67 

532 152.6 1.58 

 181.8 1.30 

 266.8 0.86 

 318.5 0.71 

 

The Raman scattering in SWCNTs is typically a resonant process, in that only 

those tubes with the electronic transitions between the vHs that matches the 

excitation energy of the laser can produce a strong peak in the spectrum.
210

 

Therefore, it is a common practice to use the Kataura plot,
207

 which correlates the 

allowed vHs transitions with the nanotube diameter, and the RBM frequencies to 

retrieve the SWCNTs’ semiconducting or metallic character.
198

 According to the 

Kataura plot (Figure 3.9), both the AD and the CVD SWCNTs contain a mixture of 

metallic and semiconducting SWCNTs, based on their diameters derived from the 

RBM. In the Kataura plot (Figure 3.9), the RBM derived diameters (table 3.1) for the 

AD SWCNTs are shown by the two black vertical lines, while the range of nanotube 

diameters for the CVD SWCNTs are indicated by the two orange lines.     
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Figure 3. 9. Kataura plot showing the excitation energies of the two lasers (red 

and green horizontal lines) and the measured diameter range (orange vertical 

lines for CVD SWCNTs and black vertical lines for AD SWCNTs). The black 

circles represent families of semiconducting SWCNT while the red circles 

represent the metallic nanotubes. Adapted from ref 
211

. 

G and D Bands 

The Raman spectra of the G-band region for the two types of SWCNTs are compared 

in Figure 3.10. The spectra for the CVD nanotubes at the 532 nm and 633 nm laser 

excitation wavelength revealed the presence of a G
+
 feature at 1590 cm

-1
 and a G

–
 

feature around 1560 cm
-1

, both of which appear to show the dominance of 

semiconducting SWCNTs based on their line shapes as well as the intensity ratio, 

IG+/IG–.
212

 The G
– 

peak is diameter dependent and its wavenumber increases with 

increase in tube diameter, while the G
+
 peak is independent of the nanotube 

diameter.
205

 Therefore, the splitting between the G
+
 and G

–
 depends on the diameter 

of tube; for large tubes, the splitting is expected to be very small.
205

 This suggests 
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that the tubes dominating the observed response in the G-band region of the Raman 

spectrum of CVD nanotubes are large; hence, the closeness of the G
+
 and G

–
 peaks.  

Similarly, the G-band spectra of the AD SWCNTs also show peaks between 

1540 cm
-1

 and 1591 cm
-1

, but in this case, the features are different for the different 

excitation wavelengths. At 633 nm, the G
+ 

peak occurs as a sharp feature, which is 

expected regardless of whether the tube is metallic or semiconducting (both types of 

nanotubes exhibit a G
+
 feature with a Lorentzian line shape).

17
 But the appearance of 

the G
– 

peak (1540 cm
-1

) as a broad feature is indicative of the presence of metallic 

tubes.
205

 Furthermore, the appearance of some additional peaks in the G-band region 

is indicative of the presence of some semiconducting nanotubes also in resonance at 

the 633 nm excitation wavelength.
201, 207

 The occurrence of both nanotube types is 

also consistent with the observation of both semiconducting and metallic tubes in the 

RBM area of the Raman spectrum at the 633 nm excitation wavelength. With the 532 

nm, both the G
+
 and G

– 
peaks occur as sharp features, suggesting that the tubes in 

resonance at the 532 nm are predominantly semiconducting.  

The ratio of the intensity of the D to G band (ID/IG) has been used previously 

to monitor sonication induced damage to SWCNTs.
40

 For both nanotube types, the 

ID/IG ratio was found to be low (0.13 and 0.12, respectively for CVD and AD 

nanotubes), indicating that no significant damage has occurred to the nanotubes.
213
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Figure 3. 10. G and D band spectra of AD (a-b) and CVD SWCNTs (c-d) excited 

at 633 nm (1.9 eV) and 532 nm (2.33 eV). Spectra (a-c) were taken from 

nanotubes dispersed in DCE, while (b-d) were taken from as received nanotubes 

samples.  

3.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS was used to determine the elemental composition of the SWCNT samples. 

Figure 3.11 shows the XPS survey spectra of the AD and CVD SWCNTs. The only 

elements detected in each sample, were C (1s) and O (1s). The percentage atomic 

concentration of each element is shown in the inset tables of Figure 3.10. From these 

data, it can be seen that the surface oxygen impurity content in the CVD SWCNT is 

slightly lower than that of the AD SWCNT. The higher surface oxygen content of the 

AD sample might be expected to give the SWCNTs relatively greater surface charge, 

which in turn can impact on dispersion stability.
187
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Figure 3. 11. XPS survey spectra of AD and CVD SWCNTs. 

3.3 SWCNT Dispersion Stability 

The stability of both CVD and AD SWCNT in DCE dispersions was investigated 

using the organic electrolyte, Bis(triphenylphosporanylidene) ammonium tetrakis(4-

chlorophenyl) borate (BTPPATPBCl), as the coagulant. This electrolyte was selected 

because of its relevance to the work described in chapter four and, in general, to the 
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study of electrochemistry at the liquid/liquid interfaces. The electrolyte is also known 

to dissociate almost completely in DCE at the concentration range used in this 

study.
194

 Figure 3.12 shows the effect (qualitatively) of adding different amounts of 

the organic electrolyte to a stable dispersion of CVD SWCNT dispersion (6 mg L
-1

). 

The experimental result shown in Figure 3.12 was obtained 48 h after the addition of 

the BTPPATPBCl electrolyte solution into the stable dispersions.  The electrolyte 

concentration ranged from 0 to 10 µM. The amount of aggregates produced can be 

seen to increase with increasing electrolyte concentration. When higher electrolyte 

concentrations (1 µM and 10 µM) were employed, the SWCNTs aggregated almost 

instantaneously.  

 

 

Figure 3. 12. SWCNTs in DCE dispersion 48 h after addition of different 

concentrations of BTPPATPBCl (0–10 µ M). SWCNTs concentration in each 

case is 6 mg L
-1

. 

 

In order to investigate the effect of the organic electrolyte more 

quantitatively, UV-Vis absorption spectroscopy was used to monitor the 

concentration of SWCNTs remaining in suspension after sedimentation for a fixed 

time period.
162, 185

 The aggregates were separated from the nanotube suspension by 

centrifugation at 5000g for 20 min. Figure 3.13 shows the plot of the amount of 

SWCNTs remaining in the suspension after 48 h, normalised to the concentration of 

SWCNTs dispersion that had no added electrolyte.  The result indicated that both 

0 1 3 5 7 10
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nanotube dispersions are stable below a threshold electrolyte concentration, but 

above it, the dispersed amount decreases with increasing electrolyte concentration. 

However, the observed electrolyte concentration, below which the dispersion is 

stable, is seen to be lower in the case of AD SWCNT (~1 µM), as compared to the 

CVD SWCNT (~3 µM), which suggests better stability in the latter case.  
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Figure 3. 13. Normalised concentration of (a) AD SWCNT (b) CVD SWCNT 

remaining dispersed in DCE after 48 h of sedimentation as a function of 

BTPPATPBCl concentration.  

 

Ameen et al.
190

 and Forney et al.
192

 studied SWCNT dispersion stability in 
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terms of the onset of aggregation (Xo), which they defined as the concentration of 

electrolyte required to induce the aggregation of 50% of the dispersed SWCNTs after 

a given period of time. Because Xo is obtained at lower electrolyte concentration than 

the critical coagulation concentration (CCC), it is suggested to be more relevant for 

SWCNTs dispersion processing in which electrolytes may be introduced.
192

  Xo can 

be determined by fitting the data shown in Figure 3.13 with an empirical relationship 

(Equation 3.2)
190

 which is a simplified version of the integrated Maxwell-Boltzmann 

distribution for energies greater than the electrical double layer (EDL) barrier
190

; 

 

[SWCNT]

[SWCNT]o
=

𝐴

1 + exp[
[electrolyte]−𝑋𝑜

∆𝑋
]
                                        (3.2)     

 

where A is the fraction of SWCNTs remaining in suspension, which is approximately 

equal to [SWCNT]/[SWCNT]o at infinite electrolyte concentration; ∆𝑋 is the width 

of the sigmoidal function. Table 3.3 presents the values of A and Xo obtained from 

the fitted data in Figure 3.3. The experimental values of [SWCNT]/[SWCNT]o at 

infinite dilution are also shown for comparison. 

 

Table 3. 3 Values obtained from fitting the data shown in Figure 3.3, together 

with the relative values of [SWCNT]/[SWCNT]o in the absence of electrolyte. 

SWCNT type [SWCNT]/[SWCNT]o A  Xo / µM 

CVD 1 0.999 ± 0.004 6.22 ± 0.04 

AD 1 0.987 ± 0.008 1.65 ± 0.35 
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As can be seen in table 3.3, the measured dispersion stability, Xo of CVD 

SWCNT is more than three times higher than that of the AD SWCNT. This 

difference can be attributed to different levels of impurities and differences in size 

distribution. Nonetheless, the 6.22 ± 0.04 µM obtained in the case of the CVD 

SWCNT is similar to 8.27 ± 2.23 µM reported by Rodgers et al.
194

 for graphene 

dispersions in DCE aggregated for 24 h using the same electrolyte (BTPPATPBCl). 

The measured values are, however, much lower than those reported by Ameen et 

al.
190

 for SWCNT dispersion in DMF aggregated for 48 h using inorganic 

electrolytes with the same charge, Z+ = +1 (150 ± 6 µM for Na
+
 and 49.7 ± 0.5 µM 

for (Ru(1,10-phenanthroline-5,6-dione)(2,2´;6´,2ʺ-terpyridine)Cl]
+
). These 

differences may derive from the fact that the electrolyte used in this work was 

hydrophobic and more likely to make stronger contact with the hydrophobic 

SWCNTs and destabilise the dispersion than any of the inorganic coagulants used by 

the previous studies.
162, 190-192

  

The observed aggregation behaviour of the SWCNT dispersions in DCE 

induced by the addition of electrolyte is consistent with an electrostatic stabilisation 

mechanism, as opposed to the “salting out” mechanism proposed by Rozhin et al.
214, 

215
 for SWCNTs dispersed in NMP. According to the “salting out” mechanism, the 

introduction of electrolyte into the dispersion increases the chemical potential of the 

SWCNTs, which in turn make the nanotubes more solvophobic. This increases the 

interaction between SWCNTs making them aggregate and coagulate out of the 

suspension at high enough electrolyte concentration.
214

 However, while the addition 

of electrolyte at high concentration, similar to the one used by Rozhin and co-

workers (0.15 M and 0.01 M NaI),
214

 can affect the solvophobicity of the SWCNTs, 

the electrolyte concentrations used in the present investigation to destabilise the 
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dispersion were much lower. In addition, the contact angle and XPS data presented in 

chapter 4 sections 4.3 and 4.5.2 respectively, suggest that the BTPPATPBCl 

electrolyte adsorbs onto the carbon nanotubes. Furthermore, the dispersion stability 

data presented in Figure 3.13 clearly shows that the concentration of SWCNTs 

decreases sigmoidally with electrolyte concentration, which is an indication that the 

dominant stabilisation mechanism of the nanotubes is electrostatic.
190, 194

 This is in 

contrast to the linear relationship between solvophobicity and electrolyte 

concentration suggested by the Rozhin group.
214

          

3.4 Conclusions 

In this chapter, the characterisation and dispersion stability of commercially 

obtained SWCNTs produced by the CVD and AD methods have been studied. The 

nanotubes were dispersed in DCE by ultra-sonication, followed by centrifugation to 

remove large aggregates. It was found that the AD SWCNT contains a lower amount 

of impurities compared to the CVD SWCNTs. Size characterisation by AFM 

revealed that individual SWCNTs were not isolated in both cases; instead the 

dispersions were composed of mainly small nanotube bundles. The bundled diameter 

and length distributions were found to be narrower in the case of CVD dispersion 

than the AD type. However, the Raman analysis of the bundled nanotubes revealed 

the CVD SWCNT exhibits a broader distribution of different types of SWCNTs, 

which were present and dispersed as bundles compared to the AD SWCNTs. This 

distribution is further supported by broad UV-Vis absorption spectrum resulting from 

various transitions between the vHs of the different nanotubes. The introduction of 

electrolyte into the stable dispersions resulted in the aggregation of the dispersed 

nanotubes, with the extent of the aggregation dependant on the electrolyte 



109 
 

concentration. The nanotube concentration was found to decrease sigmoidally with 

electrolyte concentration, which is consistent with an electrostatic stabilisation 

mechanism, in which the added electrolyte causes compression of the EDL around a 

charged stabilised colloidal particle. Although the AD SWCNT has slightly higher 

oxygen impurity content, it also showed lower dispersion stability compared to the 

CVD SWCNT. This result is in contrast with a previous report,
194

 which indicated 

significant increase in dispersion stability of graphene with increased oxygen 

impurity content. The findings further suggest that the slight difference in oxygen 

impurity levels on SWCNT may be insignificant. An alternative explanation is that 

the charge transfer between the nanotube and the solvent could be the dominant 

charge stabilisation in the nanotubes’ dispersion. Finally, the differences in size 

distribution and type of SWCNT are also expected to contribute to the differences 

seen in the dispersion stability.  
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Chapter 4 

Electrochemical Characterisation of Single Wall Carbon 

Nanotubes Adsorption at Liquid/Liquid Interface 

 

4.1 Introduction 

The processing of CNTs into stable assemblies has been a topic of major importance 

in both fundamental investigations and practical applications of CNTs. Recently, the 

liquid/liquid interfaces, particularly the oil/water interface, have been exploited for 

the self-assembly of the CNTs (SWCNTs and MWCNTs). Work in this area is 

focused, mainly, on the use of CNTs as emulsion stabilisers
104, 106, 216

 and as a 2D 

template to generate functional CNTs films
102, 217, 218

 that can be transferred onto a 

solid substrate for various applications. In a typical liquid/liquid assembly strategy, 

the material (i.e. SWCNTs in this case) to be assembled at the interface must be 

suspended in one of the liquids and the suspension is contacted with a second liquid, 

after which the assembly can be induced by mechanical agitation
104

 or by the 

addition of an inducing solvent, such as ethanol.
97

 CNTs are commonly dispersed in 

water, which can be achieved either by covalent functionalisation of the CNTs 

through acid treatment, for example,
219

 or by the use of surfactants as solubilising 

agent
31

. There are also a number of studies of interfacial assembly in which CNTs 

were dispersed in organic solvents.
104, 106

 The advantage of this approach (i.e. 

dispersing CNTs in organic solvent) is that stable and relatively homogeneous 

dispersion can be achieved while preserving the inherent properties of the CNTs, 

since dispersion can be achieved without functionalisation or introduction of a 

solubilising agent.  
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The earliest work on the liquid/liquid interfacial assembly of CNTs was 

reported by Wang and Hobbie, in which aggregates of pristine SWCNTs initially 

suspended in toluene phase were segregated to the water/toluene interface by an 

emulsion method, with the SWCNTs stabilising water-in-oil (w/o) emulsions.
104

 

