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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
(2-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]CI ionic liquid to enhance the better dispersion of the
nanofiller and serve as bridging components between the polymer and nanofiller.



Finally, this study also focuses on the reduction of graphene oxide to graphene using a
chemical reduction method with hydrazine (N2Ha), to restore the conductive networks of
graphene, which are conductive nanofibers.



Abbreviations

GO Graphene oxide

CA Cellulose acetate

ILs lonic liquids

[BMIM]CI 1-butyl-3-methylimidazolium chloride
[EMIM]Ac 1-methyl-3-methylimidazolium acetate
DMACc Dimethylacetamide

rGO Reduced graphene oxide

IL lonic liquid

GONRs Graphene nano ribbons

GNSs Graphene nanosheets

CNTs Carbon nanotubes

MWNTSs 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(e-caprolactone)

PI-GNR Polyimide with graphene nanoribbon

GBEENS Graph_ene 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
([BMIMI]CI]). 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-Masia, & 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.

High Voltage
Syringe Pump Syringe Mandrel

| ||—‘ B
Motor

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).
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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 (COCHs) 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.

~OH

n/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, Holter, & 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 lonic 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”. lonic 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.
lonic 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).

12
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Figure 3. Molecular representation of [BMIM]CI (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]CI
is presented in Figure 3.

Cellulose Acetate Cellulose Acetate
[ )] ( )
I [ @ | oCl
QH. _-0OH [BMIM] “--0,
. - “H ¥
e o "~
?H o ClJ @ [BMIM]
[ 1 ( )
Before dissolution After dissolution

Figure 4. A proposed chemical interaction of [BMIM]CI 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]CI, OH groups on the glucose and the structure units
of cellulose form a H-bond (Kaszyniska, Rachocki, Bielejewski, & Tritt-Goc, 2017).
A proposed chemical interaction of [BMIM]CI 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 x 1072 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 ([BMIMICI, 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 x 10°S/cm to 5.9 x 10 S/cm (Gudkova et al., 2015).
However, the fabrication of electrospun graphene-biopolymer conductive nanofibers
remains a significant challenge.

13



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 H,SO4, sodium nitrate NaNOs, and potassium
permanganate KMnQ,, This method is still widely used to synthesise GO (Hummers &
Offeman, 1958). The structures of the graphene family are presented in Figure 6.

Graphene

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.

14



However, GO is often described as a poor electrical conductor and it behaves like an
electrical insulator, due to the disruption of its sp? 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.

. Graphene Applications
Linear Spectrum Thinnest

Material

Membranes Gas
TS Barriers

4 " ; ———— ‘\\ \\‘?(\ \
NN v - NN N\
‘\,‘\ o),
/

- Sale
High Mobility P\J q Strength

W—.

Transistors

Photovoltaics / Composites
Unique Optical Transparent Highly
Properties Conductors Stretchable

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

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 1m? (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;

15



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.

GONR/PAN composite nanofiber GNR/carbon composite nanofiber

| =y | =l

Stabilization
Carbonization

Graphitic structure

GNR
(thermally-annealed)

Figure 8. Schematic structures of the GO/PAN nanofiber before and after carbonization (As adapted
from Article lll 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

16



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 GBEENSs 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 GQO’s surface i.e. attached to the
interior of an aromatic domain in graphene oxide by restoring sp? 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).

(B)

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).
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Table 1 Summary of graphene based electrospun hybrids nanofibers.

Electrospinning hybrid materials
PAN and GONRs

GO, PAN and PVP

PANi/G-PBASE and PMMA

PVC/PLGA nanofibers

RuO,/ACNF and graphene

GCNF anchoring of MoS;

ACF ultrasonic spray (S-rGO/ACF)
RGO/PAN

PAN/Fe,03/G

PAN/PMMA, SbCl;z and GO

PANi with HCSA and PEO filled G-PBASE

Pl, GNR and CNT

CNF, Si and graphene-covered Ni
PVA/ODA-MMT-poly(MA-alt-1-
octadecene)-g-GO

GO-g-[P(HEMA-g-PCL)]/gelatin

PANI and PAN with G and GO
nanosheets

GO polyamide 66 (PA66)

GNSs and silver nanopArticles (AgNps)

Reduction method
Heated at 1000°C for 1 h

N,H,4 for 6h

Hydrazine monohydrate at 80°C 24 h
HI solution (55%) at 100°C for 1 h
Heated at 800°C for 1 h

