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ABSTRACT
The development of nanostructured fibres from organic conductors produced via
wet-spinning technique is described in this thesis. The main objectives are (1) to
develop the fundamental knowledge and understanding of organic conductors such
as conducting polymers, single walled carbon nanotubes (SWNTs) and graphene, (2)
to create multifunctional nanostructured fibres based on PEDOT:PSS/SWNTs and
liquid crystals of graphene oxide (LC GO), (3) to study the effects of spinning
formulation on the electrical conductivity, electrochemical performance and
mechanical properties of the nanostructured fibres and (4) possible applications of
these structures in fibre based energy storage systems.
A novel continuous wet-spinning approach was employed to spin a formulation
consisting of an aqueous blend of PEDOT:PSS and low molecular weight
poly(ethlylene glycol) (PEG) resulting in a 30-fold conductivity enhancement from 9
to 264 S cm-1 with respect to PEDOT:PSS fibres. This enhancement is attributed to
an improved molecular ordering of the PEDOT chains in the direction of the fibre
axis and the consequential enrichment of linear (or expanded-coil like) conformation
to preferential bipolaronic electronic structures as evidenced by Raman spectroscopy,
solid-state electron spin resonance (ESR) and in situ electrochemical ESR studies.
Development of PEDOT:PSS/CNT nanostructured fibres are discussed thoroughly
in chapter 4. The spinning formulations were prepared by mixing PEDOT:PSS with
two types of SWNTs dispersions: (1) surfactant-based CNT dispersions (SDS-CNT)
and (2) water soluble PEG functionalized nanotubes (PEG-CNT). Simultaneous
increase in the mechanical properties, electrical conductivity and electrochemical
performance of PEDOT:PSS/CNT fibres were achieved by using aggregate free and
well-exfoliated SWNTs dispersions. The highest reinforcement rates of dY/dVf =
i

417 GPa and dσ/dVf = 4GPa were obtained for PEG-CNT fibres at volume fraction
(Vf) of ≤ 0.02. On the other hand, the highest electrical conductivity of 500 Scm-1
was obtained in the case of SDS-CNT fibres with Vf > 0.02. The highest achieved
SDS-CNT (Vf = 0.11) and PEG-CNT (Vf = 0.12) loadings led to approximately
eight-fold (77 F g-1) and two-fold (22 F g-1) increase in specific capacitance for
PEDOT:PSS/CNT fibres, respectively.
In Chapter 5, this thesis demonstrates that LC GO dispersions in both water and
organic solvents provide a viable route to continuously wet-spin fundamentally
unlimited lengths of multifunctional and flexible pure GO and reduced GO (rGO)
fibres. Rheological investigation confirmed a correlation between wet-spinnability
and LC GO nematic phase formation. The size of the giant GO sheets (mean
diameter = 37 µm) and their polydispersity (σ = 0.63) drives the production of wetspinnable and fully nematic LC GO dispersion at a remarkably dilute concentration
of GO ≥ 0.75 mg ml-1. SEM analysis and birefringence of the gel-state fibres
confirmed that LC ordered domains are oriented along the fibre axis. Electrical
conductivity of ~18 S cm-1 was obtained by annealing GO fibres at 300 °C. rGO
fibres with native conductivity of up to 1.4 S cm-1 were produced in a single step
using NaOH as the coagulation bath. The temperature dependent thermal
conductivities of rGO fibres were around 250-2250 W m-1 K-1. Galvanostatic chargedischarge testing showed reasonably high and stable capacitance of 104 to 430 F g-1
corresponding to practical current densities of 2 to 50 A g-1. Maximum power and
energy densities of 100 kW kg-1 and 66 Wh kg-1 for working two-electrode fibre
devices suggested promises for alternative flexible energy storage systems.
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1 INTRODUCTION AND LITERATURE REVIEW
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1.1 Introduction and Motivation
Over the past decade, a new class of wet-spun fibres have appeared in the area of
nanostructured materials which utilized organic conductors to provide extra functions
embedded in the structure in addition to the traditional properties of the textile fibres
[1-4]. Such novel nanostructured fibres have been obtained using carbon nanotubes
(CNTs), graphene and their composites with the aims to improve the overall
mechanical and electrical properties of the host polymer and to provide additional
functions which were not possible before [5-37].
One of the most successful methods to make CNT based nanostructured fibres is
wet-spinning [3]. This method employs a CNT dispersion that is converted into a gel
fibre by injecting into a bath that contains a coagulant such as polyvinyl alcohol
(PVA) [2, 3, 10, 15, 20, 28, 33, 38]. In this regard, a compromise in electrical
conductivity, particularly for fibres that display excellent mechanical reinforcement
is typically observed. Super-tough PVA-CNT based nanostructured fibre for example
(prepared via the mentioned coagulation method), have modulus, strength and
toughness of 80 GPa, 1.8 GPa and 570 J/g, respectively[39]; however, their native
electrical conductivity is only up to 2.5 S cm-1 as a result of the adverse effect of
PVA (an insulator) on overall electrical conductivity [39]. Removal of PVA via
thermal annealing can enhance the electrical conductivity but the mechanical
properties are sacrificed [15].
More recently described wet-spinning methods using pre-formulated polymer-CNT
dispersions eliminate the need for a polymer bath as the coagulant [27, 29]. This
approach can provide a platform for a suitable model system to systematically
investigate and enhance/obtain electrical conductivity, electrochemical performance
and mechanical properties at the same time. In these systems, CNTs are being
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dispersed with the aid of surfactants or bio-polymers then added to the spinning
solution. As the spinnability obtains from the polymer matrix, the coagulation
strategy will be dictated by the nature of polymer solution not CNT dispersion [5, 27,
29, 40].
One class of polymers that could be used in pre-formulated polymer-CNT composite
to replace PVA (or any other insulator binder) is the inherently conducting polymers
(ICPs) [23, 29, 41]. This combination is beneficial to avoid detrimental effects of an
insulator matrix on the electronic properties of the composite fibre. Moreover, filling
of ICPs with CNTs is valuable because of the limited conductivity of ICPs in their
reduced state; the state when CNTs can function as the conducting platform for
charge delivery in applications that include electrochemical switching [23, 29, 41].
Wet-spinning of a CNT-polyaniline formulation (containing 0.76 wt. % CNT)
resulted in a CNT based nanostructured fibres that display a 2.1 times and 1.4 time
increase in modulus and conductivity upon the addition of CNTs [29]. However, for
the case of CNT based nanostructured fibres, particularly those produced by wetspinning techniques, ways to controllably add CNTs into a polymer matrix and then
to effectively use them as mechanical reinforcing agents while electrical conductivity
and electrochemical performance enhanced have not been thoroughly investigated
[10].
In the first instance, fabricating wet-spun CNT based nanostructured fibres appears
simple: CNTs are being dispersed using surfactants or other dispersing agents (the
choice of dispersing method depends largely on the type of polymer and solvent
system) then added into the “spinning solution” at the highest possible CNT loading
so that modulus, strength and conductivity are simultaneously improved [5, 27].
However, this simple recipe presents several challenges [42]. Typically, maximizing
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CNT loading in a composite fibre fails to result in the desired and expected level of
reinforcement, or at worst, reduces the property of the polymer matrix [10]. Although
there have been many promising reports on producing high concentrations of highly
exfoliated CNT dispersions [43-51] that would suggest close-to-ideal reinforcement,
failure to achieve these conditions still occur because of the ineffective processing of
the CNT dispersions during wet-spinning [10]. During processing, CNTs tend to
aggregate and oftentimes form clusters of CNT-rich regions in the bulk composite,
thereby inhibiting an effective stress transfer between CNTs and the polymer host
[52]. Similarly, the composite’s electrical conductivity suffers from either
discontinuous electrical connection or enhanced contact resistance (due to clustering
and aggregation)[53-55]. These present challenges can be overcome if a method to
maintain the highly exfoliated state of the CNTs in the CNT based nanostructured
fibres (not only in the initial CNT dispersion) is realized [56].
With the aim to utilize the complementary properties of CNTs and ICPs in CNT
based nanostructured fibres, this thesis will demonstrate that well formulated
spinning solution is the key to achieve multifunctional ICP-CNT based
nanostructured fibres. Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonicacid)
(PEDOT:PSS) which is the most commercially successful, highly conducting and
environmentally stable ICP as the host polymer utilized as a ICP matrix [57].
Initially we investigated the wet-spinning of highly conducting PEDOT:PSS and the
fundamental evaluation of the origin of high conductivity. Production of
nanostructured fibre by the addition of CNT into the spinning formulation was then
explored. The CNT dispersion method, the method of the addition of CNTs to
PEDOT:PSS and their loading levels are directly correlated to the quality and the
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ease of spinnability of the formulation and to the mechanical, electrical and
electrochemical properties of the resultant CNT based nanostructured fibres.
Although significant improvements in electrical, electrochemical and mechanical
properties of the CNT based nanostructured fibres were obtained, recent discovery of
liquid crystalline (LC) behaviour of aqueous graphene oxide (GO) [58-64],
introduced promising pathway to produce graphene based nanostructured fibres to
achieve different functions and enhanced properties [32, 65]. Graphene is a tightly
packed two-dimensional honeycomb crystal lattice of sp2 bonded carbon with a
single atom thickness [66] which presented extraordinary thermal [67, 68], electrical
[66, 69], electrochemical [70, 71] and mechanical [72] properties. However, in
practical sense, these properties are not materialized in macroscopic scale due to
limited processability of graphene or graphene oxide. Until recently, macroscopic
neat architectures derived from any graphene or GO dispersions have been limited to
papers and films [58, 72-75].
Aqueous LC GO dispersions suggest that a new exciting and powerful approach for
the fabrication of novel nanostructured fibres is possible [32, 65]. In contrast with
CNTs and ICPs, production cost of graphene (graphene oxide) is cheap [76].
Moreover, spinning of aqueous LC GO instead of CNT-ICP spinning formulation
would be significantly simpler. Unlike the ICP-CNT spinning formulation where the
CNT dispersion must possess the appropriate dispersant and the ICP volume fraction
must be kept much higher than CNT (at least 10 times higher) to satisfy the
spinnability requirement of a particular coagulation system, LC GO dispersions only
contain GO sheets and water. This simplicity and the potentially economical mass
production of these GO dispersions will enable safe and cost-effective large-scale
production of graphene based nanostructured fibres to find a place in the smart fibre
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industry (i.e. fibres that integrate applications in energy, environmental monitoring
and biomedical engineering).

1.2 Inherently Conducting polymers (Polythiophenes)
Since the discovery of inherently conducting polymers (ICPs), or synthetic metals,
by Shirakawa et al. [77] interest in and knowledge about this field has grown
dramatically. In contrast with metals, the electrical, electrochemical and physical
properties of ICPs can be tailored for specific applications through the doping
process [78-81].
The doping process and the resultant conductivity of ICPs are as a result of a number
of processes. For instance, in non-conducting polymeric systems (i.e. polyurethane),
the valence electrons are bound in sp3 hybridized covalent bonds. These "sigmabonding electrons” do not have enough mobility and to take part in the electrical
conductivity of the material. However, in the case of ICPs, which are conjugated
materials, the backbones of the polymers contain contiguous sp2 hybridized carbon
centres. Therefore, there is a valence electron on each centre in the pz orbital, which
is orthogonal to the other three sigma bonds. When ICPs are doped by oxidation
(removing some of the mentioned delocalized electrons), the conjugated π-orbitals
form a one-dimensional electronic band, and the electrons within this band become
mobile. In theory, ICPs can also be doped by adding electrons to an otherwise
unfilled band (reduction). However, practically, most of the ICPs are only doped by
oxidation (giving p-type materials). The oxidative doping of ICPs is equivalent to the
doping of silicon semiconductors, whereby a small fraction of silicon atoms are
substituted by electron-rich atoms to create semiconductors [82].
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Among the various techniques to study ICPs and monitoring the mentioned changes
in electronic structure, Electron spin resonance (ESR, a technique for studying
materials with unpaired electrons) has been utilized intensively [83, 84]. ESR enables
us to directly monitor so called “polaron”, a paramagnetic charge carrier species.
Polarons and bipolarons (a bound pair of two polarons) play a key role in the
conductivity of ICPs. The population and evolution of the non-spin paired polaron (s
= 1/2) to the zero-spin bipolaron (s = 0) can be examined by measuring the intensity
changes associated with each ESR spectrum [83, 84]. The ESR spectra for ICPs
exhibit no hyperfine structure, which is typical of delocalized free radicals in
conducting polymer systems [85]. The width of the ESR signal is connected to the
interactions of electrons with their environment and to their motion. Fast motion of
an electron gives rise to a narrow line. Therefore, the width of the ESR signal is a
measure of the electron mobility.
Tremendous amount of intellectual efforts has been put into to development of
different types of conducting polymers, their characterization, their stability
(electrical, environmental, and thermal), processability, production costs and
applications. Combined efforts from both industry and academia have gone some
way to in accomplishing these aims and some companies have been able to bring
ICPs products into market. Among the many ICPs developed over last 30 years are
those based on polyanilines, polypyrroles and polythiophenes [82, 86, 87].
Polythiophenes (PTh) was first chemically synthesized in the early 1980s, however
the structure was not identified due to the lack of solubility of the material [88].
Regardless of synthesis method, PTh was found to be insoluble due to the strong πstacking interaction between aromatic rings. Despite of the lack of solubility, PTh
films exhibited excellent thermal and environmental stability, high conductivity and
7

biocompatibility which made a highly desirable material. The doping/dedoping
process can be achieved by a chemical or an electrochemical process. During the
doping process the conductivity of neutral PTh increases from an insulator to a
highly conductive polymer in its doped form. Figure 1. 1 shows the chemical
structure and doping/dedoping process of PTh [87, 88].

Figure 1. 1. Chemical structure and doping/dedoping process of PTh.
In order to overcome problems with the solubility of PTh, different substituted
derivatives of polymer have been developed by adding side chains that carry alkyl,
alkoxy, and other substituents along the polymer backbones. A broad variety of
properties such as aqueous/organic solvent solubility become available by addition of
side chains to the main PTh polymer backbone. However, the electronic properties of
the parent ICP are degraded due to side chain substitution [89-91].

1.2.1 Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
Of the many soluble and processable polythiophene derivatives that have been
developed, poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)
has been the most widely used and commercially successful since its development by
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Bayer in the late 1980s [57, 92, 93]. PEDOT:PSS has been used for several
applications, such as transparent conducting electrodes, antistatic coatings,
electrochromic devices, organic photovoltaic devices, ink jet printing, rechargeable
batteries, super capacitors, sensors and in fibre spinning [57]. This widespread use
stems from the fact that PEDOT:PSS is very stable and highly conductive in its
cationic doped state, exhibits good thermal and environmental stability, good optical
transmission, and excellent processability from an aqueous dispersion [57, 92, 93].
PEDOT:PSS is synthesized by oxidative polymerization of EDOT monomer in the
presence of polystyrene sulfonic acid (PSS) as a template polymer. When
synthesized by chemical oxidation of the monomer in solution, the PEDOT:PSS
complex is a water processable dispersion with PEDOT is in its conductive oxidized
state (Figure 1. 2).

Figure 1. 2. Molecular structure of PEDOT:PSS complex.
There are three main functions for PSS in the formation and stability of PEDOT:PSS
complex: first, dispersing EDOT monomer in the aqueous polymerization medium.
Second, act as an charge balancing counterion for the PEDOT chain and finally, PSS
9

disperses PEDOT segments in water and make PEDOT:PSS complex dispersible in
water. This water processable dispersion is very stable and has oligomeric nature
containing 6 to 18 PEDOT repeating unit (Figure 1. 3) [57, 92, 93].

Figure 1. 3. Schematic of PEDOT segments synthesized on the top of PSS chain.

1.3 Carbon nanotubes
The structure of Carbon nanotubes (CNTs) was described first in 1991 by Iijima [94]
and have attracted great attention and produced significant activities in many areas of
engineering and science as a result of their superior mechanical, thermal and
electrical properties [94]. Two main types of CNTs developed by researchers are
single walled nanotubes (SWNT) made from a mono layer carbon sheet rolled to
form a tube with a diameter of around 1 nm and length as high as one micron (Figure
1. 4) [94]. Multiwalled carbon nanotubes (MWNTs) are made from rolling “few
layer” sheets of carbon, and have diameters of 2 to 100 nm [95].
CNTs are one of the strongest materials in the world, with elastic modulus as high as
1 TPa and strength between 50 to 100 GPa. These extraordinary mechanical
properties make them theoretically 10–100 times stronger than an equivalent weight
of the strongest steel[96, 97]. Their predicted thermal conductivity is up to 6000 W
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m K-1 [98]. Although this thermal conductivity has not been measured, numbers
around 3000 W m K-1 have been measured for MWNTs [99]. Moreover, SWNTs can
have metallic or semiconducting properties depending to their chirality and their
conformation. Due to their electrical properties, small dimension and high surface
area they can carry and store extremely high charges and current densities of up to
100 MAcm-2 [100]. These characteristics make CNTs an ideal case for both
applications [95] and real world[101]. It is possible to take advantages of both the
high conductivity and high aspect ratio of CNTs to make conducting composite
materials with very low percolation thresholds (as low as 0.1 wt. %) [53]. Using
CNTs as a reinforcing material to provide strength to composite material could be the
most promising field of nanocomposite research activities [42, 56].
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is liquid phase debundling [102]. The key to success for liquid phase debundling is
based on the balance between attractive inter-nanotube potentials and repulsive
potentials [102]. Several methods based on repulsive potential have been explored by
different research groups. SWNTs dispersed as individual tubes or small bundles
have been prepared with the aid of solvents [44, 45, 103-108], super acids [109-111],
polymers and bio polymers [5, 9, 27, 40, 112-114], surfactant [47, 49-51, 115, 116]
and covalent functionalization of the CNTs [43, 117, 118].
The liquid debundling of SWNTs is generally carried out with intense probe
sonication followed by mild centrifugation. During sonication highly aggregated
SWNTs are broken up into small bundles and then exfoliated to very small bundles
and individual SWNTs [51, 119]. Remaining aggregates and impurities will be
removed by subsequent mild centrifugation (~ 3000 g), leaving individual SWNTs
and small bundles dispersed into the solution [49, 51]. The quality of the dispersion
and the concentration of aggregates can be measured by UV-Vis spectroscopy [44,
49, 51].

1.3.1.1 Dispersion of nanotubes in solvents
A number of papers from different groups have been published reporting dispersion
of SWNTs in various organic solvents [46, 103, 104, 106-108, 120-122]. Liu et al.
demonstrated that individual SWNTs can be dispersed in N,N-dimethylformamide
(DMF) [121]. Ausman et al. demonstrated dispersion of SWNTs in N-methyl-2pyrrolidone (NMP) and several other solvents. He reported that high electron pair
donation, high solvatochromic parameter and low hydrogen bond donation are the
critical parameters for solvent selection [103]. Metastable dispersion of SWNTs in
different organic solvents was also demonstrated by Bahr et al.[104]. SWNTs have
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been exfoliated to a significant degree in both NMP and DMF by Furtado et al.[106].
A quantitative study of SWNT dispersion in different amine solvents was carried out
by Landi et al.[107]. While SWNT concentration after centrifugation in most of the
organic solvents (such as NMP and DMF) was significantly less than 0.1 mg ml-1,
recently Bergin et al. [46]demonstrated dispersion and debundling of SWNTs in
cyclohexylpyrrolidone (CHP) and 1-benzyl-2-pyrrolidinone (NBenP). SWNTs could
be dispersed in CHP at highly exfoliated levels with concentrations of up to 3.5 mg
ml-1. Figure 1. 5 shows the absorption spectra of SWNT dispersions in CHP and
NBenP with the molecular structure of the solvents as an inset. The sharp optical
transition for CHP suggests better debundling of SWNTs in this solvent.

Figure 1. 5. Absorption spectra of SWNT dispersion in CHP and NBenP at
concentration of 0.01 mg ml-1 and the molecular structure of the solvents as an inset
(figure taken from Ref.[46]).
Ham et al. [123]and Detriche et al. [124]proposed that the criteria of a good solvent
for SWNT is its Hansen solubility parameters. Coleman et al.[105], suggested that
successful solvents for SWNTs should have a surface tension of ~40 mJ m2 [45] and
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Hildebrand parameters of ~ 21 M Pa1/2 [105]. Figure 1. 6 shows the maximum
attainable SWNT dispersion concentrations in various common solvents as a
function of their solvent surface tension and solvent Hildebrand parameter.

Figure 1. 6. Maximum achievable concentration of SWNT in different solvents and
non-solvents as a function of A) solvent surface tension and B) solvent Hildebrand
parameter. Non solvents are those with dispersibility of effectively zero (figure
adapted from Ref. [105]).

1.3.1.2 Dispersion of nanotubes using surfactant
Surfactants were found to be very effective to exfoliate and disperse SWNTs, and
were widely used early on in CNTs research [51, 115, 125, 126]. Many papers and
some reviews have been published describing surfactant assisted dispersion of
15

nanotubes [51, 127]. The advantage of surfactant to disperse CNTs is its ability to
disperse a reasonably high concentration of CNTs (up to a few mg ml-1) at a high
level of debundling [51, 127]. Although SWNTs can be exfoliated in water using
different surfactants, sodium dodecylbenzene sulphonate (SDBS), sodium dodecyl
sulphate (SDS), lithium dodecyl sulphate (LDS), tetradecyl trimethyl ammonium
bromide (TTAB) and sodium cholate (SC) were the most effective ones[51].
Chemical structures of these surfactants are presented in Figure 1. 7. The dispersed
fraction of surfactant assisted SWNT dispersions is plotted versus surfactant
concentration for six different surfactants in Figure 1. 8. It is demonstrated that the
effective concentration of each surfactant is higher than its critical micelle
concentration (CMC) [51].

Figure 1. 7. Chemical structures of some of the most effective surfactants to stabilize
SWNTs (Figure adapted from Ref. [51]).
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Figure 1. 8. Remaining mass fraction of nanotubes (%) after mild centrifugation
(3000g for 90 min) as a function of surfactant concentration for six different
surfactants. Initial SWNT concentration was 1 mg mL-1(Figure adapted from Ref.
[51]).

1.3.1.3 Dispersion of nanotubes using biomolecules
Combination with bio-polymers such as DNA and dispersing SWNTs into water has
also been shown to be a successful approach for liquid debundling of SWNTs [5, 27,
48, 128, 129]. As the dispersing media is water and the dispersants are bio-polymers,
these dispersions have potential applications in medical or biological applications
and for use in production of spun bio-fibres [5, 27].
Generally, the mechanism of dispersing SWNTs using bio-polymers is similar to
surfactant stabilization of nanotubes [27]. Charges which are carried by bio-polymers
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are balanced with surrounding counter ions. This gives bio-polymer-coated SWNTs a
very high zeta potential to keep the dispersions stable. SWNTs dispersed in water
using bio-polymers have been demonstrated with concentration as high as ~4 mg ml1

[27].

1.3.1.4 Dispersion of nanotubes in superacids, liquid crystals
Another approach for disrupting the strong van der Waal attractions between SWNTs
that form bundles is use direct protonation of SWNTs by superacids [111].
Individuals SWNTs with different solubility levels have been stabilized in 100%
sulfuric acid, chlorosulfonic acid, trifluromethanesulfonic acid and oleum[111].
Among the investigated superacids, chlorosulfonic acid was the most effective, and
an optically homogeneous solution with concentration of CNTs as high as 45 g L-1
(2.5 wt %) has been reported [111].
Introduction of repulsive forces between the CNTs using superacids resulted in the
formation of liquid crystals (LC) of SWNTs. A schematic of LC formation and the
phase transition of SWNTs is presented in Figure 1. 9.

Figure 1. 9. Phase behaviour of SWNT dispersed in superacids (Figure adapted from
Ref. [109]).
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Increasing the concentration of SWNTs from a dilute solution wherein the tubes do
not interact to a semi-dilute solution prohibits rotation of the tubes. At a slightly
higher concentration, the isotropic concentration, both translation and rotation are
limited. At even higher concentrations above a percolation threshold, steric effects
push the dispersion into a phase separated system forming a biphasic solution
containing both isotropic and liquid crystalline phases. Further increase of the
concentration increase the proportion of the LC phase until the system becomes fully
LC. SWNT LCs are readily processed into fibres and sheets with controlled
morphology [4, 110].

1.3.1.5 Dispersing of nanotubes by covalent functionalization
Covalent functionalization of the SWNTs with bulky molecules and polymers is
another strategy for nanotube dispersion, which has been described in many papers
and reviews [43, 130, 131]. Covalent functionality can disperse SWNTs by
interrupting electrostatic interactions between adjacent nanotubes [118] or by
lowering the mixing free energy [132]. It is possible to disperse CNTs in any solvent
by appropriate choice of functional group. Table 1. 1 compares dispersion
concentrations and properties of SWNTs functionalized with octadecylamine, poly
(m-aminobenzene sulfonic acid), and poly(ethyleneglycol). It has been suggested that
the interaction between CNT and solvent is controlled by the functional group rather
than chemical properties of the surface of nanotubes [43]. The other advantage of
functionalized SWNTs is the ability to achieve reasonably high concentrations (up to
4.4 mg ml-1) [43]. High quality dispersions even at high concentrations show very
low concentration dependence. These properties suggest that functionalization is
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undoubtedly the best route to achieve high degrees of debundling at high
concentrations [43].

