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Introduction 
Synthetic polymers accumulating in the natural environment have been a threat to the 
earth. Efforts have been made to explore new biomaterials that can replace synthetic 
polymers, which could contribute to waste reduction and participate in energy efficiency 
and supply conservation. Advanced technologies focused around bio-based materials 
now have good reputations as they are less dependent on natural gas, coal, or oil. 
Biopolymers are the by-products of naturally-occurring materials such as wood, 
mushrooms, and crustacean’s shells (Mohanty, Misra, & Drzal, 2002; Schiffman & 
Schauer, 2008). Bio-composites, referred to as “green composites,” consist of 
biopolymers from renewable resources (Kaplan, 1998). Therefore, biopolymers are the 
ideal polymers to be used in wide range of industries such as textiles, medicine, pulp and 
paper, agriculture, coatings, and automobiles (Rezaei, Nasirpour, & Fathi, 2015).  
In general, nanofibers can be produced by bicomponent spinning, force spinning, melt 
blowing, or flash-spinning. Among these methods, electrospinning is an efficient fiber 
fabrication method used for the fabrication of micro and nanofibers (Bhardwaj & Kundu, 
2010; Leach, Feng, Tuck, & Corey, 2011; Subbiah, Bhat, Tock, Parameswaran, & 
Ramkumar, 2005). Currently, conductive nanofibrous materials using electrospinning 
have been  developed from a wide range of synthetic polymers as a matrix of  polyaniline 
(PANI) and poly(vinyl pyrrolidone) (PVP), with graphene as a conductive additive  
(Z-M. Huang, Zhang, Kotaki, & Ramakrishna, 2003; Wahab et al., 2016). Electrospinning 
of biopolymers with carbon nanotubes or metal-based nano-powders could have specific 
applications including smart fabrics, nanosensors, and flexible electrode materials. 
Among these nanomaterials, graphene has received more interest from fiber scientists 
due to its multifunctional properties such as high specific surface area, electrical and 
thermal conductivity, and superior mechanical strength(Hu, Kulkarni, Choi, & Tsukruk, 
2014). However, conductive nanofibers using biopolymers have been limited due to due 
to the disperability of graphene oxide (GO) and their inferior property profiles, compared 
to commercial thermoplastic polymers. The most widely used methods require complex 
processes, expensive materials, and pre-functionalizations. These methods have 
disadvantages such as a lack of uniformity and flexibility, which increase the cost of 
production. Electrospinning of biopolymers by incorporating graphene as a nanofiller  
(to obtain conductive nanofibers) is challenging because of the distinct processing 
conditions of biopolymers and graphene. There are three challenges to this approach:  
1) disrupting the extensive hydrogen bonding in the biopolymer (cellulose is a linear 
polysaccharide consisting of repeated D-glucose units which forms strong inter- and 
intramolecular hydrogen bonds); 2) breaking the aggregation of the graphene source in 
nano-particles to prepare a uniform mixture for electrospinning; and 3) establishing 
appropriate interactions in the hybrid material to facilitate electron movement. Cellulose 
acetate, a derivative of cellulose (Brown, 1996; Feldman, 2015) has attracted 
considerable interest due to its biocompatibility, biodegradability, non-toxicity, and low 
cost. It has been widely used in various nanocomposite materials (Seifert, Hesse, 
Kabrelian, & Klemm, 2004; Suwantong & Supaphol, 2015). This thesis focuses on the 
electrospinning of cellulose acetate (CA), with graphene oxide as a nanofiller. The work 
also introduces the use of [BMIM]Cl ionic liquid to enhance the better dispersion of the 
nanofiller and serve as bridging components between the polymer and nanofiller.  
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Finally, this study also focuses on the reduction of graphene oxide to graphene using a 
chemical reduction method with hydrazine (N2H4), to restore the conductive networks of 
graphene, which are conductive nanofibers. 
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Abbreviations 
GO Graphene oxide 
CA Cellulose acetate 
ILs Ionic liquids 
[BMIM]Cl 1-butyl-3-methylimidazolium chloride 
[EMIM]Ac 1-methyl-3-methylimidazolium acetate 
DMAc Dimethylacetamide 
rGO Reduced graphene oxide 
IL Ionic liquid 
GONRs Graphene nano ribbons 
GNSs Graphene nanosheets 
CNTs Carbon nanotubes 
MWNTs Multiwalled carbon nanotubes 
PAN Polyacrylonitrile 
DMF Dimethylformamide 
PVP Polyvinyl pyrrolidone 
PMMA Polymethyl methacrylate 
PVC Polyvinyl chloride 
PLGA Poly lactic-co-glycolic acid 
CNF Carbon nanofibers 
ACNF Activated carbon nanofiber 
GCNF Graphene carbon nanofibers 
ACF Anisotropic conductive films 
PANi Polyaniline 
AgNps Silver nanoparticles  
HCSA Camphor-10-sulfonic acid 
PEO Poly(ethylene oxide) 
G-PBASE Graphene-1-Pyrenebutanoic acid-succinimidyl ester  

PVA/ODA-MMT 
Polyvinyl alcohol/Octadecylamine-modified 
montmorillonites 

GO-g-[P(HEMA-g-PCL)] 
Graphene-Poly(2-\Hydroxyethy methacrylate)-graft 
Poly(ε-caprolactone) 

PI-GNR Polyimide with graphene nanoribbon 

GBEENs 
Graphene based electroconductive electrospun 
nanofibers 

PEO Polyethylene oxide 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
SEM Scanning electron microscopy 
FTIR Fourier-transform infrared spectroscopy 
TGA Thermogravimetric analysis 
wt% Weight percent 
S/cm Siemens per cm 
mS/cm Millisiemens per cm 
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1 Literature review 

1.1 Introduction 
This research focuses on graphene oxide as a nanofiller for the electrospinning of a 
biopolymer, to create conductive nanofibers. This chapter presents the literature review 
of the following topics: electrospinning technique, properties of cellulose acetate (CA), 
graphene oxide (GO), and ionic liquids (IL) such as 1-butyl-3-methylimidazolium chloride 
([BMIM]Cl]). The IL is used to disperse GO into the biopolymer and enhance the 
nanofibers’ conductivity. 

1.2 Introduction of electrospinning 
Nanofibers can be produced by a number of methods such as drawings of different 
polymers, template synthesis of nanostructured polymer, phase separation, and self-
assembly (Deka, 2010; Ramakrishna, 2005). However, a unique and versatile technique 
that produces micro and nanofibers through an electric field, called “electrospinning”, 
has become a ubiquitous method in the field of nanotechnology (Almecija, Blond, Sader, 
Coleman, & Boland, 2009; Jeong et al., 2007; Nain, Wong, Amon, & Sitti, 2006). The term 
electrospinning comes from electro static spinning, which was used more than 60 years 
ago. The first description of this method was patented in 1902 by J.F.Cooley, entitled as 
an “apparatus for electrically dispersing fluids.” In this patent (US 692631), Cooley 
designed an apparatus for producing the fibers from the composite fluids through an 
electrical discharge field (Cooley, 1902). In brief, electrospinning is a process whereby a 
charged jet of polymer solution is spun on a ground collector to produce nanofibers, as 
shown in Figure 1. This is an easy and robust way to produce nanofibers from huge 
quantities of different polymers including synthetic polymers, biopolymers, and blends 
of these polymers (Bhardwaj & Kundu, 2010; Ramakrishna, 2005; Schiffman & Schauer, 
2008; Torres-Giner, Pérez-Masiá, & Lagaron, 2016). The rising popularity of this method 
has resulted in over 200 research institutes and universities studying the electrospinning 
process and producing different kinds of nanofibers (Bhardwaj & Kundu, 2010), in order 
to explore the potential in this technique. 

Figure 1. Scheme of typical electrospinning setup (Bridge et al., 2015). 

The main components of the electrospinning process are (i) a syringe, (ii) a high voltage 
power supply and (iii) a counter electrode (rotatory collector). 

High Voltage 
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1.3 Properties of cellulose acetate 
Cellulose acetate was prepared by Paul Schutzenberger for first time in 1865. It is a 
renewable natural resource and a derivative of cellulose (an acetate ester of cellulose). 
Cellulose acetate attracted considerable interest from researchers because of its 
biocompatibility, biodegradability, nontoxicity, and low cost (Seifert et al., 2004). 
Cellulose acetate partially or completely acetylated (COCH3) hydroxyl groups with 
molecular weights ranging from 30,000 to 60,000, as well as varying acetyl levels 
(29-44.8%) and chain lengths. Due to the polar hydroxyl groups, it has a tendency to form 
hydrogen bonds with other hydroxyl groups on adjacent chains. The chemical 
structure of CA is presented in Figure 2. 