Heated at 800°C for 2 h

Heated at 800°C for 1 h

Heated at 800°C for 1 h

Carbonized at 650°C for 1 h

Heated at 700°C for 2 h

N,H4 heated to 80°C 24 h

HI-H,0 at 98°C for 10h
Carbonization at 650°C for 1 h
No reduction

Bio-reduction

Ammonia solution at 180°C for 1 h

0.1 wt% NyHsand annealing at 350°C
NaBH, at 100°C for 24 h

Resistivity/Conductivity

165.1+4.3 S/cm
Graphene—PAN 75 S/cm
Graphene—PVP 25 S/cm
30 S/cm

10.0 S/cm

0.59 S/cm

0.56 S/cm

0.42 S/cm

0.24 S/cm

0.21S/cm
4.20%1072S/cm
9.92x1074S/cm
8.3x1072S/cm Parallel
7.2x1078 S/cm Perpendicular

9.5x 1075 S/cm
5.91-4.42x105S/cm

1.83x10> S/cm

1.59x106 S/cm

8.6x103% Q/sq
150 Q/sq

Reference
(Matsumoto et al., 2013)

(Y. Wang et al., 2015)

(Moayeri & Ajji, 2016)

(Jin, Wu, Kuddannaya, Zhang, & Wang, 2016)
(K. S. Yang & Kim, 2015)

(Gu, Huang, Zuo, Fan, & Liu, 2016)

(G. Wang et al., 2016)

(Q. Dong et al., 2014)

(B. Zhang, Xu, & Kim, 2014)

(Tang et al., 2015)

(Moayeri & Ajji, 2015)

(M. Liu et al., 2015)

(Xu, Zhang, Zhou, et al., 2014)
(Rzayev et al., 2016)

(Massoumi, Ghandomi, Abbasian, Eskandani, &
Jaymand, 2016)

(Matin et al., 2016)

(Yuan-Li et al., 2011)
(Y-L. Huang et al., 2012)



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.
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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 Ill).

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
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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 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 (COCHs) 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]CI was selected as the dispersant in this study.
The choice was based on the affinity and chemical structure of [BMIM]CI, 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:

e  Preparation of IL/CA/GO nanofibrous mats by electrospinning,

e  Preparation of IL/CA/rGO mats by hydrazine vapors,

e Study of the nanofibers’ conductive properties, and

e 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 H;0), 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]CI was synthesized by the method described elsewhere (Huddleston et al., 2001).

3.2 Methods

3.2.1 Preparation of CA, CA-[BMIM]CI and [BMIM]CI-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]CI
was added to the prepared CA solution to obtain the desired concentrations of 0%-12%
(v/v %) of [BMIM]CI and stirred at room temperature again for another 2 h.
This CA-[BMIM]ClI 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]CI on the
electrospun CA fibers. A schematic preparation of CA-BMIMICI] solution is presented in
Figure 13. [BMIMI]CI-GO solutions were prepared by adding GO (0.11-0.43% by weight of
CA) to [BMIMICI (12% by weight of CA) under constant stirring at 60°C for 24 h. Finally,
[BMIM]CI-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]CI-GO throughout this thesis, was then ready for electrospinning.

,05-

%AC AcO,  PAc o 17 Hs:
o o\%?\o ~NNH-R
OAc

OAc \—/ cloe
— —
v v

~— ~~—
I -+-+-+-+-+-+
oot

R T e S i T

Cellulose acetate lonic liquid

Figure 13. The schematic CA-[BMIM]CI solution preparation (reproduced from Article 1l).
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3.2.2 Preparation of CA-[BMIM]CI and CA-[BMIM]CI-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).
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Figure 14. Preparation of [BMIM]CI-GO blends, electrospinning of CA—[BMIM]CI-GO nanofibers and
reduction of nanofiber by hydrazine mist (reproduced from Article |).
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The electrospun nanofibers were collected on a cylindrical rotatory drum, which was
covered with aluminum foil. Cellulose acetates, CA-[BMIM]CI and CA-[BMIM]CI-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]CI-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]CI-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™.

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 Ka radiation (A = 1.5406 A, 40 kV at 40 mA), using a
silicon strip detector D/teX Ultra with the scan range of 26 = 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]CI, CA-[BMIM]CI-GO and CA-[BMIM]CI-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 [BMIMI]CI on the CA electrospun nanofibers

4.1.1 Influence of [BMIM]CI 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
[BMIMICI, the viscosity was the lowest at 471cP. However, this increased sharply from
2% to 6% of [BMIM]CI 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.
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Figure 15. Influence of [BMIM]CI on the viscosity (Same as Figure 2a in Article Il).

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 1.70x107 S/cm, CA nanofibers with 12% of IL had the highest
conductivity at 2.71x107 S/cm.

4.1.2 Influence of [BMIM]CI on the morphology of CA nanofibers

Scanning electron microscopy images of the pure CA electrospun nanofibers and
CA-[BMIM]CI 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]CI 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]CI 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]CI on the conductivity and morphology of the nanofibers (Same as
Table 1 in Article Il).