Table 1. 1. Comparison of the maximum concentration of functionalised SWNTs
achieved in different solvents [43].
Functional group attached to SWNTs

Solvent used

poly(ethyleneglycol)
poly (m-aminobenzene sulfonic acid)
octadecylamine
octadecylamine
Hipco-SWNT

water
water
dichlorobenzene
tetrahydrofuran
N-methyl-2-pyrrolidinone

Max CNT concentration
obtained
(mg ml -1)
3.4
2.5
4.4
4
0.1

1.3.2 Carbon nanotubes polymer composites
The superlative mechanical properties of CNTs make them a successful choice as
filler for composite reinforcement [42, 52, 56]. In order to reach optimum
reinforcement, CNTs solubility, dispersion quality, and stress transfer must be
optimized. CNT bundles and poor interfacial stress transfer between tubes and
polymer may result in an early failure of the composite [42]. There are four essential
criteria for effective reinforcement using CNTs. These are: good dispersion, large
aspect ratio, good interfacial stress transfer and alignment. The most fundamental
issue is dispersion. Uniform dispersion of individual CNTs coated with polymer is
required to gain efficient load transfer to the tube network and having uniform stress
distribution to prevent the presence of stress concentration centers. High aspect ratio
also causes higher stress transfer [133]. Alignment is critical when reinforcement in
one direction is important (i.e. composite fibres). In this case the different between
modulus of a composite from randomly oriented CNTs and perfectly aligned is a
factor of five. However, the most important requirement for a composite reinforced
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with CNTs is that the external stress applied to the composite completely transferred
to the nanotubes [133].
Usually higher reinforcement values are reported for the covalent functionalized
CNTs composites, which is due to the better stress transfer between filler and
polymer matrix [56]. Functionalization of nanotubes (i.e. via polymer grafting) is
extremely important for their processing and has a direct impact on the mechanical
characteristics of CNTs–polymer composites. As it can be seen in Error! Not a
valid bookmark self-reference., the highest dY/dVf values are observed for
polymers loaded with alkyl-, amine-, or ferritine-protein functionalized nanotubes at
very low nanotubes contents (<1 wt%). Higher nanotube loadings may contribute to
the reduction of the mechanical properties as a result of aggregation of nanotubes and
decrease in nanotube–polymer interaction.
Table 1. 2. Mechanical properties of some of the significant reports on polymer
nanocomposites containing functionalized CNTs (table adopted from Ref.[56]).
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To have a better understanding of the rate of increase of the Young’s modulus (Y)
with respect to the volume fraction of CNTs (Vf) , dY/dVf, is usually calculated (at
low CNTs volume fractions) and use to compare the mechanical properties of a
reinforced composite [134]. The densities of SWNT and MWNT used in the
calculation of volume fraction of nanotubes in a composite are 1.5 g cm-3 [56] to 1.72
g cm-3 [135] and 2.15 g cm-3 [136], respectively. For a thin film composite, where the
nanotubes are aligned in the plane of the film, the maximum theoretically expected
value of dY/dVf is ~400 GPa [137]. There are various parameters that affect the
mechanical properties of a composite such as the type of CNTs used, CNTs loading,
dispersing method, nanotubes functionality, polymer used and composite preparation
method [56, 138].
The Y and dY/dVf values of some polymer composites that contain nonfunctionalized nanotubes are summarized in Table 1. 3 [56]. Unexpectedly, a high
value of reinforcement for polyvinylalcohol (PVA) CNT composites (1244 GPa) is
obtained and this is because of the increase in crystallinity of the polymer after
nucleation by CNTs [139]. Therefore, reinforcement occurred by the contribution of
both CNTs reinforcement and increase in crystallinity of the matrix. It also can be
seen that more effective reinforcement is usually obtained using solution casting than
melt processing. Higher reinforcement obtained in solution casting is as a result of
better CNT dispersion in solution than melts.
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Table 1. 3. Young’s moduli and dY/dVf values for various CNTs polymer
nanocomposites prepared from two different processing techniques as a function of
CNTs content. The top panel shows composites prepared from solution casting,
while the bottom panel presents composites from melt processing. (table adopted
from Ref.[56]).

1.4 Graphene
Graphene, a tightly packed two-dimensional honeycomb crystal lattice of sp2 bonded
carbon with a single atom thickness [66]. The theory behind graphene was first
introduced by theoretical physicist Philip Wallace in 1947 [140] and was then further
explored by Hanns-Peter Boehm, who described single-layer carbon foils in 1962
[141]. However, no further attention was given to graphene prior to the pioneering
work on isolation of individual graphene planes using micromechanical cleavage and
measurement of the unique electronic structure of isolated layers [66].
Graphene recently has received increasing attention as a result of the realization of its
outstanding electronic [142, 143], mechanical [144], and chemical properties. The
thermal conductivity more than double that of diamond [67, 68] and charge mobility
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that is among the highest in semiconductors [143] makes it an interesting candidate
for a wide range of applications including composites [145, 146], optics [147] and
electronic devices [75, 145, 148].
As shown in Figure 1. 10, the graphene honeycomb lattice includes two equivalent
sub-lattices of carbon atoms attached together by  bonds. Presence of π orbitals in
each carbon atom in the lattice provides a delocalized electron network. Graphene
sheets are estimated to have microscopic corrugations with a lateral dimension of
about 8 to 10 nm and a height displacement of about 0.7 to 1 nm [149, 150].

Figure 1. 10. A) Schematic figures of graphene structure. B) ‘Rippled graphene’
from a Monte Carlo simulation. The red arrows are around 8 nm long (Figure
adapted from Ref. [149]).
The first step to take advantage of the superlative properties of graphene in its many
potential applications is to synthesize it on a large scale in a low cost, high yield,
reliable, mild environmentally friendly method.
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1.4.1 Synthesis of graphene
Graphene was initially produced by micromechanical cleavage of bulk graphite. In
this method highly ordered pyrolitic graphite (HOPG) was peeled off by scotch tape
and then deposited on to a silicon wafer [66]. Although this method can produce high
quality graphene with dimensions as high as 10 µm, both the yield and throughput
are extremity low. More recently, other methods have been proposed by various
research groups to make high quality graphene, which will be discussed in the
following sections.
1.4.1.1 Chemical vapor deposition
Chemical vapour deposition (CVD) of graphene is usually carried out at 1000o C by
using a transition metal surface (as a growing surface) and hydrocarbon gas as the
carbon-containing synthesizing precursor [151-158]. Ruoff et al. introduced a CVD
method for synthesizing large areas of uniform and high quality graphene film on
copper foil using a mixture of hydrogen and methane as precursors [152]. The
obtained graphene was mostly single layer and it was possible to grow graphene in a
large area (up to 300 mm) then transfer to an alternative substrate. Modifications of
CVD methods were utilized to obtain high quality graphene using less strict
conditions. Kong et al., utilized ambient pressure CVD to grow large area graphene
on polycrystalline Ni films [154]. This scalable method could produce inexpensive
and high throughput graphene over a relatively large area (~cm), with quality close
to micromechanically exfoliated graphene. Furthermore, Ajayan et al. prepared
substrate selective growth of centimeter size (~ 3.5 cm x 1.5 cm), uniform, and
continuous single and few-layer graphene films utilizing CVD technique using a
liquid precursor, hexane, on a polycrystalline Cu foils [156]. Figure 1. 11 show high
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resolution TEM micrographs of single layer graphene and few layer graphene
prepared using CVD method.

Figure 1. 11. A-D, TEM images of CVD grown graphene showing (A) one, (B) two,
(C) three, and (D) four layers (figure adopted from Ref.[156]).

1.4.1.2 Chemical reduction of graphene oxide
One of the most efficient methods for large scale and low cost production of
graphene derivative is oxidative exfoliation of natural graphite followed by a
chemical reduction. Solution processing of this chemically converted graphene, also
called reduced graphene oxide (rGO), can be used to form a film on any substrate or
a free standing paper [149, 159, 160].
In this method, graphene oxide (GO) produced by strong oxidization of unprocessed
natural graphite powder, which results in various functional groups such as hydroxyl,
epoxide, carbonyl and carboxyl. This functionalization which causes both in-plane
and disruptions around the edges of graphene crystals [161]. These functional groups
make GO hydrophilic and stable in aqueous medium. On the other hand, reduction
processes remove most of the chemical functional groups and make rGO
hydrophobic and insoluble in aqueous media. Low solubility sometimes causes
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organic solvent or water/surfactant using long bath sonication or probe sonication as
illustrated in Figure 1. 13.

Figure 1. 13. Schematic illustration of direct synthesis of graphene from graphite by
liquid exfoliation using a dispersing agent (figure adopted from Ref. [165]).
In order to effectively exfoliate graphene from graphite or its derivatives, some key
parameters should be considered. The choice of surfactant or dispersant as stabilizer
is the first important element. These stabilizers usually contain two functional groups
on each side, one for adsorption to graphene, and the other to keep the complex
dispersed into water. Ideal stabilizers contain large π-π conjugated structure to
maintain original electronic structure of graphene. For example, some surfactants
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such as SDBS [166], sodium cholate [167], 1-pyrenemethylamine hydrochloride
[168],

perylene-based

bola

amphiphile

detergent

[169],

and

7,7,8,8-

tetracyanoquinodimethane [170] have been utilized for successful liquid phase
exfoliation of graphene and few layer graphene. Modification of the graphite
precursor is the second key. Successful liquid phase exfoliation has been carried out
using novel graphite structures such as expanded graphite (EG) [170, 171],
fluorinated graphite intercalation compound (GIC) [172], alkali metal GIC [173], and
HOPG [171]. Exfoliation of graphene directly from graphite is also possible using
solvents. Recently NMP has been reported as the most effective solvent for
graphene, dispersing more than 1 mg ml-1 of graphene and few layers graphene after
460 hour mild sonication [167]. Coleman et al. investigated dispersibility of
graphene in 40 solvents and suggested that good solvents for graphene are
characterized by surface tensions close to 40 mJ m-2 and Hildebrand solubility
parameter close to 23 MPa1/2 [174]. Figure 1. 14 compares the amount of graphene
dispersed in different solvents as a function of solvent surface tension and
Hildebrand parameter.
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Figure 1. 14. Graphene dispersibility as a function of solvent surface tension and
Hildebrand parameter (figure adopted from Ref. [174]).

Centrifugation is another key point affecting graphene dispersion quality by
separating large aggregate particles and non-exfoliated graphite from monolayer/few
layer graphene. Figure 1. 15 shows the effect of centrifugation on the average sheet
number per graphene flake and the lateral size of the obtained graphene [175].
Higher centrifugation rate and duration were found to produce higher graphene
quality but smaller size and lower concentration [167, 175].
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Figure 1. 15. Graphene flake quality and size as a function of centrifugation rate. A)
mean number of layers per flake (N). B) mean flake length (L). C) mean flake width
(w) (figure adopted from Ref. [167]).
The last important parameter for graphene dispersion quality is the sonication
method and condition used. Both intense tip sonication for short time and mild bath
sonication for long periods have been used to produce graphene in organic solvents
or in water [127]. Tip sonication method is fast but introduces more lattice defects to
the graphene while bath sonication is time consuming but causes fewer defects [165,
167]. Coleman et al. [175], stated that the concentration of graphene dispersed in
NMP increased steadily with sonication time from 0.06 mg mL-1 after 0.5 h before
saturating at 1.2 mg mL-1 after 270 h, as shown in Figure 1. 16.
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Figure 1. 16. Concentration of graphene after centrifugation as a function of
sonication duration. Left axis is the absorption per unit cell of graphene dispersion
taken at 660 nm and the right axis is graphene concentration (figure adopted from
Ref. [175]).

1.4.2 Graphene and graphene oxide liquid crystals
Formation of liquid crystals (LC) is a viable approach to produce macroscopic,
periodic self-assembled materials from graphene sheets which can be utilized to form
self-oriented free standing papers or Langmuir-Blodgett assembly method for
making conducting transparent thin films [58, 69, 176].
Graphene dispersed in super acid and GO sheets in water have been shown to exhibit
nematic liquid crystalline phases [32, 58, 60, 62-65, 176]. Figure 1. 17 shows optical
microscope images of graphene oxide LC in water cast between a crossed polarizers,
and SEM micrographs of freeze dried LC samples. Schlieren texture with
disclinations of various signs and strengths are showed in both optical images and
SEM micrographs.
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Figure 1. 17. Polarized optical microscopy image of graphene oxide liquid crystals.
A) Images of typical nematic schlieren texture of a 0.3 wt% dispersion. B) SEM
image of a graphene oxide liquid crystal in a freeze-dried specimen (0.5 wt%) (figure
adopted from Ref. [62]).
Graphene LC can be obtained by either increasing the concentration of graphene to
extremely high concentrations (30 mg ml-1)in super acids [64], or by modification of
the production method of GO to produce larger graphene sheets to form LC at much
lower concentration in aqueous medium [58]. Xu and Gao. produced GO sheets with
an average flake size of 2.1 μm and polydispersity index of 83%, with stable nematic
phase formed at ~5 mg ml-1 [63]. Aboutalebi et al. reported production of ultra large
GO sheets without a sonication step to avoid cutting the starting graphite flakes
during the exfoliation process [58]. This was possible using a pre-exfoliation process,
and by using thermally expanded graphite instead of conventional graphite powder.
The average lateral size of the GO sheets was ~ 32.7 µm and the stable nematic
phase formed at 1 mg ml-1 [58].
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1.5 Spinning of conducting and nanostructured fibres
1.5.1 Wet-spinning method
Until the 19th century, fibres have been limited to naturally occurring fibres such as
cotton, silk and wool. So, the applications used by making fibres have been restricted
by their inherent properties. Rayon was the first man-made fibre developed, and it
opened a new pathway into our modern life in terms of clothing, home furnishings,
bio-related applications, energy, aeronautics and more. Fibre engineers can modify,
combine and tailor fibres to achieve performance far beyond that of natural fibres [5,
7].
Fibre spinning is a specialized manufacturing process to create multiple continuous
fibres through extrusion of man-made/natural fluid polymers into a spinneret. In this
technique the selected polymer must be in a liquid state. If the polymer is
thermoplastic then this process is simple and involves only melting the polymer of
interest. On the other hand, thermoset polymers need to be dissolved in an
appropriate solvent to be processed. The fluid polymer is pumped through spinneret
holes to form tiny fluid polymer streams which are converted first to a rubbery gel
state and then to a solid state. This process of extrusion and solidification/coagulation
of filaments is called wet-spinning [4, 5, 7, 9, 12, 20, 37, 177-181].
Wet-spinning is the oldest spinning method and was initially used for spinning of
rayon fibres. The principle of wet-spinning relies on the coagulation precipitation of
a fluid polymer to form a fibre. Rayon, aramid, acrylic, modified acrylic, polyaniline
and spandex fibres can be manufactured by this process [181].
Wet-spinning can be subdivided further into three methods based on different
chemistries including phase separation, gel formation and liquid crystal spinning
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[181]. In the phase separation or non-solvent method, formation of fibres occurs
quickly as the fluid polymer stream is injected through the spinneret into a
coagulation bath. As the fluid polymer contacts a non-solvent, the solvent is
extracted from the polymer solution and this causes the polymer to coagulate in the
bath, then precipitate to form a semi-solid fibre. While in the coagulation bath, the
fibre coagulates further to achieve sufficient cohesion and strength to be
continuously pulled from the coagulation bath. In the gel formation method, the
polymer solution is coagulated through the formation of intermolecular bonds such
as ionic cross linking by a salt or other reacting agents. In the case of liquid crystal
spinning, fibres formed by solidification of a lyotropic liquid crystalline solution to a
solid crystalline phase. The final physical properties of wet-spun fibres affected by
several process and solution parameters such as solution viscosity and concentration,
coagulation strategy, pumping rate, pH, temperature and winding speed [181].

1.5.2 Wet-spinning of conducting polymers
The development of conducting polymer fibres has played an important role in the
realization of electronic textiles, due to their inherent electrical conductivity,
electrochemical switching and charge storage capabilities [82]. These properties
coupled with their ability to be produced by a relatively simple wet-spinning
technique making them amenable to continuous fibre production [182]. Conducting
polymer fibres have been used for a wide range of utility in applications such as
chemical sensors [183], electrochemical actuators [184], and energy storage
electrodes [185] that could be potentially integrated as flexible smart components of
a multifunctional fabric. Among the conducting polymers, polyaniline was the first to
be successfully fabricated into a fibre form and marketed as PanionTM [186].
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Polyaniline fibres can have electrical conductivity and tensile strength as high as
1900 S cm−1 [187] and 300 MPa [186], respectively, when substantial post-spin
drawing treatments and/or doping [187] are employed. A major drawback of
polyaniline is its pH dependence, as it requires relatively acidic (pH < 3)
environments to maintain high electrical conductivity [188]. This low pH
requirement generally affects the material’s utility in non-acidic environments where
electrical conductivity and/or biocompatibility are important. These limitations have
resulted in a strong interest in other types of inherently conducting polymers such as
polypyrrole and polythiophene, which have been shown to be both biocompatible
and environmentally stable [189, 190].
Recently, a fibre wet-spinning method has been developed to produce PEDOT:PSS
fibres [178, 191, 192]. With this approach, the as-spun (i.e. untreated) fibre
conductivity ranged from 11 to 74 S cm−1, depending on the commercial source of
the PEDOT:PSS employed [178]. An improvement in electrical conductivity was
demonstrated by incorporating a post-spinning treatment, which involved immersing
the fibre into an ethylene glycol (EG) bath, followed by annealing at 160 °C for 30
minutes [178]. This two-step treatment resulted in a 6 to 17-fold increase in
conductivity (up to 467 S cm−1), accompanied by a 25 % increase in tensile strength
after drying (from 94 to 130 MPa) [178].

1.5.3 CNT based nanostructured fibres
1.5.3.1 PVA-CNT based nanostructured fibres
The discovery of CNTs has produced a great level of research activity in material
science, since the practical insight of their amazing properties has opened endless
possibilities for the new applications. However, the utilization of the unique
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properties of CNTs in manufacturing materials will be enhanced by their
incorporation into a suitable polymer matrix [6, 193]. In this regard, Andrews et. al.
dispersed SWNTs in isotropic petroleum pitch followed by melt-spinning to produce
fibers with enhanced mechanical and electrical properties [6]. Their results
highlighted the potential that exits for the developing a spectrum of material
properties through the selection of the matrix, nanotube dispersion, alignment, and
interfacial bonding. Wet-spinning of CNTs based composite fibres to produce strong
and conducting fibres from carbon nanotubes [2, 4, 9, 13, 15, 21, 38, 113, 177, 179,
194-196].
Vigolo et al. used surfactant-CNT dispersion and a rotating bath of PVA/water
(Figure 1. 18). CNT dispersion and PVA were flowed in the same direction from the
point of injection, and the polymer chains replaced the surfactant to collapse the
CNT dispersion to the form of CNT-PVA composite fibres [3]. These fibres were
flexible and showed modulus and strength of 15 GPa and 150MPa, respectively.
However, electrical conductivity of the obtained composite fibres was low.
Removing the PVA increased the conductivity but made the fibres brittle and
mechanically weak [28, 177].

Figure 1. 18. A) Schematic of wet-spinning of CNT into PVA coagulation bath and
B) images of the resultant flexible fibre (figure adopted from Ref.[3]).
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Dalton et al. further improved the mechanical properties (modulus of 80 GPa and
strength of 1.8 GPa) by injection of the CNT dispersion into the centre of co-flowing
PVA/water stream in a one meter long closed pipe [39]. Long uniform and super
tough fibres with toughness up to 570 J g-1 were obtained using this more
controllable spinning technique. Figure 1. 19 shows some images of the spinning
solution and obtained CNT fibres using the mentioned method. CNT alignment and
polymer crystallinity have also been enhanced by drawing and after treatment of
CNT-containing wet-spun fibres [10, 21, 33].

Figure 1. 19. A) Stable CNT spinning solutions, B-D) Super tough fibres spun into
PVA coagulation bath and E) SEM micrograph of the cross section of the fibres
(figure adopted from Ref. [39]).
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Although PVA has been used widely as a classic model for fundamental studies on
the mechanical reinforcement of films [139, 197] and fibres [10, 33], there are some
limitations in the study of both electrical and mechanical properties using this matrix
(or any other insulator). In a mechanical reinforcing system, enhancement generally
achieved at low volume fractions of CNTs [10, 139], while, composites become
conducting only after a certain loading of CNTs (percolation threshold) [53, 198].
Therefore, it is fundamentally impossible to study both properties simultaneously at
low volume fractions. However, low volume fraction is very important because high
quality CNT dispersions are usually obtained at low concentrations [47, 51].
Moreover, in an effective reinforcement, well-exfoliated CNT should be utilized so
that each CNT is individually coated with a layer of polymer to afford an efficient
load transfer between tubes and matrix [42]. The polymer-coated CNTs means that
the efficiency of charge transfer within the adjacent tubes is strictly limited [198].
When such a resistive barriers are present, the charge transport is happen only by
fluctuation induced tunnelling [199]. This has been confirmed as the measured
conductivity values for the PVA-CNT composites are significantly lower than those
for CNT paper [198].
1.5.3.2 ICPs-CNT based nanostructured fibres
Replacing PVA (an insulator) with PANi (an ICP) resulted to a highly conducting
nanostructured fibres with conductivity of up to 716 S cm-1 [29]. Moreover, filling of
PANi with CNTs was valuable because of the limited conductivity of PANi fibres in
their reduced state; the state when CNTs functioned as the conducting platform for
charge delivery in applications such as electrochemical actuators and high-strength
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artificial muscles [29]. The mechanical reinforcement also achieved by appropriate
CNT dispersion and composite production method during wet-spinning [29, 41].
1.5.3.3 Bio-polymers-CNT based nanostructured fibres
CNT bio-fibres have wet-spun using various bio-polymer as a dispersant or matrix
[5, 9, 27, 40, 113]. In these systems, CNTs are being dispersed using bio-polymers
such as DNA [9], gellan gum [5], chitosan [27] and hyaluronic acid [27] then added
to the spinning solution contains bio-polymers [27]. As the spinnability obtains from
the selected bio-polymer, the coagulation strategies have been dictated by the nature
of polymer solution not CNT by itself [27].
1.5.3.4 Neat CNT nanostructured fibres
Neat CNT nanostructured fibres have been spun where CNT-superacid liquid
crystals are used to form fibres [4, 110, 196]. Although electrical resistivity of this
acid-doped neat CNT fibres were extremely low (0.0002 ohm cm), superacids are not
environmental friendly, highly corrosive, expensive and the spinning solution
conditions were extremely sensitive to moisture and had to be carried out in a glove
box using specialized equipment [4].
The LC approach can be applicable for aqueous LC GO to wet-spin continuous
nanostructured fibre from GO and then subsequent reduction to a conducting state
(rGO fibre). There would be significant advantages over spinning aqueous LC GO
instead of CNT-superacid LC spinning. This can make the process much simpler,
more economical and environmental friendly. Therefore, the mentioned simplicity of
the GO fibre spinning can present a competitive platform to process GO/rGO fibrebased multifunctional materials for a range of applications.

40

1.6 Thesis outline
This thesis describes novel developments of nanostructured organic conducting
fibres produced via wet-spinning technique. Continuous wet-spinning of highly
conducting fibres from PEDOT:PSS with several fundamental studies on the origin
of high conductivity of the fibres will be described. Moreover, addition of different
types of carbon nanotubes to modulate the mechanical, electrical and electrochemical
properties of the fibres will be considered. Pure graphene fibres produced from
graphene oxide liquid crystals will also be described. Both nanocomposite fibres and
pure graphene fibres were characterised as fibre electrodes to demonstrate
supercapacitor potential. These studies are summarised and reviewed in the
following sections, as they provide the basis for the work described in this thesis.
This thesis is arranged as follows:

Chapter 1, describe the motivation of the work. Review of related literature is
provided to produce background of already published work in this field of research.

Chapter 2, describes general experimental that were employed in chapter 3 to 6.

Chapter 3, describes of continuous wet-spinning of highly conducting PEDOT:PSS
fibres. Evaluation of the origin of high conductivity. Significant advances of the onestep approach over the post EG-treated and non-treated PEDOT:PSS fibres will be
considered by cyclic voltammetry, Raman spectroscopy, solid-state electron spin
resonance (ESR) and in situ electrochemical ESR studies.

41

Chapter 4, modification of mechanical, electrical, electrochemical and super
capacitor performance of conducting PEDOT:PSS by addition of SWNT.
Furthermore, SWNT types, volume fraction, dispersion method, quality of the
dispersion and composite processing method will be considered in detail.

Chapter 5, describes of a novel and scalable method for continuous wet-spinning of
pure graphene oxide fibres from its liquid crystalline dispersion from both organic
and aqueous media. This is the first demonstration of wet-spinning of LC phases
from 2-dimensional (2D) layered materials. The processing behaviour of 2D layered
materials is expected to be different than CNTs and polymers. The importance of GO
sheet size and their polydispersity in generating wet-spinnable LC GO dispersions
will be illustrated. Fundamental understanding in conjunction with new knowledge
through rheological properties of LC GO will be provided to sound explanation of
why continuous spinning of binder-free GO fibres is possible. The versatility of these
LC dispersions will be evidenced by utilising wet-spinning in various well-known
fibre wet-spinning coagulation strategies used for CNTs. The one-step production of
rGO fibres and the production of GO yarns though multi-filament spinning will be
investigated

to

substantiate

scalability.

Moreover,

Superior

supercapacitor

performance of nanostructured fibres will be demonstrated.

Chapter 6: Conclusions and recommendations

Each chapter contains a short introduction, followed by an experimental section,
results, discussion and conclusions.
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2 GENERAL EXPERIMENTAL
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2.1 Reagents and spinning solutions
2.1.1 Materials
PEDOT:PSS pellets were purchased from Agfa (Orgacon dryTM, Lot A6 0000 AC)
and used as supplied. Ethylene glycol (EG), polyethylene glycol (PEG)(MW 200),
sulphuric acid (H2SO4), KMnO4, HCl, cyclohexyl-pyrrolidone (CHP) and 3Aminopropyltriethoxysilane from sigma Aldrich. Sodium dodecyl sulphate (SDS) is
from BDH chemical, purified HiPco single wall carbon nanotubes (SWNTs) are
from Carbon Nanotechnologies Inc (Lot. # PO341), polyethylene glycolfunctionalised SWNTs (PEG-SWNTs) are from Carbon Solutions (Lot. 07- 180).
Previous analysis of PEG-SWNTs confirmed that ~1 % of SWNT carbon atoms are
functionalized and at this level of functionalization, ~25 wt. % of the material
consists of PEG [118]. Expandable graphite flakes are from 3772, Asbury Graphite
Mills, US.

2.1.2 PEDOT:PSS dispersions
Aqueous

dispersions

were

prepared

from

the

PEDOT:PSS

pellets

with

concentrations of up to 30 mg ml-1. The dispersions were prepared by homogenizing
at 18,000 rpm for 10 min (Labtek IKAR T25 homogenizer) followed by 1 hr bath
sonication (Branson B5500R-DTH). Ethylene glycol (EG) and polyethylene glycol
(PEG) (MW 200) were directly added to the formulation and then homogenized at
18,000 rpm for 2 min followed by 10 min bath sonication.
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2.1.3 CNT dispersions
SDS-CNT stock dispersions were prepared (in 5:1 and 3:1 SDS:SWNT mass ratio)
by adding the required CNT amount in 5 mg ml-1 or 9 mg ml-1 SDS stock solution
dissolved in Milli Q water to make 1 mg ml-1 and 3 mg ml-1 CNT concentrations,
respectively. PEG-CNT stock dispersions (at 5 mg ml-1) were prepared by direct
dissolving into Milli Q water (no additional surfactant is used). These CNT stock
dispersions were subjected to 15 min of high-power tip sonication (SONICS Vibra
Cell 500 W, 30 % amplitude) followed by a 1 hr low-power bath sonication (Branson
B5500R-DTH) and then subjected to another 15 min of high-power tip sonication
before being allowed to rest overnight. Centrifugation (eppendorf 5702) was carried
out at 4400 rpm (3000g) for 90 min and the supernatant carefully decanted and
saved. The ratio of absorbance at a fixed wavelength (660 nm) before and after
Centrifugation is used to estimate the concentration of SWNTs retained in each
supernatant.