Figure 2. Chemical structure of cellulose esters where H, 1 represents R groups (Van de Ven, 2013). 

Cellulose acetate granules are a high-performance thermoplastic with a unique 
combination of properties. This makes CA the material of choice for many applications. 
It is soluble in acetone, esters, acids, and strong mineral bases, and chemically degrades 
with oxidizing salts. To create CA nanofibers, electrospun CA must be successfully 
established in a solvent mixture of 2:1 acetone (AC) and dimethylacetamide (DMAc) 
(Puls, Wilson, Hölter, & Environment, 2011; Tungprapa et al., 2007). CA electrospun 
nanofibers been attracted significant attention in science and technology due to their 
high surface ratio (area-to-mass). CA electrospun nanofibers have high porosity with 
outstanding pore interconnectivity, and flexibility with reasonable strength, and can thus 
be excellent nanocomposites for advanced applications (Lee, Nishino, Sohn, Lee, & Kim, 
2018). 

1.4 Ionic liquid a solvent for cellulose dissolution 
The phrase ‘ionic liquid’ was to refer to ambient temperature liquid salts. The most useful 
and realistic definition of an IL is “a liquid comprised entirely of ions”. Ionic liquids are 
the organic salts which exist in the liquid state below 100°C, preferably at room 
temperature. They offer chemical and thermal stability, non-flammability, and 
immeasurably low vapor pressure (Marsh, Boxall, & Lichtenthaler, 2004; Swatloski, 
Spear, Holbrey, & Rogers, 2002). Choosing an appropriate dispersing agent is therefore 
the key to formulating spinnable mixtures to fabricate hybrid biopolymer nanofibers. 
Ionic liquids are an interesting class of reagents that can be used as dispersing agents 
because of their novel dissolution ability. They have the potential to play more functional 
roles such as stabilizers, compatibilizers, modifiers, and additives in the fabrication of 
polymer composites that contain carbon nanotubes or graphene sheets (R. Peng, Wang, 
Tang, Yang, & Xie, 2013). 
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Figure 3. Molecular representation of [BMIM]Cl (Puerto, Cuesta, Sanchez-Cortes, Garcia-Ramos, & 
Domingo, 2013). 
 

1-butyl-3-methylimidazolium chloride is a hydrophilic IL which is most widely used for 
dissolving cellulose and its derivatives. It can dissolve cellulose at high concentrations 
(10%–25%) (Arends, Gamez, & Sheldon, 2006). A molecular representation of [BMIM]Cl 
is presented in Figure 3. 

 
 
 

 
 
 
  
 
 
 

 
Figure 4. A proposed chemical interaction of [BMIM]Cl reproduced from the ref. (Arends et al., 
2006). 

 
Imidazolium chloride-based ILs demonstrate an outstanding dissolving capacity for 

many biopolymers such as cellulose, CA, chitin, wool, and chitosan. The ILs’ high chloride 
concentration breaks the extensive hydrogen-bonding network of these biopolymers, in 
order to enable successful electrospinning. A study has proven that with the coordination 
of the cation and anion of [BMIM]Cl, OH groups on the glucose and the structure units 
of cellulose form a H-bond (Kaszyńska, Rachocki, Bielejewski, & Tritt-Goc, 2017).  
A proposed chemical interaction of [BMIM]Cl with CA is illustrated in Figure 4. In such 
ILs, graphene oxide sheets can be effectively exfoliated, stabilized, and reduced by 
chemical and thermal treatment methods. Peng et.al successfully fabricated  
graphene-cellulose nanocomposite films with casting methods, by exploiting 
imidazolium chloride-based ILs (H. Peng, Meng, Niu, & Lu, 2012). These cast films 
demonstrated conductivities up to 3.2 × 10−2 S/cm, thus demonstrating the viability of an 
approach for ionic liquid-biopolymer conductive nanocomposites with graphene. 
Furthermore, using IL 1-butyl-3-methylimidazolium chloride ([BMIM]Cl, 20%) in the 
production of electrospun hybrid carbon nanotube nanofibers with styrene-acrylonitrile 
resin demonstrated a significant increase in the conductivity of samples containing 3 wt% 
carbon nanotubes, from 1.08 × 10−6 S/cm to 5.9 × 10−6 S/cm (Gudkova et al., 2015). 
However, the fabrication of electrospun graphene-biopolymer conductive nanofibers 
remains a significant challenge. 

Cellulose Acetate 

After dissolution Before dissolution  

Cellulose Acetate 
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2 Graphite, graphene oxide and graphene 
The graphene family includes graphite, graphene oxide and reduced graphene oxide 
(rGO). Graphite is one of the three naturally occurring allotropes of carbon. It has a 
layered structure (as shown in Figure 5), and a single layer of graphite is called a 
“graphene”. When the single layer of graphite contains some oxygen functionalities, then 
it is referred to as “graphene oxide”. Reduced graphene oxide is prepared from the 
reduction of graphene oxide (although a few oxygen functionalities will remain) through 
thermal, chemical, or ultraviolet means.  
 
 
 
 
 
 
 
 

Figure 5. Graphite (rock) and its layered structure. 
 

 Graphene is a one atom-thick sheet of carbon atoms in a honeycomb crystal lattice 
(hexagons). Graphene is the building-block of graphite (used in pencil tips) and has many 
versatile properties. Graphite oxide was first prepared by Oxford chemist Brodie in 1859 
(Brodie, 1859), who treated graphite with a mixture of potassium chlorate and 
fuming nitric acid. In 1957, Hummers and Offeman developed a safer, quicker, and more 
efficient process, using a mixture of H2SO4, sodium nitrate NaNO3, and potassium 
permanganate KMnO4, This method is still widely used to synthesise GO (Hummers & 
Offeman, 1958). The structures of the graphene family are presented in Figure 6. 
 
 
 
 
 
 
 
 
 
Figure 6. Graphene, graphene oxide and reduced graphene (Priyadarsini, Mohanty, Mukherjee, 
Basu, & Mishra, 2018). 
 

The word “graphene” referred to a world-first 2-dimensional sheet-like lightweight 
material (Geim & Novoselov, 2007; Novoselov et al., 2012). Graphene has several 
properties such as conductivity, specific capacitance, photocatalytic activity, 
hydrophobicity, antibacterial functions, and high mechanical strength, which make it far 
superior to other nanomaterials (Soldano, Mahmood, & Dujardin, 2010). As a conductor, 
it performs as well as copper. Due to the presence of the oxygen functionalities in GO,  
it can easily disperse in water and other organic solvents together with different polymer 
matrixes, which can improve the electrical and mechanical properties of the polymers. 

Graphene rGO GO 
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However, GO is often described as a poor electrical conductor and it behaves like an 
electrical insulator, due to the disruption of its sp2 bonding networks. To restore the 
honeycomb hexagonal lattice and graphene’s electrical conductivity, the GO has to be 
reduced once most of the oxygen groups are removed. It is worth noting that the rGO 
produced is more difficult to disperse, due to its tendency to create aggregates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Properties and applications of graphene in different fields (same as Figure 5 in Article III). 

Graphene is a one atom-thick sheet of carbon atoms tightly packed into hexagonal 
structures. It looks like a honeycomb lattice, as illustrated in Figure 7. It is the strongest 
and thinnest material known to man, 100-300 times stronger than steel and weighing 
approximately 0.77 milligrams for every 1m2 (H. S. Dong & Qi, 2015). It has been over  
13 years since Andre Geim and Konstantin Novoselov, two innovative scientists, won the 
Nobel prize for the discovery of the wonder material ‘‘graphene’’. Their discovery 
triggered a sharp rise in graphene research (Geim, 2009; Geim & Novoselov, 2007; 
Novoselov et al., 2004).  