[BMIM]CI Conductivit Avg. Fibers
Concentrations y Diameter Fibrous membrane
(S/cm)
(v/v %) (nm)
0% N/A 125 Uniform fibers
2% N/A 150 Fibers with droplets
4% N/A 204 Fibers with droplets
6% 1.93x10° 525 Uniform fibers
8% 6.80x107° 348 Uniform fibers
10% 1.70x107 300 Uniform fibers
12% 2.71x107 180 Uniform fibers

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
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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.
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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.




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]CI 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 sp? 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]CI, CA-[BMIM]CI-GO, and CA-[BMIM]CI-rGO nanofibers were
then examined by SEM. The surface morphologies of CA, CA-[BMIMICI, and
CA-[BMIM]CI-GO (see Figure 18a-d) were smooth and bead-free, while CA-[BMIM]CI-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]CI-GO
nanofibers became more fused (Figure 18d) and formed a CA-[BMIM]CI-rGO nanofibrous
mat. The conductivity of CA-[BMIM]CI nanofibers was measured at 2.71 x 107 S/cm,
which was significantly lower than the conductivity of pure [BMIM]CI at 4.60 x 10 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 S/cm. At 0.43% GO, the conductivity reached an approximate plateau at
1.41 x 10 S/cm. The conductivity of the nanofibers is presented in Table 3 and Figure 19.
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Figure 18. SEM images of (a) pure CA; (b) CA-[BMIM]CI; (c) CA-[BMIM]CI-GO; and (d) CA-[BMIM]CI-
rGO (GO conc. 0.43 wt%) nanofibers (Same as Figure 2 in Article 1).
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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]CI-rGO nanofibers (reproduced from Article ).

GO Content Conductivity (S/cm)
wt% Before reduction After reduction
0 2.71x107 2.71x107
0.11 4.33x10° 1.82x10*
0.21 1.11x10* 3.65x10*
0.32 1.29x10* 5.10x103
0.43 1.41x10* 5.30x10°3

Interestingly, reducing the hybrid nanofibers with hydrazine boosted the conductivity
significantly, with the conductivity of pure [BMIM]CI surpassed when the GO loading
reached 0.32 wt% (4.60x10*S/cm). The highest conductivity attained was
5.30x 103 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]CI.
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Figure 19. The effect of GO concentration in the hybrid CA-[BMIM]CI-GO nanofibers on conductivity
(Same as Figure 3a in Article 1).

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

Article |.

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 A,
and the neighboring anhydroglucose units in the cellulose chains have a d-spacing of
~4 - 5.5 A. The peak at 17.9° could have arisen from the diffraction of the (021) plane.
After the addition of [BMIM]CI, 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 [BMIMI]CI. The presence of [BMIM]CI broke up the H-bonding between the
cellulosic chains and enlarged their d-spacing from 9.8 A to 11.0 A. A small shift of the
21.8° peak is also observed, illustrating that the addition of [BMIM]CI 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
[BMIMI]CI, 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 A).
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Figure 21. Raman spectra of CA and hybrid CA-[BMIM]CI nanofibers, CA-[BMIM]CI-GO and
CA-[BMIM]CI-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]CI-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]CI-GO and CA-[BMIM]CI-rGO both displayed two bands
at 1350 cm™ and 1585 cm™. 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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sp?-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]CI-GO and CA-[BMIM]CI-rGO spectra demonstrated that the D and G bands
of CA-[BMIM]CI-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 sp?-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™ and the pyranose ring at 1080 cm™
with the presence of C-OH at 1265 cm™. The bands at 1736, 1435, and 1382 cm™ are
attributed to the carbonyl group (C=0) and the symmetric and asymmetric vibrations of
C-H respectively in the acetyl group (Duverger et al., 1999; J. A. Sdnchez-Mdarquez, 2015;
Scherer et al., 1985). More interestingly, the [BMIM]CI cation was observed in the
CA-[BMIM]CI sample with bands at 601 and 627 cm™. 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]CI, and CA-[BMIM]CI-rGO nanofibers (Figure
22) demonstrated that pure CA nanofibers exhibited characteristic bands at 1735 cm™
and 1367 cm™, respectively corresponding to C=0 and C-H stretching from —OCOCH:s.
The bands at 1220 cm™*and 1030 cm™ revealed the C—C and C-0 stretching vibrations in
the pyranoid ring and C—O—C (ether linkage) from the glycosidic units. In the CA-[BMIM]CI
spectrum, characteristic bands at 1746 cm™ (C=C stretching), 1214 cm™ (C=N stretching),
and 1041 cm™ (C-0 stretching) indicated that the BMIM* and CI~ ions of [BMIM]CI formed
hydrogen bonds with CA, as expected. The FTIR spectrum of CA-[BMIM]CI-GO was similar
to that of CA-[BMIM]CI while the spectrum of [BMIM]CI-rGO displayed two new bands
at 1659 cm™and 3229 cm™, suggesting strong interactions (hydrogen bonding) between
the carboxylic (-COOH) groups of graphene and carbonyl (C=0) 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:
Clsat ~285eVand O 1sat ~532 eV (Figure 23), while Cl 2p and N 1s peaks were present
in all other spectra, confirming the presence of [BMIM]CI. High resolution C 1s spectra
were analyzed by a monochromatic Al Ka X-ray source (hv = 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]CI, CA-[BMIM]CI-GO, and CA-[BMIM]CI-rGO.
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Figure 22. FTIR spectra patterns of CA and hybrid CA-[BMIM]CI nanofibers, CA-[BMIM]CI-GO and