2.1.4 PEDOT:PSS/CNT dispersions
All PEDOT:PSS/CNT composite dispersions were prepared by adding the required
amount of PEDOT:PSS chips to the CNT stock solutions to achieve PEDOT:PSS
concentrations between 10 to 20 mg ml-1. The PEG-CNT/PEDOT:PSS dispersions
were further homogenized at 18,000 rpm for 10 min followed by 1 hr bath sonication
(to remove air bubbles) while the SDS-CNT /PEDOT:PSS dispersions were stirred
overnight (homogenization introduces foams) and then subjected to 1 hr bath
sonication. Volume fractions of SWNTs were calculated based on mass fraction of
SWNT/PEDOT:PSS in the spinning solution and with this assumption no SWNT,
SDS and PEDOT:PSS were lost in the wet spinning process (Equation 1). Densities
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of SWNT, SDS and PEDOTPSS were ~1.5, ~1.01 and ~1.1-1.2 mg.cm-3,
respectively.

CNT volume fraction

:
:

(1)

2.1.5 Graphene oxide liquid crystal aqueous dispersions
The experimental set-up and procedure for the synthesis of graphene oxide (GO)
were based on the previously reported synthesis methods [58, 73, 74]. Expandable
graphite flakes (3772, Asbury Graphite Mills, US) were thermally expanded at 1050
°C for 15 sec to produce expanded graphite and then used as the precursor for GO
synthesis. In a typical GO synthesis, 1 g of EG and 200 ml of sulphuric acid were
mixed and stirred in a three neck flask for 24 hrs. 5 g of KMnO4 was added to the
mixture and stirred at room temperature for 24 hrs. The mixture was then cooled in
an ice bath and 200 ml of deionised water and 50 ml of H2O2 were poured slowly
into the mixture resulting in a colour change to light brown followed by stirring for
30 min. The resulting dispersion was washed and centrifuged three times with a HCl
solution (9:1 vol water:HCl). Repeated centrifugation-washing steps with deionised
water were carried out until a solution pH ≥6 was achieved. Large GO sheets were
re-dispersed in deionised water by gentle shaking. Liquid crystalline (LC) GO
dispersions formed spontaneously above a GO concentration of 0.2 mg ml-1.
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2.1.6 Graphene oxide liquid crystal organic dispersions
LC GO dispersions in organic solvents were obtained by extraction of water via
centrifugation (at 13,200 rpm by Eppendorf centrifuge 5415D) and then re-dispersing
GO in a specific organic solvent. Each dispersion was washed and centrifuged six
times to make sure that water replaced with the organic solvent.

2.2 Experimental Techniques
2.2.1 Spin coating
Spin coating is an effective way of depositing a thin, uniform layer on a flat
substrate. An excess of PEDOT:PSS dispersion was applied to a glass slide, which in
turn was loaded onto the spin coater. Centrifugal forces then force the solution to run
away, leaving a very thin layer of PEDOT:PSS. The higher the rotation speed, the
thinner the deposited film. A model WS-400B-6NPP/LITE spin coater was used for
all spin coating preparations.

2.2.2 Wet-spinning of PEDOT:PSS fibres
PEDOT:PSS fibres were fabricated at room temperature using a custom-made wetspinning apparatus shown schematically in

Figure 2. 1. Typically, a spinning

formulation was loaded into a 5 ml syringe and then extruded into a coagulation bath
through a needle (20 gauge) employing flow rates between 0.8 to 2.0 ml h−1. Fibres
were collected by winding onto a 60 mm spool rotated at 4 m min-1.
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Figure 2. 1. Schematic of solution preparation and wet spinning apparatus (not drawn
to scale).
2.2.2.1 Post-spinning treatment of PEDOT:PSS fibres
Post-spinning fibre treatment (secondary-doping) was carried out to improve
electrical properties of PEDOT:PSS fibres by wetting the fibre with ethylene glycol
(EG) and then annealing at 120 oC for 30 min. For fibre drawing, one end of the fibre
was mounted onto a holder and the other was connected to a weight to apply a
constant force of ~20 mN.

2.2.3 Wet-spinning of graphene oxide fibres
Two types of fibre wet-spinning systems were utilized as illustrated in Figure 2. 2.
For evaluating the spinnability (> 10 meter of continuous fibre is produced) from the
GO dispersion in a particular coagulation system, the “petri dish method” was used.
In this method, a GO dispersion is injected at flow rates between 5 to 10 ml h−1 into a
rotating petri dish (between 30 to 60 rpm) that contained the coagulation bath (Figure
2. 2 A). To demonstrate continuous fibre wet-spinning, spinning trials were carried
out using a custom-built wet-spinning apparatus (Figure 2. 2 B). Dried GO fibres
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were obtained by first washing with water, 25 vol. % ethanol or acetone and then airdrying under tension at room temperature.

Figure 2. 2. Schematic illustration of fibre spinning set-up used to evaluate
spinnability of graphene oxide dispersions: A) a rotating dish method and B) a
custom-built wet-spinning machine.

2.2.3.1 Reduction of graphene oxide fibres
Reduction of GO fibres (rGO) was carried out by overnight annealing at 300 °C
under vacuum or by exposing the fibres (under tension) to hydrazine vapour at 80 °C
for 3 hrs.
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2.3 Characterizations Techniques
2.3.1 Tensile test
The mechanical properties of the fibres were measured using a Shimadzu tensile
tester (EZ-S) at a strain rate of 0.5%.min-1. Samples were mounted on aperture cards
(1 cm length window) with commercial superglue and allowed to air dry. Youngs’
modulus (Y), tensile strength (σ), breaking strain (ε), and breaking energy
(toughness) were calculated and the mean and standard deviation reported (n=10).

2.3.2 Electrical conductivity
A linear four-point probe conductivity cell with uniform 2.3 mm probe spacing was
employed to measure the conductivity of the fibres (under laboratory humidity and
temperature conditions) using a galvanostat current source (Princeton Applied
Research Model 363) and a digital multimeter (HP Agilent 34401A). The
conductivity of PEDOT:PSS films were measured using a JANDEL resistivity
system (Model RM2) with a linear four-point probe head.

2.3.3 Thermal conductivity
The temperature dependent thermal transport properties were measured in a physical
property measurement system (PPMS 6500-Quantum Design), using the standard
four-probe method. The pressure of the sample chamber was less than 5X10-4 Torr
during the thermal conductivity measurements. Samples were mounted on quartz
substrates with known thermal conductivity (1 W m-1 K-1 at room temperature).
Therefore, the heat loss to the substrate was neglected. Heat was applied to one end
of the fibre by running current through the heater (I+/heat) and heat exits the fibre to
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the cold foot. The temperatures Thot and Tcold were measured at the thermometer
shoes. These data were employed by the equipment software to measure the thermal
conductance (K) of the sample using K = kA/L where k is thermal conductivity, A
and L are cross-section of fibre and the distance (L = 3.13 mm) between two
thermometer shoes, respectively.

2.3.4 Cyclic voltammetry
A three-electrode cell constitutes a composite fibre working electrode, a Ag/AgNO3
reference electrode. A platinum mesh auxiliary electrode and a symmetrically two
electrode configuration utilising composite fibre as a cathode and anode perform in
deoxygenated 0.1 M TBABF4 in acetontitrile. A three-electrode cell constitutes a
composite fibre working electrode, a Ag/AgNO3 reference electrode and a platinum
mesh auxiliary electrode and a symmetrically two electrode configuration utilising
composite fibre as a cathode and anode perform in deoxygenated 0.1 M TBABF4 in
acetontitrile.

2.3.5 Two cell electrode test
Free-standing PEDOT:PSS/CNT or rGO fibre bundles (in the absence of a current
collector) are tested in a supercapacitor configuration (two electrode cell) by simply
immersing known lengths of previously weighed fibre bundles as anode and cathode
electrodes in the chosen electrolyte. Figure 2. 3 illustrate schematic of a
supercapacitor cell prepared from rGO fibres.
Supercapacitor cell from rGO fibres also made when fibres supported by a titanium
charge collector. In this setup similar weight of fibres attached to the two titanium
electrodes to make a symmetrical two cell electrode.
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Figure 2. 3. Schematic of a super capacitor cell from rGO fibres

2.3.6 Supercapacitor performance
Supercapacitor performance was investigated via cyclic voltammetry (CV) (EDAQ
e-corder ADI Instruments) and galvanostatic charge-discharge (CD) (BioLogic
Science Instruments VMP3) experiments in a two electrode set-up. Calculations for
specific capacitance, (Csp), energy density (E) and power density (P) were obtained
by Equations 1-3 given below [70, 200, 201]. For Csp, Id is the discharge current,
∆Td is the discharge time, V is the potential difference during discharge excluding
the portion of the iR drop, and m is the mass of rGO fibre yarn on one electrode.
Each data point in the electrochemical plots is an average of 3 experiments.
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∆

(Eq. 1)
(Eq. 2)
(Eq. 3)

∆

For Csp via CV, I is the average of the anodic and cathodic current at 0.5 V and dV/dt
is potential scan rate. For Csp via galvanostatic charge-discharge, Id is the discharge
current, ∆Td is the discharge time, V is the potential difference during discharge. For
both experiments, m is the mass of rGO fibre bundle on one electrode.

2.3.7 Particle size
Particle size measurements of the dispersions were carried out using Zetasizer
(Nano-ZS, from Malvern Instruments Ltd) to determine particle size distribution of
the spinning solution.

2.3.8 Scanning electron microscopy
2.3.8.1 Fibres
Scanning electron microscopy (SEM) images were collected by field emission SEM
(JEOL JSM-7500FA). PEDOT:PSS fibres were sputter-coated (EDWARDS Auto
306) with a thin layer of platinum (~3 nm thickness). GO fibres did not coat and
directly observed under microscope. Tensile fractured samples were used for
observation of the cross section of the fibres.
2.3.8.2 Graphene oxide sheets
SEM analysis were carried out by first depositing GO sheets from their dispersions
on pre-cleaned and silanized silicon wafer (300 nm SiO2 layer). Silane solution was
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prepared by mixing 3-Aminopropyltriethoxysilane (Aldrich) with water (1:9 vol) and
one drop of hydrochloric acid (Sigma–Aldrich). Pre-cut silicon substrates were
silanized by immersing in aqueous silane solution for 30 min and then washed
thoroughly with Millipore water. GO sheets were deposited onto silanized silicon
substrates by immersing a silicon substrate into the GO dispersion (50 µg ml-1) for 5
seconds, then into a second container containing Millipore water for 30 seconds and
then air-dried. Prior to SEM analysis, GO sheets were observed under an optical
microscope to ensure uniform GO sheet deposition was achieved. As-deposited GO
sheets were directly examined by scanning electron microscopy.

2.3.9 Transmission electron microscopy
Few droplets of 50 µg ml-1 graphene oxide dispersion were deposited on a holey
carbon grid and vacuum dried over weekend at 70 oC. These samples were examined
by transmission electron microscopy using JEOL JEM-2200FS.

2.3.10 Atomic force microscopy
Atomic force microscopy (MFP-3D AFM Asylum Research, CA) was carried out in
tapping mode under ambient conditions. Samples were made in a similar method
described for SEM of GO sheets.

2.3.11 X-ray diffraction
X-ray diffraction studies were performed using a powder XRD system (Philips1825)
with CuKα radiation (λ=0.154 nm) operating at 40 keV and with a cathode current of
20 mA.
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2.3.12 X-Ray photoelectron spectroscopy
X-Ray photoelectron spectroscopy (XPS) was carried out on a film deposited in onto
a 1 cm2 silicon wafer and allowed to dry. The XPS spectra were recorded using Al
Kα radiation (1486.6eV). The survey scan was recorded at 0.05 eV s-1 at 1eV
resolution and at 0.2 eV s-1 for 0.1 eV resolution for the high resolution regions
involving the C and O excitations.

2.3.13 Raman spectroscopy
Raman and polarized Raman spectra were recorded on a Jobin Yvon Horiba HR800
Raman microscope using a 632 nm laser line and a 300-line grating to achieve a
resolution of ± 1.25 cm-1. In the case of polarized Raman mode, samples were fixed
on a substrate and a set of reference spectra was recorded, referred to as P0o. Another
set of spectra was then recorded after the laser was polarized by 90o and referred to
as P90o. The qualitative orientation parameter, Pqualitative, was then derived from their
respective Raman intensities at 1426 cm-1 (relative to the Raman intensity at 1000
cm-1) using equation 4 [202].
1

°

(Eq. 4)

°

2.3.14 Electron spin resonance
Solid state ESR spectra of PEDOT:PSS fibres and films (using 1.50 mg samples)
were recorded on a Bruker EMX ESR spectrometer using the following conditions:
microwave frequency of 9.861 GHz, attenuator of 10.0 dB, sweep width of 300 G,
modulation frequency of 100 kHz, modulation amplitude of 10 G, time constant of
10.24 ms and conversion time of 40.96 ms.
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In situ electrochemical ESR spectra were recorded in the steady state at a series of
selected electrode potentials between -1.0 V to 0.8 V vs. Ag/Ag+ in a three-channel
electrochemical ESR flat cell (Wilmad Glass) (Figure 2. 4). A 20 cm long
PEDOT:PSS fibre was used as the working electrode. One side of the fibre was
sputter-coated with platinum to serve as the current collector, which was critical for
charge injection during reduction cycles where the PEDOT was reduced. An ESR
spectrum was recorded at each 0.2 V interval using a microwave frequency of 9.861
GHz, attenuator of 10.0 dB, sweep width of 100 G, modulation frequency of 100
kHz, modulation amplitude of 3 G, time constant of 2.56 ms and conversion time of
10.24 ms.

Figure 2. 4. Schematic diagram of the three-channel electrochemical flat cell used for
the in situ electrochemical ESR experiments, where WE is the working electrode
(i.e., the PEDOT:PSS fibres with platinum coating on one side), CE is the counter
electrode and RE is the reference electrode (not drawn to scale).
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2.3.15 Birefringence of the dispersions
The birefringence of aqueous and organic solvent-based GO dispersions was
examined by polarised optical microscopy (Leica DM EP) operated in transmission
mode when a drop of dispersion put under microscope with cross polarizer.

2.3.16 Volume fraction of nematic phase
The volume fraction of liquid crystalline domains in birefringent solutions was
estimated [203, 204] by placing 75 µl of a series of GO dispersion concentration (0.1
to 5.0 mg ml-1) in a capillary tube (1.5 mm ID). This tube was sealed and then left
stationary for one week. After phase separation of the two phases on the seventh day,
the volume fraction of the stable birefringent (nematic) phase was then measured
under polarised optical microscopy.

2.3.17 Rheological characterization
Rheological properties of aqueous GO dispersions were investigated in a rheometer
(AR-G2 TA Instruments) with a conical shaped spindle (angle: 2°, diameter: 40
mm). Approximately 600 µl of GO dispersions was loaded into the rheometer with
great care taken not to shear or stretch the sample. Shear stress and viscosity were
measured at shear rates between 0.01 to 10 using logarithmic steps (total 200 points)
for two complete (ascending and descending) cycles. Shear rate was kept constant at
each point for 2 minutes and data recorded at the last 15 seconds was reported.
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3 ONE-STEP WET-SPINNING PROCESS OF
POLY(3,4-ETHYLENEDIOXYTHIOPHENE)
/POLY(STYRENESULFONATE) FIBRES AND
THE ORIGIN OF HIGHER ELECTRICAL
CONDUCTIVITY

Aspects of the work detailed in this chapter have been published (Jalili, R., Razal
J.M., Innis P.C., Wallace G.G., “One-Step Wet-Spinning Process of
Poly(3,4ethylenedioxythiophene) : Poly(styrenesulfonate) Fibres and the Origin of
Higher Electrical Conductivity”. Advanced Functional Materials, Volume 21, Issue
17, Pages: 3363-3370, 2011). Each co-author contributed in varying degrees with the
student of this PhD thesis contributing >80% toward this work in the form of
experimental design, performing experiments, results analysis and manuscript
preparation.

Rouhollah Jalili
March, 2012
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3.1 Introduction
Inherently conducting polymer (ICP) fibres and textiles provide a potential
alternative to the other electrically conducting fibres (i.e. metal fibres). Most of the
work regarding the spinning of ICPs is limited to wet spinning as they cannot be melt
processed into fibres.
Of

the

many

processable

ICPs

that

have

been

developed,

poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) has been the most
widely used since its development by Bayer in the late 1980s [93]. This widespread
use stems from the fact that PEDOT:PSS has good thermal and environmental
stability, high conductivity, good optical transmission, and excellent processability
from an aqueous dispersion [93, 205-207]. Recently, a fibre wet-spinning method has
been developed to produce PEDOT:PSS fibres [178, 191]. Significant improvement
in the electrical conductivity was achieved by post-spinning treatment. The role of
post-treatment in inducing significant conductivity enhancements in PEDOT:PSS
films cast from solution have been reported [178, 208-223]. These treatments were
carried out by soaking the cast film in a solvent (analogous to the EG post-spinning
treatment of fibres in the previous report), or by incorporating a solvent additive in
the PEDOT:PSS dispersion prior to casting a film [224]. The improvement in
conductivity following EG-treatment of the PEDOT:PSS fibre was attributed to the
removal of the insulating PSS from the fibre’s surface and the subsequent increase in
crystallinity. In solvent-treated PEDOT:PSS film samples, the largest increase in
conductivity occurred when the solvent has two or more polar groups (e.g. ethylene
glycol) [221, 224]. During treatment, the dipole interactions between the solvent and
the positive charges on the PEDOT chains provided the driving force for
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conformational changes to occur (from coil to expanded or linear structure),
promoting stronger inter- and intra-chain interactions [221, 224].
In pre-treated PEDOT:PSS formulations, when additives are mixed in the
PEDOT:PSS dispersion prior to forming a film, the use of polar solvents such as
dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF) and tetrahydrofuran
(THF) provided a “screening effect” between the positively charged PEDOT and the
negatively charged PSS due to the residual solvent that remained entrapped within
the PEDOT:PSS film [214]. The reduction in Coulomb interactions between the two
polymer chains facilitated charge delocalization along the PEDOT backbone[214]. It
is assumed the additives like sorbitol

can displace PSS, resulting in better

connectivity between individual polymer chains near the surface of the film[215]. In
contrast to this, diethylene glycol was observed to induce phase segregation between
PEDOT and PSS domains to make better pathways for conduction and an
interconnected three-dimensional network of conducting PEDOT:PSS [211].
While the relationship between conductivity and solvent treatments has been
thoroughly investigated for PEDOT:PSS films, limited studies have been carried out
using PEDOT:PSS fibres. The interpretations relating to the influence of the solvent
treatment processes have largely been based on surface analysis of the sample and,
therefore, may not represent the property of the bulk material. In this chapter, we
demonstrate one-step and continuous fibre production of PEDOT:PSS fibres with
enhanced conductivities of up to 264 S cm−1 by pre-treatment of the PEDOT:PSS
spinning formulation with polyethylene glycol (PEG) and using an appropriate
coagulation bath to prevent the PEG from leaching during wet-spinning. My
systematic characterization of the fibres by Raman spectroscopy revealed
improvements in molecular ordering of the PEDOT chains, while in situ
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electrochemical electron spin resonance spectroscopy showed enhancements in
charge carrier delocalization. This study, will clearly demonstrate the dependence of
molecular ordering, charge delocalization, spinning parameters and treatment
conditions employed here to the resultant electrical, electrochemical and mechanical
properties of the fibres.
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3.2 Experimental
3.2.1 Wet-spinning of PEDOT:PSS fibre
PEDOT:PSS pellets were purchased from Agfa (Orgacon dryTM, Lot A6 0000 AC)
and used as supplied. Aqueous dispersions were prepared from the PEDOT:PSS
pellets with concentrations up to 30 mg ml-1. PEDOT:PSS fibres were fabricated at
room temperature using a custom-made wet-spinning apparatus described in the
experimental chapter. Post-spinning treatment of fibre was carried out by wetting the
fibre with ethylene glycol (EG) and then annealing at 120 oC for 30 min. For
comparison, PEDOT:PSS cast films (~10 µm thickness) and spin-coated film (1000
to 5000 rpm for 15 second on a glass slide using Laurell WS-400B-6NPP/LITE spin
coater) were prepared.

3.2.2 Characterization of PEDOT:PSS fibres
The conductivity of PEDOT:PSS films were measured using a JANDEL resistivity
system (Model RM2) with a linear four-point probe head. A three-electrode cell was
used to study the electrochemical behavior of the PEDOT:PSS fibres.
The tensile properties of the fibres were measured using a Shimadzu EZ-S at a strain
rate of 0.5 % min-1.
Scanning electron microscopy (SEM) images were collected by field emission SEM
(JEOL JSM-7500FA). Samples were sputter-coated (EDWARDS Auto 306) with a
thin layer of platinum (~3 nm thickness).
Raman and polarized Raman spectra were recorded on a Jobin Yvon Horiba HR800
Raman microscope using a 632 nm laser line and a 300-line grating to achieve a
resolution of ± 1.25 cm-1.
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ESR spectra of fibres and films (using 1.50 mg samples) were recorded on a Bruker
EMX ESR spectrometer.
In situ electrochemical ESR spectra were recorded in the steady state at a series of
selected electrode potentials between -1.0 V to 0.8 V vs. Ag/Ag+ in a three-channel
electrochemical ESR flat cell (Wilmad Glass).
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3.3 Results and discussion
3.3.1 Characterizations of PEDOT:PSS film
Thin films of PEDOT:PSS were fabricated and characterised. These experiments
helped us to have more understanding on the material properties before dealing with
the spinning process and characterizations of the final fibres.
3.3.1.1 Transparency and resistivity
PEDOT has a highly electron rich nature, which plays a profound role in the optical,
electrochemical and electrical conductivity of PEDOT:PSS [205, 207, 225]. The
oxidized, conducting state of PEDOT:PSS has a high degree of visible light
transparency, good adhesion to many substrates and environmental stability, which
make PEDOT:PSS important for several industrial applications such as anti-static
coatings [57].
Spin coating with different centrifugal speed (from 1000 to 5000 rpm) was used to
make uniform thin films of PEDOT:PSS on a glass slide substrate with various
transparency. Figure 3. 1. shows surface resistivity versus transparency of the
resultant films as a function of EG treatment. The reduction in resistivity as a result
of EG post-treatment was more than 2 orders of magnitude while the transparency
was not noticeably affected. As the transparency of films increased (at the highest
spin coating speed) from 39% to 85% the surface resistivity increased from 40 to 255
Ω □-1. The lowest surface resistivity previously reported for non-treated
PEDOT:PSS/Iljin-SWNT composite thin films (higher than 80 % transparency) was
140 Ω □-1 [182], highlighting the effect of EG treatment and my developed method
to prepare transparent conducting films.
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Figure 3. 1. Surface resistivity of PEDOT:PSS film before and after EG treatment as
a function of transparency (at 550nm).

3.3.1.2 The effect of organic solvents on the electrical properties of
PEDOT:PSS films
Conductivity enhancements in PEDOT:PSS films were observed after treatment with
different organic solvents (secondary doping) presented in Table 3. 1. This effect is
strongly dependent on the solvent properties. Although several studies have been
carried out by many other researchers [178, 208-223], the mechanism of this
conductivity enhancement and solvent requirements are still under debate and will be
discussed in this chapter.
High boiling point alcohols have been proposed to act as plasticizers to improve the
film conductivity during reorientation of polymer chain at high temperatures [208];
however, we also observed this conductivity improvement by treating a film using
low boiling point alcohols such as methanol, ethanol or isopropanol. The key point
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was that if a low boiling point solvent (alcohol or non-alcohol) is added to the
PEDOT:PSS dispersion before film formation, the solvent evaporates earlier than
water and the conductivity remained unchanged. On the other hand, when a film is
post-treated with low boiling point alcohols, the conductivity was seen to improve.
Thus, for high boiling point solvents we can add them either to the dispersion before
film formation or treating the film afterward. But, for low boiling point solvents,
only post-treatment of PEDOT:PSS films would be effective. Post-treatment at high
temperature (150oC) as proposed by others [215] was not found to be the principle
reason for enhanced conductivity in my material. Since the conductivity is enhanced
even after treating with methanol/ethanol and drying in room temperature or EG
treatment followed by vacuum drying at 80oC. However, annealing is effective for
solid additives such as meso-erythritol which is solid at room temperature and melts
during heat treatment[215]. A screening effect between counter ion and PEDOT
chains induced by polar solvents [214] cannot be the sole reason for the conductivity
enhancement, as the effect of acetonitrile (dielectric constant = 37.5) is much lower
than ethylene glycol (dielectric constant = 37). I observed that the highest
conductivity enhancement is by treating with EG. My careful study of some of the
other solvents (Table 3. 1) shows that both dipole moment and dielectric constant
play important roles in the conductivity enhancement. The mechanism of
conductivity enhancement will be discussed later in this chapter.
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Table 3. 1. Surface resistivity of PEDOT:PSS film post treated with various organic
solvents.
Solvent

Boiling point
(oC)

Dipole
moment

Dielectric
Constant

Transparency
(%)

-

-

-

70.5

Surface
resistivity
(Ω/□)
8260

197.3
189
153
68
78
202
164
82.5
81
56
98.5
80.7

2.36
3.96
3.82
1.7
1.69
4.09
3.7
1.66
3.44
2.88
0
0

37
49
36.7
32.7
24.5
32.2
37.8
17.9
37.5
20.7
1.9
1.88

71
70.3
72.7
69.6
70.3
68
66.8
72.2
71.4
68.1
67.8
71.2

89
102
115
128
158
160
203
973
3463
4500
7844
8377

non-treated
ethylene glycol
dimethyl sulfoxide
dimethylformamide
methanol
ethanol
N-methyl pyrrolidone
dimethyl acetamide
isopropanol
acetonitrile
acetone
n-heptane
cyclo hexane

3.3.1.3 Electrochemical characterization of films
Cyclic voltammograms (CV) of spin coated PEDOT:PSS films on ITO glass is
shown in Figure 3. 2. The reason for the coating the PEDOT:PSS on the ITO-glass
was to maintain the transparency of the film, while having a conducting substrate for
charge

delivery

for

performing

voltammetric

and

spectroelectrochemical

characterization of the PEDOT:PSS film (next section). Non-treated films did not
show significant redox behavior while EG treated film exhibited an increase in
capacitive behaviors with noticeably higher CV current. The main features of the CV
are as follows: upon oxidation scan (anodic) a broad peak was observed at ~ -0.4V,
which was followed by a second small oxidation peak at 0.5 V. In the reduction scan
(cathodic) part of the CV, two broad reduction peaks are observed at 0.3 V and -0.5
V. Better redox response of EG treated film was as a result of better conductivity and
will be discussed later. The CV of EG treated PEDOT:PSS is similar to previously
reported CVs of highly conducting PEDOT that were electrochemically synthesized
[206, 225]. It is worth mentioning that the best electrochemical properties of
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conducting polymer are usually obtained in the electrochemically synthesized
polymers.