2.1 Graphene as nanofiller for electrospinning 
Graphene is a promising candidate to act as a nanofiller in electrospinning, given its many 
multifunctional properties such as mechanical, electrical, and morphological 
enhancement, which can achieve the nanofibers’ desired diameters or porosity.  
These characteristics of graphene make it a strong nanofiller candidate to potentially 
revolutionized as a promising candidate in nanocomposites. Since graphene was 
discovered, many types of synthetic and natural polymers have been electrospun by this 
novel nanofiller, which can remarkably stimulate the spinning process and dramatically 
enhance the properties of electrospun nanofibers such as their mechanical strength, 
hydrophilicity, conductivity, and thermal stability (An, Ma, Liu, & Wang, 2013; 

Membranes Gas 
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Ardeshirzadeh, Anaraki, Irani, Rad, & Shamshiri, 2015; Q. Bao et al., 2010; Ding et al., 
2015; Pant et al., 2012; Pant et al., 2015; Qi et al., 2013; Ramazani & Karimi, 2016; Shin 
et al., 2015; Song et al., 2015; Tan, Gan, Hu, Zhu, & Han, 2015; C. Wang, Li, Ding, Xie, & 
Jiang, 2013; Y. Wang et al., 2015; Xu, Zhang, & Kim, 2014; Yoon et al., 2011; C. Zhang  
et al., 2016). Adding graphene in an electrospinning solution to create conductive 
nanofibers is a crucial step, which determines the nanofibers’ flexibility, chemical affinity, 
stability, and functionality. It consists of two steps: 1) incorporation of GO sheets into the 
polymeric solution by melt mixing, solution blending, or in-situ polymerization of a 
polymeric matrix; and 2) reduction of GO electrospun nanofibers either by chemical 
methods or annealing under high temperatures, which are referred-to as rGO nanofibers. 
GO is naturally a poor electrical conductor (less than a micro S/m) but when treated with 
strong reducing agents or under high temperatures, most of the conjugated structures 
of graphene will be restored by the removal of oxygen-containing functionalities. 
However, there are the methods (Q. Dong et al., 2014; Lavanya, Satheesh, Dutta, Victor 
Jaya, & Fukata, 2014) in which reduced graphene can be electrospun directly with the 
polymers. Nevertheless, these methods lead to inhomogeneous dispersions, which 
might present challenges and difficulties in the continuous electrospinning processes. 

2.1.1 Electrospinning of conductive nanofibers by graphene  
There have been significant advances in graphene-based electro-conductive electrospun 
nanofibers (GBEENs), especially in the field of electronics. Compared to traditional 
metallic wires, GBEENs are popular materials due to their remarkable properties, such as 
being lightweight, good mechanical properties, high electrical conductivity, and 
environmental stability. The matrixes for developing GBEENs nanofibers with polymers 
such as polyacrylonitrile (PAN), polyvinyl alcohol (PVA), PVC (polyvinyl chloride) nylon, 
polymethyl methacrylate (PMMA), poly lactic-co-glycolic acid (PLGA), and poly(vinyl 
acetate) (PVAc) have been reported in the data provided in Table 1 which described 
electrospinning components, reduction methods, and conductivities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Schematic structures of the GO/PAN nanofiber before and after carbonization (As adapted 
from Article III as Figure 7). 
 

H. Matsumoto (Matsumoto et al., 2013) reported the interaction of graphene with 
PAN. Matsumoto et al. prepared graphene nano ribbons (GONRs) by unzipping the 
multiwalled carbon nanotubes (MWNTs) with the oxidation process, followed by 
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electrospinning the MWNTs with GONRs in PAN/DMF solutions. The reported 
conductivity of the substance is presented in the Table 1.  

The nanofibers’ conductivity is heavily dependent on the reduction strategy, and on 
the sheet-to-sheet interdependence inside the fibers. This  phenomena is explained well 
by the same study (Matsumoto et al., 2013). The schematic graphitic structure of 
graphene sheets inside nanofibers is illustrated in Figure 8. The governing parameter for 
the properties of GBEENs is the interaction with the polymer matrix. This influence was 
highlighted in the schematic interactions of PVP and PVA with graphene sheets,  
as reported in Figure 9a. (Y. Wang et al., 2015). Table 1 illustrated that the fibers treated 
under high temperatures had significantly improved conductivity, in comparison with the 
nanofibers reduced by chemical methods. This difference might have been due to the 
removal of significant amounts of oxygen from the GO’s surface i.e. attached to the 
interior of an aromatic domain in graphene oxide by restoring sp2 graphene networks. 
This significantly improved the conductivity of the nanofibers by the thermal reduction 
process.  

The main challenges for obtaining graphene-based electrospun nanofibers are 
improving the dispersion, alignment, and appropriate loadings of GO within the polymer 
matrix. This phenomenon is explained by the SEM images of H. Matsumoto’s study. 
Nanofibers with lower wt% (i.e. 0.5 wt%) fractions of GONRs were distributed more 
homogeneously than the fractions with higher amounts (5 wt%) of GONRs, where the 
agglomeration phenomenon with the excessive addition of graphene. Loaded-down 
graphene, which is a better contributing factor, has created smooth structural 
formations of nanofibers (Figure 9b).  Besides thermal reduction, several attempts have 
been made in the chemical reduction of GBEENs. Yao Wan et al. described the chemical 
reduction of GBEENs for the recovery of conductive networks of graphene. A novel 
composite network of GO sheets within PAN and PVP nanofibers has been developed by 
using hydrazine (with the structural formula given in Figure 10a.) as the reducing agent 
(Y. Wang et al., 2015). With this methodology, striking results were obtained, such as  
75 S/cm with graphene-PAN and 25 S/cm with graphene-PVP (see Table 1).  

 

 

 

 

 

 

 

 

 

 

Figure 9. Proposed interactions of (a) graphene sheets with (A) PAN and (B) PVP, and (b) typical 
TEM images of the as-spun GONR/PAN composite nanofibers containing (a, b) 0.5 wt % and (c, d) 
5 wt % GONR (the same as Figure 8). 

a b 
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Table 1 Summary of graphene based electrospun hybrids nanofibers. 

Electrospinning hybrid materials Reduction method Resistivity/Conductivity Reference 
PAN and GONRs Heated at 1000°C for 1 h 165.1± 4.3 S/cm (Matsumoto et al., 2013) 

GO, PAN and PVP N2H4 for 6h Graphene–PAN 75 S/cm 
Graphene–PVP 25 S/cm (Y. Wang et al., 2015) 

PANi/G-PBASE and PMMA Hydrazine monohydrate at 80°C 24 h 30 S/cm (Moayeri & Ajji, 2016) 
PVC/PLGA nanofibers HI solution (55%) at 100°C for 1 h 10.0 S/cm (Jin, Wu, Kuddannaya, Zhang, & Wang, 2016) 
RuO2/ACNF and graphene Heated at 800°C for 1 h 0.59 S/cm (K. S. Yang & Kim, 2015) 
GCNF anchoring of MoS2 Heated at 800°C for 2 h 0.56 S/cm (Gu, Huang, Zuo, Fan, & Liu, 2016) 
ACF ultrasonic spray (S-rGO/ACF) Heated at 800°C for 1 h 0.42 S/cm (G. Wang et al., 2016) 
RGO/PAN Heated at 800°C for 1 h 0.24 S/cm (Q. Dong et al., 2014) 
PAN/Fe2O3/G Carbonized at 650°C for 1 h 0.21 S/cm (B. Zhang, Xu, & Kim, 2014) 
PAN/PMMA, SbCl3 and GO Heated at 700°C for 2 h 4.20×10−2 S/cm (Tang et al., 2015) 
PANi with HCSA and PEO filled G-PBASE N2H4 heated to 80°C 24 h 9.92×10−4 S/cm (Moayeri & Ajji, 2015) 

PI, GNR and CNT HI·H2O at 98°C for 10h 8.3×10−2 S/cm    Parallel 
7.2×10−8 S/cm Perpendicular (M. Liu et al., 2015) 

CNF, Si and graphene-covered Ni Carbonization at 650°C for 1 h 9.5 × 10−5 S/cm (Xu, Zhang, Zhou, et al., 2014) 
PVA/ODA-MMT-poly(MA-alt-1-
octadecene)-g-GO No reduction 5.91- 4.42×10−5 S/cm (Rzayev et al., 2016) 

GO-g-[P(HEMA-g-PCL)]/gelatin Bio-reduction 1.83×10-5 S/cm (Massoumi, Ghandomi, Abbasian, Eskandani, & 
Jaymand, 2016) 

PANI and PAN with G and GO 
nanosheets Ammonia solution at 180°C for 1 h 1.59x10-6 S/cm (Matin et al., 2016) 

GO polyamide 66 (PA66) 0.1 wt% N2H4 and annealing at 350◦C 8.6×103 Ω/sq (Yuan-Li et al., 2011) 
GNSs and silver nanopArticles (AgNps) NaBH4 at 100°C for 24 h 150 Ω/sq (Y-L. Huang et al., 2012) 
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Fabricating graphene oxide is a vital process, as it has a large impact on the nanofibers’ 
conductivity. Therefore scientists, have been exploring new methods and techniques for 
the surface functionalization of the nanofibers with GO, in order to enhance the 
conductivity of hybrid electrospun fibers. 

Figure 10. Chemical structure (a) of hydrazine as adapted from the ref. (Rabah, 2017) and schematic 
electrospinning with ultrasonic spraying of GO simultaneously (Ref. Figure 9b in Article III). 