Following this pioneering work, several stable w/o and o/w emulsions stabilised by 

CNTs have been prepared, with the majority of these studies employing oxidised 

SWCNTs
220

 or MWCNTs
216, 221

. Oxidation, by acid or oxygen plasma treatment, 

results in CNTs with both hydrophobic and hydrophilic groups (e.g. OH and COOH), 

which are useful for CNTs localisation at the aqueous/organic interface, as well as 

modulating the emulsion type (w/o or o/w).
221, 222

 In addition to the use of oxidised or 

pristine nanotubes to stabilise w/o or o/w emulsions, the segregation of non-

covalently modified CNTs with bio-macromolecules,
223

 polymers and surfactants,
221, 

222
 at the oil/water interface has also been documented.  An important property of 

CNTs stabilized emulsions is improved stability, as demonstrated by a previous 

study where CNTs stabilised emulsions were found to greatly suppress droplet 

coalescence due to the formation of an extended structure at the water/oil interface, 

caused by the strong π-π interactions between individual CNTs.
224

  

In terms of assembling individual CNTs into thin films using the liquid/liquid 

interface as a 2D template, the Miyashita group and others have demonstrated the 

viability of this technique to yield ultrathin films of both MWCNTs
102, 103, 225

 and 

SWCNTs
218, 226, 227

 at the water/oil interface. The nanotubes’ aspect ratio and 

wettability were suggested by these previous works as the key parameters 

influencing the nanotubes interfacial assembly.
218, 226

  

While the majority of these earlier studies on nanotube interfacial assembly focused 

more on the assembly process, few have investigated the properties of the CNTs 
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layers/films in-situ at these interfaces. For example, Matsui and co-workers
218

 

investigated the optical and electrical properties of ultrathin films of SWCNTs 

fabricated at the bulk water/n-hexane interface ex-situ, after the film had been 

transferred onto a silicon substrate. The use of SWCNTs to transport enzymes from 

bulk aqueous phase to an aqueous/organic interface, and the subsequent 

characterisation of the biocatalytic activity of the resulting SWCNTs-enzyme 

interfacial layer was examined, with an enhancement in the rate of biotransformation 

observed with the interfacial layer.
227

 This was interpreted in terms of the high 

intrinsic surface area provided by the nanotube and the absence of intraparticle 

diffusion limitations.
227

 In their studies,  Zhang et al.
226

 obtained a flexible thin film 

of  imidazolium functionalised SWCNTs (Im-SWCNTs) at a non-polarised 

water/chloroform interface and attempted electrochemical characterisation of the 

resultant interfacial layer using scanning electrochemical microscopy (SECM). With 

only the oxidised form of the redox species (Ru(NH3)6
3+

) present in the aqueous 

phase, it was shown that at the ‘’bare’’ water/chloroform interface a negative 

feedback current was generated as the tip approached the interface due to the 

interface acting as an insulator, whilst in the presence of an Im-SWCNTs interfacial 

layer, a positive feedback current was generated at the tip, indicating that the Im-

SWCNTs film was electroactive. However, as there was no redox species in the 

chloroform phase, no charge transfer reaction occurred between the two immiscible 

liquids.  

Concerning the assembly and interfacial properties of CNTs at the ITIES, 

much less is known, despite the fact that ITIES has been shown to be a useful and 

convenient system to deposit/adsorb solids and to characterise their interfacial 

properties.
117, 228

 The advantage of this system over the non-polarised liquid/liquid 
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systems is that accurate control of potential drop across the adsorbed particles layer 

can be achieved, thus enabling various electrochemical methods to be applied.
229

 

Recent works from our group have used this approach to investigate the 

electrochemical properties of graphitic carbon nanostructures (CNTs and few-layer 

graphene) adsorbed at the ITIES. It was shown that, the interface assembled 

SWCNTs/graphene layers served as electron mediators, aiding heterogeneous 

electron transfer between aqueous and organic redox couples, which remain isolated 

in their respective phases.
99, 230

 This was utilised to functionalise interfacial SWCNTs 

and graphene layers with metal nanoparticles, by reducing an organic electron 

donor
99, 231

 and conducting polymer (polypyrrole),
231

 through oxidation of the pyrrole 

monomer dissolved in the organic phase by an aqueous oxidising agent. Similarly, 

the electron mediating properties of pristine liquid-phase exfoliated graphene at 

water/organic interface were found to result in a catalytic effect on the heterogeneous 

oxygen reduction reaction.
100

 Additionally, the electrochemical doping of the 

interfacial SWCNTs studied using in-situ Raman spectroelectrochemistry.
230

  

  

In this chapter, the adsorption of SWCNTs at the water/DCE interface is first 

described, including the effects of introducing electrolytes in either, or both, of the 

phases on the interfacial behaviour of the nanotubes. Next, liquid/liquid 

electrochemistry based on ion transfer voltammetry was applied to study the 

electrical properties of the adsorbed SWCNTs.  

4.2 SWCNT Adsorption at Water/DCE Interface 

Arc discharge (AD) SWCNTs were used in the entire work presented in this 

chapter. The nanotubes were dispersed in DCE by sonication, as detailed in the 
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experimental chapter (section 2.2.1). The resulting dispersion was stable for more 

than one year without any significant aggregation. The adsorption of the SWCNTs 

from the DCE phase to the water/DCE interface in the absence and in the presence of 

electrolytes was initially investigated. The electrolytes tested were LiCl and 

BTPPATPBCl. These electrolytes were selected because of their frequent use in 

liquid/liquid electrochemistry studies and were also used in the ion transfer study 

presented in the later sections of this chapter. Four different liquid/liquid systems 

containing various combinations of the electrolytes (water/DCE, 0.1 M LiCl 

(aq)/DCE, water/10 mM BTPPATPBCl (DCE) and 0.1 M LiCl/10 mM 

BTPPATPBCl (DCE)) were prepared. In addition, a control liquid/liquid 

(water/DCE) system was prepared. In each case, the SWCNTs were present in the 

DCE phase and interfacial adsorption was induced by a 15 min ultra-sonication in all 

samples with the exception of the control. The SWCNTs were seen to self-assemble 

at the water/DCE interface, forming a thin SWCNT layer between the bulk aqueous 

and organic phases, a few hours after sonication (Figure 4.1). However, no interfacial 

assembly was observed in the control sample. As can be seen, the presence of 

electrolytes in either or both of the phases did not appear to have any significant 

influence on the adsorption behaviour of the nanotubes. In each case, all the 

SWCNTs initially dispersed in the DCE phase were transferred to the water/DCE 

interface leaving clear liquids on either side of the nanotube layer. This result 

suggests that the surface charge on the SWCNTs is weak and is readily overcome by 

other interfacial forces favouring the interfacial assembly process. This is in contrast 

to the assembly of liquid-phase exfoliated graphene at the liquid/liquid interface, 

where organic electrolyte was found to be important for the interfacial assembly of 

the graphene flakes initially dispersed in the organic phase.
180

 It was suggested that 
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the organic electrolyte is needed to screen the relatively strong inter-graphene flakes 

electrostatic repulsion that opposes the interfacial assembly.
180, 194

    

 

 

 

Figure 4. 1. Assembly of SWCNTs at (A) 0.1 M LiCl/DCE (B) 0.1 M LiCl 

(aq)/10 mM BTPPATPBCl (DCE) (C) Water/10 mM BTPPATPBCl (DCE) (D) 

Water/DCE interface 12 h after ultra-sonication of the biphasic systems. (E) 

Water/DCE prepared at the same time as samples A – D, but no sonication was 

carried out. The SWCNTs were initially dispersed in DCE phase and the 

concentration used in each case is 6 mg L
-1

.  

 

4.3 Interfacial Wettability of SWCNT  

The interfacial adsorption behaviour of the SWCNTs was further 

characterised by studying their wettability at the four liquid/liquid systems 

containing various combinations of electrolytes. To achieve this, the static three-

phase contact angle (𝜃) between SWCNT film, deposited on Si/SiO2, and the two 

immiscible liquids was measured. 𝜃 was also measured on a bare Si/SiO2  for 

comparison. Figure 4.2 shows images of sessile organic droplets on Si/SiO2 substrate 

and on SWCNT films immersed in the aqueous phase. As it is a common convention 

to report 𝜃 with respect to the aqueous phase, the measured contact angle values with 

respect to the organic phase were subtracted from 180°. It can be seen that for pure 

water/DCE systems, 𝜃 increased from 76.5° for the bare Si/SiO2 substrate (Figure 

A D EB C
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4.2a) to 138.5° for the SWCNT film (Figure 4.2b). This increase in 𝜃 clearly 

demonstrates that the SWCNTs are wetted more by the organic phase than water (i.e. 

the SWCNTs surface is hydrophobic). The addition of LiCl in the aqueous phase had 

little effect on the measured contact angle (Figure 4.2c). This observation is similar 

to a previous study
232

 in which the contact angle of silicon oil droplets deposited on 

hydrophobic polystyrene surface was found to change only slightly in the presence of 

aqueous electrolytes (KCl and CaCl2) (see also Borisenko et al.
233

). However, when 

BTPPATPBCl was added to the organic phase, a marked increase in the contact 

angle of the aqueous phase (either water or LiCl(aq)) can be observed (Figure 4.2 d 

and e).  

The balance of forces at the three-phase contact line, between the SWCNTs surface, 

organic drop and the aqueous phase, is described by the Young relation (Equation 

4.1):
234, 235

 

𝛾𝑜𝑤𝑐𝑜𝑠𝜃 = 𝛾𝑠𝑜 −  𝛾𝑠𝑤                                                    (4.1)                                                    

where 𝛾𝑠𝑜 and 𝛾𝑠𝑤 represent the SWCNT/organic and SWCNT/water interfacial 

tensions respectively; 𝜃 is the three-phase contact angle and 𝛾𝑜𝑤 is the organic/water 

interfacial tension. According to Equation (4.1), spreading of the organic droplet on 

the surface of the SWCNT film will be enhanced by a decrease in 𝛾𝑠𝑜 and 𝛾𝑜𝑤 and by 

an increase in 𝛾𝑠𝑤. Previous work in our laboratory
180

 has investigated the effect of 

LiCl(aq) and BTPPATPBCl(DCE) electrolytes on 𝛾𝑜𝑤, and the result of this study (table 

4.1) indicated that 𝛾𝑜𝑤 increases slightly in the presence of either of the electrolytes. 

This implies that the increase in the contact angle seen in the presence of 

BTPPATPBCl(DCE) is not due to the increase in 𝛾𝑜𝑤, but rather due to the alterations 

of the SWCNT/liquid interfacial energies, 𝛾𝑠𝑜 and 𝛾𝑠𝑤. This suggests that 
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BTPPATPBCl is adsorbed on the surface of the SWCNT through π-π interactions 

leading to a significant reduction in the SWCNT/DCE interfacial tension.  

 

 

 

Figure 4. 2. Images showing sessile droplets of (a) DCE on Si/SiO2 wafer covered 

with water (b) DCE on SWCNT film covered with water (c) DCE on SWCNT 

film covered with 0.1 M LiCl(aq) (c) 10 mM BTPPATPBCl(DCE) on SWCNT film 

covered with water (d) 10 mM BTPPATPBCl (DCE) SWCNT film covered with 

0.1 M LiCl(aq). The measured contact angles were subtracted from 180° and the 

values shown in the figure are with respect to aqueous phase. 

 

Using the measured contact angle and the literature values of interfacial 

tensions (Table 4.1), the stabilisation energy (ΔE) resulting from the localisation of 

an individual SWCNT at the four different liquid/liquid interfaces was calculated 

using the following relation (Equation 4.2):
113

 

∆𝐸 =  2𝑅𝐿𝛾𝑜𝑤(𝜋𝜃/180° cos 𝜃 − sin 𝜃)                                (4.2) 

   

b c

d e

a 76.5 ± 3.5◦

138. 5 ± 5.4° 135.1 ± 3.0°

149.7 ± 5.0° 152.4  ± 5.7°
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where  𝛾𝑜𝑤 is the organic/water interfacial tension, L and R are the length and radius 

of the SWCNT, respectively; 𝜃 is the three-phase contact angle with respect to the 

aqueous phase. Because of their high aspect ratio, the rod-like SWCNTs are assumed 

to bind to the liquid/liquid interface with their long axis parallel to the interfacial 

plane.
114, 115

 Table 4.2 summarises the values of ΔE calculated. It can be seen that for 

all the four liquid/liquid systems investigated, the stabilisation energies were of the 

same order of magnitude higher than the thermal energy, i.e. 10
4
 kbT, suggesting that 

in each case, the nanotubes were strongly held at the interface. Furthermore, it can 

also be inferred that the change in nanotubes wettability due to the presence of 

organic electrolyte had only little impact on the nanotubes behaviour at the interface.  

 

Table 4. 1 values of interfacial tension for the water/DCE systems containing 

various combinations of electrolytes. 

Liquid/Liquid system γo
w⁄  (mNm

-1
) 

water/DCE 26.8
a
 

0.1 M LiCl /DCE 27.1
a
 

water /10 mM BTPPABCl  27.0
a
 

0.1 M LiCl /10 mM 

BTPPABCl  

27.0
a
 

a 
values were reproduced from a previous work.

180  
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Table 4. 2 Values of ΔE calculated for the water/DCE systems containing 

various combinations of electrolytes.  

Liquid/Liquid system ΔE (10
4 

kbT) 

water/DCE 6.82 

0.1 M LiCl /DCE 6.58 

water /10 mM BTPPABCl  7.72 

0.1 M LiCl /10 mM BTPPABCl  7.75 

    

4.4 Microscopic Characterisation of SWCNT Interfacial Layer 

4.4.1 In-situ Optical Microscopy 

The SWCNT layers formed at the water/DCE interface were visualised in situ 

using a stereomicroscope. The microscope was focused through the top aqueous 

phase to the interface and images were taken with a digital camera. Figure 4.3 shows 

the in-situ microscopy images of the SWCNT interfacial layers prepared using 

nanotube dispersion concentrations of 3 mg L
-1 

and 6 mg L
-1

, respectively. As can be 

seen, in each case the interfacial layers are composed of emulsion droplets stabilised 

by the nanotubes. Although the type of emulsions produced was not probed here, 

however, pristine SWCNTs are more likely to stabilise w/o emulsions due to their 

strong hydrophobicity, as demonstrated by the measured contact angle. Furthermore, 

their initial localisation in the DCE phase also suggests that the w/o emulsions 

variety would be preferentially stabilised. Nonetheless, as can be observed, the 

structure of the emulsion droplets produced depended on SWCNT concentration. 
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Figure 4. 3. In-situ optical micrographs of SWCNT adsorbed at water/DCE 

interface prepared using SWCNTs concentrations of (a) 3 and (b) 6 mg L
-1

. 

Scale bars in a and b represent 200 µm.  