Figure 3. 2. Cyclic voltammograms of PEDOT:PSS films in 0.1 M
TBABF4/acetonitrile before and after EG-treatment taken at a scan rate of 20 mV s-1.

3.3.1.4 Voltammetric

and

spectroelectrochemical

characterization

of

PEDOT:PSS film
UV-vis spectra of EG treated PEDOT:PSS film as a function of electrode potential
are presented in Figure 3. 3. The spectra of the reduced polymer at ≤ -0.4V were
identical (only -0.4V is shown in Figure 3. 3), showing a broad absorption peak
covering the visible range, with a maximum at 590 nm, corresponding to the π-π*
transition[226]. Upon further increase of the potential, the doping induced transition
started while the π-π* transition band decreased in intensity. This result is consistent
with the CV result where the oxidation peak appeared at -0.4V. Up to 0V, the end of
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the broad oxidative doping peak in CV, an isosbestic point is observed at 730 nm.
This result confirms gradual transformation of the insulating (neutral) phase into
conductive (oxidative) one. At potentials higher than 0V, the spectra did not pass
through the isosbestic point anymore and the spectra tail in the near IR region started
to grow, suggesting an increase in the doping level. During this process the color of
the polymer changes from deep blue (neutral state) to sky blue in its oxidized state.

Figure 3. 3. In situ optical absorption spectra recorded in 0.1 M TBABF4/acetonitrile
at different potentials vs Ag/Ag+ on ITO coated glass spin-coated with a EG treated
PEDOT:PSS film.
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3.3.2 Wet-spinning conditions and fibre properties
3.3.2.1 PEDOT:PSS spinning formulation
Determination of optimal wet-spinning conditions was critical to producing
continuous PEDOT:PSS fibres with good mechanical and electrical properties. The
fibre quality was greatly influenced by the quality of the spinning formulation and
appropriate choice of coagulation bath. PEDOT:PSS concentrations less than 15 mg
ml-1 had insufficient viscosity to allow fibre production while concentrations higher
than 25 mg ml-1 were too viscous. The viscosity of a 25 mg ml-1 PEDOT:PSS
dispersion (~1000 cps, Figure 3. 4) provided the most “spinnable” formulation
exemplified by uninterrupted fibre production over several meters (typically greater
than 20 meters).

Figure 3. 4. Viscosity of aqueous spinning formulations at various PEDOT:PSS
concentrations.
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It was also noted that following dispersion of the PEDOT:PSS pellets in water, the
resulting formulation must be subjected to homogenization and low frequency
sonication. These steps yielded a homogenous dispersion with an average colloidal
particle size less than 50 nm (Figure 3. 5). Wet-spinning of formulations prepared by
mechanical stirring or homogenization (without sonication) resulted in an average
colloidal particle size of ~150 nm and only allowed production of short fibre lengths
(less than 20 cm). The relatively larger particles in non-sonicated dispersions
accumulated at the needle tip and formed a bleb that induced frequent breaking
during fibre formation (in the coagulation bath) or during fibre collection on the
spool.
With the ultimate aim of achieving high conductivity from an as-spun fibre without
employing post-spinning processing steps, this thesis investigated the effect of direct
addition of low molecular weight poly (ethlylene glycol)s (PEG) to the PEDOT:PSS
spinning formulation. I found that the addition of 10 wt. % PEG with a molecular
weight of 200 g mol-1 (fibres referred to as “PEDOT:PSS-PEG” in the following
sections) only slightly increased the dispersion particle size (from 3 - 20 nm to 10 50 nm, Figure 3. 5). More importantly, the spinnability of this formulation was
unaffected, thereby affording a simple one-step continuous fibre production route.
The addition of PEG above loadings of 10 wt. % decreased the viscosity of the
spinning solution and resulted in poor fibre spinnability. The use of higher molecular
weight PEG solids of 2000 to 8000 g mol-1 also resulted in poor fibre spinnability.
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Figure 3. 5. Particle size distribution in 25 mg ml-1 PEDOT:PSS spinning
formulations after the following treatments: A) 10 min homogenization at 18,000
rpm, B) 10 min homogenization at 18,000 rpm and then low power sonication for 1
hour. Also shown are for pre-treatment as in B and after the addition of C) 10 wt. %
ethylene glycol and D) 10 wt. % polyethylene glycol (MW 200).

3.3.2.2 Coagulation bath
Several PEDOT:PSS non-solvents were investigated as the coagulation media but
only acetone and isopropanol (IPA) produced continuous fibre lengths. Acetone and
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IPA both dehydrated the PEDOT:PSS spinning formulations at a rate most suited to
the vertically-oriented fibre spinning set-up. In this set-up, the spinning solution was
extruded from the top and into a vertical glass column containing the coagulation
bath solvent (see experimental chapter).
As the spinning solution exited the spinneret (i.e. the tip of a needle), the dehydration
process occurred gently (i.e. within seconds) after which it continued to solidify and
be stretched by gravity. Uniform fibres with circular cross section were obtained
from acetone and IPA coagulation baths but they differed in diameter, even when the
same spinning formulation and injection rate were used (Figure 3. 6).
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Figure 3. 6. Representative SEM images in low (i) and high (ii) magnifications of
PEDOT:PSS fibre spun into A) acetone, B) isopropanol and C) PEDOT:PSS-PEG
fibre spun into IPA.

Fibres prepared from acetone baths always resulted in a larger fibre diameter (15 ± 1
µm) and had bigger internal pores than those prepared from IPA baths (12 ± 0.5 µm).
These differences were attributed to the rate of fibre formation/solidification, which
was faster in acetone than in IPA. Images at higher magnification show nodules in
cross sections (plastic deformation) formed during fibre fracture. The PEDOT:PSS76

PEG fibres (spun using IPA) were even more compact (less porous) and the diameter
further reduced to 10 ± 0.5 µm. The addition of PEG to the PEDOT:PSS formulation
delayed coagulation, so the resulting fibre had more time to stretch before it
solidified.
3.3.2.3 Effects on fibre properties
The representative stress-strain curves for each PEDOT:PSS fibre clearly show that
IPA was the most appropriate coagulation bath for producing strong fibres (Figure 3.
7). PEDOT:PSS fibres prepared with IPA displayed the highest mechanical
properties achieving modulus, strength and breaking strain, of 3.3 ± 0.3 GPa, 125 ± 7
MPa, 15.8 ± 1.2 %, respectively. These mechanical properties were higher than
PEDOT:PSS fibres, formed by coagulation in an acetone bath, consistent with
previously reported fibres with modulus, strength and breaking strain of 2.5 GPa, 98
MPa, 12.5 %, respectively[178]. The use of the less volatile IPA as a non-solvent is
assumed to provide the polymer chains with a longer relaxation time, thereby
permitting molecular orientation along the fibre axis during the spinning process and
leading to the observed enhanced mechanical properties. It was also noted that the
IPA-spun PEDOT:PSS-PEG fibres displayed mechanical properties lower than EG
post-treated fibres. These compromised mechanical properties were attributed to the
presence of PEG residue inside the fibre which acted as a plasticizer, resulting in a
softer fibre. From here on, the fibres discussed were prepared using IPA as the nonsolvent coagulation bath.
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Figure 3. 7. Representative stress-strain curves for i) EG post-treated PEDOT:PSS
fibre prepared using isopropanol coagulation bath, ii), PEDOT:PSS fibre spun into
IPA , iii) PEDOT:PSS-PEG fibre spun into IPA and iv) PEDOT:PSS fibre spun into
acetone.

As-spun PEDOT:PSS fibres of 12.0 ± 0.2 µm diameter were noted to have a
consistent conductivity of 9 ± 1 S cm-1 along the fibre direction, which was higher
than that of a 10 ± 0.2 µm cast film (1.0 ± 0.5 S cm−1), when produced from the same
PEDOT:PSS spinning formulation. The improvement in conductivity between the
fibre and film sample configuration was attributed to intermolecular fibre orientation,
wherein the polymer chains were aligned along the fibre axis[187]. Improvement of
molecular order and/or formation of highly ordered domains in conducting polymers
contributes to charge delocalization, hence the enhancement in conductivity. This
study provides experimental evidence for the extent of molecular order in fibres
below.
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Post-treatment of the as-spun PEDOT:PSS fibres involved soaking in different
solvents and then oven-drying at 120 °C for 30 minutes. Of the solvents tested, EG
and low molecular weight PEG (MW 200) resulted in the biggest improvement in
conductivity with ~25 and ~20 fold increases from 9 ± 2 S cm-1 to 223 ± 10 S cm1

and 185 ± 12 S cm−1, respectively (Table 3. 2). The slightly lower conductivity for

PEG post-treated fibres could be attributed to the limited diffusion of PEG in the
bulk fibre due to the higher molecular weight compared to EG.
The influence of EG or PEG as a spinning additive during the production of these
fibres was then investigated. No improvement in conductivity was observed when
EG was added (up to 20 wt %) to produce PEDOT:PSS-EG fibres. In contrast to this,
the PEDOT:PSS-PEG fibre produced from a 10 wt. % PEG additive displayed a
conductivity of 264 ± 17 S cm−1. This improved performance is due to slower rate of
loss of PEG due to diffusion into the coagulation bath during spinning, resulting in
the presence of some PEG inside the coagulated fibre. In this instance, the residual
PEG in the coagulated fibre was sufficient for conductivity enhancement before
complete solidification. To the best of my knowledge, this is the highest conductivity
reported for an inherently conducting fibre prepared in a single step. As discussed
above, post-synthesis treatments such as drawing, solvent treatment, oven-drying,
doping or combinations of these have been necessary to achieve similar
conductivity[178, 187].
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Table 3. 2. Summary of mechanical, electrical and Pqualittative of PEDOT:PSS fibres
and films.
Young’s

Ultimate

Strain

modulus

stress

at break

(GPa)

(MPa)

(%)

Acetone

2.4±0.3

86±8

13±1

8±2

0.07

Acetone

3.7±0.4

98±8

11±0.7

200±10

0.12

IPA

3.3±0.3

125±6

16±1

9±2

0.09

EG-treated

IPA

5.0±0.3

130±5

12.1±0.5

223±10

0.13

EG-treated
under tension[a]

IPA

5.7±0.4

134±6

12±0.6

350±20

0.26

PEG-treated[b]

IPA

2.5±0.2

97±4

13.5±0.6

270±20

0.16

-na-

-

-

-

1.0±0.5

0

EG-treated

-na-

-

-

-

190±5

0.06

PEG-treated[b]

-na-

-

-

-

180±10

0.04

PEDOT:PSS
Samples

Coagulation
bath

Conductivity

Pqualitative

−1

(S cm )

Fibres
As-spun
[a]

EG-treated
As-spun

[a]

Films
As-cast
[a]

[a]

This treatment refers to post-treatment of fibre/film samples by immersing in EG

[b]

This treatment refers to pre-treatment of spinning formulation by the addition of PE
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3.3.3 Raman spectroscopy and molecular orientation
The enhancement of electrical conductivity in EG-treated PEDOT:PSS films has
been attributed to more efficient inter- and intra-chain charge transfer processes of
the PEDOT chains as a result of transformation from a tight coil to an expanded coil
conformation (or linear structure) of the polymer chains upon treatment [221, 224].
These conformational transformations may also be applicable to the highly
conducting PEDOT:PSS fibres reported here, especially those that were prepared
from PEDOT:PSS-PEG blend formulations, as well as those that were post-treated
with EG. In addition to these conformational changes, as-spun PEDOT:PSS fibres
immediately re-dispersed when placed into water, while as-spun PEDOT:PSS-PEG
and EG post-treated PEDOT:PSS fibres remained intact at least for a week. This is
attributed to displacement of the excess PSS stabilizer, as noted in a previous
report[210].
Raman spectroscopy was employed to probe the changes that occurred at the
molecular level using the above spinning conditions. Using this technique, this study
compared the changes in oxidation state and chain alignments during polarization
studies of the three types of PEDOT:PSS fibres by monitoring the changes in band
positions of the quinoid and benzenoid resonance [83, 84, 227]. Raman spectra of
PEDOT:PSS fibres, both before and after EG treatment, as well as for the
PEDOT:PSS-PEG fibre, were recorded between 200 and 1700 cm−1, as shown in
Figure 3. 8. Peaks were observed at 1530 cm−1 (asymmetric C=C stretch), 1426 cm−1
(symmetric C  =C  stretch), 1366 cm−1 (C  -C  str) and 1257 cm−1 (C  =C  
str) with these assignments based on reports by others [227]. The use of either the
PEG additive or the EG post-treatment resulted in the significant conductivity
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enhancements, and a shift in the high frequency Raman band (centered at 1426 cm−1)
associated with the symmetric C  =C  stretching from the thiophene rings by 7 cm1

was also observed. This shift has also been reported for EG-treated PEDOT:PSS

films, and has been attributed to a favoring of the quinoid over the benzoid resonance
structure that is characteristic of a more conducting form of PEDOT [221, 224]. This
shift in the preferred resonance form was a direct result of a conformational
transformation of PEDOT chains from the coil to the expanded conformational
structure.

Figure 3. 8. Raman spectra of the EG-treated, PEDOT:PSS-PEG and PEDOT:PSS
fibres revealing conformational transformations in polymeric chains.
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The preferred molecular chain orientation between PEDOT:PSS fibres and the
related film was investigated using polarized Raman spectroscopy (Figure 3. 9). By
normalizing the Raman intensities of the peak at ~1000 cm-1 associated with CH
stretching, a molecular vibration that was observed to be insensitive to orientation
effects and laser polarization, the relative change in intensity at ~1426 cm−1
(symmetric C  =C  stretch) was monitored after changing the direction of laser
polarization from 0o to 90o. The ~1426 cm−1 was the most intense signal in the
Raman fingerprint of PEDOT:PSS and was easily isolated from other peaks. Relative
changes in intensity correspond to the level of anisotropy in the sample and can be
evaluated by the qualitative orientation parameter [202], Pqualitative, using Equation 1
(see experimental chapter), where a high Pqualitative indicates increased level of
anisotropy.

Figure 3. 9. Relative change in Raman spectra intensity after changing the direction
of laser polarization from 0o to 90o shown for EG treated under tension PEDOT:PSS
fibre.
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The level of molecular order observed for PEDOT fabricated by the different
processing methods correlated well with observed conductivity enhancements (Table
3. 2). For example, PEDOT:PSS-PEG fibres had higher Pqualitative and higher
conductivity than the EG post-treated fibres. These results suggested that pretreatment of the spinning formulation, using an additive such as PEG, was a better
approach than the post-treatment of an already formed fibre by soaking in an EG
bath. EG-treatment of fibres under constant tension (method described in
experimental section) resulted in an enhancement in both the conductivity and the
final mechanical properties of the fibres. This additional step, however, was
challenging and complicates the continuous fibre production as the PEDOT:PSS
fibre immediately becomes both soft and weak when brought into contact with EG.
Interestingly, some level of anisotropy, albeit lower than the fibres, was observed for
the EG-treated film (Pqualitative = 0.06, Table 3. 2) produced from the same fibre
spinning formulation. This film was not under tension during the treatment process.
This result suggested that even without tension during EG treatment, conformational
changes in the PEDOT chains can occur.
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3.3.4 Electron spin resonance (ESR) spectroscopy
3.3.4.1 Solid state ESR spectroscopy
The differences in conductivity, as well as the molecular order resulting from the
processing approaches investigated, suggested that the charge carrier mobility may
be strongly influenced by these approaches. In order to probe these effects, electron
spin resonance (ESR) spectroscopy was utilized to characterize the nature of the
charge carrier (polaron or bipolaron) responsible for conductivity in the PEDOT:PSS
fibres and films. The observed ESR spectra for PEDOT:PSS fibres and films
exhibited no hyperfine structure and were typical of delocalized free radicals found
in conducting polymer systems [83, 84]. A g factor of 2.0023 for all samples (Figure
3. 10) was typical of free non-spin paired electrons delocalized across the conjugated

-system.
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Figure 3. 10. Comparison of solid state ESR spectra of PEDOT:PSS A) films and B)
fibres. The peak-to-peak line widths, ΔG, for the PEDOT:PSS-PEG fibre is indicated
by the two parallel horizontal lines in panel B, which are extended into panel A to
highlight the differences in the ΔG for fibres and films.
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The population and evolution of the non-spin paired polaron (s = 1/2) to the zerospin bipolaron (s = 0) were examined by measuring the intensity changes associated
with each ESR spectrum. Double integration of the ESR spectrum and normalizing
the nominal value to the sample weight provided the relative population of the nonspin paired electron. It was found that the relative spin population for the
PEDOT:PSS-PEG fibre ((3.60 ± 0.01) x 1013 spin g-1) and EG-treated (drawn) fibre
((3.92 ± 0.01) x 1013 spin g-1) was approximately 42 % and 36 % lower than the asspun fibre ((6.14 ± 0.01) x 1013 spin g-1), respectively. This reduction in relative spin
was also consistent with the observed relative spin for the EG-treated films (~48 %
reduction). These differences can be attributed to a shift towards the formation of the
spin-less bipolaron as the fibre and films become more conducting as a result of pretreatment of the PEDOT:PSS with PEG or by post-treatment with EG. This result
was also reflected in the Raman spectroscopy studies where a preference for the
quinoid-like conformation was noted for the PEG and EG treated fibres. More
importantly, the ESR spectra for the fibres were much broader than those of the
films, indicating a higher degree of charge delocalization across the conjugated
PEDOT backbone (Figure 3. 10). The peak-to-peak line widths, G, of the ESR
signals for PEDOT:PSS, PEDOT:PSS-PEG and EG-treated (drawn) fibres were
34.75 G, 50.03 G and 52.69 G, respectively, whereas those for the cast PEDOT:PSS
and EG-treated PEDOT:PSS films were 14.30 G and 16.35 G, respectively. This
higher degree of charge delocalization, or peak-to-peak broadening, implies greater
molecular orientation in fibres than in films; a result also observed in the Raman
studies above.
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3.3.4.2

Electrochemical characterization of fibres

Cyclic voltammetry using fibres as the working electrode revealed significant
differences in electrochemical responses depending on their method of production
and treatment (Figure 3. 11).

Figure 3. 11. Cyclic voltammograms of different PEDOT:PSS fibres in 0.1 M
TBABF4/acetonitrile taken at a scan rate of 20 mV s-1.

The current response and specific capacitance, measured from a three electrode cell
were used at 0 V (vs Ag/Ag+) of PEDOT:PSS-PEG (24 F g-1) and EG-treated fibres
(29 F g-1) were 85% and 123% higher respectively than PEDOT:PSS fibre (13 F g-1).
The shape of the CVs was consistent with the differences in conductivity. The
PEDOT:PSS-PEG fibres exhibited more pronounced oxidation (-0.4 and +0.4 V vs.
Ag/Ag+) and reduction (-0.2 and -0.5 V vs. Ag/Ag+) peaks. In contrast to this, the asspun PEDOT:PSS fibres exhibited a poorly defined capacitive CV response,
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characteristic of a more resistive sample with poor electrical interconnection within
the PEDOT matrix. This behavior is postulated to be a result of the excess insulating
PSS within the PEDOT:PSS fibre forming regions that are electrochemically
inaccessible during oxidation and reduction. Aspects of this behavior will be further
expanded in discussion below.
3.3.4.3 In situ electrochemical ESR spectroscopy
Comparative in situ electrochemical ESR experiments were conducted to correlate
changes in electrochemical properties, charge carrier delocalization and the
conduction state of as-spun fibres, EG-treated fibres and as-spun PEDOT:PSS-PEG
fibres. A series of electrode potentials between -1.0 V to 0.8 V (vs. Ag/Ag+) was
applied to the fibres and an ESR spectrum recorded at each voltage over 3 complete
cycles.
The spin intensity of the ESR signal (double integration of the ESR signal) changed
with oxidation level for all fibres (Figure 3. 12). Upon oxidation, the spin intensity
increased to a maximum as the PEDOT transitioned from a reduced state to a
predominantly polaronic conducting state. The initial change in spin intensity
occurred at -0.4 V for all fibres, but the spin maximum was reached at potentials of 0.4 V, -0.2 V and 0 V for under tension EG-treated PEDOT:PSS fibre, PEDOT:PSSPEG fibre and as-spun PEDOT:PSS fibre, respectively. Increasing the applied
potential injected further charge into the PEDOT, further increasing the polymer’s
oxidation state. However, this charge injection was reflected as a reduction in spin
intensity, due to the formation of spin-less bipolaronic charge carrier.
Conductivity measurements of the EG-treated PEDOT:PSS and PEDOT:PSS-PEG
fibres after undergoing 3 successive CV cycles revealed that their high conductivity
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is maintained. Upon CV cycling, PEDOT can undergo conformational changes. At
higher applied potentials, results showed that PEDOT changed from a high to a low
spin state (Figure 3. 12), and given that electrical conductivity is retained, this is
clear evidence of a bipolaronic charge carrier state. Subsequent ESR cycles of the
fibres demonstrated a reduction in spin intensity from the first to second cycle.
However, the third cycle exhibited similar spin intensity to the second cycle. This
suggests that in this instance, the preferential formation of bipolarons was
accompanied by a conformational change in the PEDOT chains such that on
extended cycling, the PEDOT charge carriers retain the bipolaronic characteristics
rather than forming the high spin polaronic state.
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Figure 3. 12. Normalized spin intensity with respect to as-spun PEDOT:PSS fibre as
a function of applied electrode potential from in situ electrochemical ESR
characterization of A) As-spun PEDOT:PSS fibre B) EG-treated PEDOT:PSS fibre
and C) as-spun PEDOT:PSS-PEG fibre. Shown are responses for the (■)1st cycle,
(●)2nd cycle and (▲)3rd cycle.
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3.3.4.4 Correlation between cyclic voltammograms and in situ electrochemical
ESR spectroscopy
The relationship between cyclic voltammograms, normalized spin intensity, and G
of the ESR signal of PEDOT:PSS fibres, with respect to the applied potential for first
complete oxidation cycle, starting at -1.0 V is shown in Figure 3. 13. It can be seen
that both spin intensity and G of the ESR signal changed with oxidation level for all
fibres. Interestingly, the magnitude of G in the electrolyte media was significantly
smaller than in air, indicative of the electrolyte interacting with the polymer,
resulting in a more localized charge carrier distribution across the conjugated
polymer. Upon oxidation, the spin intensity increased to a maximum as the PEDOT
transitioned from a reduced state to a predominantly polaronic conducting state.
Four distinct stages were identified during the redox cycling process, illustrated by
the dashed lines in Figure 3. 13 as follows:
In the first region (I), below -0.6 V, when the fibres are expected to be in a reduced
state, the spin intensity, and G were at the minimum values but not zero even after
elimination of the instrumental background. The observed ESR signal at these
potentials suggested that the as-spun PEDOT:PSS fibres were not completely
reduced. This unexpected observation suggested that oxidized PEDOT segments
maybe present in the bulk materials that were in electrically isolated domains
surrounded by insulating PSS. During electrochemical reduction, these segments
were inaccessible for charge injection, thereby preventing complete reduction of the
bulk material. In contrast to this, the spin intensity of the ESR signals of the EGtreated and PEDOT:PSS-PEG fibres (in reduction potentials) were ~2 times less than
the as-spun PEDOT:PSS fibre (Figure 3. 13. B). This marked difference suggested
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that the population of the isolated PEDOT segments within the EG-treated and
PEDOT:PSS-PEG fibres were significantly lower than in the as-spun PEDOT:PSS
fibre.
Over the -0.6 to -0.2 V potential window, defined as region (II), the initial oxidation
of the accessible PEDOT chains was noted by the presence of a pronounced
oxidation peak in the CV of PEDOT:PSS-PEG (Figure 3. 13.A). A sharp increase in
both spin intensity and G was noted, indicative of a concurrent increase in the
population and mobility of polarons, respectively, upon oxidation. The relative
change in spin intensity from -0.6 V to -0.2 V differed in all samples with a 170 %,
163 % and 45 % increase in spin intensity observed for EG-treated, PEDOT:PSSPEG and as-spun PEDOT:PSS fibres, respectively. The initial change in spin
intensity for all fibres was noted at -0.4 V, however, the maximum spin intensity for
the as-spun fibre was only observed at a more positive 0 V oxidation potential, well
outside this region. These results provided further evidence that PEDOT:PSS-PEG
and EG-treated PEDOT:PSS fibres contain more accessible electroactive regions
than the as-spun PEDOT:PSS fibres.
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Figure 3. 13. Cyclic voltammograms and in situ electrochemical ESR responses of
fibres in 0.1 M TBABF4/acetonitrile. A) CV of fibres taken at a scan rate of 20 mV s1
, B) Normalized spin intensities, with respect to the as-spun PEDOT:PSS fibre and
C) peak-to-peak line widths, G at each applied electrode potential for (■) as-spun
PEDOT:PSS fibre, (●) drawn EG-treated fibre, and (▲) as-spun PEDOT:PSS-PEG
fibre.
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In region (III), from -0.2 to 0.2 V, charge injection into the fibres at these higher
oxidation potentials resulted in polaron recombination to form the spin-less
bipolaron. The observed ESR signals were consistent with this process, whereby the
spin intensity decreased while G was essentially unchanged. Broadening of the G
ESR signal with a decrease in spin intensity within this region was indicative of
higher charge delocalization after polaron recombination and was consistent with
reports on other conducting polymers [85, 228].
In region (IV), from 0.2 to 0.8 V, the spin intensity of the as-spun PEDOT:PSS fibres
continued to decrease in a near linear fashion up to 0.8 V. At the same time for this
sample G remained almost unchanged. This process can be considered to be
characteristic of an ohmic charge injection behavior whereby higher over-potentials
were required to further oxidize the PEDOT due to the excess PSS. In contrast to
this, the oxidation of the EG-treated PEDOT:PSS and the PEDOT:PSS-PEG fibres
resulted in a dramatic decrease in spin intensity which was paralleled by an increase
in G. These results confirmed that both of these fibre types more readily formed the
low spin bipolaronic state, which was more highly delocalized than the PEDOT:PSS
equivalent.
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3.4 Conclusions
A novel one-step fibre wet-spinning route is reported for the production of
PEDOT:PSS-PEG fibres with enhanced electrical conductivity and redox cycling
properties with respect to EG post-treated PEDOT:PSS fibres. The one-step
PEDOT:PSS-PEG fibre approach represents a significant advantage over the post
EG-treated PEDOT:PSS fibres. Fibre post-treatment by EG requires the use of a
second EG bath which weakens the fibre, making it prone to breaking prior to further
drying. In contrast to this, the one-step PEDOT:PSS-PEG spun fibres have suitable
mechanical properties making them amenable to a continuous spinning processes.
The mechanical properties of the as-spun PEDOT:PSS and EG-treated PEDOT:PSS
fibres after drying were higher than, but of a similar order to, the PEDOT:PSS-PEG
fibres as a result of PEG plasticization effects. However, these fibres exhibit superior
electronic properties that result from the molecular arrangement of the fibres. The
use of isopropanol as a coagulation bath decreases the coagulation rate during
spinning, allowing for an improved ordering process for the PEDOT chains during
fibre coagulation. A limitation of the as-spun PEDOT:PSS fibres is that they are
soluble under aqueous conditions. In contrast to this, both PEDOT:PSS-PEG and
EG-treated PEDOT:PSS are stable in water due to improved phase separation and
ordering between PEDOT segments by displacement of the PSS from the fibre. The
overall enhancement of the molecular ordering of PEDOT chains, confirmed by
polarized Raman, demonstrates an improvement in the intrachain interactions leading
to the favoring of bipolaron formation (confirmed by ESR) when in the oxidized
state which was in stark contrast to the as-spun PEDOT:PSS fibres.
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4 EXPLOITING HIGH QUALITY CARBON
NANOTUBE PEDOT:PSS COMPOSITE
FORMULATIONS FOR WET-SPINNING OF
NANOSTRUCTURED FIBRES

Aspects of the work detailed in this chapter have been published (Jalili R, Razal JM,
Wallace GG. "Exploiting high quality PEDOT:PSS-SWNT composite formulations
for wet-spinning multifunctional fibers". J Mater Chem. 2012; 22: 25174-82). Each
co-author contributed in varying degrees with the student of this PhD thesis
contributing >80% toward this work in the form of experimental design, performing
experiments, results analysis and manuscript preparation.