The most obvious method for utilizing GO in the industrial production of nanofibers is 
to use an ultrasonic atomizer to incorporate graphene through a mist of GO. With this 
method, it is relatively easy to fabricate sufficient amounts of graphene to the desired 
quality levels. An interesting strategy was employed by Gang Wang and Qiang Dong 
(G. Wang et al., 2016). They fabricated conductive nanofibers and doped GO by using 
electrospinning and ultra-sonication simultaneously, and by spraying graphene through 
an ultrasonic atomizer. This method was illustrated in Figure 10b, and it achieved 
conductivity up to 0.42 S/cm. 

2.1.2 Electrospinning of cellulose acetate and GO 
A number of synthetic polymers such as PVA, PAN, PANI, and PVP have been successfully 
hybridized with graphene sheets and carbon nanotubes to produce conductive 
nanofibers (Z-M. Huang et al., 2003; Wahab et al., 2016). However, very few 
contributions have been made to the electrospinning of biopolymers with carbon 
nanotubes or graphene. Of these contributions, carbon nanotubes (CNTs) are more 
popular and have been successfully electrospun with biopolymers such as chitosan, 
cellulose triacetate, and polylactide (Gouda & Abu-Abdeen, 2017; Mahdieh, 
Mottaghitalab, Piri, & Haghi, 2012; T. Yang, Wu, Lu, Zhou, & Zhang, 2011). Due to their 
high strength, flexibility, and high electrical and thermal conductivities, CNTs have 
attracted significant interest for a wide range of potential applications, but only two 
studies have been performed. Miyauchi studied the effect of CNTs on the electrospinning 
of cellulose, with a combination of 1-methyl-3-methylimidazolium acetate ([EMIM]Ac) as 
the IL. A core sheath of multi-walled CNT (MWNT) cellulose were prepared by co-axial 
electrospinning. Sheath removal was carried out by enzymatic reactions through a 
cellulase aqueous enzyme solution. At 45 wt% MWNT loading, maximum conductivity 

a 

b 
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(10.7 S/m) was achieved (Miyauchi et al., 2010). The SEM images of these electrospun 
nanofibers are presented in Figure 11. In the second study, a composite electrode 
(Kuzmenko et al., 2017) for the development of a supercapacitor was prepared through 
the immersion method. Cellulose acetate was electrospun and the mats were immersed 
into the GO solution. To fabricate the conductive networks within the nanofibers, GO 
electrospun mats were treated under high temperatures to reduce GO into rGO. The 
maximum reported conductivity of this study was 49 S/cm. The schematic preparation of 
electrospun electrode from cellulose is presented in Figure 12. 

Figure 11. SEM images of core-sheath of MWNT-cellulose fibrous mats (Miyauchi et al., 2010). 

Figure 12. Schematic illustration of a cellulosic composite electrode using electrospinning 
(Kuzmenko et al., 2017). 
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2.2 The aim of the study 

There is a distinct challenge to producing graphene/biopolymer nanofibers by 
electrospinning. This study’s aim was to create conductive nanofibers by using graphene 
as a nanofiller. The main challenge was to blend the GO homogenously inside the 
nanofibers.  

In comparison with synthetic polymers, bio-polymers are a new generation for 
composite materials that have emerged in the frontiers of materials science and 
nanotechnology. Cellulose acetate was chosen as a biopolymer, based on its 
compatibility with GO as it has (COCH3) hydroxyl groups which have the tendency to form 
hydrogen bonds with adjacent spices. 

To achieve the homogenous blending of GO into the biopolymer matrix, an IL was used 
as a dispersant for the GO. [BMIM]Cl was selected as the dispersant in this study. 
The choice was based on the affinity and chemical structure of [BMIM]Cl, in order to 
achieve better homogeneity in the spinning solution. It also disperses GO and breaks up 
the graphene sheets which have inherent insolubility, atomically smooth surfaces, and 
strong aggregation tendencies. 

The additional aim was to reduce the GO within the nanofibers, which was also a 
critical step as the reduction of GO has the largest influence on the nanofibers’ 
conductivity. Therefore, hydrazine was chosen as a reducing agent to impart conductivity 
within the nanofibers.  This study’s main objectives were as follows:  

• Preparation of IL/CA/GO nanofibrous mats by electrospinning,
• Preparation of IL/CA/rGO mats by hydrazine vapors,
• Study of the nanofibers’ conductive properties, and
• Analysis of the morphological and chemical properties of the nanofibers

(e.g. SEM FTIR, Raman Spectroscopy XRD, and XPS).
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3 Experimental 

3.1 Materials 
1-methylimidazolium (99%), ethyl acetate (99%) and 1-chlorobutane (99%) were 
purchased from Merck. CA powder (Mn = 30,000 Da, acetyl content 39.8 %), acetone, 
dimethylacetamide (DMAc) and hydrazine solution (35 wt% in H2O), all from Sigma 
Aldrich, were used as received. Graphene oxide powder (15-20 sheets, 4-10% edge-
oxidized) was purchased from Garmor Inc. U.S.A. 1-Butyl-3-methylimidazolium chloride 
[BMIM]Cl was synthesized by the method described elsewhere (Huddleston et al., 2001). 

3.2 Methods 
3.2.1 Preparation of CA, CA-[BMIM]Cl and [BMIM]Cl-GO blends 
Cellulose acetate solution of 17 wt% was prepared by adding it to a mixture of acetone 
and dimethylacetamide with a volume ratio of 2:1 (v/v %), under constant stirring at 
room temperature, until a homogenous and transparent solution was formed. [BMIM]Cl 
was added to the prepared CA solution to obtain the desired concentrations of 0%-12% 
(v/v %) of [BMIM]Cl and stirred at room temperature again for another 2 h. 
This CA–[BMIM]Cl homogenous solution was then ready for electrospinning. 
The CA concentration was kept fixed at 17 wt% in all spinning solution preparations, 
while the IL concentration varied so as to investigate the influence of [BMIM]Cl on the 
electrospun CA fibers. A schematic preparation of CA-BMIM[Cl] solution is presented in 
Figure 13. [BMIM]Cl-GO solutions were prepared by adding GO (0.11-0.43% by weight of 
CA) to [BMIM]Cl (12% by weight of CA) under constant stirring at 60°C for 24 h. Finally, 
[BMIM]Cl-GO was added to the CA solution and stirred at room temperature for a further 
2 h (experimental details provided in the supporting information). This solution, denoted 
as CA–[BMIM]Cl-GO throughout this thesis, was then ready for electrospinning. 

Figure 13. The schematic CA-[BMIM]Cl solution preparation (reproduced from Article II). 

- + - + - + - + - + - + 
- + - + - 

Cellulose acetate Ionic liquid 
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3.2.2 Preparation of CA-[BMIM]Cl and CA-[BMIM]Cl-rGO nanofibers 
Electrospun solutions of CA with IL and GO were electrospun at room temperature by 
the horizontal electrospinning setup. Each polymer solution was placed into a 1ml syringe 
with a needle diameter of 0.6mm. The solution was electrospun at a voltage of 20-25 kV 
with a power supply (Gamma High Voltage Research, ES 40R-20W/), and the distance 
between the needle and the collector was adjusted to 8–10 cm. The feeding rate was 
maintained at 1.5ml/h by a syringe pump (NE-1010 New Era Pump Systems, Inc). 

Figure 14. Preparation of [BMIM]Cl-GO blends, electrospinning of CA–[BMIM]Cl-GO nanofibers and 
reduction of nanofiber by hydrazine mist (reproduced from Article I). 
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The electrospun nanofibers were collected on a cylindrical rotatory drum, which was 
covered with aluminum foil. Cellulose acetates, CA-[BMIM]Cl and CA-[BMIM]Cl-GO 
membranes were detached from the foil and dried at room temperature for 2 h. 
To reduce the oxygen content of the GO for the creation of electrically conductive 
nanofibers, CA–[BMIM]Cl-GO nanofibrous mats were reduced by a hydrazine solution 
mist (Z. Wang et al., 2012; Youn et al., 2011). In other words, the hydrazine solution was 
placed in an ultrasound humidifier (BONECO Ultrasonic U7146, Switzerland). The fibrous 
mats were then clamped in a universal extension retort clamp and placed in the front of 
the humidifier at maximum humidity for 15-30 minutes (see supplementary video in the 
supporting Information), until the mats changed into the typical black graphitic color. 
Following reduction, the mats were allowed to dry at room temperature for 2 h to give 
CA-[BMIM]Cl-rGO the nanofibers. The whole process is illustrated in Figure 14. 

3.2.3 Characterizations of the nanofibers 
The surface morphologies of the nanofibers were analyzed by scanning electron 
microscopy (SEM, Zeiss FEG-SEM Ultra-55). The intermolecular interactions within the 
nanofibrous mats were analyzed by fourier-transform infrared spectroscopy (FTIR, 
Interspec 200-X).  

The thickness of the mats was measured by a Mitutoyo Muchecker M519-402 
micrometer and the approximate porosity of the final electrospun nanofibrous mats was 
calculated by image analysis, as described in Appendix B.  