 

At SWCNT concentration of 3 mg L
-1

, multiple emulsion droplets were 

formed. The diameter of the larger globules ranges from ca. 90 – 300 µm, while that 

of the smaller inner droplets ranges from 20 – 50 µm.  Previously in the literature, 

emulsions stabilised solely by CNTs were either o/w
216, 222

 or w/o
104

 type, with only a 

single report on multiple emulsions of the type o/w/o obtained using a SWCNT – 

silica hybrid.
236

 According to this previous work, the inner o/w droplets were 

stabilised by the silica particles that were not fully covered by the SWCNT and 

multiple emulsions were only observed at very low SWCNT concentration (≤ 0.005 

wt %). In the present work, the formation of multiple emulsions may likely be 

connected with the preparation method used. It was observed that during bath ultra-

sonication of the biphasic system, complete mixing of the two liquid phases did not 

occur; instead emulsion droplets were seen to exist in each phase with a clear 

interfacial layer separating the two emulsified phases. The extent of droplets 

formation was always seen to be higher in the organic phase (bottom layer) than in 
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the aqueous phase (top layer).  Figure 4.4 illustrates the stages thought to be involved 

in the formation of SWCNT interfacial layer.  

 

 

Figure 4. 4. Schematic illustration of processes involved in interfacial emulsion 

formation. 

 

First, emulsion droplets are formed in each liquid phase (Figure 4.4a). Next, 

the less dense water droplets produced in the organic phase creamed to the planar 

liquid/liquid interface alongside the adsorbed nanotubes, whilst the denser DCE 

droplets sediment from the bulk aqueous phase down to the same liquid/liquid 

interface (Figure 4.4.b). The interfacial droplets might then undergo various 

processes such as flocculation, Ostwald ripening and coalescence to produce the final 

resultant SWCNT interfacial layer (Figure 4.4c). Evidence of droplets flocculation 

can be clearly seen in the microscopy images of the SWCNT layers (Figure 4.3).  

Organic droplets

Aqueous droplets
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Flocculation of emulsion droplets stabilised using CNTs is commonly attributed to 

the strong inter-tube van der Waals attraction.
236

 When a higher SWCNT 

concentration (6 mg L
-1

) was employed, the structure of the droplets produced 

changed to the simple emulsion type. The droplet size also decreases and the heavy 

particle aggregation even resulted in deposition of large excess of solid SWCNTs at 

the interface. 

4.4.2 Scanning Electron Microscopy 

In order to gain information about the morphologies and density of the 

adsorbed SWCNTs, SEM analysis was performed. The interfacial layers were 

deposited on Si/SiO2 wafer and the solvents were evaporated. Figure 4.5 shows the 

SEM images of the deposited SWCNT layers prepared from different SWCNT 

dispersion concentrations. As can be observed, the interfacial preparation method 

resulted in two types of SWCNT film morphologies depending on the initial 

dispersion concentration: at low SWCNT concentration (1 mg L
-1

), the SWCNTs 

were predominately bent into rings (Figure 4.5a) with only a few straight or partially 

bent tubes, whereas at higher CNTs concentrations of 6, 12 and 18 mg/L, porous 

interfacial films were formed, which are composed of random networks of multilayer 

SWCNT (Figure 4.5 b-d). The density of these multilayer films can be seen to 

increase with increasing nanotube concentration. The observed concentration-

dependant morphologies, from rings to straight or bent tubes, is similar to the 

findings of Wang et al.
106

, who reported the production of rings of SWCNTs from a 

water/DCB system using a Pickering emulsion method. They found that most of the 

SWCNT structures were rings when the amount of SWCNT-DCB dispersion 

(SWCNT concentration, 0.13 mg mL
-1

) was 0.02 wt.% and straight or partially bent 
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when the SWCNT-DCB fraction was raised to 0.08 wt.%. The liquid/liquid 

interfacial energy was suggested to be responsible for bending the SWCNTs at the 

curved interfaces and that the ability of this energy to bend the SWCNTs depends not 

only on the surface tension of the probe liquids but also on the bundle size of the 

nanotubes (bundling was assumed to increase with nanotube concentration).
106

   

 

 

Figure 4. 5. SEM images showing the morphologies of dried SWCNTs films 

formed at water/DCE interface using a 𝑪𝑺𝑾𝑪𝑵𝑻 of (a) 1 mg L
-1

 (B) 6 mg L
-1

 (c) 

12 mg L
-1

 and (d) 18 mg L
-1

. Scale bars in a-d represent 1µm. 

4.5 Electrochemical Characterisation  

The solvents used to form the liquid/liquid interface were water and DCE (or 

SWCNT dispersion in DCE). This solvent system gives a fairly large potential 

window for the study of a number of ion or electron transfer reactions. 
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BTPPATPBCl was used as the organic electrolyte in all the electrochemical 

investigations presented here, while lithium chloride was always used as the aqueous 

supporting electrolyte in simple ion transfer experiments. The compositions of the 

cells employed for the measurements are schematically outlined in Figure 4.6. 

Cell 1 

 

Cell 2 

 

Figure 4. 6. Schematics of the electrochemical cells used in ion transfer studies. 

 

4.5.1 Stability of SWCNTStabilised Interfacial Emulsions under 

Potential Control  

The emulsion droplets formed between the bulk aqueous and organic phases 

were found to be stable for up to seven days when left undisturbed. Longer time 

stability of the droplets was not studied in the present work. However, the effect of 

external polarisation of the water/DCE interface on the stability of these emulsion 

droplets was probed by the in-situ optical microscopy method described in section 

4.4.1. The cell used is schematically shown in Figure 4.6 (cell 1, with Y absent). The 

micrographs shown in Figure 4.7 (a-f) were captured at different applied interfacial 

potential difference (∆𝜙) during a cyclic voltammetry experiment, where ∆𝜙 was 
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swept from –0.24 V to +0.46 V. It can be seen that the SWCNTs stabilised emulsion 

droplets were stable against coalescence across all the potential range. The only 

effect observed was the movement of the interfacial film towards the right on 

positive polarization (Figure 4.7, a-c) and back again to its original position on 

reverse polarization (Figure 4.7, d-f). The arrows indicate where the film meets the 

glass cell wall and also highlight the change in the space between the film and the 

glass cell wall as the film moves during forward and reverse polarisations. At 

extreme positive interfacial potential difference (∆𝜙 ≥ +0.45 V), corresponding to 

background ion transfer, the interfacial film rotates clockwise on positive scan and 

anticlockwise on reverse (negative) scan. Figure 4.7c was taken during this rotation, 

hence the reason it appears like it is slightly out of focus. This movement of the 

interfacial film may be connected with the movement of the individual SWCNTs
9
 

and indicates that the SWCNTs located between the two immiscible liquids are 

charged. However, the same movement could also be caused by Marangoni flow. 

That is, the movement is induced by interfacial tension gradient, indicating that local 

changes in interfacial tension occur on polarisation of the interface.  This behaviour 

was similarly observed with SWCNT concentrations of 3 and 1 mg L
-1

, as well as 

with repeated cycling (at least three cycles were performed in each case).  

Higher SWCNT concentration was not studied due to the partial blockage of 

the interface by the flocculated nanotubes, which makes the interface black and 

difficult to resolve the interfacial structures. However, when very low concentration 

of SWCNT (0.1 mg L
-1

)
 
was used in film formation, the resulting interfacial 

emulsions were less stable and coalesces upon polarisation of the interface, 

suggesting that the SWCNT is too low to form a protective particle layer around the 

droplets (Figure 4.8).  
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Figure 4. 7. In-situ optical micrograph of SWCNT interfacial film taken at 

applied interfacial potential of (a) –0.09 V (b) +0.01 V (c) +0.46 V (d) +0.31 V 

(reverse scan) (e) +0.19 V (reverse scan) (f) –0.24 V (reverse scan). SWCNT 

concentration used in film formation was 2 mg L
-1

. Scale bars in (a–f) represent 

150 µM. The arrows highlight where the film meets the cell wall. Scan rate used 

was 0.05 V s
-1

. 
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Figure 4. 8. In-situ optical micrograph of SWCNT interfacial film taken (a) 

before the application of interfacial potential (b) After completing one CV at a 

scan rate of 0.05 V s
-1

. SWCNT concentration used in film formation was 0.1 mg 

L
-1

. Scale bars in (a–b) represent 150 µM 

4.5.2 Ion Transfer across SWCNT Interfacial Films 

Ion transfer across ITIES modified with surface active compounds or solids 

has been widely used to investigate the properties of the adsorbed materials. Herein, 

we studied the ion transfer across SWCNT-modified water/DCE interface in order to 

characterise the electrical properties of the interfacial nanotubes. The probe ions used 

were TMA
+
, PF6

–
 and K

+
. The K

+ 
ion

 
transfer was facilitated by dibenzo-18-crown-6 

(DB18C6) dissolved in the DCE phase. To serve as a bench mark for comparison, 

the transfer of each ion across the pristine interface was studied first. 

Background Electrolyte Response 

The cyclic voltammograms (CVs) obtained with only the background 

electrolytes in the absence and presence of interfacial SWCNT layers formed from 

two different bulk SWCNT dispersion concentrations (1 mg L
-1

 and 18 mg L
-1

) are 

shown in Figure 4.9. The blank CV (i.e., without adsorbed SWCNTs, black curve) 

exhibits clearly defined potential window, limited by the transfer of Li
+
 and Cl

– 
ions 
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on the positive and negative ends, respectively. Within this ideally polarisable 

window, only the charging current flows. In the presence of adsorbed SWCNTs (Red 

and green curves), enhancement in the charging current as a function of SWCNTs 

bulk concentration can be seen across the entire potential window. The 

corresponding increase in the capacitance of the water/DCE interface was evaluated 

at 0.2 V and found to increase from 24 µF at the ‘’bare’’ interface to 48 µF and 73 

µF, respectively at SWCNTs bulk concentrations of 1 and 18 mg L
-1

. This increase in 

the capacitance can be attributed to an increase in the liquid/liquid interfacial 

roughness due to the presence of multiple emulsion droplets formed at the interface 

when the SWCNTs are adsorbed.
237, 238

 Additionally, the interfacial SWCNT films 

affected the magnitude and shape of the background electrolyte ion transfer peaks 

(Li
+
 and Cl

−
); the current magnitudes were reduced and the transfer peaks became 

broader, indicating that the presence of an interfacial SWCNT film has made the ion 

transfer across the interface more difficult. 
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Figure 4. 9. Cyclic voltammograms of the supporting electrolytes obtained in the 

absence (black line) and presence of SWCNTs films prepared at different bulk 

CNTs concentrations (green and red lines).  The scan rate used was 0.05 V s
-1

 

for all the voltammograms.  

TMA
+
 and PF6

–
 Ion Transfer 

The cyclic voltammetry of TMA
+
 and PF6

–
 transfer across the water/DCE 

interface in the absence and presence of SWCNT films was next studied. Figure 4.10 

shows the CV recorded at several scan rates for TMA
+
 ion transfer across the 

unmodified water/DCE interface. The scan was began at a potential of –0.095 V and 

swept in the positive direction first. During this positive polarisation, which 

corresponds to the aqueous phase becoming more positive with respect to the organic 

phase, the TMA
+
 ion begins to transfer from the aqueous phase into the DCE phase, 

with a peak transfer potential around +0.18 V. On the reverse scan (i.e., the aqueous 

phase now becoming more negative with respective to the organic phase) the TMA
+
 

ion transfers back into its original phase, with a peak transfer potential around +0.12 

V. Ion transfer process is usually treated as reversible,
144

 in which case the ideal 

separation between the forward and reverse peak (∆Ep) for an ion with a single 

charge (e.g. TMA
+
) is expected to be 59 mV at room temperature  and is independent 
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of the scan rate. In some literature, the ion transfer reaction is considered to be a 

quasi-reversible process.
117

 The measured ∆Ep for the TMA
+
 ion was found to be 61 

mV at 50 mV/s scan rate, and did not change significantly with the scan rate, 

indicating that the transfer process was reversible (or very near reversible).  

 

 

Figure 4. 10. Cyclic voltammogram obtained for TMA
+
 ion transfer across 

unmodified water/DCE interface. Scan rates: 0.005, 0.01, 0.025, 0.05, 0.075, 0.1 

and 0.15 V s
-1

. 

 

The plot of the forward peak currents (Ip) against the square root of the scan 

rates (ν
1/2

) is shown in Figure 4.11.  The Randles-Sevčik plot indicated that Ip is 

linearly related to the ν
1/2

. From the linear plot the aqueous diffusion coefficient (Dw) 

of TMA
+ 

can be extracted using Equation 3: 

𝐼𝑝 = 0.4463𝑛𝐹𝐴 (
𝑛𝐹

𝑅𝑇
)

1/2

𝐷1/2𝑣1/2𝑐                                         (4.3) 
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Where, Ip is the peak current, n is the charge number of the ion transferred, F is the 

Faraday constant, A is the interface area, D is the diffusion coefficient, ν
 
is the scan 

rate, c is the bulk concentration of the ionic species, R and T are the gas constant and 

temperature, respectively. The Dw obtained for the TMA
+
 transfer (1.2 ×10

-5
 cm

2
 s

-

1
) agrees with that reported (1.2 ×10

-5
 cm

2
 s

-1
) in the literature

239
 for the water/DCE 

system. 

 

 

Figure 4. 11. Randles-Sevčik plot showing a linear relationship between the 

forward peak current for TMA
+
 ion transfer across the unmodified water/DCE 

interface and square root of the scan rate.  

 

The transfer of the TMA
+
 ion was repeated but now in the presence of 

SWCNT films prepared from bulk nanotube dispersion concentrations of 1 mg L
-1

 

and 6 mg L
-1

 (Figure 4.12). It can be seen that when the SWCNT concentration used 

in film formation was 1 mg L
-1

, the CV response (Figure 4.12a) was very similar to 

that observed in the absence of an interfacial SWCNT film. There was only a small 

increase in ∆Ep and a slight reduction in the peak current magnitude. However, when 

the nanotube dispersion concentration was increased to 6 mg L
-1

, the response 

(Figure 4.12b) was significantly altered, as compared to the one recorded at the bare 

interface. Both forward and reverse transfer peaks were broadened and shifted away 
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from each other and their magnitudes decreased. This behavior indicates that 

increasing the SWCNT dispersion concentration lead to a higher surface coverage, 

resulting in a greater part of the interface available for ion transfer being blocked by 

the SWCNTs. 

 

 

Figure 4. 12. Cyclic voltammograms of TMA
+
 transfer across water/DCE 

interface modified with SWCNT films prepared using SWCNT dispersion 

concentration of (a) 1 mg L
-1 

(b) 6 mg L
-1

. Scan rates: 0.005, 0.01, 0.025, 0.05, 

0.075, and 0.1 V s
-1

. 

 

The plot of Ip versus ν
1/2 

(Figure 4.13) is linear, indicating that the TMA
+
 ion 

transfer process across the interfacial nanotubes is still controlled by diffusion. 
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Figure 4. 13. Randles-Sevčik plot showing a linear trend between the forward 

peak current for TMA
+
 ion transfer across SWCNT modified water/DCE 

interface and square root of the scan rate. The CSWCNT used in adsorbed layer 

formation was 6 mg L
-1

.  