CA-[BMIM]CI-rGO nanofibers (GO conc. 0.43 wt% for the latter two samples). Same as Figure
4c in Article I.
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Figure 23. XPS survey spectra of CA (black), CA-[BMIM]CI (red), CA-[BMIM]CI-GO (green), CA-
[BMIM]CI-rGO (GO conc. 0.43 wt%, blue) same as Figure 5 in (Article 1).

The sharp peak centered at 284.6 eV corresponded to C-C bonding and the relatively
broad peak around 286.1eV was attributed to three different functional groups:
hydroxyl (C-OH); carbonyl (C=0), 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-0, C=0, respectively.
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Figure 24. The C1s XPS spectra of (a) pristine CA nanofibers, (b) CA-[BMIM]CI, (c) CA-[BMIM]CI-GO,
and (d) CA-[BMIM]CI-rGO (GO conc. 0.43 wt%) same as Figure 6 in (Article I).

In the CA-[BMIM]CI-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]CI 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]CI. 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]CI
(Same as Figure 7 in Article I).
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After the reduction of the CA-[BMIM]CI-GO nanofibers, the C 1s spectrum of the CA-
[BMIMI]CI-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]CI 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 CI ions, through unsubstituted hydroxyl functional groups in
both GO and CA (Gross, Bell, & Chu, 2011; Isik, Sardon, & Mecerreyes, 2014).
The m-electrons in the imidazole ring of BMIM* may interact with the rich m-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]CI, CA-[BMIM]CI-GO, and
CA-[BMIM]CI-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]CI 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%.
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Figure 26. TGA profiles of pure CA (black), CA-[BMIM]CI nanofibers (red), CA-[BMIM]CI-GO
nanofibers (green) and CA-[BMIM]CI-rGO nanofibers (blue) (Same as the Figure 8 in Article ).

Reduction using hydrazine did not cause any identifiable changes in thermal
decomposition or char formation. The addition of 0.43% GO did not affect the thermal
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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]CI-GO nanofibers indicated that the graphene stacks had successfully
incorporated into CA nanofibers by the dispersion of GO in a [BMIM]CI IL. Polar functional
groups, such as —C=0, -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 [BMIMICI 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 [BMIMICI IL to CA spinning solution has demonstrated a substantial
effect on the overall properties of the CA nanofibers such as morphology,
diameter, and conductivity.

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

12% of [BMIMI]CI in the solution provided a uniform electrospinning process and
imparted conductivity in the nanofibers produced.

The conductivity of the membranes changed significantly upto 2.71x107 S/cm.

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.
2.

By mixing [BMIM]CI, a homogeneous dispersion of GO was achieved.

The conductive paths were constructed by the chemical reduction of
CA-[BMIM]CI-GO nanofibers through a humidification process of hydrazine
vapors, which created CA-[BMIM]CI-rGO nanofibrous mats.

The incorporation of graphene oxide (from 0.11%-0.43%) into the combining
matrix of CA and [BMIM]CI greatly enhanced the nanofibers’ conductivity (after
the reduction process) up to 5.30x10°3 S/cm, at a GO content of 0.43%.
Furthermore, the Raman spectroscopy, XRD and FT-IR and SEM studies proved
that the GO and IL was successfully incorporated inside the hybrid nanofibers.
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.

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 lonic 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. lonic 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]CI-GO), cellulose acetate
was used as the biopolymer, GO nanoparticles was the source of graphene, while
1-butyl-3-methylimidazolium chloride ([BMIM]CI) was used as the lonic 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]CI (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]CI-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]CI nanofibers by more than four orders of magnitude (from
2.71x 1077 S/cm to 5.30 x 1073 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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Lihikokkuvote

Tselluloosatsetaadi, ioonsete vedelike ja grafeenoksiidi
nanokiuliste komposiitide elektroketrus

Siinteetilistel polimeeridel ja grafeenil pShinevaid nanokiude on elektroketruse teel
laialdaselt valmistatud. Grafeenil ja biopolimeeridel pdhivevate nanokiudude kohta on
samas informatsiooni vahe kuna grafeenil ja biopoliimeeridel on halb kokkusobivus.
Enamikku taastuvatel loodusvaradel pohinevaid biopoliimeere, nagu naiteks tselluloos,
on siiski kasitletud suurepdrase nanokomposiitide maatriksina. Biopoliimeeride
omadused, nagu bioloogiline kokkusobivus, bioloogiline lagunevus ja paljude
funktsionaalsete riihmade esinemine ning laialdane levik, muudavad need siinteetiliste
polimeeridega vorreldes eelistatuks.