Chemical states and surface composition were characterized by X-ray photoelectron 
spectroscopy (XPS, Kratos AXIS Ultra DLD X-ray Photoelectron Spectrometer).  

The transmittance FT-IR spectra was recorded on an Interspec 200-X FTIR spectrometer, 
with 16 scans averaged at the resolution of 1 cm-1. 

Raman spectroscopy (Renishaw inVia Raman spectrometer) was used to probe the 
surface composition. The X-ray diffraction (XRD) patterns were recorded by a Rigaku 
Ultima IV diffractometer with Cu Kα radiation (λ = 1.5406 Å, 40 kV at 40 mA), using a 
silicon strip detector D/teX Ultra with the scan range of 2θ = 5.0 - 30.0°, scan step 0.02°, 
scan speed 5°/min.  

The electrical conductivities of the electrospinning solutions were analyzed with a 
conductivity meter (SevenCompactS230 Mettler Toledo, Switzerland) at room 
temperature, while the conductivity of the nanofiber mats was measured with a two-probe 
method using an AlphaLab, Inc. multimeter, by placing the mats between two gold 
electrodes at a distance of 1 cm.  

The thermal stability of CA, CA-[BMIM]Cl, CA-[BMIM]Cl-GO and CA-[BMIM]Cl-rGO 
nanofibers was analyzed with thermogravimetric analysis (TGA, Setaram LabsysEvo 1600 
thermo analyzer) under argon between 25°C to 700°C at a heating rate of 10°C/min. 
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4 Results and discussion 

4.1 Influence of [BMIM]Cl on the CA electrospun nanofibers 
4.1.1 Influence of [BMIM]Cl on the CA solution’s viscosity and conductivity  
The impact of IL on the viscosity of the CA solutions can be seen in Figure 15. Without 
[BMIM]Cl, the viscosity was the lowest at 471cP. However, this increased sharply from 
2% to 6% of [BMIM]Cl to a maximum of 650cP. Unexpectedly, when the solution 
exceeded 6%, the viscosity gradually decreased to 600cp at 12% of IL. This increase and 
decrease in viscosity can be attributed to the large BMIM+ and small Cl- ions, which can 
interfere in the hydrogen bonding between cellulose acetate chains (Z. Liu et al., 2011; 
Xia, Yao, Gong, Wang, & Zhang, 2014). Therefore, initially low concentrations from 2% to 
6% may not have been enough to break the extensive hydrogen bonding within CA, 
but at higher concentrations (8%-12% of IL) there was a breakdown of the hydrogen 
bonds between cellulosic chains, which reduced the viscosity of the CA solution.  

Figure 15. Influence of [BMIM]Cl on the viscosity (Same as Figure 2a in Article II). 

From Figure 16 it can be seen that the higher the amount of IL, the higher the 
conductivity of the CA solution (0.01 mS/cm up to 2.6 mS/cm). This was caused by a 
gradual increase of BMIM+ and Cl- ions which dissociated in the solution. The 
conductivity measurements are illustrated in Table 2 and membranes from 0%-4% 
displayed no conductivity because of the lesser number of free ions. However, as the 
volume ratio of IL increased, there was a significant rise in conductivity. This was due to 
the increased production of charge carriers by the IL. When membranes with 10% of IL 
were increased to 1.70x10-7 S/cm, CA nanofibers with 12% of IL had the highest 
conductivity at 2.71x10-7 S/cm. 

4.1.2 Influence of [BMIM]Cl on the morphology of CA nanofibers  
Scanning electron microscopy images of the pure CA electrospun nanofibers and 
CA-[BMIM]Cl electrospun nanofibers are displayed in Figure 17, along with their 
characteristics as illustrated in Table 2. The pure CA electrospun nanofibers were smooth 
with no droplets formed. However, as the concentration of [BMIM]Cl increased from 
2 to 4%, the formations of the fibers changed significantly and there were minimal 
droplets with the fibers (Figure 17b and 17c).
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Figure 16. Influence of [BMIM]Cl on the conductivity of CA solutions (Figure 2b in Article II). 

Generally, in the electrospinning process, fibers will be developed due to the surface 
tension of the droplets of polymer solution, which gather at the tip of a needle when an 
external electric field is applied. Therefore, the surface tension at low concentrations of 
IL was low enough to allow the polymer chains to stretch and form fibers under an 
applied electric field. In this study, the free IL ions promoted high charge density 
(conductivity) of the spinning solution for the jet formation and fiber stretching 
(Zavgorodnya, Shamshina, Bonner, & Rogers, 2017). Therefore, where there was4 
reduced movement of free IL ions, the solution had low conductivity, leading to jet 
instability and the creation of droplets with fibers. On the other hand, higher amounts of 
IL enhanced the solution’s conductivity, which increased jet stability and produced 
uniform nanofibers without droplets as shown in Figure 17d-g.  

Table 2 Influence of [BMIM]Cl on the conductivity and morphology of the nanofibers (Same as 
Table 1 in Article II). 

The concentration of IL not only affected the morphology, but also affected the 
diameter of the nanofibers, as illustrated in Table 2. The average diameter of the pure 
CA electrospun nanofibers was 125nm, which increased to 525nm with the addition of 

[BMIM]Cl 
Concentrations 

(v/v %) 

Conductivity 
(S/cm) 

Avg. Fibers 
Diameter 

(nm) 
Fibrous membrane 

0% N/A 125 Uniform fibers 
2% N/A 150 Fibers with droplets 
4%              N/A 204 Fibers with droplets 
6% 1.93x10-9 525 Uniform fibers 
8% 6.80x10-9 348 Uniform fibers 

10% 1.70x10-7 300 Uniform fibers 
12% 2.71x10-7 180 Uniform fibers 
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6% of IL. This change was due to the reduced viscoelastic forces which were created by 
low concentrations of IL. Jet splitting is difficult when the viscoelastic force is too large, 
hence the diameters of the fibers were larger. Increasing the viscoelasticity of the 
electrospinning solution or increasing the concentration of dissolved salt (i.e IL) in the 
spinning solution tended to stabilize the jet against the formation of droplets (Reneker 
& Yarin, 2008). Therefore, with higher amounts of IL, 8 to 12% more nanosized fibers 
were observed, up to 180 nm. 

Figure 17. SEM of pure CA fibers (a) and CA with 2% IL (b) CA-4%IL, CA-6%IL (c, d) CA-8%IL,  
CA-10%IL and CA-12%IL (e, f, g) as adapted from Article II. 

(d) 

(a) 

(c) 

(b) 

4%IL 

2%IL 0%IL 

10%IL 8%IL 

12%IL 

(e) 

(g) 

6%IL (d) 



28 

4.2 Influence of GO on the electrospun nanofibers 
4.2.1  Influence of GO on the morphology and conductivity of the hybrid nanofibers  
The conductivity of the CA-[BMIM]Cl solution (prior to the incorporation of GO) was 
measured at 6.23 mS/cm, and it remained almost constant as the amount of GO 
increased from 0.11 to 0.43 wt%. This was due to the presence of oxygenated groups on 
the surface of GO, which disrupts the sp2 hybridization in graphene. The nanofibers 
produced, with controlled amounts of GO in the range of 0 - 0.43 wt%, are illustrated in 
Table 3. Pure CA, CA-[BMIM]Cl, CA-[BMIM]Cl-GO, and CA-[BMIM]Cl-rGO nanofibers were 
then examined by SEM. The surface morphologies of CA, CA-[BMIM]Cl, and 
CA-[BMIM]Cl-GO (see Figure 18a-d) were smooth and bead-free, while CA-[BMIM]Cl-rGO 
nanofibers had rough regions where GO appeared to have aggregated (as shown in 
Figure 18d). Higher concentrations of GO hindered the jet flow because the excess GO, 
which was not fully dispersed in the solution, clogged the needle. Therefore, 
electrospinning was unsuccessful. During chemical reduction, the CA-[BMIM]Cl-GO 
nanofibers became more fused (Figure 18d) and formed a CA-[BMIM]Cl-rGO nanofibrous 
mat. The conductivity of CA-[BMIM]Cl nanofibers was measured at 2.71 x 10-7 S/cm, 
which was significantly lower than the conductivity of pure [BMIM]Cl at 4.60 x 10-4 S/cm 
(Dharaskar, Varma, Shende, Yoo, & Wasewar, 2013).The incorporation of GO resulted in 
an increase in the conductivity of the nanofibers, both before and after the reduction. 
For non-reduced nanofibers, the presence of GO (0.11 wt%) increased the conductivity 
to 4.33 x 10-5 S/cm. At 0.43% GO, the conductivity reached an approximate plateau at 
1.41 x 10-4 S/cm. The conductivity of the nanofibers is presented in Table 3 and Figure 19.   