 

The direct comparison of the TMA
+ 

ion transfer without and with SWCNT 

film present is shown in Figure 4.14. The scan rate used in each case was 50 mV s
-1

. 

Figure 4. 14. Cyclic voltammograms recorded for the transfer of TMA
+
 ion 

across water/DCE interface in (a) the absence (solid lines) and presence of 

SWCNTs films (dash lines) formed using CSWCNT of (a) 1 mg L
-1

 (b) 6 mg L
-1

. 

Scan rate was 0.05 V s
-1

. 

Similar behaviour was also observed for the transfer of PF6
–
 ion across the 

liquid/liquid interface. At the unmodified water/DCE interface, a quasi-reversible 
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response (Figure 4.15) was seen for this ion; ∆Ep increased from 60 mV to 83 mV 

when the scan rate was changed from 10 mV s
-1

 to 150 mV s
-1

.  This change in ∆Ep 

as a function of the scan rate can be attributed to the remaining uncompensated iR 

drop, which is often difficult to eliminate completely in the case of liquid/liquid 

systems.  The plot of Ip against ν
1/2

 was found to be linear and allowed the 

calculation of Dw for the transferring ion. The value of Dw obtained (1.4 × 10
-5

 cm
2
 

s
-1

) compares well with a literature value of 1.5 × 10
-5

 cm
2
 s

-1
.
204

  

 

Figure 4. 15. Cyclic voltammogram obtained for 𝐏𝐅𝟔
− ion transfer across 

unmodified water/DCE interface. Scan rates: 0.005, 0.01, 0.025, 0.05, 0.075, 0.1 

and 0.15 V s
-1

. 

 

Figure 4.16 (a and b) shows the CV responses acquired at  increasing scan 

rate for the transfer of the same ion but now in the presence of SWCNT films 

prepared using nanotube dispersion concentrations of 1 and 6 mg L
-1

. Also displayed 

in Figure 4.16 (c and d) is a direct comparison of the CV traces obtained at a scan 

rate of 50 mV s
-1

 for the PF6
– 

transfer across unmodified and SWCNT-modified 

interfaces. As can be clearly seen, the effect of the interfacial films on the 
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transferring ion is quite similar to the effect the film had on the TMA
+
 ion transfer; at 

low nanotube concentration (1 mg L
-1

) very little differences can be found between 

the CVs recorded in the absence and in the presence of the interfacial film, while at 

higher nanotube concentration (6 mg L
-1

) the response was significantly distorted. 

Substantial increase in ∆Ep and a small decrease in Ip were observed at the higher 

nanotube concentration. The Ip, however remained linearly related to the ν
1/2

, 

indicating that that the transfer process is still diffusion controlled. This behaviour 

again suggests that the interfacial SWCNT film has a blocking effect on the PF6
– 

ion 

transfer process.  
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Figure 4. 16. (a-b) Cyclic voltammograms of PF6
– 
transfer across water/DCE 

interface modified with SWCNT films prepared using SWCNT dispersion 

concentration of (a) 1 mg L
-1 

(b) 6 mg L
-1

, scan rates used were 0.005, 0.01, 

0.025, 0.05, 0.075, and 0.1 V s
-1

. (c-d) Direct comparison of CVs for the transfer 

of PF6
–
 ion in the absence (solid lines) and in the presence of SWCNT films 

(dash lines) formed using CSWCNT of (a) 1 mg L
-1

 and (b) 6 mg L
-1

. Scan rate was 

50 mV s
-1

 in each case. 

 

The direct comparison between the two probe ions in terms of the effect of 

SWCNT interfacial film on Ip and ∆Ep was performed, as shown in Figure 4.17.  
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Figure 4. 17. (a) Plot of forward transfer peak current for TMA
+
 and 𝐏𝐅𝟔

− ions 

as a function of Ѵ
1/2

 in the absence (circles) and in the presence (squares) of 

SWCNTs film prepared using CSWCNTs of 6 mg L
-1

. (b) Change in ∆𝑬𝒑 (∆𝑬𝒑 in 

the presence of SWCNTs – ∆𝑬𝒑 in the absence of SWCNTs) as a function of 

scan rate for each probe ion. CSWCNTs used for the assembly was 6 mg L
-1

.
 
  

 

For both probe ions (TMA
+ 

and PF6
–
), the decrease in Ip due to the presence 

of SWCNT film appears to be identical, though errors introduced in scaling the peak 

height are likely to be higher in the case of PF6
–
 than TMA

+
 due to the transfer 

potential of the anion being shifted more to the negative value making it to merge 

with the potential of the background electrolyte ion, Cl
–
,
 
transfer thereby contributing 

substantially to the measured current. On the contrary, the increase in ∆Ep due to the 

presence of the interfacial film was much higher in the PF6
– 

case than TMA
+
, 
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suggesting that the transfer of the anion was more strongly inhibited by the 

interfacial SWCNTs, as compared to TMA
+
 ion. 

In order to rationalise the observed ion selectivity by the interfacial SWCNT 

film, the possible adsorption of either the probe ions or the organic background 

electrolyte ions on the adsorbed SWCNTs was investigated by performing 

chronoamperometry and XPS measurements. Firstly, potential step experiments were 

carried out for each probe ion in the presence of SWCNT interfacial film. The 

interfacial potential was stepped from a potential where no ion transfer occurs (–0.1 

V and +0.25 V for TMA
+ 

and PF6
–
, respectively) to a potential where ion transfer 

from water to organic phase takes place (+0.25 Vand –0.18 V for TMA
+ 

and PF6
– 

respectively). The interfacial potential was held at the ion transfer potential for 10 

mins, after which the SWCNT film was carefully transferred onto a Si/SiO2 wafer. 

The transferred layers were then washed in ethanol, isopropanol and acetone and 

dried before subsequent analysis by XPS. A control sample was treated in a similar 

way, with the exception that neither of the probe ions nor the supporting electrolyte 

ions were present and no interfacial potential was applied. Figure 4.18a shows the 

XPS survey spectra of the aforementioned SWCNT films. The spectra showed the 

presence of B, N, Cl and P in films obtained with either TMA
+ 

or PF6
– 

present, but 

not in the control sample. The appearance of signals attributable to B, Cl and P in the 

TMA
+ 

and PF6
– 

samples is indicative of adsorption of the aromatic cation, BTPPA
+
 

and anion, TPBCl
–
 of the organic supporting electrolyte on the SWCNT surface, 

since substantial amounts of these elements could only be reasonably attributed to 

the supporting electrolyte ions. The absence of a significant signal for fluorine in any 

sample, and particularly in the sample obtained with PF6
– 

present, suggests that the 

PF6
– 

was either weakly adsorbed or not adsorbed at all. The percentage atomic 
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concentrations of B, N, Cl and P determined from the survey spectra of TMA
+ 

and 

PF6
– 

samples were normalized to that of C and the results are summarized in Figure 

4.17b. The P/N ratio of ca. 2:1 is consistent with the stoichiometric composition of 

BTPPA
+
. The absence of additional N in the TMA

+
 sample suggests that the TMA

+
 

ion only weakly adsorbs, or not at all, on the SWCNT surface. Similarly, the B/Cl 

ratio was found to be close to the 1:4 expected for the TPBCl
– 

anion. The slight 

excess of B was attributed to overlap of the B1s and P2s peaks, which made it 

difficult to accurately subtract the contribution of the P2s signal.  Nevertheless, the 

XPS data clearly demonstrate the preferential adsorption of BTPPA
+
 and TPBCl

– 
on 

the SWCNTs surface over the TMA
+ 

and PF6
– 

ions, which is plausible considering 

that both BTPPA
+
 and TPBCl

– 
are charged and could also interact with the SWCNTs 

via π-π stacking.
240, 241

 Furthermore, the XPS data implied a potential dependent 

adsorption of the supporting electrolyte ions on the interfacial SWCNTs as illustrated 

by the relative intensities of the components obtained for the samples containing 

TMA
+
 and PF6

–
. It can be seen that at the TMA

+
 transfer potential (+0.25 V), the N 

and P peaks, attributable to BTPPA
+
, are lower in intensity compared to those 

measured at the PF6
–  

transfer potential (−0.18 V), whilst the intensities of the B and 

Cl peaks from the TPBCl
– 

are lower for the PF6
–  

transfer potential than TMA
+
. 

Overall, the XPS result suggests that asymmetric adsorption of the supporting 

electrolyte ions occurs on the interfacial SWCNTs, introducing a net negative and 

positive surface charge on the SWCNTs at the TMA
+
 and PF6

– 
transfer potentials, 

respectively, thereby resulting in the retardation of the ion transfer across the 

interface through electrostatic attraction between the transferring ion and the 

adsorbed supporting electrolyte counter ion. The difference in the extent of charge 

transfer suppression between the two probe ions is associated with the relative 
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positions of the transfer potentials of the probe ions with respect to the potential of 

zero charge (PZC). The fact that the kinetics of PF6
–
 ion ((ionic radius, 0.259 nm

242
) 

transfer is affected more than that of the TMA
+
 ion (ionic radius, 0.279 nm

243
) 

implies that the SWCNT film is more charged at the PF6
–
 transfer potential, causing 

more electrolyte ions to adsorb on its surface and consequently increasing the 

electrostatic attraction between the PF6
–
 ion and the adsorbed BTPPA

+
 cation. For 

the TMA
+
 ion transfer to be less hindered, its transfer potential must be close to the 

PZC of the system (i.e., when the SWCNT film is less charged), which results in less 

attraction between the TMA
+
 and the adsorbed TPBCl

– 
anion. 
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Figure 4. 18. (a) XPS survey spectra obtained for SWCNTs layer extracted from 

water/DCE interface after the transfer of TMA
+
 and PF6

–
 probe ions from 

water to DCE phase. (b) Atomic concentrations of B, N, Cl and P (normalized to 

carbon) evaluated from XPS survey spectra.  

4.5.3 Kinetics of Ion Transfer across the SWCNT Interfacial Films 

The apparent rate constant (k
o

app) for the TMA
+
 and PF6

– 
ion transfer in the 

presence of SWCNT films formed at different nanotube concentrations was 

determined using the Nicholson method, in accordance with Equation 4.4.
244

  

 

𝜓 =
(𝐷𝑤/𝐷𝑜)𝛼/2𝑘𝑎𝑝𝑝

𝑜

(𝜋𝐷𝑤𝑛𝐹𝑣/𝑅𝑇)1/2
                                                              (4.4)  
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Where, for simplicity, the aqueous (Dw) and organic (Do) diffusion coefficients of the 

transferring ions were assumed to be equal and the transfer coefficient (α) taken to be 

0.5; 𝜓 is a dimensionless kinetic parameter and is related to ΔEp. The relationship 

between the former and the latter parameters was originally obtained by Nicolson for 

ΔEp values ranging from 61 to 212. Using numerical simulation, Mahe et al
245

 

presented a working curve (nΔEp vs log 𝜓) that extended the limit to higher ΔEp 

values. The remaining terms in Equation 4.4 have their usual meanings.  

The ΔEp values measured at scan rates higher than 25 mV s
-1

 were used in 

calculating the values of 𝜓. Figure 4.19 shows the k
o

app values determined for both 

ions as a function of SWCNT concentration used in film formation. It is evident that 

in the case of TMA
+
 ion transfer, increasing the SWCNT concentration resulted in a 

decrease in k
o

app as expected for an interfacial area becoming increasingly covered by 

the SWCNTs. This behavior can be analysed using Amatore’s theory of 

voltammetry
246

 at a partially blocked electrode if we assume that the SWCNTs have 

transformed the single continuous interfacial area into large number of smaller 

randomly distributed micro/nano pores, the size and/or density of which decreases 

with increased interfacial coverage.  According to this theory,
246

 under conditions of 

total overlap of the diffusion layers, k
o

app is lowered by a factor of 1 – θ: 

    k
o

app = ko (1 – θ)                                                                  (4.5) 

Where, θ is defined as the fractional area covered by the blocking nanotube film. The 

fact that the voltammetric profile of TMA
+
 transfer exhibited a peak shaped response 

rather than a sigmoidal one indicates that an overlapping linear diffusion field was 

achieved. The interfacial coverage was estimated from the SEM data using Image J 
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software to be approximately 77.5%, 88.0% and 91.7% when the SWCNT 

concentration used in film preparation was 6, 12 and 18 mg L
-1

 respectively. 

Therefore applying the (1 – θ) correction factor gave an average ko value of 100 ± 7 

×10
-4

 cm s
-1

, which falls in the range of ko values reported for ion transfer. 

 

 

 

Figure 4. 19. Plot of the apparent rate constant versus SWCNTs concentration 

used in film preparation. Black squares and red circles denote kinetic data for 

TMA
+
 and PF6

–
 respectively.  

Aside from the slower kinetics displayed by the PF6
– 

ion compared to TMA
+
 

transfer in the presence of interfacial SWCNT films at all concentrations  (Figure 

4.19), it is also clear from Figure 4.19 that the negatively charged probe ion also 

show a less clear dependence of k
o

app on SWCNT concentration. The ion transfer and 

the XPS data indicate that there is a potential-dependent change in surface 

composition of the nanotubes, which in turn suggests that the nanotubes adsorb on 

the interface from the organic phase, that is, they constitute part of organic double 

layer. This effect is then associated with the high surface charge density exhibited by 

the interfacial SWCNT at the PF6
–
 transfer potential, which leads to the attainment of 
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maximum blockage at the SWCNT concentration of 6 mg L
-1

, as against the TMA
+
 

ion.  

Facilitated K
+ 

Ion Transfer 

In addition to simple ion transfer, the facilitated transfer of K
+
 ion by 

DB18C6 (ionophore) across the SWCNT-modified liquid/liquid interface was also 

studied. Following the same procedure employed before, the transfer of this ion in 

the absence of an interfacial SWCNT film was initially performed and the CV 

obtained is shown in Figure 4.20a.  

 

 

Figure 4. 20.  (a) Cyclic voltammogram recorded for the K
+
 transfer facilitated 

by DB18C6 across unmodified water/DCE interface. Scan rate used: 0.005, 0.01, 

0.025, 0.05, 0.075, and 0.1 V s
-1

 (b) Plot of forward peak current as a function of 

the square root of the scan rate. 