KGrge elektrijuhtivuse tottu lisatakse grafeeni poliimeersetesse nanokiududesse,
millest valmistatakse painduvaid elektroonikaseadmeid ja sensoreid. Kaesolevas
doktorit6os tootati valja grafeenil ja biopoliimeeridel pdhinevate nanokiudude
valmistamise meetod kasutades ioonsete vedelike (IL) ja grafeeni hoolikalt planeeritud
kombineerimist  elektroketrusprotsessis. IL  parandab sisinikupShise lisandi
dispergeerimist biopoliimeeri maatriksis ja suurendab kiudude juhtivust. Juhtivate
nanokiuliste komposiitide (CA-[BMIM]CI-GO) valmistamiseks kasutati
biopoliimeerina tselluloosatsetaati (CA), grafeenoksiidi (GO) nanoosakeste allikana ja
1-butiil-3-metidlimidasoolkloriidi ((BMIM]CI) ioonse vedelikuna.

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

CA-[BMIM]CI-GO nanokiuliste komposiitide elektrijuhtivuse parandamiseks téo6tati
vdlja uus meetod GO redutseerimiseks normaaltingimustes hidrasiini aurudega, et
muuta GO pdhine komposiit redutseeritud GO pdhiseks komposiidiks. Nanokiuliste
komposiitide anallils néitas, et grafeeni lehed on maatriksis Ghtlaselt jaotunud ja ainult
0,43 massi-% GO lisamine suurendab CA-[BMIM]CI nanokiudude elektrijuhtivust (peale
redutseerimist) enam kui nelja suurusjirgu vdrra (esialgselt vdartuselt 2.71x 1077 S/cm
vairtuseni 5.30x 1073S/cm). Selline suur juhtivuse kasv loob uued v&imalused
biopoliimeeridel pdhinevate nanokiudude juhtivuse suurendamiseks ja nende
kasutamiseks nutikates (bio)elektroonilistes seadmetes.
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Owing to its high conductivity, graphene has been incorporated into polymeric nanofibers to create
advanced materials for flexible electronics, sensors and tissue engineering. Typically, these graphene-
based nanofibers are prepared by electrospinning synthetic polymers, whereas electrospun graphene-
biopolymer nanofibers have been rarely reported due to poor compatibility of graphene with bio-
polymers. Herein, we report a new method for the preparation of graphene-biopolymer nanofibers using
the judicious combination of an ionic liquid and electrospinning. Cellulose acetate (CA) has been used as
the biopolymer, graphene oxide (GO) nanoparticles as the source of graphene and 1-butyl-3-
methylimidazolium chloride ([BMIM]CI) as the ionic liquid (IL) to create CA-[BMIM]CI-GO nanofibers
by electrospinning for the first time. Moreover, we developed a new route to convert CA-[BMIM]CI-GO
nanofibers to reduced GO nanofibers using hydrazine vapor under ambient conditions to enhance the
conductivity of the hybrid nanofibers. The graphene sheets were shown to be uniformly incorporated in
the hybrid nanofibers and only 0.43 wt% of GO increase the conductivity of CA-[BMIM]CI nanofibers by
more than four orders of magnitude (from 2.71x 10~7S/cm to 5.30 x 1073 S/cm). This ultra-high
enhancement opens up a new route for conductive enhancement of biopolymer nanofibers to be used
in smart (bio) electronic devices.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction Electrospinning has been shown to be a versatile method for

fabricating nanofibers from a wide range of polymers, allowing the

Enormous volumes of synthetic polymers accumulating in the
natural environment has become a major threat to the planet due
to their poor degradability and high CO, footprint. In response to
this growing concern, the past decade has seen a considerable in-
terest in the replacement of synthetic polymers with biopolymers
owing to their abundance in nature and excellent biocompatibility
and biodegradability [1]. In parallel, biopolymeric nanofibrous
fabrics can deliver superior performance in terms of functionality
and degradability due to their high surface area-to-volume ratio.

facile incorporation of additives, such as drugs, nanoparticles or
nanofillers to produce hybrid nanofibrous materials for a wide
range of applications (e.g.as therapeutic, protective, electrical or
sensing materials) [2—7]. Developing functionalized polymer ma-
terials such as conductive nanofibers from abundant and biode-
gradable biopolymers is more challenging and has attracted an
increasing amount of attention for the benefit of energy utilization
and the environment [1]. A number of synthetic polymers, such as
poly(vinyl alcohol) (PVA), polyacrylonitrile (PAN), polyaniline

* Corresponding author. Department of Materials and Environmental Technology, Tallinn University of Technology, Tallinn, Ehitajate tee 5, 19086, Estonia.