Figure 18. SEM images of (a) pure CA; (b) CA-[BMIM]Cl; (c) CA-[BMIM]Cl-GO; and (d) CA-[BMIM]Cl-
rGO (GO conc. 0.43 wt%) nanofibers (Same as Figure 2 in Article I). 

(a) (b) 

(d) (c) 
 



 
 

29 

Compared to GO/CA nanocomposites reported in the literature, (Tripathi, Rao, Mathur, 
& Jasra, 2017) 0.43 wt% GO is a relatively low amount for such a significant conductivity 
increase.  
 
Table 3 Conductivity of hybrid CA-[BMIM]Cl-rGO nanofibers (reproduced from Article I). 

GO Content 
wt% 

Conductivity (S/cm) 
Before reduction After reduction 

0 2.71x10-7 2.71x10-7 
0.11 4.33x10-5 1.82x10-4 
0.21 1.11x10-4 3.65x10-4 
0.32 1.29x10-4 5.10x10-3 
0.43 1.41x10-4 5.30x10-3 

 
Interestingly, reducing the hybrid nanofibers with hydrazine boosted the conductivity 

significantly, with the conductivity of pure [BMIM]Cl surpassed when the GO loading 
reached 0.32 wt% (4.60 x 10-4 S/cm). The highest conductivity attained was 
5.30 x 10-3 S/cm with 0.43 wt% GO, which is ~20,000 times higher than that of the 
nanofibers without GO and over an order of magnitude higher than that of pure 
[BMIM]Cl.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. The effect of GO concentration in the hybrid CA-[BMIM]Cl-GO nanofibers on conductivity 
(Same as Figure 3a in Article I). 

4.3 Structure of GO in the nanofibers before and after reduction 
X-ray diffraction (XRD) was used to examine the crystal structure of CA and GO following 
the electrospinning and reduction processes. The XRD patterns of the CA, CA-[BMIM]Cl, 
CA-[BMIM]Cl-GO, and CA-[BMIM]Cl-rGO nanofibers are presented in Figure 20. Pure CA 
nanofibers exhibited three broad diffraction peaks at 9.0°, 17.9°, and 21.8° (Zhao, Zhang, 
Chen, & Lu, 2010).  

0.0 0.1 0.2 0.3 0.4 0.5

0.000

0.001

0.002

0.003

0.004

0.005

0.006

GO i  (W %)

 Before reduction 
 After reduction 

C
on

du
ct

iv
ity

 (S
/c

m
)

GO Concentration (wt%) 



 
 

30 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. (a) XRD patterns of CA and hybrid CA-[BMIM]Cl nanofibers, (b) CA-[BMIM]Cl-GO and  
CA-[BMIM]Cl-rGO nanofibers (GO conc. 0.43 wt% for the latter two samples). Same as Figure 4a in 
Article I. 

 
The peak at 21.8° is attributed to short-range spacing between neighboring cellulosic 

repeat units within the individual macromolecules. The peak at 9.0° indicates the longer-
range interactions between CA chains (C. Bao, 2015). More specifically, the distance 
between adjacent cellulosic chains is normally characterized by a d-spacing of ~9 - 10 Å, 
and the neighboring anhydroglucose units in the cellulose chains have a d-spacing of  
~4 - 5.5 Å. The peak at 17.9° could have arisen from the diffraction of the (021) plane. 
After the addition of [BMIM]Cl, the peak at 9.0° became significantly weaker and shifted 
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to 8.0°. This peak weakening and shifting to a lower angle reflected the decrease in CA 
concentration in the nanofibers from 100% to 53.4%, and the disruption of the cellulose 
packing by [BMIM]Cl. The presence of [BMIM]Cl broke up the H-bonding between the 
cellulosic chains and enlarged their d-spacing from 9.8 Å to 11.0 Å. A small shift of the 
21.8° peak is also observed, illustrating that the addition of [BMIM]Cl did not significantly 
alter the anhydroglucose units in the CA chain. The peak at 17.9° almost completely 
disappeared from the nanofiber samples that were electrospun in the presence of 
[BMIM]Cl, indicating less short-range order in the amorphous CA.  The addition of  
0.11 wt% GO resulted in the appearance of a sharper peak at ~26.5°, which is the (002) 
peak of graphite. The (002) peak shows that the interlayer spacing of the graphite sheets 
was approximately 0.33 nm (3.3 Å). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21. Raman spectra of CA and hybrid CA-[BMIM]Cl nanofibers, CA-[BMIM]Cl-GO and  
CA-[BMIM]Cl-rGO nanofibers (GO conc. 0.43 wt% for the latter two samples). Same as Figure 4b in 
Article I. 
 

This result suggests that the graphene sheets were not fully exfoliated and remained 
in a graphitic-like state (Yuan, 2004). The oxygen-containing functional groups on the GO 
were mainly on the external surface of the nanoparticles. This result was in line with the 
specification of the GO nanoparticles purchased, that had 15-20 sheets and 4-10%  
edge-oxidized. After chemical reduction, this peak remained in the CA-[BMIM]Cl-rGO 
nanofibers, as expected.  
 

To examine the influence of chemical reduction on the chemical structure of GO in 
more detail, the samples were studied by Raman spectroscopy, as illustrated in Figure 21. 
The Raman spectra of CA-[BMIM]Cl-GO and CA-[BMIM]Cl-rGO both displayed two bands 
at 1350 cm−1 and 1585 cm−1. These can be assigned to the D and G bands of the carbon 
materials, respectively (Claramunt et al., 2015; Jorio et al., 2010). The G band represents 
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sp2-hybridized C-C bonds in a 2D hexagonal lattice, while the D band corresponds to the 
defects and disorders on the two-dimensional amorphization of the carbon network 
(Kudin et al., 2008; Malard, Pimenta, Dresselhaus, & Dresselhaus, 2009). These two peaks 
revealed that the graphene sheets of the GO have a significant proportion of carbon 
disordered away from a perfect 2D hexagonal lattice. More specifically, comparison of 
the CA-[BMIM]Cl-GO and CA-[BMIM]Cl-rGO spectra demonstrated that the D and G bands 
of CA-[BMIM]Cl-rGO nanofibers are more pronounced after chemical reduction, where 
the spectrum shows less signals from surface functional groups. The relative intensity of 
the G and D bands did not change significantly, supporting the evidence provided by XRD 
that the graphene sheets in the GO particles were not fully exfoliated. The graphene 
sheets contained sp2-hybridized C-C bonds in a 2D hexagonal lattice and had sheet 
spacing close to the 0.33 nm of graphite. Significantly, the chemical reduction did not 
significantly alter the stacking of the graphene sheets, but modified the surface 
functional groups through deoxygenation (Park et al., 2009; Shilpa, Basavaraja, 
Majumder, & Sharma, 2015; Stankovich et al., 2007; Yao, Li, Zhou, & Yan, 2015). 

4.3.1 Chemical bonds and interactions within the nanofibers 
The FTIR and XPS spectra are presented in Figure 22 and Figure 23, respectively.  
The Raman spectra of CA and CA-[BMIM]Cl demonstrated the asymmetric stretching 
vibration of the C-O-C glycosidic bond at 1121 cm−1 and the pyranose ring at 1080 cm−1, 
with the presence of C-OH at 1265 cm−1. The bands at 1736, 1435, and 1382 cm−1 are 
attributed to the carbonyl group (C=O) and the symmetric and asymmetric vibrations of 
C-H respectively in the acetyl group  (Duverger et al., 1999; J. A. Sánchez-Márquez, 2015; 
Scherer et al., 1985). More interestingly, the [BMIM]Cl cation was observed in the  
CA-[BMIM]Cl sample with bands at 601 and 627 cm−1. The intensities indicated the  
co-existence of gauche and trans conformations of the IL (Mizuno, Imafuji, Ochi, Ohta, & 
Maeda, 2000; Satoshi, Ryosuke, & Hiro-o, 2003). It is worth noting that the inclusion of 
GO resulted in the disappearance of most of the vibrational bands from the Raman 
spectra of the corresponding hybrid nanofibers.   
 