 

The current is limited by the linear diffusion of the ionophore since its 

concentration in the organic phase is far less (0.4 mM) than that of the K
+
 ion 

dissolved in the aqueous phase (10 mM). Similar to TMA
+
 the facilitated K

+
 ion 

transfer also shows a reversible behaviour; ΔEp measured at 50 mV s
-1

 was ca. 60 
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mV and did not vary significantly with scan rate. A linear dependence of the Ip on the 

square root of the scan rate (Figure 4. 20b) was also obtained. The diffusion 

coefficient of the DB18C6 in the DCE phase was calculated from the negative 

gradient of the plot shown in Figure 4.20b as 5.2 ×10
6
 cm

2
 s

-1
,
 
which agrees with a 

literature value of 4.8 ×10
6
 cm

2
 s

-1
.
139

  

When SWCNTs (6 mg L
-1

) were adsorbed at the interface, the CV response at 

increasing scan rates (Figure 4.21) exhibit clearly defined peak currents only when 

slow scan rates were applied (10 and 25 mV s
-1

). The measured peak separation (254 

mV) at the 25 mV s
-1

 scan rate is much higher than those obtained at the same scan 

rate in the case of TMA
+
 (76 mV) and PF6

–
 (169 mV) ions. When higher scan rates 

(> 25 mV s
-1

) were employed, the peak currents, especially the forward transfer ones 

(i.e. those corresponding to the K
+
 ion transfer from aqueous to organic phase), 

become very large and difficult to measure. This behaviour indicates that the kinetics 

of the facilitated K
+
 transfer is more strongly inhibited by the SWCNT film than 

those of simple ion transfer of TMA
+
 and PF6

–
. Additionally, the nonlinear trend of 

the plot of Ip against ν
1/2

 (Figure 4.21b) further support that the ion transfer kinetics is 

more complicated when SWCNT film is present at the liquid/liquid interface. The 

increased sluggishness of this ion transfer process may be attributed to the possible 

interaction of DB18C6 and the SWCNT surface, since the ionophore (Figure 4.21) 

also possesses π-electrons and is also hydrophobic. This π-stacking interaction would 

slow transfer process further.  
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Figure 4. 21. (a) Cyclic voltammogram for the K
+
 transfer facilitated by 

DB18C6 across SWCNT-modified water/DCE interface. CSWCNT used in film 

formation was 6 mg L
-1

. Scan rates: 10, 25, 50, 75 and 100 mV s
-1

 (b) Plot of the 

forward peak current as a function of the square root of the scan rate. 

 

4.6 Conclusion 

The adsorption of SWCNTs at the water/DCE interface and the use of 

liquid/liquid electrochemistry to characterise the electrical properties of the adsorbed 

nanotubes have been described. SWCNTs were shown to adsorb strongly at the 

interface, forming a thin interfacial film/layer, regardless of the presence or absence 

of electrolyte in either or both of the phases. The stabilisation energy (ΔE) resulting 

from the localisation of an individual SWCNT at the four water/DCE interfaces 

containing different combinations of electrolytes was estimated to be orders of 

magnitude higher than the  thermal energy, thus rationalising the strong adsorption 
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behaviour of the SWCNTs at these interfaces. In-situ optical microscopy 

characterisation revealed that the SWCNT interfacial layer formed was composed of 

multiple emulsion droplets, which were stable against coalescence even when the 

liquid/liquid interface was polarized. The formed SWCNT interfacial layers were 

found to suppress the transfer of ions across the liquid/liquid interface and the 

blocking effect was shown to be charge selective; the transfer of the positively 

charged TMA
+
 ion was less inhibited than that of the corresponding negatively 

charged PF6
–
 ion. The blocking effect of the SWCNTs on both ions was attributed to 

the potential dependent adsorption of the organic supporting electrolyte ions on the 

interfacial SWCNTs, as indicated by XPS measurements, which caused electrostatic 

interaction between the transferring ion and the SWCNT surface, thereby inhibiting 

the ion transfer. On the other hand, the selectivity between the two ions may be 

derived from the change in the PZC of the liquid/liquid system due to the presence of 

charged SWCNT, causing the relative positions of the transfer potentials of the probe 

ions to change with respect to the PZC. In the case of the facilitated K
+
 ion transfer, 

the suppression of the ion transfer across the SWCNT interfacial layer was found to 

be even greater than those of the simple ion transfer. This can be due to the presence 

of additional π-π interactions between the ligand and the surface of the interfacial 

SWCNTs.  
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Chapter 5 

Controlled Preparation of Carbon nanotubes/Conducting 

Polymer Composites at Polarisable Water/Organic 

Interface 

 

5. Introduction  

Intrinsically conducting polymers (CPs) including polypyrrole (Py), polyaniline 

(PANI) and polythiophene (PTh) have been extensively studied for more than thirty 

years due to their relatively high electron conductivity coupled with the properties of 

conventional organic polymers (e.g., ease of synthesis, mechanical properties, light 

weight and processibility).
247-249

 These combined properties are the basis of many 

important applications of CPs such as batteries and supercapacitors, artificial 

muscles, sensors, anticorrosive coatings and smart windows.
249-251

 However, it is 

well known that all CPs are mechanically weak and, also, must be oxidised and 

doped with a counter ion to make them sufficiently conductive.
252, 253

 One approach 

that has been used to compensate for some of the shortcomings of CPs is to combine 

them with carbon nanotubes (CNTs) to form nanocomposites,
254, 255

 since CNTs 

exhibit high surface area, excellent electron conductivity, chemical stability and 

remarkable mechanical properties.
5
 This combination has been shown to yield hybrid 

materials with synergistic effect.
252, 253, 256

 For instance, in applications involving 

supercapacitors, the large pseudocapacitance of the CPs combined with the 

mechanical strength, high surface area and excellent electrical conductivity of the 

CNTs have been shown to dramatically enhance the performance of the 

supercapacitors fabricated from the composite material.
257-260
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One of the most important factors relating to the CNT/CP composites is their 

preparation method.
253, 261

 Previous studies have shown that the nature of interaction 

between the CNT and the CP is important for obtaining the synergistic effect in the 

resultant composite.
262-264

 CNT/CP composites are commonly prepared either by 

chemical or electrochemical polymerisation methods. The advantage of 

electrochemical synthesis, over the chemical method, is that it allows for the 

deposition of thin films of the CP with a well-controlled morphology and 

thickness.
248, 265, 266

 Several efforts in this direction have been reported, with the 

majority of the studies being carried out on solid electrodes.
252, 267, 268

 

Electrochemical synthesis of CNT/CP composite has been carried out by 

electrodeposition of CPs on preformed CNT-based electrodes (e.g., well-aligned 

CNT arrays,
268, 269

 CNT films made by solvent casting
270

 and CNT “buckypaper”
271

). 

In some studies, however, the CNT/CP composites were prepared by co-

electrodeposition from a CNT suspension containing the monomer units.
252, 253

 Here, 

the CNTs are chemically oxidised (e.g., by acid treatment
272

) to introduce oxygen 

groups (particularly, acidic, such as COOH) onto the surface of the nanotubes.
252, 273

 

This treatment makes the CNTs readily dispersible in water, and induces the creation 

of negatively charged surface through ionisation of the acidic groups.
272

 Because the 

nanotubes are ionised (anionic), they can serve as both the supporting electrolyte 

during the electropolymerisation reaction and, also, as the doping species for the 

deposited PPy.
252, 267, 273

 This latter approach, where the CNTs and CPs are 

simultaneously deposited, is believed to yield superior synergistic properties over the 

electrochemical deposition on preformed CNT substrates, as it allows the polymer 

layer to be uniformly coated on the CNTs surface leading to a homogeneous 

CNT/CPs nanocomposite structure.
253, 264
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On the other hand, there are only a few studies focusing on the 

electrochemical synthesis of CP at the ITIES (interface between two immiscible 

electrolyte solutions). Cunnane and Evans
274

 first demonstrated the formation of 

oligomers of Py derivatives in the organic phase (1-methylpyrrole and 1-

phenylpyrrole) brought about by a heterogeneous electron transfer between an 

organic-based monomer (1-methylpyrrole or 1-phenylpyrrole) and an aqueous-based 

redox couple (Fe
2+

/Fe
3+

) under electrochemical control at the water/DCE interface. 

This early work was followed by studies involving the electrochemical synthesis
275-

277
 and characterisation

278
 of polythiophene (or its oligomers) at the ITIES by the 

Cunnane group. Here, the influence of different polymerisation conditions 

(interfacial potential, monomer concentration and electrochemical method) was 

studied. Using tetraethylammonium (TEA
+
) and terapropylammonium (TPrA

+
) as 

potential determining ions,  it was shown that the heterogeneous electron transfer 

between 2,2´:5´2ʺ terthiophene monomers present in the DCE phase and the 

Ce
3+

/Ce
4+

 redox couple dissolved in the aqueous phase depended on the interfacial 

potential; in-situ visible absorption spectra were used to show that different 

thiophene oligomers were formed at different interfacial potentials.
276

 It is important 

to mention that there is no previous study to the best of our knowledge of the 

preparation of CNT/CP at the ITIES. However, there are a number of studies that 

reported the formation of CNTs/CP at the non-polarised liquid/liquid interfaces. For 

instance, the Zarbin group has described in several papers the interfacial 

polymerisation of PANI in the presence of CNTs, or graphene at the water/toluene 

interface, mainly using ammonium persulphate as the chemical oxidising agent.
264, 

279-281
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In the previous chapter, it has been demonstrated that SWCNTs – initially 

dispersed in the organic phase – can self-assemble at the water/organic interface 

forming an interfacial thin film whose thickness/density can be controlled simply by 

changing the initial concentration of the SWCNT dispersed in the organic phase. The 

interfacial film was also shown to be stable, but permeable to ions when the interface 

was polarised with the help of an external potential control. In the present chapter, 

we report the interfacial electropolymerisation process for the controlled, 

potentiodynamic proparation of PPy at the bare water/DCB interface, and in the 

presence of an interfacial SWCNT film, with the overall aim of preparing 

SWCNT/PPy composites. The prepared free-standing films were transferred to solid 

substrates and characterised using atomic force microscopy (AFM), scanning 

electron microscopy (SEM) and Raman spectroscopy.  

5.1 Mechanism of Electropolymerisation of Pyrrole 

Although there have been many mechanisms proposed till date for the 

electropolymerisation of pyrrole, the Diaz’s
282

 mechanism is the most widely 

accepted in the literature.
247, 283

  The mechanism is based on coupling between 

radical cations. During the initiation step (scheme 5.1), the Py monomer is oxidised 

to form a radical cation, which then couples with another monomer radical cation to 

produce dihydrodimer cation, which after losing two protons produces a dimer: 
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Scheme 5.1 

 

In the propagation step, the dimer is oxidised to a radical cation, which then reacts 

with a monomer radical cation to form a neutral trimer after losing two protons 

(scheme 5.1): 

 

Scheme 5.2 

 

The propagation continues in the established sequence: oxidation, coupling and 

deprotonation forming oligomers until the final PPy is obtained (scheme 5.3).    

dimer

trimer
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Scheme 5.3 

The PPy is typically obtained in the oxidised (cationic) conducting form and doped 

with counterion from the electrolyte solution (scheme 5.4). 

  

 

 

       Scheme 5.4 

 

5.2 Electropolymerisation of Pyrrole in DCB at a Metallic Electrode 

In the literature, PPy films are often prepared in acetonitrile solution in the 

presence of small amount of water and electrolytes with different counter ions, most 

commonly, ClO4
–
 and BF4

–
.
284-286

 As both the nature of the solvent and the 

electrolyte are known to influence the PPy film formation and properties,
249

 the 

electropolymerisation of Py in 1,2-dichlorobenzene (DCB) was initially carried out 

on a polished Pt disc electrode (2.07 mm in diameter) using Pt mesh and SCE as 

counter and reference electrodes, respectively. The PPy film was prepared by cyclic 

voltammetry at 0.1 V s
-1

 scan rate, and the polymerisation solution consisted of 0.1 

M Py and 0.01 M BTPPATPBFB supporting electrolyte. Figure 5.1 shows the CVs 
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recorded for the electropolymerisation process. As can be seen, the voltammograms 

displayed features characteristic of conducting polymer formation. Monomer 

oxidation starts at about +0.6 V, followed by a significant increase in current at 

potentials greater than +0.8 V owing to PPy deposition on the Pt electrode. On the 

reverse scan, there is a small cathodic peak, which is associated with the reduction of 

the PPy film from cationic to neutral.
287

 Also consistent with the literature 

observations,
286, 287

 the subsequent monomer oxidation potentials were lower than the 

first scan, a feature that indicates Py oxidation on the PPy film is more favourable 

than on the Pt surface. The prepared film could be cycled reversibly between the 

oxidised (conducting) and neutral (insulating) form. This result suggests that PPy can 

be grown in DCB with the bulky BTPPATFPB electrolyte.   

 

 

Figure 5. 1. Cyclic voltammograms of polypyrrole electropolymerisation at Pt 

electrode in 10 mM BTPPATPFB organic (DCB) solution. Scan rate: 0.1 Vs
-1

. 
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5.3 Voltammetry at the water/DCB interface 

The compositions of the cells used for all electrochemical studies at the 

ITIES are schematically represented in Figure 5.2. DCB was chosen as the organic 

phase because it has a wider potential window in comparison to DCE (which was 

used in the ion transfer studies presented in chapter 4), and has been employed 

previously to suspend SWCNTs.
148

 Similarly, the aqueous redox couple, IrCl6
2−/3−

 

was selected as the oxidising agent because its standard reduction potential (E
0
 = 

0.866 V vs. SHE) is high enough to cause the oxidation of the Py monomer 

(oxidation potential ≥ 0.8 V vs SHE,
287, 288

 see also Figure 5.1).  

Figure 5.3 shows the CV response obtained with only the supporting 

electrolytes, LiCl(aq) and BTPPATFPB(DCB), in the absence (black curve) and in the 

presence of 0.1 M Py monomer in the organic phase (red curve). A large potential 

window, limited by the transfer of Li
+
 and Cl

– 
ions on the positive and negative ends, 

respectively,
230

 can be observed (black curve) when the Py was absent. However, in 

the presence of Py, the potential window becomes smaller by about 10 mV; this 

decrease in the potential window is attributed to the facilitated ion transfer of Li
+
 by 

the Py monomer present in the DCB phase. A similar result in which the transfer of 

aqueous Ag
+
 was facilitated by N-phenylpyrrole present in DCE phase has been 

reported previously.
289
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Figure 5. 2. Schematics of electrochemical cells used for the 

electropolymerisation process.  

 

 

Figure 5. 3. Cyclic voltammograms of the supporting electrolytes obtained in the 

absence (black curve, cell 1) and in the presence of 0.1 M Py in DCB (red curve, 

cell 2).  Scan rate: 0.1 V s
-1

. 

  The CV response recorded when IrCl6
2−

 or IrCl6
2−/3−

 was added to the 

aqueous phase without the Py monomer in the organic phase (cell 3) is shown in 
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Figure 5.4. Negative and positive current peaks can be observed at ∆𝜙 = –0.088 V 

and ∆𝜙 = –0.129 V, respectively. These peaks were attributed to the transfer of 

IrCl6
2−

 ion from water to the organic phase and vice-versa. The peak-to-peak 

separation of 39 mV is consistent with the quasi-reversible transfer of a divalent ion.  

 

 

Figure 5. 4. Cyclic voltammogram for IrCl6
2− 

transfer across water/DCB 

interface in the absence of Py in DCB phase. Scan rate: 0.1 V s
-1

.   