E-mail address: kashif.javed@ttu.ee (K. Javed).
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(PANI) and poly(vinyl pyrrolidone) (PVP), have been successfully
combined with graphene sheets and carbon nanotubes to produce
conductive nanofibers [8,9]. However, very few contributions have
been made to the electrospinning of biopolymers with carbon
nanotubes or graphene. Of these contributions, carbon nanotubes
are more popular and have been successfully electrospun with
biopolymers such as chitosan, cellulose triacetate and biodegrad-
able polylactide [10—12]. Graphene (layered sp?-hybridized hon-
eycomb lattice carbon sheets) has gained particular interest owing
to its multifunctional properties such as high specific surface area,
electrical and thermal conductivity and superior mechanical
strength [ 13]. Most pertinently, the excellent electrical properties of
graphene renders it a promising nanomaterial for novel practical
applications such as smart fabrics, nanosensors and flexible elec-
trode materials [14,15].

Producing graphene/biopolymer nanofibers by electrospinning
has three distinct challenges: 1) disrupting the extensive hydrogen
bonding within the biopolymer; 2) breaking the aggregation of the
graphene sheets into nanoparticles to prepare a uniform mixture
for electrospinning; and 3) establishing appropriate interactions in
the hybrid material to facilitate electron transport. A dispersing
agent is required to break-up the graphene sheets due to its
inherent insolubility, atomically smooth surfaces and strong ag-
gregation tendency. Choosing an appropriate dispersing agent
therefore becomes the key to formulating spinnable mixtures to
fabricate hybrid biopolymer nanofibers. Ionic liquids (ILs) present
an interesting class of reagents that can be used as dispersing
agents because of their novel dissolution ability and have the po-
tential to play more functional roles such as stabilizers, compati-
bilizers, modifiers and additives in the fabrication of polymer
composites containing carbon nanotubes or graphene sheets [16].
ILs are organic salts which exist in the liquid state below 100 °C,
preferably at room temperature, and offer chemical and thermal
stability, non-flammability and immeasurably low vapor pressure
[17,18].

Imidazolium chloride-based ILs show outstanding dissolving
capacity of many biopolymers such as cellulose, cellulose acetate,
chitin, wool and chitosan. The high chloride concentration of the IL
breaks the extensive hydrogen-bonding network of these bio-
polymers to enable successful electrospinning [18—25]. In such ILs,
graphene oxide sheets can be effectively exfoliated, stabilized and
reduced by chemical and thermal treatment methods [26,27]. Peng
and colleagues fabricated graphene-cellulose nanocomposite films
successfully by casting, through the exploitation of imidazolium
chloride-based ILs [28]. These cast films showed conductivities up
to 3.2 x 1072S/cm, thus demonstrating an approach for ionic
liquid-biopolymer conductive nanocomposites with graphene.
Further, the use of IL, 1-butyl-3-methylimidazolium chloride
([BMIM]CI, 20%), in the production of electrospun hybrid carbon
nanotube nanofibers with styrene-acrylonitrile resin showed a
significant increase in the conductivity from 1.08 x 10~%S/cm to
5.9 x 1076S/cm for samples containing 3 wt% carbon nanotubes
[29]. However, the fabrication of electrospun graphene-biopolymer
conductive nanofibers remains a significant challenge.

In the first report of its kind, we present an electrospinning
study of cellulose acetate (biopolymer), graphene oxide (source of
graphene) and [BMIM]CI (ionic liquid) to create hybrid nanofibers.
A chemical reduction method using hydrazine in an ultrasound
humidifier has been developed to reduce graphene oxide to
enhance the electrical conductivity of the biopolymer nanofibers.
Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD) and
Raman, Fourier Transform Infrared (FTIR) and X-ray Photoelectron
(XPS) spectroscopies have been used extensively to probe the in-
teractions within our novel hybrid nanofibers.

2. Experimental
2.1. Materials

1-Methylimidazolium (99%), ethyl acetate (99%) and 1-
chlorobutane (99%) were purchased from Merck. CA powder
(Mp=30,000Da, acetyl content 39.8%), acetone, dimethylaceta-
mide (DMAc) and hydrazine solution (35wt% in Hy0), all from
Sigma Aldrich, were used as received. Graphene oxide powder
(15—20 sheets, 4—10% edge-oxidized) was purchased from Garmor
Inc. US.A. 1-Butyl-3-methylimidazolium chloride [BMIM]Cl was
synthesized by the method described elsewhere [30].