The FTIR spectra of pure CA, CA-[BMIM]Cl, and CA-[BMIM]Cl-rGO nanofibers (Figure 
22) demonstrated that pure CA nanofibers exhibited characteristic bands at 1735 cm−1 
and 1367 cm−1, respectively corresponding to C=O and C-H stretching from −OCOCH3. 
The bands at 1220 cm−1 and 1030 cm−1 revealed the C–C and C–O stretching vibrations in 
the pyranoid ring and C–O–C (ether linkage) from the glycosidic units. In the CA-[BMIM]Cl 
spectrum, characteristic bands at 1746 cm-1 (C=C stretching), 1214 cm-1 (C=N stretching), 
and 1041 cm-1 (C–O stretching) indicated that the BMIM+ and Cl− ions of [BMIM]Cl formed 
hydrogen bonds with CA, as expected. The FTIR spectrum of CA-[BMIM]Cl-GO was similar 
to that of CA-[BMIM]Cl while the spectrum of [BMIM]Cl-rGO displayed two new bands 
at 1659 cm-1and 3229 cm-1, suggesting strong interactions (hydrogen bonding) between 
the carboxylic (–COOH) groups of graphene and carbonyl (C=O) groups of CA. XPS was 
used to further examine the differences in chemical functionality in the hybrid nanofibers 
(Figure 23). The survey spectrum of pure CA nanofibers exhibited only two distinct peaks: 
C 1s at ∼285 eV and O 1s at ∼532 eV (Figure 23), while Cl 2p and N 1s peaks were present 
in all other spectra, confirming the presence of [BMIM]Cl. High resolution C 1s spectra 
were analyzed by a monochromatic Al Kα X-ray source (hν = 1486.6 eV). Each spectrum 
was deconvoluted into five distinct peaks, as illustrated in Figure 24a-d for the nanofibers 
of pure CA, CA-[BMIM]Cl, CA-[BMIM]Cl-GO, and CA-[BMIM]Cl-rGO.  
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Figure 22. FTIR spectra patterns of CA and hybrid CA-[BMIM]Cl nanofibers, CA-[BMIM]Cl-GO and 
CA-[BMIM]Cl-rGO nanofibers (GO conc. 0.43 wt% for the latter two samples). Same as Figure 
4c in Article I. 

Figure 23. XPS survey spectra of CA (black), CA-[BMIM]Cl (red), CA-[BMIM]Cl-GO (green), CA-
[BMIM]Cl-rGO (GO conc. 0.43 wt%, blue) same as Figure 5 in (Article I). 

The sharp peak centered at 284.6 eV corresponded to C-C bonding and the relatively 
broad peak around 286.1 eV was attributed to three different functional groups: 
hydroxyl (C-OH); carbonyl (C=O), and imine (C=N). More specifically, the peaks in this 
region at 285.5, 285.7, 286.6 and 287.8 eV were attributed to carbon atoms in C-N, C=N, 
C-O, C=O, respectively.  
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Figure 24. The C1s XPS spectra of (a) pristine CA nanofibers, (b) CA-[BMIM]Cl, (c) CA-[BMIM]Cl-GO, 
and (d) CA-[BMIM]Cl-rGO (GO conc. 0.43 wt%) same as Figure 6 in (Article I). 

In the CA-[BMIM]Cl-rGO nanofibers, the peak centered at 288.9 eV came from the 
carboxyl group C(O)OH. Comparing the C 1s XPS spectra (Figure 24a and b), it can be seen 
that the addition of [BMIM]Cl significantly lowered the relative peak intensity of the 
oxygen-containing functional groups from CA, and introduced a new peak attributed to 
C-N from [BMIM]Cl. The introduction of GO resulted in some small changes in the relative 
peak intensities (comparing Figure 24b and c).  

Figure 25. Schematic illustration of the suggested interaction of graphene with CA and [BMIM]Cl 
(Same as Figure 7 in Article I). 
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After the reduction of the CA-[BMIM]Cl-GO nanofibers, the C 1s spectrum of the CA-
[BMIM]Cl-rGO (Figure 24d) demonstrated a dramatic decrease from the carboxyl peak. 
These changes suggest that the hydrazine vapor step indeed reduced the carboxyl groups 
in GO, but could also have partially reduced CA, while the peak intensity of the other 
oxygen-containing functional groups slightly increased. It is noteworthy that it has been 
demonstrated elsewhere that it is currently not possible to reduce GO completely by 
chemical reduction (Stankovich et al., 2007).  

The proposed interactions of stacked graphene sheets with CA and [BMIM]Cl are 
schematically illustrated in Figure 25. The removal of carboxyl groups and formation of 
more hydroxyl groups may in turn promote the formation of hydrogen-bonds with 
dissociated BMIM+ and Cl− ions, through unsubstituted hydroxyl functional groups in 
both GO and CA (Gross, Bell, & Chu, 2011; Isik, Sardon, & Mecerreyes, 2014).  
The π-electrons in the imidazole ring of BMIM+ may interact with the rich π-electron 
clouds of the graphene rings, resulting in some delocalization and enhanced electrical 
conductivity. 

4.4 Thermal analysis of the hybrid nanofibers 
Thermogravimetric analysis was carried out under argon to further examine the thermal 
stability and chemical bonding differences in CA, CA-[BMIM]Cl, CA-[BMIM]Cl-GO, and  
CA-[BMIM]Cl-rGO nanofibers. These weight loss profiles (Figure 26) demonstrated that 
pure CA was more stable than the composites. Pure CA decomposed in the range of  
330 - 375°C with a corresponding weight loss of approximately 82 wt%. In contrast,  
the addition of [BMIM]Cl lowered the decomposition temperature range to 240 - 290°C 
with a corresponding weight loss of 85%. The addition of 0.43% GO did not cause 
significant change in the decomposition temperature but reduced the weight loss to ~75%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. TGA profiles of pure CA (black), CA-[BMIM]Cl nanofibers (red), CA-[BMIM]Cl-GO 
nanofibers (green) and CA-[BMIM]Cl-rGO nanofibers (blue) (Same as the Figure 8 in Article I). 
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stability of the CA but introduced an effective mass transfer barrier and char formation 
nucleus, resulting in an increased amount of char formed. Such an enhancement could 
suggest that the graphene pallets were well aligned during the spinning process.  
The morphology, crystal structure, chemical bonding, and thermal analysis of the  
CA-[BMIM]Cl-GO nanofibers indicated that the graphene stacks had successfully 
incorporated into CA nanofibers by the dispersion of GO in a [BMIM]Cl IL. Polar functional 
groups, such as –C=O, -COOH and –OH on GO, not only assisted the GO’s dispersion in 
the IL, but also facilitated strong and uniform interactions with CA in the hybrid 
nanofibers. The well-dispersed and strongly bonded system allowed the graphene stacks 
to form a continuous conductive network, achieving a drastic enhancement in electrical 
conductivity after reduction using hydrazine, similar to the polystyrene-GO system 
reported by Wu et al. (Wu et al., 2012). These insights indicate that this new  
graphene-based hybrid nanocomposite is a promising candidate for smart, flexible 
electronic and bio-electronic applications. 
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Conclusions 
In summary, a new method of utilizing a [BMIM]Cl IL for the fabrication of  
graphene-based, bio-inspired (CA) conductive nanofibers through electrospinning has 
been introduced. The solution viscosity, conductivity, and the characteristics of the 
electrospun nanofibers were investigated. Based on the study the following conclusions 
can be made: 

1. Adding [BMIM]Cl IL to CA spinning solution has demonstrated a substantial 
effect on the overall properties of the CA nanofibers such as morphology, 
diameter, and conductivity. 

2. Nanofibers with higher concentrations of [BMIM]Cl were more uniform, and the 
average diameter of the fibers decreased as the concentration of IL increased. 

3. 12% of [BMIM]Cl in the solution provided a uniform electrospinning process and 
imparted conductivity in the nanofibers produced.  

4. The conductivity of the membranes changed significantly upto 2.71x10-7 S/cm. 
5. 12% of IL produced uniform and smooth nanofibers with a diameter of 180nm.  

 
The second part of the dissertation was based on the fabrication of conductive hybrid 

nanofibers by the combination of IL and GO, with CA, and the reduction of the GO 
nanofibers to rGO nanofibers. The conclusions from this section were as follows: 

1. By mixing [BMIM]Cl, a homogeneous dispersion of GO was achieved. 
2. The conductive paths were constructed by the chemical reduction of  

CA-[BMIM]Cl-GO nanofibers through a humidification process of hydrazine 
vapors, which created CA-[BMIM]Cl-rGO nanofibrous mats.  

3. The incorporation of graphene oxide (from 0.11%-0.43%) into the combining 
matrix of CA and [BMIM]Cl greatly enhanced the nanofibers’ conductivity (after 
the reduction process) up to 5.30x10-3 S/cm, at a GO content of 0.43%.  

4. Furthermore, the Raman spectroscopy, XRD and FT-IR and SEM studies proved 
that the GO and IL was successfully incorporated inside the hybrid nanofibers. 

5. The results of this current study can open new routes to further studies.  
A well-dispersed form of GO inside a polymeric matrix, accountable for uniform 
distribution of graphene sheets inside nanofibers, is a complicated process.  
GO stability on the solution-phase manipulation is a critical point in controlling 
the morphologies of the nanofibers. In this context, the solubility of GO with an 
appropriate loading, sonication, or mechanical mixing needs to be redesigned 
by exploring different types of ILs. 