Rouhollah Jalili

98

4.1 Introduction
The excellent properties of individual CNTs make them ideal candidate for
composite production and recent literature reports on strong and conducting
composites support this premise [53, 55, 56, 182, 229-231]. For the case of CNT
based composite fibres, wet-spinning technique has been the most successful method
[3, 23, 26-28, 30, 31, 33, 37, 113, 177, 179, 195].
The first introduced method to make CNT based composite fibre via wet-spinning
was injection of surfactant-CNT dispersion into a PVA coagulation bath [10, 15, 24,
28, 33, 39]. However, a compromise in electrical conductivity, particularly for fibre
composites that display excellent mechanical reinforcement has typically observed
[24, 39].
The other successful wet-spinning method is to make polymer-CNT mixture as a
spinning solution [28-30]. By using a non-solvent bath or a cross-linking agent, this
method suggests that the final fibre composition can be made reflective of the initial
spinning (polymer-CNT) formulation.
One of the key spinning parameters is the use of well-debundled CNT dispersion so
that each CNT is individually coated with a thin layer of polymer during the fibre
formation (via a coagulation process). A thin polymer coating means that the CNT
loading in the resultant fibre composite is maximized. It also means that the polymercoated CNTs will be in close proximity with each other and the efficiency of load
transfer within the polymer-CNT network is also maximized. However, this simple
processing solution presents several challenges [52, 56]. In most cases, however,
heterogeneous CNT-polymer mixtures characterized by bundled/aggregated CNTs
with thick polymer coatings are experimentally observed [10, 33]. These
observations imply non-uniform distribution of the applied load (during tensile
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testing) and the presence of stress-concentration regions result to mechanical
properties that are well below the expected values [10, 33]. It also suggests that the
properties of the fibre will be highly dependent on the initial quality of the spinning
formulation [10, 33].
One class of polymer that could take advantage of the properties of CNTs is the
conductive polymers (ICPs) [29, 30]. The electrical and mechanical reinforcement
can be achieved when appropriate CNT dispersion method and wet-spinning process
is utilized. For example, a non-solvent approach to wet-spin CNT-polyaniline
formulation (containing 0.76 wt. % CNT) resulted in CNT-polyaniline composite
fibres that display a 2.1 times and 1.4 time increase in modulus and conductivity
upon the addition of CNTs [29].
With the aim to utilize the complementary properties of CNTs and ICPs in wet-spun
nanostructured fibres, this study demonstrates that high quality spinning formulations
are the key to multifunctional CNT-ICP nanostructured fibres. By utilizing
PEDOT:PSS as the host polymer, I investigate the effects of various processing
parameters on the final properties of the PEDOT:PSS/CNT fibres. The CNT
dispersion method, the method of addition of CNTs to PEDOT:PSS and their loading
are directly correlated to the quality and ease of spinnability of the formulation and
to the mechanical and electrical properties of the resultant PEDOT:PSS/CNT fibres.
This study also shows comparison of the electrochemical performance of some
selected fibres, which further emphasize the advantage of CNTs in CNT-ICP
nanostructured fibres. It is anticipated that the methods and results presented here
will provide useful strategies in solving the fundamental challenges that hampered
progress in processing CNT-based nanostructured fibres.
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4.2 Experimental
4.2.1 Materials.
The materials used in this work were all sourced commercially and used as received.
Sodium dodecyl sulphate (SDS) is from BDH chemical, PEDOT:PSS chips are from
Agfa, purified HiPco single wall carbon nanotubes (SWNTs) are from Carbon
Nanotechnologies Inc (Lot. # PO341), polyethylene glycol-functionalised SWNTs
(PEG-SWNTs) are from Carbon Solutions (Lot. 07- 180).

4.2.2 Preparation of spinning solutions.
SDS-CNT and PEG-CNT stock dispersions were prepared (see experimental
chapter). The post-centrifuge nanotube concentrations determined from absorbance
measurements at 660 nm [44] were 0.5 and 2.2 mg ml-1 for SDS-SWNT dispersions
(from the initial concentrations of 1 mg ml-1 and 3 mg ml-1, respectively) and 3.2 mg
ml-1 for PEG-SWNT dispersions. All PEDOT:PSS/CNT composite dispersions were
subsequently prepared by adding the required amount of PEDOT:PSS chips to the
CNT stock solutions to achieve PEDOT:PSS concentrations between 10 to 20 mg ml1

, and CNT concentrations described in the text and as tabulated in Table 4. 1 and

Table 4. 2. The PEG-CNT/PEDOT:PSS dispersions were further homogenized at
18,000 rpm for 10 min followed by 1 hr bath sonication (to remove the bubbles)
while

the

SDS-CNT/PEDOT:PSS

dispersions

were

stirred

overnight

(homogenization introduced foams) and then subjected to 1 hr bath sonication.
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Table 4. 1. Summary of the PEG-CNT/PEDOT:PSS spinning solution composition
and the calculated CNT loading in the resultant fibre.
PEG-CNT*

water

PEDOT:PSS

total solid content
-1

CNT loading**

(ml)

(ml)

(mg)

(mg ml )

(Vf)

0

10

200

20

0

1

5.6

130

20

0.012

1

3.9

96

20

0.016

1

3

76.5

20

0.02

1

1

36.7

20

0.04

1

0

16.7

20

0.08

1

0

10

13.2

0.12

* The stock solution concentration used is 3.2 mg/ml and is obtained after a mild
centrifugation (3000 g, 90 min) of a 5 mg/ml dispersion.5mg PEG-SWNT and
1ml water.
**
Based on M Functional group/M SWNT = 0.34[43]
Table 4. 2. Summary of the SDS-CNT/PEDOT:PSS spinning solution composition
and the calculated CNT loading in the resultant fibre.
SDS-CNT

Water

PEDOT:PSS

total solid content
-1

SDS

PEDOT:PSS

CNT

(ml)

(ml)

(mg)

(mg ml )

Mass fraction

mass fraction

Volume fraction

0

1

20

20.0

0

100

0

A

0.27

20

20.0

19.6

78.4

0.015

A

0

15

20.5

24.4

73.2

0.018

A

0

12

17.5

28.5

68.6

0.022

B

1.2

34

20.5

19.9

75.2

0.037

B

0.5

19.5

20.5

29.3

63.5

0.054

B

0.2

11

20.1

40.5

49.5

0.074

B

0

6.5

17.7

50.8

36.7

0.092

B

0

3.9

15.1

59.6

25.8

0.11

A)The stock solution concentration used is 0.5 mg/ml and is obtained after a mild
centrifugation (3000 g, 90 min) of a dispersion containing 1 mg SWNT, 5 mg
SDS and 1ml water.
B) The stock solution concentration used is 2.2 mg/ml and is obtained after a mild
centrifugation (3000 g, 90 min) of a dispersion containing 3 mg SWNT, 9 mg
SDS and 1 ml water.
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4.2.3 Fibre spinning.
The composite fibres were fabricated at room temperature using a wet-spinning
technique as described in experimental section. Post-treatment was carried out by
wetting the as-spun fibres with ethylene glycol (EG) for 5 minutes and then oven
dried at 150 °C for 30 min.

4.2.4 Characterization.
Mechanical tests, conductivity measurements, Raman spectroscopy and SEM
conditions are described in chapters 3 and similar conditions are used in the
following chapter. Electrochemical behavior of the PEDOT:PSS-CNT composite
fibres in organic electrolyte (0.1 M TBABF4 in acetonitrile) was investigated via
cylic voltammetry using a potentiostat/galvanostat (Princeton Applied Research
Model 363).

103

4.3 Results and discussion
Building upon the method was found in this thesis for continuous wet-spinning of
PEDOT:PSS fibres, here I demonstrate that PEDOT:PSS/CNT composite fibres
display significant improvements in mechanical properties, electrical and
electrochemical performance when the fundamental processing requirements for
CNT composite formulation is appropriately addressed.

4.3.1 Aggregate free PEDOT:PSS/CNT formulations
My initial experiments involved evaluation of several approaches to prepare a range
of “wet-spinnable” PEDOT:PSS-CNT formulations with varying CNT loadings.
These spinning formulations were prepared by homogenizing PEDOT:PSS with two
types of CNT dispersions: (1) surfactant-based CNT dispersion (SDS-CNT) and (2) a
CNT

dispersion

containing

readily

water-dispersible

polyethlylene

glycol

functionalized nanotubes (PEG-CNT). To maximize the CNT loading in the spinning
formulation (up to volume fraction (Vf) = 0.12), PEDOT:PSS pellets (instead of its
dispersion) were added directly to the parent CNT dispersion and allowed to slowly
dissolve overnight. This method of additions is critical because direct blending of the
highest achievable homogenous dispersions for PEDOT:PSS and CNT (25 and 3.2
mg ml-1,respectively) have limited the CNT Vf up to only ~ 0.04. I also noted that
PEDOT:PSS pellets must be slowly dissolved in the CNT dispersions until the
lowest spinnable PEDOT:PSS concentration of 12 mg ml-1 is reached and only aided
by a slow (500 rpm) overnight stirring and a low power one hour sonication prior to
use. Abrupt addition of PEDOT:PSS resulted in gelation of PEDOT:PSS-CNT
formulations and although the viscosity of this dispersion can be reduced by low
power sonication, micron-sized aggregates still remained and prevented spinnability.
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To prepare fibres from the PEDOT:PSS/CNT formulations, the previously described
wet-spinning method (see chapter 3) for PEDOT:PSS fibres using a verticallyoriented isopropanol non-solvent bath is employed. This method required that the
spinning formulation contains a minimum PEDOT:PSS concentration of 20 mg ml-1
to prepare continuous fibres. For this work, the addition of CNTs in the spinning
formulation has enabled the spinnability of a significantly lower PEDOT:PSS
concentration (12 mg ml-1). Further accentuating the positive effect (i.e. the increased
spinnability of lower PEDOT:PSS concentrations) was the observed reinforcing
effects that are clearly illustrated in the stress-strain curves of the PEDOT:PSS-CNT
composite fibres at low CNT loading (Vf = 0.04, Figure 4. 1).

Figure 4. 1. Representative stress strain curves of fibres prepared from as-prepared
PEDOT:PSS fibre, fibre with Vf = 0.04 of non-centrifuge SDS-CNT dispersion, and
fibre with Vf = 0.02 of centrifuged SDS-CNT dispersion.
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Both strength and modulus increased by 54 % and 157 %, respectively; the breaking
strain, however, is reduced by 50 % and 20 % for non-centrifuged and centrifuged
samples, respectively. This reduction in breaking strain is attributed to the presence
of impurities and aggregates (e.g. carbonaceous impurity and large CNT bundles) in
the parent SDS-CNT dispersion. These impurities and aggregates were removed by a
mild centrifugation process following previously described protocols [44, 47, 51,
127]. This “clean-up” process also increases the relative population of individual or
small bundled nanotubes, as reported for several types of CNT dispersions, including
those that were used here. The well-resolved inter-band transitions in the UV-VIS
spectra of my centrifuged SDS-CNT dispersions (Figure 4. 2) indicated the presence
of individual and/or very small CNT bundles and correlated well with the previous
reports [51].

Figure 4. 2. UV-VIS-NIR spectra of SDS-CNT-dispersion before and after
centrifugation.
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If the quality of CNT dispersions are maintained in the PEDOT:PSS/CNT fibre
composites, the higher effective reinforcing surface area of the individual/small CNT
bundles should result in better properties than when large CNT bundles (of equal
weights) are used. It also expected that if CNT aggregates are reduced, then stressconcentration points and defect sites along the fibre length would less likely occur
and higher breaking strains and toughness (breaking energy) should be attained. The
properties obtained for the PEDOT:PSS/CNT composite fibres containing
centrifuged SDS-CNT correlated well to this hypothesis. Using centrifuged CNT
dispersions, the toughness is increased by 20 % (from 15.9 to 19 J g-1) due to a
minimal reduction in breaking strain (from 15 to 12 % strain). It is noteworthy that
~50 % of the initial CNT concentration dropped after centrifugation (final
concentration of 0.5 mg ml-1). While fibres from non-centrifuged CNT dispersion
contained twice the amount of CNT than the fibre from with centrifuged dispersion,
their modulus and breaking stress were not higher (Figure 4. 1). More importantly,
when fibres of equivalent CNT loading are compared, the modulus and strength
estimated 25% and 24% higher, respectively, for the composite fibre that contained a
centrifuged CNT-dispersion.
Another striking result is the demonstrated ability to maintain the quality of CNTs in
the fibre composites. The remarkable morphological difference between the
composite fibres is the absence of aggregates in the fibre prepared with centrifuged
CNT dispersion (Figure 4. 3 A-C). Only individual/small CNT bundles were
observed on fibres prepared with centrifuged CNT dispersion, reminiscent of the
quality of the dispersion used. In contrast, although some small CNT bundles were
present on fibres prepared with non-centrifuged CNT dispersions, large CNT bundles
and aggregates were more dominant (Figure 4. 3 D-F).
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Figure 4. 3. SEM images of the cross-sections of PEDOT:PSS/CNT fibres broken under tensile strain prepared from A-C) centrifuged SDS-CNT
dispersion and D-F) non centrifuged SDS-CNT dispersions. Arrows are pointed from the magnified spots for each sample. As can be seen in (F)
there are some nanotubes aggregates in non-centrifuged sample. However, nanotubes are well dispersed in the polymer matrix in the centrifuged
sample.
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The above results on mechanical reinforcement and morphological differences of the
fibres exemplify the importance of centrifugation of the CNT dispersion to achieve
aggregate-free CNTs in the spinning formulation and in the resultant composite fibre.
The mild centrifugation process afford high quality CNT dispersion by eliminating
large CNTs bundles and micrometer size aggregates that were present in the asprepared CNT dispersion, minimizing early fracture and providing strength and
modulus reinforcement. From here on, the fibres described in the succeeding sections
were prepared from centrifuged CNT dispersions.

4.3.2 SDS-CNT vs. PEG-CNT dispersions
PEDOT:PSS/CNT composite fibres of varying composition were prepared to
evaluate the morphological differences and the mechanical and electrical
reinforcements provided by the CNTs. The spinning formulations were prepared by
mixing PEDOT:PSS with two types of CNT dispersions: (1) surfactant-based CNT
dispersions (SDS-CNT) and (2) CNT dispersions containing a readily waterdispersible polyethylene glycol functionalized CNTs (PEG-CNT). Following the
method described above, a systematic control of spinning formulation composition
was achieved by adding the required amount of PEDO:PSS into a stock CNT
dispersion. In comparison to other methods whereby the CNT volume fraction is
controlled by altering the initial CNT dispersion concentration then measuring final
CNT volume fraction by thermogravimetry method [10], this approach ensured that
the concentration, the ratio of CNT and dispersant (SDS for the case of SDS-CNT
dispersion, and PEG for the case of PEG-CNT dispersion) and the initial quality of
CNT dispersions were similar for all samples. These considerations are important for
monitoring the sole effect of CNT loading while isolating the effects of other
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processing variables (i.e. dispersing methods, dispersant-CNT ratio, etc.). Table 4. 1.
and

Table 4. 2. list summary of all spinning formulations used to prepare all the fibres
reported here. For the PEDOT:PSS/PEG-CNT fibres, preparing spinning
formulations with CNT loadings of up to 0.12 Vf was straightforward because high
quality PEG-CNT stock dispersions (i.e. with very small CNT bundles with diameter
of ~6 nm) was previously found to be concentration independent and no additional
surfactant is necessary [43]. In contrast, the preparation of PEDOT:PSS/SDS-CNT
formulations required two SDS-CNT stock dispersion concentrations and also
significant amount of surfactant was necessary (typically in the order of 3 to 5 times
the amount of CNTs) to obtain a high quality CNT dispersion that contain the
equivalent nanotube concentration as PEG-CNT (~3.2 mg ml-1). Moreover, the CNT
bundle size in a surfactant-based CNT dispersion was reported to be very
concentration dependent, such that D = 9.8C

0.5

[44], where D is the bundle size and

C is the concentration implying that a CNT bundle size below 7 nm can only be
achieved at concentrations below 0.5 mg ml-1. For example, in SDBS-CNT
dispersions, the bundle size at moderate CNT concentration (~7 nm for 0.5 mg ml-1)
had been reported to be approximately three times higher than in the low CNT
concentration (~2 nm for 0.04 mg ml-1) [44].
The first SDS-CNT stock concentration of 0.5 mg ml-1 (concentration after
centrifugation of a 1 mg ml-1) was utilized to achieve CNT loadings of up to 0.02 Vf.
A separate stock CNT concentration of 2.2 mg ml-1 (after centrifugation of a 3 mg
ml-1) was used to prepare formulations with CNT loadings greater than 0.02 Vf. Due
to the CNT bundle size dependence on concentration, it is noted that the quality of
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the SDS-CNT dispersions was expected to be slightly biased for composite fibres
prepared from lower SDS-CNT stock concentration. For the two stock CNT
concentrations (0.5 and 2.2 mg ml-1), the average SDS-CNT bundle size was
previously estimated to be ~7 and ~14 nm, respectively [44]. At this point, it already
appears that using functionalized CNTs (PEG for this case) simplifies the composite
formulations and is a better option when high CNT loading is required.
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4.3.3 Fibre morphology
Distinct differences in shape and microstructure of the PEDOT:PSS/CNT composite
fibres were observed to depend on the type of CNT dispersion and the CNT loading
(Figure 4. 4).

Figure 4. 4. Cross section of tensile fractured composite fibres at low and high
magnifications showing transformations of shape and microstructure of PEDOT:PSS
composite fibre upon the addition of CNT at various loadings. A-C)
PEDOT:PSS/PEG-CNT fibre and E-F) PEDOT:PSS/SDS-CNT fibre. Volume
fraction of CNTs indicated at each pair images.
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The composite fibres with PEG-CNT had circular cross-section irrespective of fibre
diameter and CNT loading. On the other hand, fibres with SDS-CNT showed circular
cross section only when Vf ≤ 0.02; irregularly shaped fibre cross-section were
observed above this CNT loading. Close inspection of the latter revealed phase
segregation comprising CNT-rich and CNT-poor regions. These CNT–rich regions
also showed aggregates of CNT bundles that are bigger than those observed in fibres
containing CNT Vf ≤ 0.02. The observed morphological differences among the fibres
could be attributed to the nature of the CNT dispersions used. Using PEG-CNTs that
are readily dispersible in water afforded good miscibility with PEDOT:PSS during
the preparation of spinning formulation irrespective of CNT loading. This
compatibility also resulted in better spinnability of the composite formulation. The
absence of surfactant in the PEG-CNT fibre composites prevented the formation of
nanotube-rich and polymer-rich regions, contrasting that of aggregates observed in
the SDS-CNT composite fibres at SDS-CNT Vf ≥ 0.02. The latter fibres were
determined to contain significant amount of SDS (up to 60 wt. %,). This may explain
their irregular shape and highly porous nature. Furthermore, cross-section of the pure
PEDOT:PSS fibre differed from the composite fibres. Although all fibres showed
viscoelastic behavior (Figure 4. 1), the observed fibrillar morphologies of the
fractured ends suggest different failure mechanisms (Figure 4. 5). For pure
PEDOT:PSS fibres, the fibrillar morphologies characterized by the protruding short
nodules are clear evidence of a plastic deformation. In the composite fibres, micronlengths of CNTs were observed to protrude from the broken ends irrespective of
CNT type and loading. Although strength and modulus reinforcement was evident in
the composite fibres, this nanotube pull-out failure mechanism suggests the presence
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of either short CNTs or non-ideal interfacial stress transfer (further discussed in the
next section).

Figure 4. 5. Different fracture mechanisms of the fibres. A,B) PEDOT:PSS fibre, the
fibrillar morphology characterized by the protruding of short nodules. C,D)
PEDOT:PSS/PEG-CNT fibre (Vf =0.12), protruding of CNTs shows composite
failure happened in the CNT/Polymer interface.
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4.3.4 Mechanical properties
The comparison of mechanical properties of PEDOT:PSS/CNT composite fibres as a
function of CNT loading is shown in Figure 4. 6 and Figure 4. 7.

Figure 4. 6. Representative stress-strain curves of PEDOT:PSS/CNT composite
fibres at various nanotube loadings (represented by the numbers next to the curves, in
vol. %) prepared from A) PEG-CNT and B) SDS-CNT centrifuged dispersions. Note
that only up to 2.2 vol. % loadings are shown for the SDS-CNT fibres because the
fibre strength decreased beyond this nanotube loading.
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Figure 4. 7. Comparison of the mechanical properties of PEDOT:PSS composite
fibres prepared using SDS-CNT (triangle) and PEG-CNT (squares) dispersions as a
function of CNT loading. Lines drawn in A are the theoretical reinforcement for
perfectly aligned (dashed) and randomly oriented (solid) PEDOT:PSS/CNT fibre.
The highest modulus for fibres prepared with SDS-CNT was achieved at CNT
loading of 0.02 Vf (5.2 GPa); however, the modulus at the highest SDS-CNT loading
(2 GPa at 0.11 Vf) was lower than PEDOT-PSS fibres (3.3 GPa). In agreement with
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the observed phase segregation of CNT-rich regions, the use of high surfactant
concentration in SDS-CNT loading Vf > 0.02 limited the stress transfer from
polymer to CNTs. In contrast, the use of PEG-CNT recorded the highest modulus at
the highest nanotube loading (22.8 GPa at 0.12 Vf). At PEG-CNT loadings ≤ 0.08 Vf,
the fibre modulus are higher than the theoretical modulus for randomly oriented
composite (solid line shown in Figure 4. 7A as predicted by the rule of mixtures).
The rule of mixtures predicts the composite modulus by [42, 232]:
Y

ή

ήή Y

1

Y

V

Y

⋍ ήή Y

V

(2)

.
.