5.4 Electropolymerization of Py at Bare ITIES 

Figure 5.5 shows the CV response recorded in the presence of both the Py 

monomer in the organic phase and the IrCl6
2−/3−

 in the aqueous phase. The reversible 

current peak due to the transfer of IrCl6
2− 

is almost absent, indicating that this species 

has been consumed, whilst a new irreversible current peak appeared at ∆𝜙 = +0.46 

V. The new current peak can be associated with the oxidation of Py to PPy on the 

organic side of the ITIES and the associated reduction of IrCl6
2−

 to IrCl6
3− 

on the 

aqueous side of the interface, as depicted by the following reaction:    
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nIrCl6
2−

 (aq) + nPy (DCB) → nIrCl6
3−

 (aq) + (Py)n (s) + nH
+
 (aq)           (5.1) 

where n represents an oligomeric pyrrole species. The increase in negative peak 

current on reverse scan can be attributed to the transfer of the organic electrolyte 

anion, TPBCl

 from the interfacial polymer to the organic phase along with proton 

transfer.  In order to study the influence of potential cycling on the PPy film 

morphology, cyclic voltammograms with 25, 50, and 75 cycles were applied. 

Additionally, another PPy film was prepared by potential steps method.  

 

 

Figure 5. 5. Cyclic voltammogram recorded in the presence of both pyrrole and 

IrCl6
2−/3- 

redox couple (black curve). For comparison, the cyclic voltammogram 

recorded in the presence of only IrCl6
2−/3- 

is shown (red curve). Scan rate: 0.1 V 

s
-1

.   

 

In Figure 5.6(a-c), the last CV recorded for each polymerisation reaction is 

compared with that measured using only the supporting electrolytes (cell 1). The 

current response in the presence of the PPy film is seen to be much higher, 
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particularly at the positive end of the potential window in comparison to the blank 

response, suggesting an increase in electro-activity of the liquid/liquid interface.  It is 

also evident that the polymerisation CVs obtained for the 25 and 75 cycles protocols 

exhibit the “nucleation loop” or “trace crossing” (i.e. current on the reverse scan 

being higher than that on the forward scan) feature commonly observed for 

electrochemical phase formation, specifically, this feature has recently been observed 

at the liquid/liquid interface for the growth of polyterthiophene.
278

 In the case of the 

liquid/liquid electropolymerisation, it has been suggested that the “nucleation loop” 

could result from the presence of chemically produced polymer/oligomer at the 

interface that can act as nucleation site or due to an increase in interfacial  area.
278

 

Although the nucleation loops were observed for the electropolymerisation 

employing 25 and 75 cycles and in every scan, the absence of this effect when 50 

cycles were used did not hinder the growth of the PPy film (see SEM 

characterisation, Figure 5.8b).  
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Figure 5. 6. Cyclic voltammogram response recorded at water/DCB interface in 

the presence of only the supporting electrolytes (black curve) and for the 

electropolymerisation of pyrrole (red curve) applying (a) 25 (b) 50 and (c) 75 

cycles. Scan rate: 0.1 V s
-1

.  

5.4.1 SEM and Raman Characterisation of PPy Prepared at the 

Water/DCB Interface 

The PPy films formed at the ITIES were transferred to previously cleaned Si/SiO2 

substrates. The transferred films were seen by the naked eye to exhibit continuous 

surface coverage on the Si/SiO2 substrates. Firstly, Raman spectrocospy was 

employed to characterise the deposited PPy films. The main features of the PPy 

Raman spectra shown in Figure 5.7 (marked by asterisks) were assigned according to 

the literature
290

 as follows: the ring deformation (933 cm
–1

), the C–H in plane 

bending (984 cm
–1

), the C–C backbone stretching (1318 cm
–1

), the C=C backbone 
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stretching (1562 cm
–1

) vibration modes for the neutral form; and the C–H in-plane 

bending (1048 cm
–1

), N–H in-plane bending (1254 cm
–1

), C–C backbone stretching 

(1333–1415 cm
–1

), C=C backbone stretching (1587–1589 cm
–1

) for the cationic 

form. The presence of both the neutral (which is in resonance with the 532 nm 

excitation laser) and cationic forms indicates that the prepared PPy films were 

partially doped. The presence of partially doped PPy suggests that the organic anion, 

TFPB

, is incorporated into the polymeric film. TFPB


 also possesses Raman 

features in the same region as the PPy film, with its main peaks
291

 overlapping with 

those of PPy, specifically, the peaks around 1000 cm
-1 

and 1350 cm
-1

.  Additionally, 

the weak signal around 650 cm
-1 

can be attributed to the organic anion.
291

 

 

 

Figure 5. 7. Raman spectra of the PPy films prepared at water/DCB interface by 

four different dynamic electropolymerisation protocols: CVs at 0.1 V s
-1

 scan 

rate with 25, 50, and 75 cycles using the potential range 0.35 V to 0.87 V and 

by using multiple potential steps: 0.6 V, 0.09 V (open circuit potential, OPC), 0.7 

V, 0.09 V and 0.8 V for 120 s, 30 s, 120 s, 30 s and 120 s, respectively. The 

Raman spectra were obtained at 532 nm excitation wavelength and the Raman 

signals associated with the PPy are marked with asterisks.  
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Next, the morphological features of the deposited PPy films were analysed by 

SEM (Figure 5.8). As can be seen from the SEM images, the extent of surface 

coverage increases with the number of potential cycles used for the 

electropolymerisation of the PPy, which is as expected. Moreover, there is a clear 

difference in the morphologies of the PPy films deposited using 25 (Figure 5.8a), 50 

(Figure 5.8b), and 75 (Figure 5.8c) CV cycles. The initial deposits are globular, and 

consist of more discrete particles, whereas with cycling the structure becomes more 

coherent, i.e. the PPy film in Figure 5.8c is built up from layers/flakes. In 

comparison, when potential steps were used to prepare the PPy film, a more globular 

structure was achieved (Figure 5.8d). 
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Figure 5. 8. SEM images showing the morphologies of the deposited PPy films 

prepared at water/DCB interface by CVs at 0.1 V s
-1

 scan rate with (a) 25 cycles 

(b) 50 cycles (c) 75 cycles, and by (d) multiple potential steps method. Charge 

passed was estimated to be 0.37 C, 0.84 C, 1.37 C and 0.3 C for PPy film shown 

in a-d, respectively.  

5.5 Preparation of SWCNT/PPy Composite at Water/DCB Interface 

Arc discharge SWCNTs were employed for the work presented in this 

chapter. The nanotubes were dispersed in DCB at a concentration of ~ 6 mg L
-1

 and 

then assembled at the water/DCB interface by sonication, as previously described in 

chapter 4. The density of SWCNT was estimated as 8.67 µg cm
-2

 assuming that all 

the previously dispersed SWCNT were assembled at the interface.
100

 After the 

assembly was completed (sonicated cells were typically allowed to stand for 12 h), 

the Py monomer and the IrCl6
2−

/ IrCl6
3− 

redox couple were introduced into the 

organic and the aqueous phase, respectively (Scheme 1). Cyclic voltammetry with 50 

cycles at 0.1 V s
-1

 scan rate was employed for the electropolymerisation of the Py in 
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the presence of the adsorbed SWCNTs, as this preparation protocol was found to 

form PPy with optimised film structure; changes in morphology on going to 75 

cycles had no much difference. During the reduction of the IrCl6
2−

 to IrCl6
3−

 on the 

aqueous side of the interface, the oxidation of the Py occurred through the assembled 

SWCNT layer on the organic side of the ITIES, by analogy with similar redox 

reactions at the SWCNT-modified ITIES, e.g. Pd electrodeposition.
99

 As before, the 

last CV recorded during the polymerisation reaction is compared with that measured 

in the absence of the Py monomer (Figure 5.9) to enable the increase in current to be 

observed.  

 

 

Scheme 5.5. Illustration of the preparation process of SWCNT/PPy composite at 

the water/DCB interface. 
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Figure 5. 9. Cyclic voltammetric response obtained at the water/DCB interface 

for the electropolymerisation of pyrrole in the presence of adsorbed SWCNTs 

(redline) compared to a blank response (black line). Scan rate used was 0.1 Vs
-1

 

5.5.1 SEM and AFM Analysis of the SWCNT/PPy Composite 

Figure 5.10 shows the SEM and AFM images of the SWCNT/PPy composite 

deposited on Si/SiO2 substrate. Also shown in the Figure is the SEM image of 

SWCNT assembled at the water/DCB interface in the absence of both the Py 

monomer and aqueous redox couple. The SEM image of the pristine SWCNT 

indicated that (Figure 5.10c) the interfacially assembled nanotubes were bundled 

either due to the effect of transfer to a solid substrate or because of the presence of 

BTPPATFB electrolyte in the organic phase, since the organic electrolyte can cause 

aggregation of the SWCNT even before their interfacial assembly, as shown in 

chapter 3. In the SEM image of the composite, the PPy forms a continuous film over 

the assembled SWCNTs, forming a well-structured coating on the Si/SiO2 substrate. 

The nanotubes embedded in the polymer matrix appeared thinner or more 

individualized than pristine interfacial nanotubes, suggesting that the drying process 

also contributes significantly to the bundling event. The AFM image (Figure 5.10d) 
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of the composite was used to estimate the thickness of the SWCNT/PPy, which was 

found to be 31.8 ± 0.3 nm. A closer look at the AFM image revealed that the 

composite is composed of regions of agglomerated PPy particles in addition to 

polymer embedded SWCNTs.  

 

 

Figure 5. 10. SEM images of (a) pristine interfacial SWCNTs, (b) SWCNT/PPy 

composite and (c) magnified view of SWCNT/PPy composite. (d) AFM image of 

the composite material.  

5.5.2 Raman Analysis of the SWCNT/PPy Composite 

Raman characterization was also performed on the SWCNT/PPy composite, 

as this technique is widely used to confirm the successful preparation of CNT/CP or 

CP/graphene
292, 293

 composites as well as to probe any possible interaction between 
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the two.  Figure 5.11 shows the Raman spectra of the SWCNT/PPy composite 

collected using the 532 nm laser excitation wavelength. The main Raman features of 

SWCNTs, the G-, D- and RBM bands, as discussed in chapter 3, dominate the 

Raman signals seen in the spectrum of the SWCNT/PPy composite material. As the 

PPy Raman features are quite weak in comparison
294

 and coincide with the D- and 

G- bands of the SWCNT, it is difficult to observe clearly the Raman bands of PPy, as 

observed previously for the neat polymer. Nevertheless, the following vibration 

modes for the neutral form of PPy, marked by asterisks, can still be seen in the 

composite spectrum (left inset): the ring deformation (942 – 1005 cm
-1

), the C–H in-

plane bending (1080 – 1121 cm
-1

), as well as the C–C backbone stretching (1243 – 

1275 cm
-1

), thus confirming the presence of both materials. Moreover, the small up-

shift of the SWCNT G
–
 mode from 1569 cm

-1 
in the pristine SWCNT (black curve) 

to 1572 cm
-1

 in the SWCNT/PPy composite (red curve) indicating that there is a 

charge transfer interaction between the two components in the composite material. 

Similar observations has been reported previously in the literature.
295

 The properties 

of the resulting carbon nanotubes/conducting polymer composites would be 

dependent on the semiconducting or metallic nature of the SWCNT and on the 

properties of the conducting polymer used.
295, 296

 Therefore, by selecting an 

appropriate type of SWCNT and conducting polymer, it is possible to tune the 

properties of composites. The in-situ electrochemical methods for functionalising 

carbon nanomaterials with CPs offer alternative possibilities to control the structural 

properties of the deposited polymer and, thus, the composite material. 
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Figure 5. 11. Raman spectra of SWCNT/PPy film (red line) prepared at 

water/DCB interface by 50 CV cycles at 0.1 V s
-1

 scan rate. The Raman signals 

associated with the PPy are marked with asterisks. For comparison the Raman 

spectra of pristine SWCNT is also shown (black).  

 

5.6 Conclusions 

In this chapter, we described the successful electropolymerisation of pyrrole 

at the water/DCB interface, in the absence and in the presence of interfacial 

SWCNTs, adsorbed from the DCB phase is described. The different potentiodynamic 

methods applied in film preparation affected the morphology of the resulting PPy 

film, with an increase in the number of CV cycles for the polymer growth yielding 

better surface coverage after transfer to the solid substrate. Carbon nanotube-based 

PPy nanocomposites were obtained using the optimized polymerisation conditions. 

Evidence of the formation of the SWCNT/PPy layer was derived from its transfer to 

solid substrates and subsequent microscopic and spectroscopic analysis. The 

resultant composite structure showed that the SWCNTs were embedded in the PPy 
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matrix, i.e., the Py monomer was polymerized around the SWCNTs. The Raman 

data, based on changes in the intensity and position of the nanotube’s D- and G-

bands, indicated a partial doping of the SWCNTs, caused by the formation of the 

composite material.  The applied dynamic preparation of SWCNT/PPy at the ITIES 

allows for PPy to grow uniformly on the surface of SWCNTs, and is suitable for the 

preparation of free-standing, conductive and continuous SWCNT/PPy films, which 

are immediately transferable, compared to the traditional electropolymerisation 

procedures using carbon nanotube networks grown or assembled at solid substrates 

(e.g., vertically aligned CNT “forest”). The proposed electropolymerisation method 

therefore represents a new approach for the preparation of carbon-nanomaterial/CP 

composites, which could be extended to the production of metal NP/CP composites, 

using metal precursors in the aqueous phase. Fabrication of novel and modified, 

functional electrodes is also possible by transferring these composite layers to a solid 

substrate. 
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Chapter 6 

Aggregation Kinetics of MoS2 Dispersed in                            

1,2-dichlorobenzene 

 

6. Introduction 

Liquid-phase exfoliation of layered transition metal dichalcogenides (TMDs), such 

as MoS2, is widely considered as a viable route to produce atomically thin flakes of 

these layered materials in large quantities.
56, 68, 78

 Although there are many forms of 

this approach, as discussed in chapter one (section 1.2.1), solvent exfoliation has 

received considerable attention due to its simplicity, absence of a third phase 

component (e.g., a surfactant) and preservation of the pristine nature of the MoS2 

nanosheets.
77, 89, 297

 Similar to CNTs, a range of non-aqueous solvents, including N-

methyl-2-pyrrolidinone (NMP), N-cyclohexyl-2-pyrrolidinone (CHP) and 1,2-

dichlorobenzene (DCB) have been demonstrated to be effective in exfoliating and 

dispersing MoS2.
77, 79, 89

 It was suggested, in these previous studies, that good 

solvents are those with a surface energy which matches that of the MoS2 nanosheets 

(~70 mJ m
-2

).
79, 89

 However, as in the case of dispersions of CNTs
190

 and 

graphene,
194

 liquid phase dispersions of MoS2 are not thermodynamically stable,
89

 

though dispersions prepared in NMP and DCB were found to be stable for more than 

one month.
79

 Therefore, understanding their kinetic stability is important for both 

fundamental investigation and practical applications.  