2.2. Preparation CA and [BMIM]CI-GO blends

First, a 17 wt% CA solution was prepared in 2:1 (w/w) acetone/
DMAc at room temperature under constant stirring until a ho-
mogenous, transparent solution was obtained. [BMIM]CI-GO solu-
tions were prepared by adding a given amount of GO (0.11-0.43%
by weight of CA) to [BMIM]CI (12% by weight of CA) under constant
stirring at 60 °C for 24 h. Finally, [BMIM]CI-GO was added to the CA
solution and stirred at room temperature for a further 2 h (exper-
imental details given in the Supporting Information). This solution,
denoted as CA—[BMIM]CI-GO throughout this work, was then
ready for electrospinning.

2.3. Electrospinning of CA—[BMIM]CI-GO nanofibers

Solutions for electrospinning were loaded into a 1 mL syringe
with a stainless-steel needle (0.6 mm inner diameter). Electro-
spinning was performed at room temperature in a horizontal ge-
ometry with an applied voltage of 20—25 kV (Gamma High Voltage
Research power supply, ES 40R-20W/DM/M1127 Ormond Beach
FL). The flow rate of the solution was fixed at 1.5 mL/h using a sy-
ringe pump (NE-1010 Programmable Single Syringe Pump, New Era
Pump Systems, Inc). The distance between the needle tip and the
collector was maintained at 8—10 cm. CA—[BMIM]CI-GO nanofibers
were continuously deposited onto an electrically grounded rotatory
collector covered with aluminum foil. The CA—[BMIM]CI-GO hybrid
nanofibers were then carefully removed from the aluminum foil
and dried at room temperature for 24 h.

2.4. Preparation of CA-[BMIM]CI-rGO nanofibers

To reduce the oxygen content of the GO to create electrically
conductive nanofibers, CA—[BMIM]|CI-GO nanofibrous mats were
reduced by a hydrazine solution mist [31,32]. In short, the hydra-
zine solution was placed in an ultrasound humidifier (BONECO
Ultrasonic U7146, Switzerland). The fibrous mats were clamped in a
universal extension retort clamp in the front of the humidifier at
maximum humidity (see supplementary video in the Supporting
Information) for 15—30 min until the mats changed into the typical
black graphitic color. Following reduction, the mats were allowed
to dry at room temperature for 2h to give CA-[BMIM]|CI-rGO
nanofibers.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2018.08.034.

2.5. Characterization

The surface morphologies of the nanofibers were analyzed by
scanning electron microscopy (SEM, Zeiss FEG-SEM Ultra-55) and
intermolecular interactions within the nanofibrous mats were
analyzed by FTIR (Interspec 200-X) spectroscopy. The thickness of
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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
the Supporting Information. Chemical states and surface compo-
sition were characterized by X-ray photoelectron spectroscopy
(XPS, Kratos AXIS Ultra DLD X-ray Photoelectron Spectrometer).
Raman spectroscopy (Renishaw inVia Raman spectrometer) was
used to probe the surface composition and X-ray diffraction (XRD)
patterns were recorded by a Rigaku Ultima IV diffractometer with
Cu Ko radiation (A = 1.5406 A, 40 kV at 40 mA) using a silicon strip
detector D/teX Ultra with the scan range of 20 =5.0—30.0°, scan
step 0.02°, scan speed 5°/min. The electrical conductivities of the
solutions were analyzed using a conductivity meter (SevenCompact
S230 Mettler Toledo, Switzerland) at room temperature while the
conductivity of the nanofiber mats was measured using a two-
probe method with an Alphalab, Inc. multimeter by placing the
mats between two gold electrodes at a separation of 1cm. The
thermal stability of CA, CA-[BMIM]CI, CA-[BMIM]CI-GO and CA-
[BMIM]CI-rGO nanofibers was analyzed using Thermogravimetric
Analysis (TGA, Setaram LabsysEvo 1600 thermo analyzer) under
argon between 25 °C and 700 °C at a heating rate of 10 °C/min.