(3)

Where ήl is the length efficiency factor, ήo is the orientation efficiency factor which
is 0.2 and 1 for randomly oriented and perfectly oriented [42, 52, 136], respectively,
l/D aspect ratio and YCNT and Ym are the nanotube and polymer module respectively.
In this model, a linear increase of modulus with Vf is predicted. The approximation
used in Equation 1 is valid when the contribution of the filler to the fibre modulus is
much larger than the polymer-only modulus, which is the case for my composite
fibres.
It was noted that the fibre modulus at all SDS-CNT loading were lower than the
predicted modulus for randomly oriented composite. Also noted is the deviation from
the predicted linearity of modulus by the rule of mixtures of both CNT types at CNT
loading ≤ 0.02 Vf. To highlight the difference in the degree of reinforcement [10, 42,
56, 137], the slope (dY/dVf) of each linear fit of the data in Figure 4. 7 was calculated
and summarized in Table 4. 3. The degree of reinforcement occurred at two distinct
regions (below and above CNT loading of 0.02 Vf, I and II, respectively) and also
differed for both CNT types. In both regions, the fibre composites containing PEG117

CNTs displayed higher dY/dVf than those containing SDS-CNTs, which suggested
better reinforcement in PEG-CNTs at all CNT loading. Region I revealed ~5 times
higher dY/dVf for PEG-CNT than for SDS-CNT fibres (417 GPa vs. 83 GPa,
respectively). This dY/dVf for PEG-CNT at CNT < 0.02 Vf is higher than PVA/CNT
fibres (254 GPa for CNT < 0.1 Vf), which is the only literature report that
systematically evaluates mechanical properties of wet-spun fibre composite as a
function of CNT loading [10]. Region II further emphasized significant differences
between the two CNT types. The observed decreased dY/dVf for PEG-CNT (108
GPa) suggest less efficient reinforcement than in the previous region. For SDS-CNT,
however, further increase in CNT loading (> 0.02 Vf) resulted to a negative effect
(dY/dVf of -40 GPa). These results supported my initial hypothesis that the initial
high quality of the CNT dispersion should be maintained after addition to the
polymer and processed to the fibre in order to take advantage of the reinforcing
effect of CNTs.
Table 4. 3. Summary of the degree of modulus and strength reinforcements of the
two types of PEDOT:PSS/CNT composite fibres.

a

Fibre Type
(dispersion)

CNT loading range
(Vf)

dY/dVf
(GPa)

dσ/dVf
(GPa)

dσ/dVf
(S cm-1)

D* band shifta
(cm-1)

SDS-CNT
SDS- CNT
PEG- CNT
PEG- CNT

0 to 0.02
0.02 to 0.11
0 to 0.02
0.02 to 0.12

83
-40
417
108

2.7
-1.4
4.0
0.5

560
1120
609
117

2
0
8
2

after 0.5 % strain

Fibre wet-spinning process can influence the orientation of CNTs along the fibre axis
[10]. The degree of orientation can be deduced from the degree of reinforcement, and
vice versa. For example, evaluation of equations 2-3 estimated the dY/dVf values to
be ≤ 200 GPa and ≤ 1000 GPa for random (ήo= 0.2) and perfectly aligned (ήo= 1)
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CNT in the fibre composites prepared with long CNTs (ήl ≈1), respectively. Factors
influencing the dY/dVf values to be less than the predicted values include short CNTs,
poor alignment, poor stress-transfer or combinations of all three [42]. As all wetspinning parameters were kept constant in all of my experiments, similar CNT
orientation parameter (ήo) would be expected irrespective of CNT loading. However,
using an aspect ratio of 180 for PEG-CNTs [43], ήo is calculated to be 0.5 and 0.2 for
regions I and II, respectively. These results imply that CNT orientation contributed to
the high degree of reinforcement at low PEG-CNT loading (I). As both SEM images
(Figure 4. 1) and polarized Raman spectroscopy (Figure 4. 8) showed approximately
similar CNT orientation at all CNT loading, CNT bundling (i.e. lowering of the
effective aspect ratio affecting ήl but not ήo) should have contributed to the decreased
reinforcement at high PEG-CNT loading (II). For illustration, if the PEG-CNT
bundle size is doubled (aspect ratio is halved), modulus will decrease by 20 %.
Moreover, these modulus values could further decrease if slipping due to CNT
bundling occurs. For the SDS-CNT fibres (Vf ≤ 0.02), while some degree of CNT
alignment was observed (via polarized Raman spectroscopy), the measured modulus
(5.2 GPa) was lower than the theoretical modulus calculated for a randomly
orientated CNT composite (~6.8 GPa at Vf 0.02). In these fibres, CNTs are
presumably covered with SDS, which can significantly hinder load transfer from
matrix to the CNT which negatively affected composite modulus. As the effect of
extra component, SDS, is not considered in formula 1, calculation of ήo would be
under estimation.
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Figure 4. 8. Polarized Raman spectra of PEDOT:PSS/CNT composite fibres. Single
and straight fibre selected for the orientation-dependent measurements at different
angles
between the polarization (electric field) of the incident laser light and the
fibre axis. All measurements show maximum intensity when the polarization of the
incident radiation is parallel to the fibre axis (
0° ), while near 90o signal
decreased to lowest intensity. This orientation dependence was observed for both
CNT composite fibre type. Numbers refer to the polarization angle of the incident
laser beam.
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By monitoring the shifts in the 2D Raman band (at 2662 cm-1) of the composite
fibres under an applied strain [233], the effective stress transfer between the polymer
and the CNTs related to the CNT effective modulus (YEff) defined below was
evaluated [10, 42]:
ή ήY

(3)

The measured higher shifts in the 2D band of PEG-CNT (up to 8 cm-1) compared to
SDS-CNT (up to 2 cm-1) composite fibres corroborated well with their respective
dY/dVf values. Furthermore, following the above findings that ήo did not change
considerably in both regions for PEG-CNT composite fibres meant that the
contribution of ήlYCNT is 4X higher in region I (8 cm-1) than in region II (2 cm-1). This
4 factor difference is also reflected by the dY/dVf values in both regions (417 GPa /
108 GPa ≈ 4) illustrating consistency in my results and this approximation.
The observed increase in tensile strength of the composite fibres (Figure 4. 7 B) is a
direct reflection of homogenously dispersed PEDOT:PSS-CNT formulations. Similar
with modulus, reinforcement in strength occurred at two distinct CNT loading
regions for both types of CNT dispersions. In region I, the tensile strength peaked at
~200 MPa for composite fibres containing PEG-CNT and the degree of
reinforcement (dσ/dVf) was 4.0 GPa. This dσ/dVf is higher than for composite fibres
containing SDS-CNT (2.7 GPa) and previously reported PVA/SWNT fibres (2.8
GPa).[10] In region II, further addition of CNTs increased the strength of PEG-CNT
(~254 MPa at dσ/dVf of 0.5 GPa), while it decreased for SDS-CNT (~80 MPa at
dσ/dVf of -1.4 GPa).
The failure mechanism by CNT pull-out described in the previous section means that
the composite strength (σc) can be represented by:[42]
ή

⋍ ή
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(4)

which suggests that σc is influenced by the polymer–CNT interfaces and not the CNT
strength alone. These interfaces are proportional to the CNT aspect ratio (l/D) and
the interfacial stress transfer (τ) between CNT and polymer. Using the above
approximation of ήo = 0.5 and aspect ratio of 180 for PEG-CNTs in region I, τ was
calculated ~50 MPa. Lower τ is expected for PEG-CNT fibres in region II
presumably due to bundling effects (decreased aspect ratio). For the SDS-CNT
composites, in addition to bundling effects, it is also reasoned that the non-covalently
bound SDS and its significantly increased concentration in region II contributed to
the observed distinct phase segregation and lower σc.
Another measure of a good reinforced composite is toughness (the total energy
required to break the fibre composite), which is dependent on both strength and
breaking strain of the material. The toughness of composite fibres (Figure 4. 7 C)
with SDS-CNTs followed the same trend as modulus and strength even when
breaking strain decreased with CNT loading (Figure 4. 7 D). A positive effect was
observed at low CNT loading that coincided with region I and a negative effect in
region II presumably due to reasons discussed above (i.e. bundling, phase
segregation, etc.). For fibres containing PEG-CNT, the highest toughness was
measured at PEG-CNT loading of 0.04 Vf (23.8 J g-1) and is ~70 % higher than the
pure PEDOT:PSS fibre (15.9 J g-1). Beyond this PEG-CNT loading, the toughness
decreased with strain (Figure 4. 7 D). Nevertheless, to the best of my knowledge, this
toughness is by far the best reported toughness for a highly conducting CNT fibre
composite (those with conductivity above 300 S cm-1).[27] Other highly conducting
CNT-reinforced composite fibres that fall in this category have toughness of ≤ 10 J g1

[24, 27, 29].
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4.3.5 Electrical conductivity
Shown in Figure 4. 9 are the measured electrical conductivities of as-prepared and
post-spinning treated PEDOT:PSS/CNT composite fibres. Similar with mechanical
properties, the electrical conductivities were found dependent on CNT loading
whereby distinct differences transitioned at CNT loading of ~0.02 Vf (Figure 4. 9 A).

Figure 4. 9. Comparison of the electrical properties of PEDOT:PSS/CNT fibre
composites A) before and B) after post-treatment process. Fibres prepared as a
function of CNT loading using SDS-CNT (squares) and PEG-CNT (triangle)
dispersions are shown.
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At CNT loading of 0.02 Vf, both fibre composites displayed ~140 % increase in
conductivity (from 9 S cm-1 for pristine PEDOT:PSS to ~22 S cm-1 for both fibre
composites). Above this CNT loading, the conductivity of SDS-CNT fibre
composites sharply increased with CNT loading (dS/dVf = 1120 S cm-1) until a
maximum conductivity of 130 S cm-1 at CNT 0.11 Vf is reached. For PEG-CNT
composite fibres, the highest conductivity of 33 S cm-1 was achieved for CNT 0.12
Vf and at a much slower rate (dS/dVf = 117 S cm-1). These results were consistent
with the conductivity of pure CNT film made from the respective dispersions
whereby SDS-CNT films were found to be significantly more conducting than PEGCNT films (400 and 30 S cm-1, respectively). Although minimal CNT-aggregation
was observed for the PEG-CNT composite fibres (as discussed in the previous
sections), their lower conductivity compared to SDS-CNT composite fibres could be
attributed to the inherent lower conductivity of PEG-CNTs (presumably from CNT
defects and the significant amount of PEG functionalities on CNTs [118]). Note that
the above conductivity values represent the increase in conductivity contributed
solely by the addition of CNTs. Further conductivity enhancement achieved via
secondary doping of PEDOT:PSS through post-spinning treatment with EG (see
Experimental Section). It worth noting that spinning of aqueous blend of
PEDOT:PSS/CNT and low molecular weight PEG did not carry out due to the
observed adverse effect of PEG on the mechanical properties of the fibres. All
secondary doped fibres displayed enhanced conductivities albeit at varying degree
(Figure 4. 9 B). The SDS-CNT composite fibres revealed a rapid increase in
conductivity (dS/dVf = 12500 S cm-1) reaching ~450 S cm-1 at CNT loading of 0.02
Vf followed by a slow linear increase (dS/dVf = 593 S cm-1) to ~500 S cm-1 at the
highest CNT loading (0.11 Vf). A different behavior was observed for PEG-CNT
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fibre composites. The highest conductivity of ~400 S cm-1 was achieved at CNT
loading of 0.016 Vf (dS/dVf = 2788 S cm-1), which decreased to ~200 S cm-1 as the
CNT loading increased to 0.12 Vf. This latter conductivity is lower than the
conductivity of pure EG-treated PEDOT:PSS fibre. The conductivity enhancement in
EG-treated PEDOT:PSS fibres in this thesis was associated with the conformational
transformations and molecular ordering of PEDOT:PSS chains as a consequence of
phase segregation between PEDOT and PSS segments. For the fibres presented here,
it is reasoned that the higher modulus and matrix-nanotube interactions in PEG-CNT
than in SDS-CNT composite fibres possibly limit the conformational changes of the
PEDOT:PSS chains to take place during EG-treatment, hence lower conductivity is
observed in PEG-CNT composite fibres. This effect is magnified at high CNT
loadings where the differences in modulus and strength between two fibre
composites became much more significant (Figure 4. 7). Also, for SDS-CNT
composite fibres, the slow conductivity increase above 0.02 Vf could be attributed to
the concomitant increase in the surfactant concentration. Nevertheless, the untreated
PEDOT:PSS/CNT are among the best CNT-reinforced composite fibres with low
CNT loading (~0.02 Vf) reported to date that combine outstanding electrical
conductivity and mechanical properties (Table 4. 4). Moreover, the electrical
conductivity of EG-treated PEDOT:PSS/SDS-CNT fibres (~450 S cm-1) is close to
HA-CNT composite fibres (~537 S cm-1) while the latter contained much higher
CNT loading (~0.02 Vf vs. ~67 wt%, respectively).
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Table 4. 4. Comparison of CNT composite fibre properties with presented work.
Processing Details

Reference

CNT
loading

Wet-spinning of
PEDOT:PSS/SDS-CNT composite
Wet-spinning of
PEDOT:PSS/SDS-CNT composite

presented
work
presented
work

Vf=0.022
~ 3 wt %
Vf=0.019
~ 3 wt %

Wet-spinning of PAni-CNT fibres

[29]

0.76 wt%

[27]

67 wt%

Wet-spinning of DNA-CNT fibres
Wet-spinning of CHT-CNT fibres
Wet-spinning of DNA-CNT-PVA
fibres
Wet-spinning of CNT-PVA fibres
Wet-spinning of CNT-PVA fibres
then remove polymer

[27]
[27]

50 wt%
33 wt%

[9]

50 wt%

[177]

60 wt%

[177]

100 wt%

Wet-spinning of HA-CNT fibres

[113]

65 wt%

PEDOT:PSS/ CNT paper

[234]

20-50 wt%

Wet-spinning of HA-CNT fibres

Comments

ethylene
glycol
treatment
ethylene
glycol
treatment
Chemical doping of
PAni
coagulated in acid

Mechanical properties
Modulus
(GPa)

Strength
(MPa)

Strain
(%)

Toughness
(J g-1)

Electrical
Properties
Conductivity
(S cm-1)

5.2

192

12.6

19

455

11.4

200

13.7

21.6

340

7.3

255

4

13

110

Specific
Capacitance
(F g-1)

716
6-10

537

44

150
21
Annealed at 350 oC

14.5

101

166.7

0.1

0.2
Annealed at 1000
o
C to remove PVA
CIH
coagulation
bath

140
4

20

4.1

135

100
33.3
35-104
at 0.2 A g-1
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4.3.6 Electrochemical performance
The electrochemical behavior of the fibres was investigated using cyclic
voltammetry. This study evaluates the additional benefits gained from using CNTs as
mechanical and electrical reinforcing agents. Both three-electrode and two-electrode
(symmetric) cells were used; the latter test configuration is valuable in estimating the
capacitance of the fibres when used as electrode(s) in an electrochemical
supercapacitor device. For each CNT type, two CNT loadings were compared i.e. at
CNT loading 0.02 Vf, and at maximum CNT loading. These CNT loadings where
chosen due to the distinct transitions and differences in mechanical and electrical
properties that were observed.
The cyclic voltammograms (CVs) of the two fibre composites characterized in a
three-electrode configuration revealed Faradaic responses typical of a pure
PEDOT:PSS material (Figure 4. 10, A), the oxidation (-0.4 and +0.3 V vs. Ag/Ag+)
and reduction peaks (-0.2 and -0.4 V vs. Ag/Ag+) are close to previous reports [227].
The more clearly defined redox peaks in the CV relates to the enhanced conductivity
of PEODT:PSS fibre after CNT addition. Also evident is the increased specific
current response and a rectangular-shape CV of composite fibres indicative of
improved

electrochemical

double-layer

capacitance.

In

the

two-electrode

configuration (Figure 4. 10, B), the capacitive behavior of all fibres was represented
by the near-rectangular shaped CVs at scan rates of 50 mV s-1. Remarkable
differences in the specific capacitance that were dependent on the CNT type and
CNT loading were observed. In comparison to the specific capacitance (twoelectrode cell) of pure PEDOT:PSS fibre (10 F g-1), the highest SDS-CNT and PEG-
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CNT loading resulted to approximately eight-fold (77 F g-1) and two-fold (22 F g-1)
increases in specific capacitance for composite fibres, respectively.

Figure 4. 10. CV of PEDOT:PSS/CNT composite fibres as a function of Vf and CNT
type in 0.1 M TBABF4/acetonitrile taken at a scan rate of 50 mV s-1. A) threeelectrode cell system when potential measured vs Ag/AgNO3. B) two-electrode
(symmetric) cell.
In terms of CNT type, fibre composites with SDS-CNTs resulted in higher
capacitance for both CNT loadings investigated (Table 4. 5). Also consistent with the
higher electrical conductivity observed for fibre composites containing SDS-CNTs,
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the specific capacitance increased with SDS-CNT loading but decreased for PEGCNTs. Notably, extended cycling (up to 500 cycles for composite fibres) revealed
higher capacitance retention from the composite fibres irrespective of CNT type and
CNT loading compared to pure PEDOT:PSS fibres (Table 4. 5).

Table 4. 5. Summary of electrochemical performance of PEDOT:PSS/CNT
composite fibres.

Fibre type
(dispersion)

PEDOT:PSS
SDS-CNT
SDS- CNT
PEG- CNT
PEG- CNT

CNT loading
(Vf)

0
0.02
0.11
0.02
0.12

Specific capacitance
(F g-1)

Capacitance retention
after 500 cycles

3 electrode

2 electrode

15
67
101
26
35

10
59
77
14
22

(%)
86.7
94.4
94.1
91.3
91.5

The near-rectangular shape of the CVs obtained from the two-electrode configuration
suggested that the overall internal resistance is low, owing to the improved fibre
conductivity via post-spinning treatment and CNT addition. The use of CNT additive
provided further benefit by improving the stability of the fibre electrode during
repeated cycling. The stability of the enhanced ionic and electronic transport of the
composite fibres depicts a strong interaction between the aromatic CNTs and the πconjugated PEDOT:PSS polymer chains. The observed dependence of specific
capacitance on CNT type could be associated to the strength of polymer-CNT
interactions. In the composite fibres containing SDS-CNT, the six times increase in
specific capacitance at 0.02 Vf SDS-CNT loading could be due to the increased
electroactive surface area arising from the combination of micro- and nano-porosity
of fibre composites, and their inherent high conductivity. The decreased conductivity
could likely explain the slightly lower capacitance for PEG-CNT fibre at this CNT
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loading. Further increase in capacitance observed at 0.11 Vf SDS-CNT is in
agreement with the observed increase in porosity and conductivity. Note however, a
compromise in mechanical properties was observed at this CNT loading. In contrast,
while the significantly improved PEDOT:PSS-PEG-CNT interactions provided
stronger and less conducting composite material, the porosity decreased as observed
in the SEMs and influenced the lower increase in capacitance compared to composite
fibres containing SDS-CNTs.
Comparing the specific capacitance of composite fibres with PEDOT:PSS/CNT
paper [234-236] and pure CNT fibres [177] reported into the literature, reveals a
better or similar performance achieved for the composite fibres in much lower CNT
loading. This higher efficiency was as a result of high surface are of composite fibres
and easier access of the ions to the individual/small bundles of CNTs dispersed into
the polymer matrix.
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4.4 Conclusion
This study experimentally demonstrates the importance of the quality of CNT
dispersions, CNT loading and CNT type when used as reinforcing additives in
composite fibres produced by wet-spinning. When the quality of CNT dispersions
are maintained in the nanostructured fibre, the higher effective reinforcing surface
area of the individual/small CNT bundles leads to better properties than when large
CNT bundles (of equal weights) are used. This systematic investigation on the
nanocomposite production revealed using high quality CNT dispersion and
controlled production of PEDOT:PSS/CNT composite fibre can simultaneously
increase the mechanical properties, electrical conductivity and electrochemical
performance.
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5 SCALABLE WET-SPINNING OF PURE
GRAPHENE OXIDE FIBRES FROM LIQUID
CRYSTALLINE DISPERSIONS
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5.1 Introduction
The discovery of graphene [66] has spawned a significant level of effort in carbon
nanomaterial research, since the practical realization of the extraordinary thermal
[67, 68], electrical [69], electrochemical [70] and mechanical [72] properties would
open endless possibilities for new materials for various applications including (but
not limited to) composites [237], energy storage and conversion [70, 238],
nanoelectronics [148, 239] and transparent thin films [75, 239, 240]. Initially, most
research activities were focused on understanding the fundamental properties of this
mono layer sheet form of carbon [149]. At the same time, there was always the
appreciation that graphene could form a foundation generation of new advanced
materials with unique electrical, thermal, mechanical, and other properties [149].
However, in practical sense, these properties are not materialized in macroscopic
scale due to limited processability of graphene. So far, the restrictions on
processability of GO and graphene have severely limited obtaining practical
structures from these useful materials such as films and papers [72, 75, 148, 237].
However, the recent discovery of lyotropic nematic liquid crystalline (LC) behaviour
in GO and graphene opens the avenue for processing them into novel macroscopic
nanostructures [58, 60, 62-64]. LC solutions have been known to offer the unique
possibility of wet-spinning highly ordered fibres [4]. A number of different LC
materials have been utilized to produce fibres with outstanding performance [241]
ranging from natural LCs such as spider silks

[180] to LC carbon nanotube

dispersions in superacids [4]. This approach can also be applied for LC GO to wetspin continuous nanostructured fibres from GO and then subsequent reduction to a
conducting state (rGO fibre). Spinning of aqueous and organic LC GO instead of LC
CNT in super acids [4] is a significant advantage to make the process much simpler,
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more economical and environmental friendly. However, knowledge of LC GO is in a
very early stage and few publications have been published since 2011 which mainly
focused on production of LC GO in water [58, 60-63]. Kim et al. [62] published the
first report on LC behaviour of GO sheets with a maximum aspect ratio of 1,700 that
formed a fully nematic phase >0.53 wt.% in water. Fibre containing ~2 wt.% of GO
were prepared by drying the three-component composite mixture (weight fraction of
water/polyacrylic acid/graphene oxide=25.9:5:0.1) and then hand-drawing the
resultant gel. This production was a batch process (not continuous fibre spinning
method) and required binder to aid processing. Xu and Guo. [63] reported LC
behaviour of GO sheets with a maximum aspect ratio of 2,600 that formed a fully
nematic phase >0.5 wt.% GO in water. Aboutalebi et al. [58] prepared LC GO with a
much higher aspect ratio of 30,000 that formed a fully nematic phase >0.1 wt.% GO
in water. Free-standing GO buckypaper was fabricated by self-assembly of GO
sheets upon casting. Xu and Guo [61] utilized centrifugal vacuum evaporation
method to yield LC phases from aqueous GO dispersions with an aspect ratio not
more than 2,500 that formed fully nematic phase >0.4 wt.% GO. They presented
details of the hydration-responsive transitions of GO phases that are critical for the
development of smart stimuli-responsive materials. Dan et al. [60] demonestrated LC
behaviour of GO sheets with a median aspect ratio of 10,000 that formed a fully
nematic phase at >0.1 vol.% in water, The order parameter, birefringence and elastic
properties of the LC GO dispersions were also investigated.
This thesis describes formation of LC GO in aqueous solution, and for the first time
in various organic solvents from giant GO sheets. I also show that LC GO
dispersions in water and organic solvents provide a viable route to continuously wet-

135

spin unlimited lengths of multifunctional and flexible pure GO and reduced GO
(rGO) fibres.

5.2 Experimental
Mechanical tests, conductivity measurements, Raman spectroscopy and SEM
conditions are described in chapters 3 and similar conditions are used in the
following chapter.
LC GO synthesised following previously described method using thermally
expanded graphite as precursor [58, 73]. Extraction of water by several
centrifugation-washing processes was used to replace water with organic solvent to
form organic-based LC GO. A series of concentrations ranging from 0.1 to 5.0 mg
ml-1 were used to evaluate LC behaviour, rheological properties and fibre
spinnability. Birefringence of GO dispersions was measured by polarised optical
microscopy whilst the chemical functionalities of the GO and rGO fibres were
evaluated by Fourier transform infrared spectroscopy (FTIR, Shimadzu AIM-8800
FTIR ATR microscope). TA Instrument rheometer (AR-G2) with a conical shaped
spindle (angle: 2°, diameter: 40 mm) was employed to measure the rheological
properties of GO dispersions. The spinnability of the fibre was initially evaluated by
spinning fibres into a petri dish coagulation bath. The temperature dependent thermal
transport properties were measured in a physical property measurement system
(PPMS

6500-Quantum

Design)

using

the

standard

four-probe

method.

Supercapacitor performance in deoxygenated 1M H2SO4 was investigated via
galvanostatic charge-discharge experiments (BioLogic Science Instruments VMP3)
in a two electrode configuration utilising rGO fibres as the cathode and anode. X-ray
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diffraction studies were performed using a powder XRD system (Philips1825) with
CuKα radiation (λ=0.154 nm) operating at 40 keV and with a cathode current of 20
mA. Atomic force microscopy (MFP-3D AFM Asylum Research, CA) was carried
out in tapping mode under ambient conditions. Transmission electron microscopy
(TEM) images were recorded by using JEOL JEM-2200FS.
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5.3 Results and discussion
5.3.1 Characterization of ultra large graphene oxide sheets
5.3.1.1 Atomic force microscopy
Atomic force microscopy (AFM) is a powerful tool for characterizing graphene and
graphene oxide morphology and widely used to confirm if graphene is truly
monolayer [58].
Sample preparation was a challenge in this study because GO sheets tend to
agglomerate during deposition on a silicon surface. In an uncomplicated graphene
specimen, a single layer and isolated GO sheet should be spread on a completely
cleaned substrate without any agglomeration. In order to overcome this problem precut and cleaned silicon substrates (with 300 nm SiO2 layer) were silanized by 3Aminopropyltriethoxysilane (see experimental chapter). GO sheets were deposited
onto silanized silicon substrates by immersing the silicon substrate into a GO
dispersion with an extremely low concentration of GO (50 µg ml-1) for 5 seconds,
then into a second container containing MilliQ water for 30 seconds before air-dring.
Prior to AFM analysis, GO sheets were observed under an optical microscope to
ensure uniform GO sheet deposition was achieved.
AFM study confirmed the formation of monolayer GO sheets in my as-prepared GO
aqueous dispersions. Figure 5. 1 shows an ultra large (lateral size of >70 µm)
wrinkled GO sheet. The size of the sheet was more than 50 µm and did not fit in one
frame of the AFM image. The apparent thickness of the GO sheet is around 0.81 nm.
From the AFM image it is also apparent that the thickness of individual wrinkles is
mostly in the range of 3 to 12 nm.
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Figure 5. 1. AFM image of a large GO sheet with lateral size >75 µm. Inset shows
the height profile derived from the marked line in the AFM image showing
monolayer GO sheet thickness of ~0.81 nm.

5.3.1.2 Transmission electron microscopy
The monolayer exfoliation of GO sheets was further confirmed using transmission
electron microscopy (TEM). The high-resolution TEM (HR-TEM) image and
corresponding electron diffraction pattern presented in Figure 5. 2 indicate that the
GO sheets indeed consisted of single layers in good agreement with the AFM
observations.
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Figure 5. 2. High-resolution TEM image of monolayer GO sheet and the
corresponding electron diffraction pattern (inset).

5.3.1.3 Scanning electron microscopy
The lateral size of GO sheets produced in this study were characterized further using
SEM. Figure 5. 3 shows 9 SEM images from different areas of a GO deposited film
on a silicon substrate along with the size distribution of the GO sheets (Figure 5. 4)
confirming average lateral size of tens of micrometers. Most of the sheets had
diameter more than few tens on micrometer while some had broken into smaller
flakes during exfoliation process. Folds and wrinkles are representative of flexibility
of GO sheets. A recent study has suggested that the hydrogen bonding between the
carboxylic acid edge groups which is more pronounced under acidic conditions is
responsible for the wrinkling behaviour [162].
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Figure 5. 3. Nine (9) representative SEM images showing large monolayer graphene
oxide sheets. The same scale bar applies for all SEM images shown.

Figure 5. 4. Lateral size distribution of as prepared GO sheets from SEM images.
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5.3.1.4 X-ray diffraction
The structure of GO sheets was characterized using X-ray diffraction (XRD) (Figure
5. 5). The as-prepared GO paper exhibited a layered structure with a mean d-spacing
of about 8.42Å which corresponds to the distinct sharp peak observed at 2 = 10.5º,
according to Bragg’s law: 2 d sin θ = n λ , where n is an integer determined by the
given order, and λ is the wavelength. This d- spacing is in agreement with AFM
result (Figure 5. 1).

Figure 5. 5. XRD pattern of GO sheets prepared as paper from as-prepared GO
dispersion.