To date, little is known about the effects of other dispersion components, 

such as the presence of electrolyte, which may have substantial influence on 

dispersion stability as well as the properties of the dispersed MoS2 nanomaterials. 
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The recent work by Li et al
298

 is the only study reporting the aggregation behaviour 

of MoS2 in some details. In this work,
298

 salt-induced aggregation and sedimentation 

of the MoS2 dispersed in aqueous surfactant solution was monitored by optical 

absorption. It was suggested that the aggregation of the MoS2 initially resulted in the 

increase in both the thickness and length of the MoS2 flakes before subsequent 

sedimentation of the particles out of the solution.
298

 In other related studies, the 

stability of aqueous MoS2 dispersions, which were prepared by different methods 

including, chemical modification,
299

 surfactant-stabilisation
81, 90

 and by simply 

increasing the temperature of the solution during exfoliation,
300

 were studied through 

the measurement of the zeta potential of the dispersed particles. What is common in 

all these previous works was that they all suggested that the aqueous dispersions of 

MoS2 were stabilised by electrostatic repulsion between the charged MoS2 particles. 

On the contrary, no literature report has been found with regards to the contribution 

of electrostatic repulsion to the stability of MoS2 particles in non-aqueous solvents.  

However, as described in chapter 3 and demonstrated by several recent 

studies,
162, 190-192, 194

 electrostatic repulsion can play an important role in stabilising 

non-aqueous dispersion of 1D and 2D nanomaterials. Often, the aggregation of these 

types of colloidal suspensions is described using the DLVO theory.
192, 194, 301

 

According to this theory, colloidal particles  in a suspension interact with each other 

through electrical double layer (EDL) repulsion forces, which prevent the particles 

from aggregating, and van der Waals attractive forces, which tend to bring the 

dispersed particles together. On the basis of this, colloidal dispersions are expected to 

remain stable, at least for some time, if the EDL forces dominate.  Thus, one of the 

commonest methods used to understand the stability of these types of dispersions is 

by measuring their resistance to coagulation in the presence of added electrolyte.  By 
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increasing the amount of electrolyte in the dispersion, the EDL barrier is reduced 

progressively until particles aggregation is solely controlled by diffusion. At this 

point, the EDL barrier is eliminated and the concentration of electrolyte that causes 

this is known as the critical coagulation concentration (CCC).   

In this chapter, the aggregation kinetics of MoS2 dispersed in 1,2-

dichlorobenzene (DCB) was studied in the presence of different concentrations of 

organic electrolyte, bis(triphenylphosphoranylidene) ammonium tetrakis (4-

chlorophenyl) borate (BTPPATPBCl). The measured aggregation data was used to 

derive stability curves, from which the CCC was determined, demonstrating that 

electrostatic forces are important for the stabilisation of the MoS2 nanosheets 

dispersed in DCB.   

6.1 MoS2 Exfoliation in 1,2-dichlorobenzene 

MoS2 dispersion was produced by solvent phase exfoliation of the bulk MoS2 

powder using bath ultra-sonication in DCB. The resulting dispersion was further 

processed by centrifugation to remove non-exfoliated or very thick MoS2 particles. 

The detailed experimental procedure can be found in section 2.2.1 (experimental 

chapter). The choice of DCB (휀𝑟= 10.36)
6
 as the exfoliation solvent was based on its 

common use in liquid/liquid electrochemistry studies and, also, because it has been 

demonstrated to effectively exfoliate and stabilise MoS2 dispersion for at least one 

month.
79, 101

 In Figure 6.1 the photograph of the processed MoS2
 
is shown. The 

greenish-yellow dispersion was stable for several months in the absence of any added 

electrolyte.  
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Figure 6. 1. Photographs of MoS2 illustrating the different dispersion processing 

stages.   

6.2 MoS2 Dispersion Characterisation 

6.2.1 UV-Vis Absorbance and Extinction Coefficient Measurements 

Figure 6.2 shows the UV-Vis absorption spectra of MoS2 dispersions in DCB 

at different concentrations. The spectra exhibit characteristic absorption peaks at 670 

nm (1.85 eV) and 610 nm (2.03 eV), designated as A and B, respectively.
73, 77

 These 

peaks arise from the interband excitonic transitions at the K point of the Brillouin 

zone of MoS2 and their presence suggests that the as-prepared dispersion is 

composed of pristine 2H-MoS2 layered material.
73, 302

 

 In order to allow UV-Vis absorption spectroscopy to be used to determine 

the concentration of the MoS2 dispersions, the extinction coefficient (α) was 

estimated, as previously described in chapter 3, for the case of SWCNTs. Here, the 

absorbance values of the different concentrations of MoS2 dispersion were recorded 

at 670 nm for the calibration. Figure 6.3 shows the calibration graph obtained. The 

extinction coefficient (α) was estimated from the slope of the calibration graph and 

Sonication
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by applying the Beer-Lambert law (A = αCl). The value of α calculated (1060 ± 42 

mL mg
-1

 m
-1

) is very similar to that reported in the literature (1020 ± 42 mL mg
-1

 m
-

1
) for MoS2 dispersion in NMP at the same wavelength.

77
   

 

Figure 6. 2. UV-Vis absorption spectra of MoS2 dispersion in DCB at several 

dilutions.  
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Figure 6. 3. Plot of absorbance at 670 nm as a function of MoS2 dispersion 

concentration. 

6.2.2 AFM and SEM Characterisation 

The as-prepared MoS2 dispersion was analysed using SEM and AFM in order 

to determine both the thickness and the lateral dimensions of the exfoliated 

nanosheets. The same sample was used for both SEM and AFM measurements and 

was prepared by spin coating few drops of the MoS2 dispersion (~9.3 mg L
-1

) onto a 

previously cleaned Si/SiO2 wafer. Figure 6.4 (a-b) shows representative SEM and 

AFM images of the exfoliated MoS2. Both images show a number of objects with a 

range of size distribution. The lateral dimensions of the observed objects was 

estimated from both the SEM and AFM images by manually measuring the length of 

the particles along their major axis, whilst the thickness was estimated from only the 

AFM image, through height analysis. Figure 6.4 (c-d) presents the histograms of 

length and thickness distributions of the imaged MoS2 dispersion. It can be seen, 

from the length histograms that the observed objects exhibit a wide variety of sizes, 

which range from ~ 50 nm to about 3µm. But the majority of the particle had lengths 

5 10 15 20 25 30

0.01

0.02

0.03

0.04

0.05

0.06

0.07

A
6

7
0

 n
m
 (

a
.u

)

[MoS
2
] /mg L

-1

1060 mLmg

m





176 
 

in the range 50 nm to approximately 400 nm, which is expected considering the high 

centrifugation speed (12000 rpm) used to prepare the dispersion. 

The thickness of the imaged objects is also seen to vary from about 1.5 to 30 

nm, with the average thickness estimated to be 14.4 nm (~20 layers). It is reported 

that the height of a monolayer MoS2 deposited on a SiO2 wafer is approximately 0.8–

1.2 nm.
77, 303

 Although this value differs from the theoretical thickness of 0.615 nm 

for a single layer of MoS2,
304

 the difference is commonly attributed to adsorbed 

impurities
76, 303

 that might be present on the SiO2 substrate and/or the result of 

interaction between the MoS2 monolayer and the SiO2 substrate.
76

 In the study 

presented here, the population of the observed objects with a thickness less than 5 

nm, which potentially corresponds to MoS2 nanosheets with ≤ 5 layers was quite 

small (only about 7%). No evidence of monolayer formation was observed.  
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Figure 6. 4. (a) SEM and (b) AFM images of solvent-phase exfoliated MoS2 in 

DCB deposited on a Si/SiO2 wafer.  (c–d) Histograms of the counted objects 

length and height (thickness) respectively.   

6.2.3 Ultra-sonication Induced Sonopolymer Formation  

The statistics presented in Figure 6.4 assumed that all the objects observed in 

the SEM and AFM images were MoS2. However, it has been reported previously that 

ultra-sonication causes DCB to decompose and polymerise.
47, 305

 In sonochemistry, it 

is well known that ultra-sonication in liquids produces cavitation bubbles, which 

collapse rapidly generating a local hot spot where the local temperature can be higher 

than 5000 K.
306-308

 The effect of this is that organic solvents including benzene and 

haloaromatics can be decomposed into smaller units at the hot spot during the 

primary reaction stage.
309

 Because the temperature of the liquid surrounding the hot 
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spot decreases rapidly after the collapse of the cavitation bubble (quenching step),
308, 

309
 the smaller decomposition products develop into a more stable primary products, 

such as oligomeric species, molecular radicals and polymers (also called 

sonopolymer).
309, 310

 The radicals can further react with solvent molecules or another 

radical to form a secondary product.
309

 In the case of DCB, ultrasonic treatment has 

been observed to produce a change in colour of the DCB from colourless to yellow 

and to dark brown during extended sonication.
305

 This change was ascribed to the 

decomposition of the DCB, with the reaction products suggested to be mainly bulky 

sonopolymer (cross-liked polystyrene), which precipitated when the solution was left 

to stand overnight.
47, 305

 In addition, small oligomeric and aliphatic species were also 

reported to have been formed.
47

 Kim et al.
47

 observed that the low molecular weight 

oligomers remained in solution even when the sonicated DCB was subjected to an 

ultracentrifugation at 325000g for 2 h. While the presence of these impurities may be 

undesirable in some applications, the formation of the sonopolymer has been 

suggested to aid in the dispersion of SWCNT,
47, 305

 exfoliation of graphene
311

 and 

MoS2.
79

 In the case of MoS2, the sonopolymer is believed to interact only weakly 

with the exfoliated material and, therefore, does not disrupt the 2H phase of the 

MoS2.
79

 In order to investigate whether impurities arising from the decomposition of 

the DCB used in the present exfoliation work contributes significantly or not to the 

statistics presented in Figure 6.4, pure DCB (colourless) was sonicated under the 

same conditions as the original dispersion. This treatment resulted in the change of 

colour of the DCB from colourless liquid to light brown solution (Figure 6.5a). When 

a few drops of the solution were drop cast onto a Si/SiO2 wafer and analysed by 

AFM, large quantity of particles were seen (Figure 6.5b). Statistical analysis (Figure 

6.5 c-d) of the observed particles revealed that the decomposition products had 
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length and thickness in the same range as those found for the exfoliated MoS2 

dispersion. This result suggests that, in addition to MoS2 particles, significant amount 

of impurities from the solvent decomposition is also present, which might contribute 

to dispersion stability, but which also complicates the size analysis of the materials.   

 

Figure 6. 5. (a) Pure-DCB ultra-sonicated for 12 hrs in a bath sonicator (b) 

AFM image of the sonicated DCB deposited on a SiSiO2 wafer.  (c–d) 

Histograms of the counted objects thickness and length, respectively.    

There are two ways the decomposition of DCB could contribute to the 

statistics of the MoS2 size distribution. First, the sonopolymer may coat the MoS2 

nanosheets, leading to an increase in their size. Second, the sonopolymer particles 

may be present as separate entities, where they will be counted as MoS2 particles. 

However, using high angle annular dark field (HAADF) imaging and energy 

dispersive X-ray (EDX) map of carbon and molybdenum atoms, Yu et al.
79

 observed 

that the sonopolymer phase was not associated with the MoS2 nanosheets. Therefore, 
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the solvent decomposition products may not have a strong influence on the surface of 

the MoS2 nanosheets. The latter point is supported by the effect of electrolyte on the 

dispersion of MoS2 in DCB. When 10 mM BTPPATPBCl electrolyte was added to 

the as-prepared MoS2 dispersion, the MoS2 nanosheets were seen to aggregate and 

sediment out of the suspension after 48 h of standing (Figure 6.6, left). When the 

UV-Vis absorption spectrum (Figure 6.6, right) of the supernatant was recorded, the 

characteristic A and B optical absorption peaks were found to have disappeared, 

suggesting that most of the MoS2 nanosheets have been coagulated by the electrolyte. 

It can be observed from the same Figure, that the absorption spectrum of the 

supernatant is very similar to that obtained for the pure sonicated DCB. Additionally, 

the colour of the two solutions is almost the same, which suggest that the supernatant 

is predominantly composed of the DCB decomposition products and that the 

electrolyte could selectively remove the MoS2 particles by charge screening.  

 

Figure 6. 6. Effect of electrolyte on MoS2 dispersion in DCB.  
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6.2.4 Raman Spectroscopy 

In order to verify that the particles observed in the AFM and SEM images 

(Figure 6.4) were composed of MoS2 nanosheets, Raman spectra were collected at 

different locations on the sample that was used for the SEM and AFM 

measurements. Figure 6.7 shows the Raman spectrum of the solvent exfoliated MoS2 

flakes. Also shown in Figure 6.7 is the Raman spectrum of the bulk MoS2 powder for 

comparison. The excitation wavelength used to record the spectra was 532 nm. The 

spectra of both samples showed the presence of two prominent peaks, the E
1

2g and 

the A
1

g. These peaks are characteristic Raman features of 2H-MoS2 and are 

commonly used to characterise exfoliated MoS2.
76

 The E
1
2g (in-plane) mode is 

related to the vibrations of the two S atoms in opposite directions with respect to the 

Mo atom, while the A
1

g mode originates from the out-of-plane vibration of only the S 

atoms in the opposite directions (see Figure 6.7).
303

 The wavenumbers of these peaks 

and their difference (Δω) with respect to bulk can be used to gain information on the 

MoS2 layer thickness (number of layers).
76, 303

 The Δω has been found to increase 

from around 19 cm
-1

 for a monolayer to about 26 cm
-1

 for bulk MoS2 crystal.
76, 303

  

For the bulk MoS2 sample, the position of the E
1

2g and the A
1

g peaks was 

found to be 374.2 cm
-1

 and 400.9 cm
-1

, respectively, which agrees with the values 

reported in the literature for bulk MoS2 powder.
312

 After exfoliation, both the E
1

2g 

and the A
1

g were seen to redshift to 383.1 cm
-1

 and 407.5 cm
-1

, respectively. The 

redshift of both peaks has been observed previously for liquid phase exfoliated MoS2 

flakes and the effect was attributed to sonication.
312

 Compared to the bulk MoS2 

powder (Δω = 26.7 cm
-1

), a significant decrease in peak-to-peak distance (Δω = 24.4 

cm
-1

) was observed after exfoliation, which is consistent with a few (3-4) layer 

MoS2.
112, 303

 The Raman result therefore confirmed the presence of MoS2 nanosheets 
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in the sample, as well as the successful exfoliation of the bulk material down to few 

layers.  

 

Figure 6. 7. Raman spectra of bulk and solvent exfoliated MoS2. The two main 

vibrational modes are schematically shown on the right of the Raman spectra.    