6. The reduction of GO-based nanofibers is definitely a key process and reducing 
GO-based nanofibers with high quality still remains a challenge. Several 
scientific experiments have been proposed; each of them has advantages and 
limitations. Different chemical reduction strategies have been attempted, which 
seek to transform the effect of the nanofibers’ final performance. However, it is 
difficult to achieve flawless rGO through chemical reduction. Further research 
efforts are required, and they should be continuously carried out, in order to 
discover new methods for the reduction of GO-based biopolymeric nanofibers. 
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Abstract 
Electrospinning of Nanofibrous Composites of Cellulose 
Acetate with Ionic Liquids and Graphene Oxide 
 
Using synthetic polymers, graphene-based conductive nanofibers have been widely 
prepared through electrospinning, whereas electrospun graphene-biopolymer 
nanofibers have been rarely reported, due to the poor compatibility of graphene with 
biopolymers. Most biopolymers from renewable resources, such cellulose, have been 
considered to be excellent matrices for nanocomposites. Biopolymers have properties 
such as bio-compatibility, biodegradability, and multiple functional groups. They are also 
one of the most abundant polymers on earth. All these factors make them superior to 
synthetic polymers.  

Owing to its high electrical conductivity, graphene has been incorporated into 
polymeric nanofibers for the creation of advanced materials for flexible electronics and 
sensors. In this PhD, a new method was devised for the preparation of  
graphene-biopolymer nanofibers using the judicious combination of an ionic liquid and 
graphene, followed by the versatile technique called electrospinning. Ionic liquids 
improve both the dispersion of the carbonous constituent in the biopolymer matrix and 
conductivity of the fibres. 

To fabricate conductive composite nanofibers (CA-[BMIM]Cl-GO), cellulose acetate 
was used as the biopolymer, GO nanoparticles was the source of graphene, while  
1-butyl-3-methylimidazolium chloride ([BMIM]Cl) was used as the Ionic liquid.  
Two solvents, acetone (AC) and dimethylacetamide (DMAc) with the volume ratio of  
2:1 AC: DMAc were used as a versatile solvent mixture for electrospinning. A fixed weight 
ratio of 17% of cellulose acetate with different ratios of [BMIM]Cl (0-12%) and GO (wt%, 
0.25%, 0.50%, 0.75%, 1%) were used in the electrospinning solutions. Moreover, a new 
route was developed for the conversion of CA-[BMIM]Cl-GO nanofibers to reduced GO 
nanofibers, using hydrazine vapour under ambient conditions to enhance the electrical 
conductivity of the composite nanofibers. During the characterization of the composite 
nanofibers, graphene sheets were demonstrated to have been uniformly incorporated 
into the matrix. 0.43 wt% of GO (after reduction) was enough to increase the electrical 
conductivity of CA-[BMIM]Cl nanofibers by more than four orders of magnitude (from 
2.71× 10−7 S/cm to 5.30 × 10−3 S/cm). This ultra-high enhancement opens up a new route 
for the conductive enhancement of biopolymer nanofibers, to be used in smart (bio) 
electronic devices. 
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Lühikokkuvõte 
Tselluloosatsetaadi, ioonsete vedelike ja grafeenoksiidi 
nanokiuliste komposiitide elektroketrus 
 
Sünteetilistel polümeeridel ja grafeenil põhinevaid nanokiude on elektroketruse teel 
laialdaselt valmistatud. Grafeenil ja biopolümeeridel põhivevate nanokiudude kohta on 
samas informatsiooni vähe kuna grafeenil ja biopolümeeridel on halb kokkusobivus. 
Enamikku taastuvatel loodusvaradel põhinevaid biopolümeere, nagu näiteks tselluloos, 
on siiski käsitletud suurepärase nanokomposiitide maatriksina. Biopolümeeride 
omadused, nagu bioloogiline kokkusobivus, bioloogiline lagunevus ja paljude 
funktsionaalsete rühmade esinemine ning laialdane levik, muudavad need sünteetiliste 
polümeeridega võrreldes eelistatuks.  

Kõrge elektrijuhtivuse tõttu lisatakse grafeeni polümeersetesse nanokiududesse, 
millest valmistatakse painduvaid elektroonikaseadmeid ja sensoreid. Käesolevas 
doktoritöös töötati välja grafeenil ja biopolümeeridel põhinevate nanokiudude 
valmistamise meetod kasutades ioonsete vedelike (IL) ja grafeeni hoolikalt planeeritud 
kombineerimist elektroketrusprotsessis. IL parandab süsinikupõhise lisandi 
dispergeerimist biopolümeeri maatriksis ja suurendab kiudude juhtivust. Juhtivate 
nanokiuliste komposiitide (CA-[BMIM]Cl-GO) valmistamiseks kasutati  
biopolümeerina tselluloosatsetaati (CA), grafeenoksiidi (GO) nanoosakeste allikana ja  
1-butüül-3-metüülimidasoolkloriidi ([BMIM]Cl) ioonse vedelikuna. 

Elektroketruslahuste valmistamiseks kasutati kahte lahustit, atsetooni (AC) ja 
dimetüülatsetamiidi (DMAc) mahusuhtes 2:1 AC:DMAc. Elektroketruslahustes kasutati 
fikseeritud CA kogust 17 massi-%, [BMIM]Cl muutuvat kogust 0-12 massi-% ja GO 
muutuvat kogust 0,25, 0,50, 0,75 või 1,00 massiprotsenti. 

CA-[BMIM]Cl-GO nanokiuliste komposiitide elektrijuhtivuse parandamiseks töötati 
välja uus meetod GO redutseerimiseks normaaltingimustes hüdrasiini aurudega, et 
muuta GO põhine komposiit redutseeritud GO põhiseks komposiidiks. Nanokiuliste 
komposiitide analüüs näitas, et grafeeni lehed on maatriksis ühtlaselt jaotunud ja ainult 
0,43 massi-% GO lisamine suurendab CA-[BMIM]Cl nanokiudude elektrijuhtivust (peale 
redutseerimist) enam kui nelja suurusjärgu võrra (esialgselt väärtuselt 2.71× 10−7 S/cm 
väärtuseni 5.30 × 10−3 S/cm). Selline suur juhtivuse kasv loob uued võimalused 
biopolümeeridel põhinevate nanokiudude juhtivuse suurendamiseks ja nende 
kasutamiseks nutikates (bio)elektroonilistes seadmetes.  
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Appendix A 
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�����U�S�=<;L:@:�:E:K>=AF;D@@D@M�F�;:=K<;<KD>A=F�@<@ABD�:=F�ED>LD�?�DA@�<>>:=D:F

������ ¡�¢£�¢£¤¥¦§¢£̈�©ª¡£«�¢¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬®¦̄ °�£«¤±̈�²°�¢�³¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬́¬µ¬¶·̧¹º»¼»̧½¼̧¼¾¿ÀÁÁ»·¿¾·»Á»ÂÃ·¾½¹À¼¼À¼Ä¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬Å¬¬¶·̧¹º»¼»ÆÇ̧½»È»Á»ÂÃ·¾½¹É¼»Á»ÂÃ·¾Â¾¼ÈÉÂÃÀÊ»¼̧¼¾¿ÀÇ»·½¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬Å¬́¬¶·̧¹º»¼»ÆÇ̧½»È»Á»ÂÃ·¾½¹É¼½É¹»·Â̧¹̧ÂÀÃ¾·½¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬¬ËÌÍÎÏÐÌÏÑ<FLDBÒ<I:G Ó<FLDBÔÕ<I:GÖ>>�Ô::×AEA=I:=FDA@FABA@:A=?A=:AB>L:BDM�=:FD@>L:<=>DKE:K<@�:BA�@GA@ED@:<>ØØØÔ><@GBA@ED@:ÔKA?Ù�F?FÔÚÛÜÝÞJ<NEA=ßà=<@KDF�=A�;Oáá×

×âãJã×äáâHåãHæçãèçéáã9çJäJHäè9CäJHâãäáçç×ãHè×HçL>>;FêÙÙGADÔA=MÙÝÜÔÝÜÞÜÙÝÜëÜÞëìíÔÛÜÝÞÔÝëîÛìíï



































 



91 

Appendix B 
B. I. CA-[BMIM]Cl-GO solution conductivity.  
B. II. Porosity and conductivity analysis.
B.III. CA-[BMIM]-Cl membranes conductivity analysis. 



 



 
 

93 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. CA-[BMIM]Cl-GO solution conductivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Image of the nanofibers to analyse their porosity, using a local thresholding 
method. 
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Figure 3. Experimental validation of the conductivity using a labscale method (prior to 
adding GO). 
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