Although the GO structure contains some unoxidized hydrophobic polyaromatic
nanographene domains remaining on the basal planes [58, 240, 242], it is typically
considered as a hydrophilic material with interlamellar water molecules in interlayer
[72, 163, 243]. This d-spacing value represents less than approximately 26% water
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content entrapped between GO layers presumably through hydrogen bonding based
on a recent theoretical study which has suggested that the water content controls the
extent of these interlayer hydrogen bond networks [244], thereby affecting the
interlayer spacing. It is also suggested that at moderate hydration levels, the
Hydrogen-bond network is dominated by bonds with water molecules and bonds
between the hydroxyl and epoxy functional groups (intra- and interlayer) [244]. The
individual GO sheets interact via a non-uniform network of hydrogen bonds which
directly affects the mechanical properties of GO sheets.
5.3.1.5 Fourier transform infrared spectroscopy
Reacting graphite with concentrated acids in the presence of a strong oxidizing agent
to yield graphite oxide introduced several different functional groups into the
graphene oxide structure. This process increases the d-spacing between graphene
sheets from 0.34 nm to 0.8 - 1 nm depending on the degree of oxidation, functional
groups and hydration level (confirmed with XRD). The identified peaks in the FT-IR
spectrum of GO sheets (Figure 5. 6) show the signature for alkoxy (1057 cm-1),
epoxy (1212 cm-1), carboxy (1400 cm-1), aromatic (1600 cm-1), carboxyl (1720 cm-1)
and hydroxyl (3000- 3800 cm-1) in agreement whith that of the previous reports [245,
246]. This increase in the interlayer distance and hydrophilicity due to the presence
of functional group allows water molecules to be effectively intercalated, resulting in
easy dispersion of GO in aqueous media [61, 244].
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Figure 5. 6. FT-IR spectra of graphene oxide paper. The identified peaks in the
spectra are the following: alkoxy (1057 cm-1), epoxy (1212 cm-1), carboxy (1400 cm1
), aromatic (1600 cm-1), carbonyl (1720 cm-1) and hydroxyl (3000- 3800 cm-1).
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5.3.2 Formation of GO Nematic Liquid Crystals
5.3.2.1 LC in Aqueous media
A series of aqueous dispersions with varying GO concentrations from 0.1 mg ml-1 to
5 mg ml-1 in MilliQ water were examined under a crossed-polarizer optical
microscope in transmission mode to evaluate their birefringence (Figure 5. 7).

Figure 5. 7. Representative polarized optical micrographs of aqueous liquid
crystalline graphene oxide (GO) dispersions at various GO concentrations (0.1 to 5.0
mg ml-1).

In a colloidal suspension containing GO sheets with significantly different sizes, the
big sheets generate an excluded volume for the smaller sheets giving rise to entropic
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rearrangement of the small sheets to form long range ordering resembling that of the
nematic liquid crystals. Polarized optical microscopy (POM) observation of GO
solutions with different concentrations revealed that a fully nematic phase can be
obtained in concentrations as low as 0.75 mg ml-1 which is the lowest ever reported
value for the formation of any type of lyotropic nematic LC materials[58].
Volume fraction of LC GO was measured by phase separation between isotropic
phase and nematic phase into a capillary tube [203, 204]. After phase separation of
the two phases, the volume fraction of the nematic phase (birefringent) phase was
then measured under polarised optical microscopy (Figure 5. 8). The transition
concentration from isotropic to fully nematic sate was experimentally found to be
0.2≤GO<0.75 mg ml-1.

Figure 5. 8. The observed phase separation between nematic phase (bottom) and
isotropic phase (top) of GO dispersion (0.25 mg. ml-1) in a capillary tube. The
volume fraction of nematic phase (φnem ~0.3) did not change after 7 days.
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The critical theoretical volume fraction (Φ) for the transition was calculated based
on Equation 1 which served as a model system for liquid crystal phases of charged
colloidal platelets [142, 204],
Φ

√3

σ
σ

(1)

ρD

The dimensionless number density (ρD3) was experimentally found to be ρisoD3=2.7
and ρnemD3=4.3 for isotropic and nematic transition concentrations, respectively.
However, there are some assumptions in this model which should be taken into
account for any further improvement of the theoretical foundation. These
assumptions state that the particles are rigid and the diameter distribution is
symmetric. The polydispersity (σ) of the system was experimentally calculated by
dividing standard deviation of the diameter distribution (23 µm) by the mean (37
µm). The sheet thickness (L) was estimated to be 0.814 nm based on AFM
measurements and GO sheet density was considered to be 2.2 g cm-3 based on the
literature [58]. The above equation gave a theoretical biphasic region between 0.054
to 0.087 mg ml-1 which is much lower than experimental observations (between
~0.20 to ~0.75 mg ml-1). This difference mainly arises as a result of flexibility of GO
sheets which results in the wrinkling behavior. The wrinkling can also have profound
effect on the charge concentrations on the surface of GO sheets leading to
electrostatic anomaly on the surface and localization of electrostatic charges on some
preferred regions. Also the asymmetry of size distribution and shape irregularity can
play important roles in the deviation of theoretical estimations from experimental
values.
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5.3.2.2 LC in organic media
LC behavior was also observed in organic solvents which has not been reported
previously. Organic LC GO dispersions were obtained by omitting the drying step
mainly because re-dispersing the powders after drying normally requires a sonication
step [247], directly resulting in GO sheet size reduction which quite severely impacts
the LC GO formation. To convert LC GO dispersion in water to LC GO organic
dispersion, GO was collected by centrifugation and the water supernatant was
removed. Then water was replaced by an equal volume of organic solutions. The
final product was then washed several times with the organic solutions to ensure the
complete extraction of water (see experimental chapter).
Figure 5. 9 illustrates the observed birefringence of various organic-based GO
dispersions at a GO concentration of 5 mg ml-1 under POM. The complete analysis of
commonly used organic solvents demonstrated that a minimum dielectric constant of
7.58 (tetrahydrofuran) is a pre-requisite to obtain fully nematic LC GO dispersions.
The attainment of LC GO dispersions in various organic solvents can pave the way
to synthesise a range of processable different graphene and graphene oxide based
materials, which processable are also wet-spinnable as demonstrated in Table 5. 1.
For instance, the LC behaviour of GO in acetone can facilitate the processability of
many sought after epoxy-based GO composites. Other composite electrodes that
require material formulations in organic solvents that may directly benefit from this
finding include those used in solar cells, batteries and fuel cells.
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Figure 5. 9. Representative polarized optical micrographs of graphene oxide (GO)
dispersions in various organic solvents at a GO concentration of 5.0 mg ml-1.
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Table 5. 1. List of solvents and their properties evaluated for the preparation of organic solvent-based LC GO dispersions.
Hansen Parameter for solvents

Solvent

Dielectric Constant

at 25 °C

Water Miscibility

LC formation at

at 20 °C

5 mg ml-1

(%)

(Yes/No)

dispersive

polar

hydrogen

total

15.6

16

42.3

48

80.1

100

Yes

17

11

26

33.0

37

100

Yes

methanol

15.1

12.3

22.3

29.6

32.7

100

Yes

ethanol

15.8

8.8

19.4

26.5

24.5

100

Yes

dimethylformamide

17.4

13.7

11.3

24.9

36.7

100

Yes

acetonitrile

15.3

18

6.1

24.4

37.5

100

Yes

isopropanol

15.8

6.1

16.4

23.6

17.9

100

Yes

18

12.3

7.2

23.0

32.2

100

Yes

dimethyl acetamide

16.8

11.5

10.2

22.8

37.8

100

Yes

acetone

15.5

10.4

7

19.9

20.7

100

Yes

terahydrofuran

16.8

5.7

8

19.5

7.58

100

Yes

18

1.4

2

18.2

2.38

5.4

No

butyl acetate

15.8

3.7

6.3

17.4

5.1

0.6

No

heptanes

15.3

0

0

15.3

1.92

0.0003

No

hexane

14.9

0

0

14.9

1.88

0.014

No

water
ethylene glycol

N-methyl pyrrolidone

toluene

150

5.3.2.3 Mechanism of LC formation
The structure and properties of GO sheets are strongly dependent on bonding
interactions, which form the skeleton of GO sheets based on a delicate balance of
repulsive forces. Steric hindrance, resulting from the repulsive steric interactions
among GO sheets, can potentially result in configurational-entropy driven excludedvolume [58]. Excluded volume effects play an important role in the stability of
colloidal suspensions. GO sheets in water, which typically exhibit a highly charged
surface profile, can only approach each other in a defined separation distance where
solvent molecules are confined and entrapped between GO sheets. These
water/organic solvent molecules affect the particle interaction, owing to the strong
electrostatic repulsion forces. These solvent molecules are integral to the liquid
crystallinity of GO dispersions. The sheet to sheet repulsion forces can be defined by
ɛ

, where Qs is the total charge of one individual sheet, ε is the dielectric constant of

the dispersant (solvent) and r is the distance separating the surfaces. This force,
which is due to the overlapping electric double layers, is affected by the amount and
size of counter-ions present in the solution (ionic strength). Therefore, addition of
sufficiently high number of counter-ions with a sufficiently large size can result in
screening of electrostatic repulsion and sheet interaction is greatly influenced by the
microscopic structure of the confined solution [248]. In a colloidal suspension
containing GO sheets of significantly different sizes, the bigger sheets generate
excluded volume for smaller sheets giving rise to entropic rearrangement of sheets to
form long range ordering resembling liquid crystalline molecules.
In a biological system, macromolecules and membranes generate excluded volumes
for smaller molecules forming the solvent and co-solutes (i.e., the aqueous solution)
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[248]. The entropic potential in this case can be very large and plays an important
role in the system behaviour due to the fact that GO sheets are much larger than the
solvent molecules. Furthermore, as is the case with cell membranes which readily
form lyotropic liquid crystals, the constituent functional groups of GO sheets are
perpendicular to the GO sheet surface, yet the GO sheet is flexible. These functional
groups do not leave the surface of GO sheets due to the high energy obligation. All
these factors contribute to the observed liquid crystallinity of GO dispersions in
water or any other medium. This liquid crystallinity gives the GO sheets its
characteristic flexibility. It has been shown that the liquid crystal route can be
exploited to achieve self-assembled layer by layer structures [58]. As discussed
earlier water molecules are confined and entrapped between GO sheets. XRD studies
demonstrate that some interlamellar water molecules are preserved in the structure.
Therefore, this process of self-assembly is predominantly driven by hydrophilic
interaction due to hydrogen bonding between water molecules present in the
structure and functional groups on the surface of GO. This hydrogen bonding can
preserve the structure of GO sheets upon drying resulting in the formation of selfassembled structures [58]. It is proposed that the ordered network of water molecules
that are stabilized by hydrogen bonds and interspersed within GO sheets can support
rapid jump conduction of protons [249] (hydrogen atoms without their electron,
which constitute positive electric charges) as is the case with collagen [250]. This
behaviour has also been observed in the case of electrochemical impedance
spectroscopy (EIS) measurements of supercapacitors fabricated from GO [73]. As
demonstrated by EIS measurements this jump conduction is a kind of semiconduction and is much faster than ordinary electrical conduction. That is because it
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does not actually require any net movement of the charged particle itself. It is passed
rapidly down a line of relatively static, hydrogen-bonded water molecules [178].
5.3.2.4 Rheology of aqueous LC dispersion
Rheological investigations were carried out to distinguish between the observed
transition regions. At GO concentrations ≥0.2 mg ml-1, the rheological behavior of
the dispersion exhibited that of non-Newtonian liquids with flow curves exhibiting
yield values (the lowest shear stress necessary to produce viscous flow [251]) similar
to the rheological behavior of plastic fluids [252]. To better illustrate this behaviour,
the flow curve of 5 mg ml-1 GO dispersion is shown in Figure 5. 10. When the
measurements are repeated, the yield value on the ascending curve corresponds to
that on the first descending curve. This suggests that an orientation of the anisotropic
phases took place in the shear field when they were first subjected to shear stress.
The lower yield value obtained when the measurements were repeated corresponds to
that of the aligned sample. Further confirmation of this plastic behavior is evident
from the apparent viscosity (η) that approaches ∞ as shear rate (γ) approaches 0,
which was found to experimentally scale as η~(γ)-0.952. The theoretical exponent for
plastic materials has a value of -1. This theoretical value suggests limited structural
modifications, such as an alignment of the lamellar planes, but no viscous
components. A viscous character would show an exponent value between -1 and 0.
Therefore the slight deviation from the theoretical value of -1 [252], represents the
viscous component of the material. The most feasible physical mechanism which can
be taken into account for the observed plastic behavior of the LC phase is the sliding
of lamellae along the layer of water molecules. Based on thermodynamics, there is
no driving force for the relaxation of the structure after sliding along any possible
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direction tangent to the lamellae [252]. It is also hypothesized that that sliding can
very likely occur between the water phase lamellae.

Figure 5. 10. Viscosity and shear stress vs. shear rate of 5 mg ml-1 aqueous LC GO
dispersions showing the first two complete ascending-descending flow curves. The
lower yield value obtained when the measurements were repeated corresponds to that
of an aligned sample. (arrows represent direction of flow curve measurement)

5.3.2.5 Spinnability of aqueous LC dispersion
In a recent paper [253], it was demonstrated that giant GO flakes (larger than 10 µm)
can undergo a transition to LC gel-like state. The gel-like LC state showed an
unusually defect-free alignment over hundreds of micrometers. However, they could
not decipher the nature of the forces responsible for this phenomenon [253]. In
general, a gel is considered as a semi-rigid network in which a liquid is held [65].
However, the gel-like state induced because of ultra large graphene oxide sheets (in
excess of 37 µm) prepared in my study exhibits fundamental characteristics that
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ordinary gels do not have. These characteristics include but are not limited to
exceptional uniformity of the network structure (large domain LC), and the
anisotropy arising from having a liquid crystal in the network which are the common
features of liquid crystalline gel structures [65, 253]. These unique features enable
these structures to be aligned by shear as demonstrated by rheological studies in the
current thesis, magnetic field [62] or surface anchoring [65]. Gel spinning depends
on isolating individual chain molecules in the solvent so that intermolecular
entanglements are minimal. Entanglements make chain orientation more difficult. In
the case of graphene oxide, graphene oxide sheets are completely isolated from each
other in the solvent. Therefore, achieving orientation is not a difficult task. Big
enough and concentrated enough GO dispersions can preserve their alignment as
they form a gel. These gels can then be used as precursors for the fabrication of
fibres. These unique intriguing features of graphene oxide make the wet-spinning of
this interesting material possible at extremely low concentrations.
Figure 5. 11 shows the yield value and viscosity of GO dispersion as a function of
concentration for the first and second ascending shear stress. Investigations of the
rheological behaviour of aqueous GO dispersions (also evaluated as fibre spinning
solutions) reveal yield values and apparent viscosities increase systematically with
GO concentration. At concentrations ≤0.25 mg ml-1 where the nematic phase volume
fraction φnem<0.5 (Figure 5. 12), there was no difference between two yield values
and viscosities for the first and second ascending flows. This concentration range (I)
was un-spinnable (i.e. GO sheets simply spread into the coagulation bath). At
0.25<GO≤0.75 mg ml-1 (II), the difference in yield values and viscosities observed
then increased with φnem. Partial spinnability was obtained by the relatively weak
cohesion of the spinning solution. Above 0.75 mg ml-1 (III, fully nematic), the flow
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curves reveal significant difference between yield values and viscosities that increase
almost linearly with GO concentration. In this region, cohesion of the spinning
solution dramatically improved and long lengths of robust gel fibre were produced
and subsequently dried without breaking. Of note is that the concentration and
viscosity of a spinnable LC GO dispersion can be as low as 1 mg ml-1 and ~30 Pa s,
respectively which is at least one order of magnitude lower than the lowest reported
values for wet-spinning solutions. Conventionally much higher concentration and
viscosity are required for wet-spinning formulations [254].

Figure 5. 11. Yield value and viscosity of aqueous GO dispersions for the first and
second ascending shear stress at various GO concentrations. Regions I, II, and III
correspond to non-spinnable, slightly spinnable, and fully spinnable GO dispersions.
(arrows represent direction of flow curve measurement)
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Figure 5. 12. Yield value (top) and viscosity (bottom) as a function of nematic phase
volume fraction, φnem (main x-axis) and the corresponding graphene oxide
concentration (x-axis shown on top), which fall within the identified regions I (unspinnable) and II (partially spinnable) in Figure 5. 11. Red and black triangles refer
to the data obtained from the first and second ascending shear stress, respectively.
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5.3.2.6 The importance of GO sheet size on LC formation and spinnability
To better demonstrate the importance of GO sheet size on the spontaneous LC
formation in GO dispersions and their spinnability, I purposely broke down the GO
sheets via bath sonication (Figure 5. 13). Two minutes' sonication of a GO dispersion
with a concentration as high as 2.5 mg ml-1 was enough to break down the sheets to
much smaller sizes, leading to a fully isotropic and non-spinnable dispersion. The
observed phenomenon was further investigated through spinnability and rheological
studies (Table 5. 2). Rheological and birefringence investigations revealed that at
sonication times higher than 1 minute the yield value and viscosity decrease resulted
in a significantly diminished fraction of LC phase in the dispersion. Reduction in GO
sheet sizes to lower than 1.5 µm resulted in non-spinnable, isotropic GO dispersion.
In these dispersions the theoretical concentration of the transition between isotropic
and nematic phases exceed the initial concentration of GO with a typical value of 2.5
mg mL-1. These experiments clearly demonstrate that LC behavior and spinability
are lost once the GO sheet size falls below the theoretical limit.
In order to confirm the validity of the excluded volume effect, two fully isotropic GO
dispersions with highly different, distinct sheet sizes (one with large sheet size and
low concentration and the other with small sheet size and low concentration) were
mixed together (Figure 5. 14). The mixture showed the birefringence behavior of
fully nematic phases which further verified that both large GO sheets and
polydispersity in size are critical factors to obtain LC GO phases.
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Figure 5. 13. SEM of GO sheets as a function of sonication time. Sonication duration showed in each picture. Scale bar is similar for all images.
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Table 5. 2. Results of experiments examining effect of GO sheet size upon LC formation. Initial concentration of GO was 2.5 mg ml-1.
Sonication
time

Mean sheet
size

Standard
deviation

s

µm

µm

Polydispersity

Theoretical transition
between isotropic and
nematic phases

LQ

mg ml-1

birefringence

Volume fraction of LC
domain

yield value

Viscosity

Pa
1

st

0

37

23

0.62

0.05 to 0.09

yes

1

3.55

15

32

25

0.78

0.06 to 0.09

yes

1

30

22

23

1.1

0.07 to 0.11

yes

1

45

14

5.4

0.39

0.18 to 0.28

yes

50

4.1

8.8

2.2

0.29 to 0.46

55

3.2

6.9

2.2

0.37 to 0.59

Spinnability

Pa s
2

nd

1

st

2nd

1.0

353

100

yes

3.01

1.3

293

129

yes

1.75

0.98

173

96

yes

1

0.96

0.67

94

68

yes

yes

1

0.53

0.37

53

39

yes

yes

1

0.29

0.16

29

17

yes
fibres formed and picked up, but, not
uniform fibre
Short fibres formed and hard to be picked
up
Very short fibres formed but can't be
picked up

60

1.5

4.3

2.9

0.75 to 1.2

yes

0.95

0.25

0.12

24

12

65

1.2

3.7

0.31

2.2 to 3.6

partially

0.5

0.16

0.03

16

3

70

1.1

2.9

0.25

2.4 to 3.9

in some parts

0.3

0.06

0.048

6.4

2.1

80

0.7

0.71

1

2.2 to 3.5

in some parts

0.2

0.01

0.005

0.73

0.47

no

90

0.5

0.76

1.55

2.7 to 4.2

no

0.09

0.004

0.003

0.44

0.25

no

120

0.2

0.15

0.75

9.1 to 14.6

no

0.03

0.003

0.002

0.036

0.029

no
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Figure 5. 14. Mixing two fully isotropic and non-spinnable aqueous graphene oxide
(GO) dispersions with distinctly different lateral size distribution revealed
spontaneous formation of nematic liquid crystalline phases that are spinnable. Shown
are the lateral size distribution profiles of GO sheets (left) and the corresponding
POM (right) for A) non-sonicated 0.1 mg ml-1 GO dispersion (isotropic), B) isotropic
sonicated 2.5 mg ml-1 GO dispersion (isotropic), and C) 50:50 volume mixture of A
and B (nematic).
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5.3.3 Wet-spinning of GO fibres
5.3.3.1 Different coagulation strategies
The spinnability of both LC GO dispersions in water and organic medium was
evaluated using conventional wet-spinning methods. A typical wet-spinning
experiment involves injecting LC GO dispersion (GO concentration of 5 mg ml-1)
into a coagulation bath to produce the gel-state GO fibre (see experimental chapter)
followed by washing with water, acetone and/or ethanol to produce the dry-state GO
fibre. Different coagulation strategies such as non-solvent precipitation (Acetone),
dispersion destabilization (H2SO4, NaCl, KOH and NaOH), ionic cross-linking using
divalent cations (CaCl2), and coagulation by oppositely charged polymers (Chitosan)
were employed. The spinnability of two organic solvent-based GO dispersions (DMF
and DMAc) at a GO concentration of 5 mg ml-1 also was investigated using CaCl2 as
coagulation bath. As with aqueous-based GO dispersions, the intermediate-state GO
fibres formed instantaneously upon injection into the coagulation bath. Fibres greater
than 10 meters were spun continuously without breaking. Digital images of some
fibres produced using different coagulation strategies are presented in Figure 5. 15.
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Figure 5. 15. Representative digital images of as-prepared gel-state GO fibres in their
respective coagulation baths (as labeled). The two bottom images show spinning
from organic-based LC GO dispersions (in dimethylacetamide (DMAc) and N,Ndimethylformamide (DMF). Note the change in color (from light to dark brown)
when 1 M NaOH and 1 M KOH were used as coagulation baths.
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To demonstrate the high processability of both aqueous and organic-based LC GO
dispersions, various wet-spinning strategies reported in literature for CNT
dispersions were employed [3, 27, 28, 196]. In LC GO spinning, there is no need for
appropriate dispersant to make the dispersion spinnable for a particular coagulation
system [27, 196], as LC GO dispersions only contain GO sheets and the solvent
which is in contrast with CNT spinning. Unlike LC solutions of CNTs in superacids,
wet-spinning of nematic LC GO dispersions does not require highly specialized
equipment [4] and the starting material (graphite) is appreciably cheaper than CNTs.

5.3.3.2 Multi-filament spinning
In order to show the high versatility of LC GO wet-spinning, multi-filament spinning
was employed to prepare GO yarns using a multi-orifice spinneret (each orifice
diameter is 120 µm) (Figure 5. 16). The robustness of the gel-state GO fibres was
further highlighted in multi-filament spinning which allows great latitude in the
design of scalable multifunctional architectures. To demonstrate that the yarns are
indeed comprised of individual fibres, a yarn was immersed in water (Figure 5. 16
D).
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Figure 5. 16. GO yarns produced using a multi-hole spinneret. Snapshots of the A)
formation of gel-state GO filaments as they exit the multi-hole spinneret. (Note that
both the spinneret and the gel-state GO filaments are immersed in the coagulation
bath), B) close-up of A , C) gel-state GO filaments being pulled from the bath for
collection, and D) dried gel-state GO yarn separate into individual filaments in
liquid.

5.3.3.3 Morphology of GO fibres
Close inspection of the morphology of the fibres under POM and SEM shows that
upon coagulation and subsequent drying LC GO domains can preserve their
orientation and the layered sheets are oriented along the fibre axis (Figure 5. 17). The
folding behavior evident from SEM investigations is a direct result of disinclination
of GO LC domains during fibre spinning.
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Figure 5. 17. SEM images of an as-spun GO fibre showing (A) corrugated surface and (B) near-circular cross-section. (a-b) Close-up SEM image
of the cross-section of GO fibre shown in B revealing GO sheet planes that are oriented along the fibre axis.
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5.3.3.4 Spinning-induced alignment of GO LC
This study also notes that a minimal force during spinning was required to yield
microstructural order in my GO fibre directly evidenced by physical properties of the
dry-state fibres, SEM (Figure 5. 17) and birefringence observed in the gel-state fibre.
Figure 5. 18 illustrates birefringent properties of highly aligned LC texture of fibres.
LC domains can be observed when the polarizer directions are perpendicular. It is
important to note that in the case of GO, due to relatively high viscosity and high
aspect ratio of the sheets, the time scale for the formation of mono-domains without
applying an external tension (at least relative to my fibre diameter) would be several
months. Magnetic field assisted aligned GO LC reported to happen just after 5 hours
to form uniform LCs [62]. However, macroscopic order was obtained during wet
spinning in just a few seconds as a result of gentle shear stress applied through the
spinneret mainly because of two reasons: first, much larger sheets reported here
formed much bigger LC domains than previous reports (aspect ratio: 50000 vs 7001600) [62]. LCs with larger domains are known to yield macroscopic materials with
higher microstructural order and better properties [110]. Second, tension applied to
the large LC domains trough the spinneret oriented the LC domains and subsequent
fast coagulation preserved the orientation. This is a unique advantage of utilizing LC
solutions in fibre spinning for creating highly ordered domains that results in strong
fibres without the need for post-spinning drawing treatments [4, 180].
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Figure 5. 18. Polarized optical micrograph of as-spun gel-state GO fibre.
Birefringence properties confirmed ordered LC domains were formed and preserved
during spinning process. (arrows show polarizers direction)

5.3.3.5 Mechanical properties of GO fibres
Stress-strain curves of obtained GO fibres in various coagulation baths are given in
Figure 5. 19. The obtained mechanical properties are sumerized in Table 5. 3. The
mechanical properties of GO paper reported in the literature fluctuate between 4 and
45GPa for Young’s modulus and between 40 and 220MPa for tensile strength[65, 72,
246, 255]. The highest recorded strength of ~250 MPa for as-spun GO fibres using
Ca2+ coagulant is slightly higher than the highest tensile strength values reported in
literature or neat wet-spun CNT fibres (116 MPa) [4]. In terms of Young’s modulus,
the modulus reported here is much lower than the highest modulus reported in
literature in the case of GO paper (42 GPa) [72]. However the compensation in the
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difference in breaking strain (3.2 % for GO fibre vs. ~0.4 % for GO paper) leads to
much higher toughness values in the case of GO Fibres (2.9 J g-1) compared to that of
GO paper (0.19 J g-1) [72].
Defects that may form in my fibres due to the presence of disclinations in LC phase
can result in lower Young’s Modulus. However, the existence of these defects and
folding within the structure can result in larger breaking strain (~3 %) relative to GO
paper (~0.4 %) [72]. Under lateral strain, the water molecules confined within
hydrophilic surfaces typically from voids in the middle of the film and fail
cohesively. In contrast, water confined within hydrophobic surfaces tends to form
voids, kinks and wrinkles near the walls and fails by loss of adhesion. In this case,
graphene oxide is a unique material in terms of consisting of both hydrophobic
domains and hydrophilic parts which means that both failure mechanisms are active
as evidenced by SEM figures (Figure 5. 17-a).
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Figure 5. 19. Representative stress-strain curves of as-spun GO fibres from aqueousand organic solvent-based LC GO dispersions in various coagulation baths.