6.2.5 Zeta Potential of the MoS2 dispersion 

Zeta potential (ζ) is commonly used to assess the electrical double layer 

(EDL) properties of colloidal particles in a suspension. The extent of the EDL 

repulsion can be understood from the magnitude of ζ. Typically, dispersed colloidal 

particles are considered stable if their ζ value is around or above ±30 mV,
176
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The zeta potential value of the as-prepared MoS2 dispersion measured at 

room temperature (25 °C) was found to be 79.6 ± 1.61 mV. Previously in the 

literature, values of ζ have been determined only for aqueous MoS2 dispersions, 

which ranged from –30 mV for pristine MoS2 dispersed in water under controlled 

temperature
300

 to –50 mV for chemically exfoliated MoS2 through lithium 

intercalation.
299

 The charging mechanisms for these systems were believed to be 

different. For pristine MoS2, the origin of the charge was attributed to charge polarity 

in which the S atoms are considered to impart negative surface charge to the MoS2 

sheets with the Mo counter charges remaining inside,
300

 while in the case of the 

chemically exfoliated MoS2, surface charging is believed to results from the effect of 

the Li intercalation reaction.
85

 

In general, in the absence of an added electrolyte, particle surface charging 

can occur due to dissociation of surface ionic groups, preferential dissolution or 

electron transfer between the particle and the dispersing medium. The actual 

mechanism responsible for charging in MoS2 non-aqueous dispersion is currently 

unknown, but could result from either dissociation of surface groups, which could 

arise from impurities or through electron transfer, as previously observed for both 

graphene and carbon nanotubes.   

6.3 Aggregation Studies 

6.3.1 Dissociation of BTPPATPBCl in DCB 

Before measuring the effect of electrolyte on dispersion stability, it is 

important to know the extent to which the electrolyte dissociates in the solvent of 

interest. Therefore, conductivity measurements were used to assess the dissociation 

of the BTPPATPBCl electrolyte in DCB into its component ions, BTPPA
+
 and 
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TPBCl
–
. The measured conductivity data were fitted to Kohlrausch’s law (given by 

equation 6.1), as shown in Figure 6.8. 

Λ𝑚 = Λ𝑚
0 − 𝐾√[BTPPATPBCl]                                           6.1  

where Λ𝑚 and Λ𝑚
0  are the molar and the limiting molar conductivities, respectively, 

while K is an empirical constant. Over the concentration range of 0.6 mM to 2.4 mM 

shown in Figure 6.8, the molar conductivity of the BTPPATPBCl in DCB can be 

seen to decrease with increase in the square root of electrolyte concentration, which 

is consistent with the behaviour of a strong electrolyte, which the salt can be assumed 

to be over this low concentration range. The limiting molar conductivity of the 

electrolyte was estimated and is shown in the same Figure. As the electrolyte 

concentrations used for the aggregation studies were lower (1 mM to 2 µM), it is 

expected that the majority of the electrolyte is dissociated at these concentrations.   

 

Figure 6. 8. Molar conductivity of BTPPATPBCl in DCB as a function of the 

square root of the electrolyte concentration. The limiting molar conductivity of 

the electrolyte derived from fitting the data to the Kohlraush’s law for strong 

electrolyte is also shown in the graph. 
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6.3.2 Aggregation of Dispersed MoS2 in Electrolyte Solution 

The aggregation kinetics of exfoliated MoS2 stably dispersed in DCB was 

studied in the presence of different concentrations (2–1000 µM) of the organic 

electrolyte (BTPPATPBCl) using the sedimentation procedure described in the 

literature.
192

 Briefly, the procedure involves measuring the optical absorption of the 

MoS2 supernatant obtained after centrifuging the dispersion containing a fixed 

amount of the electrolyte for a given period of time. The detailed experimental 

procedure can be found in chapter 2. In the absence of any added electrolyte, no 

sedimentation of the MoS2 particles occurred (Figure 6.9) during the 20 min 

centrifugation time used for the aggregation studies in the presence of electrolyte. 

Therefore, any sedimentation of the dispersed MoS2 can be attributed to the effect of 

added electrolyte. 

Figure 6.10 shows the aggregation profiles of the MoS2 particles dispersed in 

DCB at several electrolyte concentrations. It is clear that the presence of electrolyte 

causes the dispersed MoS2 particle to sediment with time. Previous studies have 

shown that the concentration of the sedimenting phase in a dispersion decreases 

exponentially with time.
89, 194, 313

 The aggregation data shown in Figure 6.9 could be 

fitted to the following single exponential decay equation:
194

  

[MoS2] = [MoS2]𝑢𝑛𝑠𝑡 𝑒
−𝑘𝑡 + [MoS2]∞                                         (2) 

where [MoS2]𝑢𝑛𝑠𝑡 relates to the concentration of the unstable fraction (destabilised 

by the electrolyte) and [MoS2]∞  describes the concentration of kinetically stable 

fractions of the dispersed MoS2 over the time period longer than that studied here; t 

is the aggregation time and k is the aggregation rate constant. The single exponential 

decay fits are shown as solid lines in Figure 6.10, while Figure 6.11 shows the 
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aggregation rate constant of MoS2 particles in DCB, determined from the fits of the 

aggregation data plotted as a function of electrolyte concentration. It is seen that 

although the absolute amount of MoS2 always decreased exponentially with time, the 

magnitude of the aggregation rate was, however, dependant on electrolyte 

concentration. According to the DLVO theory, there are two distinct particle 

aggregation regimes: reaction-limited colloid aggregation regime (RLCA) and 

diffusion-limited colloid aggregation regime (DLCA). In the RLCA regime, an 

increase in the electrolyte concentration compresses the EDL around each particle, 

which leads to a reduction in the energy barrier against particle. This aggregation 

regime is, therefore, sensitive to electrolyte concentration. On the other hand, in the 

DLCA regime, the electrolyte concentration is sufficiently high to effectively 

eliminate the electrostatic energy barrier and aggregation is controlled solely by 

particle diffusion. Experimentally, the DLCA regime is considered to be attained 

when further increases in electrolyte concentration do not result in increased 

aggregation rate. It is clear from Figures 6.10 and 6.11 that, at lower BTPPATPBCl 

concentrations (≤ 20 µM), any increase in BTPPATPBCl concentration results in a 

corresponding increase in MoS2 aggregation rates. However, at higher BTPPATPBCl 

concentrations, only a slight change in the aggregation rates can be observed with an 

increase in BTPPATPBCl concentration. The observed behaviour is consistent with 

the DLVO-type interactions, with the two regimes predicted from the theory clearly 

visible in Figure 6.11. 
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Figure 6. 9. Concentration of MoS2 as a function of sedimentation time showing 

that no sedimentation of the MoS2 particles occurred during centrifugation of 

the control samples at 8000 rpm. Initial dispersion concentration was 9.3 mg L
-1

.  
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Figure 6. 10. Aggregation profiles of MoS2 in the presence of different 

concentrations of BTPPATPBCl in DCB. Each aggregation profile was acquired 

at an MoS2 starting concentration of 9.3 mg L
-1

. The (a) part of the Figure 

shows the aggregation data for only four BTPPATPCl concentrations for visual 

clarity, while (b) shows the complete set of data. The single exponential fits are 

shown as solid lines. 
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Figure 6. 11. Aggregation rate constant of MoS2 dispersed in DCB as a function 

of BTPPATPBCl concentration. 

In order to determine the CCC, which is the minimum electrolyte 

concentration needed for particle aggregation to be solely controlled by diffusion, the 

inverse stability ratio (1/W) was first estimated, as given by Equation 3:
192, 314

 

1

𝑊
=

𝑘𝑅

𝑘𝐷
                                                                                   (3) 

where, 𝑘𝑅 and 𝑘𝐷 correspond to the aggregation rate constants measured in the 

RLCA regime and DLCA regime, respectively. The 𝑘𝑅 values obtained are shown in 

Figure 6.11. The highest 𝑘𝑅 value, which occurs in the plateau region of the plot (i.e., 

diffusion-controlled aggregation region), was taken as the value of 𝑘𝐷. Figure 6.12 

shows the plot of 1/W as a function of BTPPATPBCl electrolyte concentration. The 

experimental data was fitted with the following empirical equation;
192, 314
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W
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1
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where β is the slope d log(1/W)/d log[BTPPATPBCl] in the RLCA regime. The CCC 

obtained from the fitting of the experimental data shown in Figure 6.12, is 21.8 µM. 

The CCC obtained is significantly lower than 4.4 mM reported for surfactant 

stabilised MoS2 dispersion in water aggregated with single charge Na
+
. The results of 

the aggregation studies presented indicate that electrostatic repulsion plays an 

important role in the stabilisation of the MoS2 particles dispersed in DCB, which is 

consistent with the lower relative permittivity of the organic solvent.  

 

 

Figure 6. 12. Inverse stability ratio of MoS2 aggregation as a function of 

electrolyte concentration. The solid line shows the best fit of the empirical model 

(Equation 4). 
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concentration did not result in any significant increase in aggregation rate constant. 

The observed behaviour demonstrates that electrostatic repulsion contributes 

substantially to the stability of the MoS2 dispersed in DCB. However, further work is 

needed to understand the role of the sonopolymer, which is formed during sonication 

as well as the origin of surface charge formed for the exfoliation of MoS2 nanoflakes 

in non-aqueous solvents. The electrolyte is shown to selectively remove the MoS2 

from the MoS2-sonopolymer mixture, suggesting an interesting role for electrolyte as 

a tool to separate 2D materials from low polarity organic solvents. 
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Chapter 7 

General Conclusions and Remarks for Further work 

This thesis investigated the effect of organic electrolyte on the stability of non-

aqueous dispersions of single-wall carbon nanotubes (SWCNTs) and molybdenum 

disulphide (MoS2), adsorption of SWCNTs at the liquid/liquid interface and 

preparation of SWCNT/conducting polymer composites at the interface between two 

immiscible electrolyte solutions.  

The stability of both SWCNT and MoS2 dispersions prepared in DCE and 

DCB, respectively, were studied by destabilising the dispersions with varying 

concentrations of organic electrolyte and monitoring the change in concentration of 

the dispersed amount over time. In the case of SWCNTs, the “onset of aggregation” 

as defined by Forney et al.
191

 was used to compare the stability of dispersions of two 

commercially obtained SWCNTs synthesised using different production technique 

and differing in levels impurities, size and oxygen content. For both nanotube 

dispersions, the concentration of the material remaining dispersed after 48 h of 

aggregation was found to decrease sigmoidally with increasing electrolyte 

concentration, which is in line with an electrostatic stabilisation mechanism, where 

the added electrolyte causes the compression of the electrical double layer around a 

charge stabilised particle. Although the concentration of oxygen on the SWCNT is 

expected to increase its surface charge and hence dispersion stability, the small 

difference in oxygen impurity levels on the two pristine SWCNTs studied here was 

found to be insignificant, suggesting that other factors such as the size of nanotubes, 

their type as well as impurity levels may play a dominant role in dispersion stability 

of non-functionalised SWCNTs in non-aqueous solvents. The present findings may 
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further suggest that the charge transfer between the SWCNT and the solvent 

suggested previously
195

 may be the dominant charge stabilisation mechanism in these 

non-aqueous dispersions. Further studies should be carried with nanotubes of the 

same quality but differing only oxygen content, so as to establish the contribution of 

oxygen to SWCNTs dispersion stability. 

 In the case of MoS2 dispersion, the critical coagulation concentration, CCC, was 

studied by measuring the aggregation rate of the MoS2 in DCB at various electrolyte 

concentrations. It was found that the aggregation rate constant increased with 

increasing electrolyte concentration due to the increased screening of the electrical 

double layer around the MoS2 nanosheets until the CCC was reached. As with the 

SWCNT, the behaviour displayed by the MoS2 dispersion was similarly consistent 

with the nanosheets being electrostatically stabilised. However, additional 

complications arise due to solvent decomposition as a result of ultra-sonication. The 

contribution of the products of this decomposition is currently unknown, suggesting 

that further investigation is needed. In addition, more work needs to be carried out to 

establish the charging mechanism of MoS2 in non-aqueous dispersions. Nonetheless, 

it was found that the organic electrolyte can selectively remove the MoS2 from the 

MoS2-sonopolymer mixture, suggesting an interesting role for electrolyte as a tool to 

separate 2D materials from low polarity organic solvents. In general, the results of 

the dispersion stability studies demonstrated the importance of electrostatic repulsion 

to the dispersibility of both the SWCNT and MoS2 in non-aqueous solvents.  

The SWCNTs, initially dispersed in the organic phase, were shown to adsorb 

strongly at the water/DCE interface regardless of whether electrolyte is present or 

not. The interfacial SWCNT layer formed was found to be composed of multiple 

emulsion droplets effectively stabilised by the nanotubes. Ion transfer voltammetry 
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was used to characterise the electrical properties of the interfacial SWCNTs. The 

transfer of the negatively charged PF6

 ion across the interfacial SWCNT layer of 

differing density/thickness was found to be suppressed more than the corresponding 

transfer of positively charged TMA
+
 ion across the same interface. The diminution of 

the ion transfer across the SWCNT layers was analysed using the theory of 

voltammetry at partially blocked electrode. The selectivity of the SWCNT interfacial 

layer between PF6

 and TMA

+
 was attributed to the potential dependent change in 

chemical composition of the interfacial SWCNTs via the adsorption of organic 

electrolyte from the organic side of the liquid/liquid interface, as confirmed by XPS 

measurements. This causes the electrostatic interaction between the SWCNTs 

adsorbed at the liquid/liquid interface and the transferring ions, thus, retarding their 

transfer across the interface. Due to additional possible π-π interaction between the 

nanotube and dibenzo-18-crown-6 ligand, the facilitated transfer of K
+
 ion across the 

interface was found to be even more suppressed by the interfacial SWCNTs. The 

findings may be particularly important in ion detection, removal and modification of 

SWCNTs.  

The successful preparation of SWCNT/conducting polymer nanocomposites 

via electropolymerisation at the interface between two immiscible electrolyte 

solutions has been demonstrated for the first time. Evidence of the formation of the 

SWCNT/poplypyrrole film was obtained after the nanocomposite layer has been 

transferred to a solid substrate and subsequent characterisation by SEM, AFM and 

Raman spectroscopy. It was found that the pyrrole monomer was grown around the 

SWCNTs forming a nanocomposite in which the nanotubes were embedded in the 

polyporrole matrix. The Raman characterisation suggests that the SWCNT are doped 

by the polypyrrole, as a result of the composite formation. This is expected to 
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enhance the conductivity of the composite material.  The electropolymerisation of 

pyrrole at the “bare” water/DCB interface was initially studied employing different 

potentiodynamic methods. The morphology of the polypyrrole film formed at the 

interface was affected by the polymerisation conditions used. For example, an 

increase in the number of CV cycles applied for the polymer growth yielded a 

polymer film with better surface coverage. Further work in this direction is needed to 

understand fully the mechanism of the electropolymerisation process at the 

liquid/liquid interface, but the work presented offers promising avenues for future 

exploration. One aspect of future interest is to investigate their technological 

applications in supercapacitors, batteries, solar cells, sensors and other related 

devices.   
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