Interestingly, the resultant fibre properties in terms of strength, modulus, breaking
strain and toughness for both DMF-GO and DMAc-GO dispersions are comparable
with GO fibres prepared from an aqueous GO dispersion. These results suggest that
the repeated extraction of water does not alter the characteristics of the GO sheets
critical for both fibre production and for the liquid crystalline behavior.
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Table 5. 3. Mechanical properties of GO fibres prepared from aqueous- and organic
solvent-based LC GO dispersions in various coagulation baths.
LC GO
Dispersion
Solvent

water
water
water
water
water
water
DMF
DMAc

Coagulation Bath

Young’s

Ultimate

Strain

Composition

Modulus

Stress

at-Break

(GPa)

(MPa)

(%)

(J g-1)

12.2 ± 1.3

250 ± 18

3.2 ± 0.9

2.9

9.9 ± 2.9

149 ± 35

2.9 ± 0.9

1.5

7.0 ± 1.5

116 ± 16

2.8 ± 0.6

1.0

7.1 ± 1.5

111 ± 13

3.1 ± 0.4

1.3

3.0 ± 0.2

42 ± 11

3.7 ± 0.5

0.5

2.1 ± 0.1

27 ± 6

3.2 ± 0.4

0.3

13.1 ± 1.5

208 ± 15

3.1 ± 0.6

2.6

12.5 ± 1.2

225 ± 17

2.9 ± 0.8

2.9

1 wt.% CaCl2 in
25 vol.% Ethanol
Acetone
0.1M NaOH in
25 vol.% Ethanol
0.1 M KOH in
25 vol.% Ethanol
1M NaCl in
25 vol.% Ethanol
1M H2SO4
1 wt.% CaCl2 in
25 vol.% Ethanol
1 wt.% CaCl2 in
25 vol.% Ethanol
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Toughness

5.3.4 Conversion of GO fibre to rGO fibre
5.3.4.1 Reduction process
Three methods were employed to reduce GO fibres to reduced GO (rGO) fibres. The
first approach employed the wet-spinning of GO dispersion into different basic
coagulation baths such as 1 M NaOH or 1 M KOH [256] without any post-spinning
treatment. Spinning the fibres in basic coagulation baths was accompanied by a color
change in the fibres from light brown to dark brown (Figure 5. 15). This reduction
process resulted in electrical conductivities of up to 140 S m-1. The second method
utilized the annealing of the dry-state GO fibres at 300 °C in vacuum oven which
resulted in conductivities as high as 1800 S m-1 with no loss in mechanical
properties. Quite surprisingly exposure of fibres to hydrazine vapor resulted in much
lower electrical conductivity (~250 S m-1) and mechanical properties mainly because
of the gain in volume (swelling) after hydrazine treatment. It was also demonstrated
that annealing in vacuum at up to 300 °C or spinning into basic coagulation baths do
not adversely affect the flexibility of rGO yarns (Figure 5. 20).
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Figure 5. 20. SEM images of knotted and crumpled rGO yarns, A-D) reduced by
annealing, E-F) reduced by spinning into NaOH coagulation bath showing their
flexibility.
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5.3.4.2 X-ray photoelectron spectroscopy
Figure 5. 21. compares the XPS C1s spectra of the GO and rGO fibres. The XPS C1s
spectra of the GO fibre shows two prominent peaks (C1s A and C1s B) and one
minor peak (C1s C – 288.9eV) equivalent to that of literature reports for GO
dispersions and films [257, 258]. Shown in the spectra after deconvolution of the
peaks are the major C in graphite (C1s A, 284.5 eV), and minor peaks C-OH (C1s B,
285.6 eV), C-O epoxy (C1s C, 286.7 eV), C=O (C1s D, 28.2 eV), C(O)O (C1s E,
289.4 eV) similar to that of literature reports for GO and rGO films [58, 73]. The GO
fibre revealed considerable functionalization of the material with the oxygen
containing species (i.e. C-OH, C-O etc.). This functionalization is significantly
reduced in the rGO fibre. Quantitatively from the surveys, the oxygen content fell
from 36.6 % to 11.0 % and 8.5 % upon reduction of GO fibres to rGO by annealing
and by exposure to hyrdrazine vapor, respectively. This decrease in oxygen content
corresponds to a carbon to oxygen ratio increase from 1.73 in GO to 7.63 and 10.76
in rGO fibres (reduced by hydrazine and annealing, respectively), indicating the
effectiveness of the reductions. These observations are in good agreement with
literature values for rGOs, where the C content ranges from 60 to 86.4 wt. % and the
O containing content ranges from 11.3 to 34.6 wt. %.
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Figure 5. 21. Comparison of XPS spectra of graphene oxide (GO) and reduced GO
(rGO) fibres. A) as-prepared dried GO fibre, B) rGO fibre reduced by annealing at
300 °C, C) rGO fibre reduced by exposure to hydrazine vapor at 80 °C for 24 h.
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5.3.4.3 UV-Visible spectroscopy
Figure 5. 22 show UV-Vis spectra of fibres which indicating a red shift of the
absorption peak of the GO fibre (spun into acetone) at a wavelength from 229 nm to
250 by spinning into NaOH and 290 nm upon reduction by hydrazine. The peak in
the region of 227–231 nm determines the degree of the remaining conjugation ( π-π *
transition). The shoulder at around 300 nm can be assigned to the π-π * transition of
carbonyl groups. Reduction also caused increase in absorption in the whole
spectrum. The larger extinction coefficient observed here is indicative of aromatic
rings or isolated aromatic domains being retained [58]. This red-shift suggests that
the electronic conjugation within the graphene sheets is restored upon partial
reduction of fibres by using NaOH.

.

Figure 5. 22. Comparison of UV-Vis spectra of as-spun graphene oxide (GO) fibre
and the hydrazine-reduced counterpart. Also shown is the spectrum of as-spun GO
fibre prepared using 0.1M NaOH. Numbers indicate the wavelength at maximum
absorbance.
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5.3.4.4 X-ray diffraction
The structure of the GO/rGO fibres was characterized using XRD spectroscopy.
Figure 5. 23 shows the XRD patterns of both GO and rGO fibres as well as the
expanded graphite starting material (EG) showed a fully graphitic properties with a
sharp (002) peak at 26o (d- spacing of about 3.32 Å), while the as-prepared GO fibre
had a distinct peak at 2 θ = 10.5 ( d- spacing of about 8.42 Å). A molecular layer of
water entrapped between GO layers through hydrogen bonding would account for the
increase in interlayer spacing [58], which means that each GO sheet is interlinked via
a non-uniform network of hydrogen bonds mediated by the oxygenated functional
groups and water molecules. After reduction, d-spacing decreased to 3.71 Å
confirming removed of the functional groups introduced during the oxidative
exfoliation process.

Figure 5. 23. Comparison of XRD patterns of GO fibre (8.42 Å), hydrazine-reduced
GO fibre (3.71 Å), and thermally-expanded graphite (3.32 Å).
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5.3.4.5 Temperature-dependent thermal conductivity
Thermal conductivities of rGO fibres were determined by using four-point probe
method in the 50 to 390 K temperature range (Figure 5. 24). It was demonstrated
that my as-prepared rGO fibres exhibit higher room temperature thermal
conductivities (1,435 W m-1 K-1) compared to LC wet-spun CNT fibres (20 W m-1 K1

) [4], magnetically aligned CNT films (~220 W m-1K-1) [259], graphene-based paper

(~112 W m-1 K-1) [260] and polycrystalline graphite (200 W m-1 K-1) [67]. However,
the thermal conductivity measured here is lower than single layer pristine graphene
(up to 5,300 W m-1 K-1) [67, 68].

Figure 5. 24. Temperature-dependent thermal conductivity of rGO fibre in the 50 to
390 K range.
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It is a well-established fact that the thermal conductivity is much lower in the case of
multilayer graphene compared to single layer graphene due to the interactions or the
constraints from the neighboring layers which limit the free vibration of the graphene
and impose resistance on phonon transport [261]. However, the thermal conductivity
of my rGO fibres is much higher than the pristine graphene. As a result it can be
concluded that the measured thermal transport properties of my rGO fibres are not
indicative of the in-plane thermal conductivity of the individual layers due to the fact
that rGO fibres contain tangled reduced graphene oxides planes resulting in weaker
interplane bonding compared to graphite. Whereas, functional groups on GO planes
enhance interplane bonding strength which consequently results in a decrease in
thermal conductivity. However, even in this case interplane bondings are much
weaker than that of graphite.
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5.3.5 Supercapacitor performance of rGO fibre electrodes
5.3.5.1 Fabrication of rGO fibre electrodes
GO fibres were directly spun onto a titanium foil current collector. The electrodes
were then dried and subsequently annealed based on the procedure explained earlier
for the reduction of GO eliminating conventional processing steps (i.e. addition of
binders for better adhesion and addition of electrically conducting materials)
typically used for the fabrication of electrodes which results in both cost reduction of
electrode assembly and a more homogenous electrode. For the sake of comparison,
free-standing rGO fibre bundles were used as pure electrodes to test the performance
in the chosen electrolyte (1M H2SO4).

5.3.5.2 Cyclic voltammetry
A symmetrical two-electrode cell configuration was used to determine the
electrochemical performance of the obtained fibres. Gravimetric capacitance values
of 430 F g-1 and 320 F g-1 at 10 mV s-1 were recorded for substrate-supported and
free-standing fibres, respectively (Figure 5. 25) using cyclic voltammetry (CV). The
better conductivity of the substrate-supported fibres resulted in higher capacitance
values and a more rectangular shaped cyclic voltammograms. The combination of
both electric double layer component and pseudocapacitive behavior of the material,
due to partial reduction of GO fibres as evidenced by XPS results, were found to be
responsible for the exceptionally high capacitance values.
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Figure 5. 25. Electrochemical characterization of rGO fibre electrodes. A) Cyclic
voltammograms of substrate-supported rGO fibres and free-standing rGO fibres in
1M H2SO4 at 10 mV s-1. B) Specific capacitance of substrate-supported rGO fibres
(square) and free-standing rGO fibres (triangle) at various scan rates.
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5.3.5.3 Galvanostatic charge-discharge
The same symmetrical two-electrode cell configuration was used to determine the
Galvanostatic charge-discharge behavior of substrate-supported rGO fibre electrodes
(Figure 5. 26). The results were found to be in good agreement with CV tests of the
substrate-supported rGO fibres (Figure 5. 27). The highest gravimetric capacitance
value of 470 F g-1 was recorded at a current density of 0.5 A g-1. Even, increasing
the current density up to 2 A g-1 did not result in a noticeable change in capacitance
values (430 F g-1). Reasonably high capacitance value of 104 F g-1 corresponding to
a very high current density of 50 A g-1 is also a good indicator of exceptionally high
performance of the electrode materials. The stability of the system was also studied
at a high current density of 10 A g-1, which showed excellent capacitance retention
up to 5000 cycles. Maximum calculated power and energy densities of 100 kW kg-1
and 66 Wh kg-1 for working devices in an aqueous electrolyte also is an indicator of
outstanding performance of these materials compared to other carbon-based
electrochemical capacitors [149, 262] for possible applications as alternative energy
storage systems [70, 262, 263]. Table 5. 4 show comparison between GO/rGO fibres
with pure GO/rGO papers and pure wet-spun CNT fibres reported before.
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Figure 5. 26. Galvanostatic charge-discharge performance of substrate-supported
rGO fibres at various current densities in 1M H2SO4.
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Figure 5. 27. Supercapacitor performance of rGO fibres in 1 M H2SO4 using a twoelectrode symmetrical cell showing A) specific capacitance for each evaluated
current density. B) Ragone plot for each evaluated current density C) Capacitance
retention for 5000 cycles at 10 A g-1 current density.
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Table 5. 4. Comparison of GO/rGO fibre properties with pure GO/rGO papers and pure wet-spun CNT fibres.
Processing Details

Reference

Material
type

Comments

Mechanical properties

Electrical Properties

Specific
Capacitance

Modulus

Strength

Strain

Toughness

Conductivity

Resistivity

(GPa)

(MPa)

(%)

(J/g)

(S/m)

(mΩ cm)

12.5

250

3.2

2.9

2. 1,800

1. 140

Wet-spinning of liquid crystalline GO
dispersions in aqueous and organic solvents
(spun in various coagulation bath)

This work

Vacuum filtration of aqueous GO dispersion

Nature 2007
[72]

GO paper

Vacuum filtration of aqueous rGO dispersion

Adv Mat
2008 [264]

rGO paper

GO/rGO
fibre

annealing at 300 °C
under vacuum

(F/g)
230 at 2 A/g
(aqueous)

3. 250

Annealed at 200-500 °C
Cross

linked

120

0.4

10-41

50-293

0.8

28.1

125.8

0.5

35,100
(annealed at 500 °C)

(Ca or

ACS Nano
2008 [255]

rGO paper

Mg )

Vacuum filtration of aqueous GO dispersion

Nano
Lett
2008 [238]

rGO paper

Hydrazine
reduction

vapor

Vacuum filtration of aqueous GO dispersion

J.
Phys.
Chem.
C
2009 [265]

rGO paper

Hydrazine
reduction

vapor

Wet-spinning of CNT-surfactant dispersion in
acid/base

Adv
Mat
2005 [177]

SWNT fibre

Annealed at 1,000 °C

Wet-spinning of CNT-surfactant dispersion in
ethanol glycerol
Wet-spinning of CNT solutions in sulphuric
acid in non-solvent
Wet-spinning of liquid crystalline CNT
solutions in chlorosulphonic acid in nonsolvent

Carbon 2005
[179]
Science
2004 [4]

2+

99 (aqueous)
135(organic)
205 (aqueous)
12

SWNT fibre
SWNT fibre

0.2

2+

Vacuum filtration of aqueous GO dispersion

Nature Nano
2009 [110]

32

65

2
Annealed at 1,100 °C

SWNT fibre
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100 (three-electrode
CV set-up)

1
4.5

1.5

120

115

0.2

120

50-150

0.12

5.4 Conclusions
The first generation aqueous and organic based GO fibres and resulting rGO fibres
reported in this project offer exciting opportunities for the development of intriguing
macroscopic architectures for possible application in a wide range of areas. The
present approach to fabricate fibres from liquid-crystalline dispersions of GO in both
water and organic mediums (which is essential for developing polymer or metallic
based combinations) is sufficiently general to open the way to a broad range of fibre
materials for possible applications in different fields. I have shown that such useful
properties can be harnessed in the case of electrochemical storage devices. The ease
of synthesis and economical mass production may provide facile routes for
processing of GO or graphene based macroscopic and scalable structures based on
the order that large GO sheets induce on other particles such as nanorods or
nanotubes. The ability to systematically adjust the interplay of concentration and
sheet size through precise control of the GO concentration and sonication time, and
the nature of the functional groups on the surface of GO sheets provide molecular
insight into the physical properties of LC GO, guiding rational design for diverse
technological applications.
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6 SUMMARY, CONCLUSION AND FUTURE
WORK
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6.1 Summary and conclusions
The main aim of this thesis was to develop wet spinning of nanostructured fibres
from organic conductors. Continuous wet-spinning of highly conducting fibres from
PEDOT:PSS, PEDOT:PSS-CNT and GO/rGO with several fundamental studies on
the spinning process, mechanical, electrical and electrochemical properties of the
fibres carried out. Produced nanostructured fibres had considerable advances in the
field of electronic materials such as super capacitors fibre. The conclusions are
summarised and reviewed in the following sections:

6.1.1 Wet-spinning of PEDOT:PSS fibres
A novel fibre wet-spinning route is demonstrated for the production of PEDOT:PSS
fibres with enhanced electrical conductivity and redox properties. It was found that
optimal wet-spinning conditions was critical to producing continuous PEDOT:PSS
fibres with good mechanical and electrical properties. It was also found that, fibre
quality was greatly influenced by the quality of the spinning formulation and
appropriate choice of coagulation bath.
In order to obtain a spinable dispersion with an average colloidal particle size less
than 50 nm, PEDOT:PSS aqueous dispersion must be subjected to homogenization
and low frequency bath sonication.
PEDOT:PSS fibres spun into isopropanol coagulation bath displayed the best
mechanical properties because the dehydration process occurred gently, which makes
fibres more compact and less porous.
Conductivity enhancement of PEDOT:PSS fibres up to 223 S cm-1 has been achieved
when the fibres are exposed to ethylene glycol (EG) as a secondary doping postspinning treatment.
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The use of secondary doping resulted in a 7 cm-1 shift in the high frequency Raman
band, which is attributed to a favoring of the quinoid resonance over the benzoid
resonance characteristic of a more conducting form of PEDOT. This preferred
resonance is a direct result of a conformational transformation of PEDOT chains
from the coil to the expanded conformational structure.
The molecular orientation observed for secondary-doped PEDOT:PSS is correlated
well with the observed more conductivity enhancements for fibres treated under
constant tension.
By employing a spinning formulation consisting of an aqueous blend of PEDOT:PSS
and poly(ethlylene glycol) (PEG) as a secondary doping, the need for post-spinning
secondary doping with EG is eliminated. This one-step approach demonstrated 30fold conductivity enhancements from 9 to 264 S cm-1 and a significant enhancement
in the redox properties of the fibres. These improvements are attributed to an
improved molecular ordering of the PEDOT chains in the direction of the fibre axis
and the consequential enrichment of linear (or expanded-coil like) conformation to
preference bipolaronic electronic structures
One disadvantage of the non-treated PEDOT:PSS fibres is their solubility in aqueous
medium. Contrasting this, secondary-doped fibres are stable in water resulting from
improved phase separation and ordering between PEDOT segments by displacement
of the PSS from the fibre.
High conductivity, as well as the molecular order, suggested that the charge carrier
mobility is strongly influenced by EG or PEG secondary doping. This supported by
solid-state electron spin resonance (ESR) and in situ electrochemical ESR studies.
The relative spin populations for secondary-doped fibre were significantly lower than
the as-spun fibre due to a shift towards the formation of the spin-less bipolaron. More
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importantly, the ESR spectra for the secondary-doped fibres were much broader
indicating a higher degree of charge delocalization across the conjugated PEDOT
backbone.
Comparative in situ electrochemical ESR experiments were conducted to correlate
changes in electrochemical properties, charge carrier delocalization and the
conduction state of as-spun fibres and secondary-doped fibres. Upon oxidation, the
spin intensity increased to a maximum as the PEDOT transitioned from a reduced
state to a predominantly polaronic conducting state. Increasing the applied potential
injected further charge into the PEDOT, further increasing the polymer’s oxidation
state. However, this charge injection was reflected as a reduction in spin intensity,
due to the formation of spin-less bipolaronic charge carrier.

6.1.2 Wet-spinning of PEDOT:PSS/CNT fibres
The ability to exploit the superlative properties of CNTs in a nanostructured fibre
depends strongly on achieving high quality composite formulation and ensuring that
this high quality is maintained during processing. This study has demonstrated that
using PEDOT:PSS matrix and well exfoliated CNTs in both CNT stock dispersion
and spinning formulation is the key to achieve enhanced mechanical, electrical and
electrochemical properties.
Reinforcement of PEDOT:PSS/CNT fibre was achieved by utilizing high quality
CNT dispersion, appropriate CNT dispersion method, composite production and wetspinning process. It is found that if the quality of CNT dispersion improves, the
stress-concentration points and defect sites along the fibre length will less likely
occur and higher breaking strains and toughness (breaking energy) attained. The
higher toughness obtained for the PEDOT:PSS/CNT composite fibres containing
191

centrifuged CNT correlated well to this finding. The centrifugation process affords
high quality CNT dispersion by eliminating large CNT bundles and micrometer size
aggregates that were present in the as-prepared CNT dispersion, thereby minimizing
early fracture and providing strength and modulus reinforcement. The obtained
results on mechanical reinforcement proof the importance of this clean-up process to
achieve aggregate-free and very small-bundled CNTs in the spinning formulation
and in the resultant composite fibre.
Our systematic investigation on the nanocomposite production were based on
evaluation of several approaches to prepare a range of “wet-spinnable”
PEDOT:PSS/CNT formulations of varying CNT loadings. These spinning
formulations were prepared by mixing PEDOT:PSS with two types of CNT
dispersions: (1) surfactant-based CNT dispersion (SDS-CNT) and (2) a CNT
dispersion containing a readily water-dispersible polyethlylene glycol functionalized
nanotubes (PEG-CNT). When the quality of CNT dispersions are maintained in the
nanostructured fibre, the higher effective reinforcing surface area of the
individual/small CNT bundles leads to better properties than when large CNT
bundles (of equal weights) are used.
Distinct differences in shape and microstructure of the PEDOT:PSS/CNT composite
fibres obtained depend on the CNT type, dispersion method and CNT loading. The
composite fibres with PEG-CNT had circular cross-section irrespective of fibre
diameter and CNT loading. On the other hand, fibres with SDS-CNT showed circular
cross section only when Vf ≤ 0.02. The observed morphological differences among
the fibres are due to the nature of the CNT dispersions used. Using PEG-CNTs that
are readily dispersible in water afforded good miscibility with PEDOT:PSS during
the preparation of spinning formulation irrespective of CNT loading.
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PEDOT:PSS matrix provides suitable platform for charge transfer between CNTs
while reinforcing. This makes CNTs electrically/electrochemically accessible even
before the percolation threshold. Moreover, filling of PEDOT:PSS with CNTs was
valuable because of the limited conductivity of PEDOT:PSS in their reduced state;
the state when CNTs can function as the conducting platform for charge delivery in
any applications include electrochemical switching.
Similar with mechanical properties, the electrical conductivities were dependent on
CNT loading, but, fibres from SDS-CNT were significantly more conducting than
PEG-CNT composite fibres due to the inherent lower conductivity of PEG-CNTs
presumably from CNT defects and the significant amount of PEG functionalities on
the CNTs. Further conductivity enhancement achieved via secondary doping of
PEDOT:PSS/CNT fibres through post-spinning treatment.
The cyclic voltammograms of all fibres characterized in a three-electrode
configuration revealed Faradaic responses typical of a highly conducting
PEDOT:PSS/CNT fibres.
In the two-electrode configuration, the pseudocapacitive behavior of all fibres was
represented by the near-rectangular shaped CVs at high scan rate. Remarkable
differences in the specific capacitance that were dependent on the CNT type and
CNT loading were observed. The highest SDS-CNT and PEG-CNT loading resulted
to approximately four-fold and two-fold increases in specific capacitance for
composite fibres, respectively.

6.1.3 Wet-spinning of graphene oxide liquid crystals
Solid state exfoliation of graphite during thermal expansion was a key to facilitate
oxidative exfoliation of graphene and eliminating the sonication step which
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concluded to production of giant GO flakes and minimized the processing parameters
and associated cost.
Most of the sheets had diameter more than few tens on micrometer while some
broken into smaller flakes during exfoliation process. XRD, HRTEM and AFM
analysis confirm the existence of monolayer GO sheets with the thickness of ~0.8
nm.
High GO sheet aspect ratio (D = 37 µm) and their polydispersity (σ = 0.63) drives
the formation of LC phases and the transition concentration has experimentally
observed at a remarkably dilute concentration range (0.2≤GO<0.75 mg ml-1).
LC GO dispersions in organic solvents were obtained by repeated extraction of water
through several centrifugation-washing procedures. Analysis of common organic
solvent properties suggested a minimum dielectric constant of 7.58 (tetrahydrofuran)
is adequate to support a stable LC GO dispersion in organic solvents.
Close inspection of the birefringence of GO dispersions reveals spontaneous
formation of a stable nematic phase typical of lyotropic LC behaviour which
explained by excluded volume effects. The structure and properties of GO sheets is
strongly dependant on bonding interactions which form the skeleton of GO sheets
based on a delicate balance of repulsive forces. Steric hindrance, resulting from the
repulsive steric interactions among GO sheets, can potentially result in
configurational-entropy driven excluded-volume.
Rheological investigations of aqueous GO dispersions exhibited non-Newtonian
behavior with flow curves that displayed yield values similar to that of plastic fluids.
For LC GO dispersion both shear viscosity and yield value in the first ascending
measurement were higher than the succeeding descending measurement which
confirmed orientation of LC domains due to the shear stress.
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Above the concentrations of 0.75 mg ml-1 when fully nematic phase forms, the flow
curves reveal significant difference between yield values and viscosities that increase
almost linearly with GO concentration. In this region, cohesion of the spinning
solution was enough to produce long lengths of robust gel fibre.
LC behaviour of polydispersed large GO sheets in both aqueous and organic
environments provide an enabling platform for highly scalable continuous multifunctional GO and rGO fibres by wet-spinning. The versatility of both aqueous and
organic-based LC GO dispersion is demonstrated by the applicability of the
following

wet-spinning

approaches:

non-solvent

precipitation,

dispersion

destabilization, ionic cross-linking using divalent cations, and coagulation by
amphiphilic or oppositely charged polymers.
The fast coagulation process and the robustness of the gel-state fibres have enabled
multi-filament spinning that subsequently processed into yarns. The birefringence of
the gel-state fibres confirmed that LC ordered domains are preserved during
spinning. Electrically conductive rGO fibres were obtained either by annealing at
300 °C (~1800 S m-1) or by exposure to hydrazine vapour (~250 S m-1). rGO fibres
with native conductivity of up to 140 S m-1 were produced in a single step using
NaOH as coagulation baths. The temperature dependent thermal conductivities of
rGO fibres were 250 to 2250 W m-1 K-1.
rGO fibres presented outstanding supercapacitor properties comparable to other pure
rGO and CNT electrodes. Cyclic voltammetry showed gravimmetric capacitance of
up to 430 F g-1 consistent with galvanostatic charge-discharge testing (430 F g-1 at a
current density of 2 A g-1). Reasonably high and stable capacitance of 132 to 104 F g1

corresponded to practical current densities of 5 to 50 A g-1. Maximum power and

energy densities of 100 kW kg-1 and 66 Wh kg-1 for working two-electrode devices
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look promising for alternative energy applications.

6.2 Future work
The three type of fibres developed in this thesis can lead to promising applications in
flexible energy storage and conversion, microelectrodes, sensors and in the
communications and biomedical engineering fields.
It is demonstrated that the knowledge gained from the straightforward formulation of
LC GO “inks” in a range of solvents and in a range of processable concentrations in
combination with data on birefringence and rheological properties, provides a guide
to the formulation of LC GO inks with preferred GO sheet size and concentration.
This simple guideline will impact on the development of ink formulations contained
“functional” additives for a range of common printing technologies such as
extrusion, ink-jet, rollto- roll, reel-to-reel, flexo and gravure printing processes.
The LC behaviour of GO dispersions in various solvents can provide a versatile route
for synthesising different graphene based composites, which are processable and
highly likely wet-spinnable. For instance, the LC behaviour of GO in acetone can
facilitate the processability of many sought after epoxy-based GO composites. Other
composite electrodes that require material formulations in organic solvents that will
directly benefit from this finding are those used in solar cells, batteries and fuel cells.
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