3. Results and discussion
3.1. The morphology and the conductivity of the hybrid nanofibers

A schematic of the preparation method of CA-[BMIM]|CI-rGO
nanofibers is presented in Fig. 1a, where GO was first dispersed in
[BMIM]Cl and then mechanically mixed in a solution of CA.
Dispersing GO into [BMIM]CI was carried out by magnetic stirring
at approximately 60°C to ensure that the ionic liquid had fully
melted. As the melt has a viscosity larger than 150 mPas [33],
mixing was performed for 24h to ensure dispersion of the GO
nanoparticles in [BMIM]CI, which is a critical step for successful
electrospinning. The CA-[BMIM]CI-GO solution was electrospun
prior to reduction by hydrazine mist using an ultrasound humidi-
fier. Compared to other chemical reduction methods [31,32], our
ultrasound reduction method by hydrazine mist significantly re-
duces GO at a lower temperature (room temperature) than previ-
ously reported in the literature [31,32,34]. This provides a new
method to easily control the reduction process for highly conduc-
tive graphene-based nanofibers. The conductivity of the CA-
[BMIM]Cl solution (prior to the incorporation of GO) was
measured at 6.23 mS/cm and remained almost constant (Fig. 1b) as
the amount of GO increased from 0.11 to 0.43 wt%. This is due to the
presence of oxygenated groups on the surface of GO which disrupts
the sp® hybridization in graphene. Produced nanofibers with
controlled amounts of GO in the range of 0—0.43 wt% are shown in
Table 1. Pure CA, CA-[BMIM]CI, CA-[BMIM]CI-GO and CA-[BMIM]CI-
rGO nanofibers were then examined by SEM. Surface morphologies
of CA, CA-[BMIM]CI and CA-[BMIM]CI-GO (see Fig. 2a and b) were
smooth and bead-free, while CA-[BMIM]|CI-rGO nanofibers have
rough regions where GO appears to have aggregated (as shown in
Fig. 2d). Higher concentrations of GO hindered the jet flow due to
excess GO, which was not fully dispersed in the solution, clogging
the needle and therefore electrospinning was unsuccessful. During
chemical reduction, the CA-[BMIM]CI-GO nanofibers became more
fused (Fig. 2d) to form a CA-[BMIM]CI-rGO nanofibrous mat. The
conductivity of CA-[BMIM]Cl nanofibers was measured at
2.71 x 1077 S/cm, which was significantly lower than the conduc-
tivity of pure [BMIM]CI i.e. 4.60 x 1074 S/cm [35].

Incorporation of GO resulted in an increase in the conductivity
of the nanofibers, before and after the reduction. For non-reduced
nanofibers, the presence of GO (0.11 wt%) increased the conduc-
tivity (to 4.33 x 107> S/cm) and reaching an approximate plateau at

1.41 x 107 S/cm at 0.43% GO. The conductivity of the nanofibers is
presented in Table 1 and Fig. 3. Comparing to GO/CA nano-
composites reported in the literature [34], 0.43 wt% GO is a rela-
tively low loading for such a significant conductivity enhancement.

Interestingly, reduction of the hybrid nanofibers using hydra-
zine boosted the conductivity significantly, surpassing the con-
ductivity of pure [BMIM]Cl when GO loading reached 0.32 wt%
(4.60 x 10~4Sjcm). The highest conductivity attained was
5.30 x 107> 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

3.2. Structure of graphene oxide in the nanofibers

X-ray diffraction (XRD) was used to examine the crystal struc-
ture of CA and GO following the electrospinning and reduction
processes. The XRD patterns of the CA, CA-[BMIM]CI, CA-[BMIM]CI-
GO and CA-[BMIM]CI-rGO nanofibers are shown in Fig. 4a. Pure CA
nanofibers exhibited three broad diffraction peaks at 9.0°,17.9° and
21.8° [36]. The peak at 21.8° is attributed to short-range spacing
between neighboring cellulosic repeat units within the individual
macromolecules and the peak at 9.0° shows the longer range in-
teractions between cellulose acetate chains [37]. More specifically,
the distance between the adjacent cellulosic chains is normally
characterized by a d-spacing of ~9—10A, and the neighboring
anhydroglucose units in the cellulose chains have a d-spacing of
~4-—5.5A. The peak at 17.9° could arise from the diffraction of the
(021) plane. After addition of [BMIM]CI, the peak at 9.0° became
significantly weaker and shifted to 8.0°. This peak weakening and
shifting to a lower angle reflects the decrease in CA concentration in
the nanofibers from 100% to 53.4% and the cellulose packing dis-
rupted by [BMIM]CI. The presence of [BMIM]CI breaks up the H-
bonding between the cellulosic chains and enlarges their d-spacing
from 9.8 A to 11.0 A. A small shift of the 21.8° peak is also observed,
illustrating that the addition of [BMIM]CI did not significantly alter
the anhydroglucose units in the cellulose acetate chain. The peak at
17.9° almost completely disappeared from the nanofiber samples
electrospun in the presence of [BMIM]Cl, showing less short range
order in the amorphous cellulose acetate. 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 A).

This suggests that the graphene sheets are not fully exfoliated
and remained in a graphitic-like state [38]. The oxygen-containing
functional groups on the GO are mainly on the external surface of
the nanoparticles. This result is in line with the specification of GO
nanoparticles purchased that have 15—20 sheets and 4—10% edge-
oxidized. After chemical reduction, this peak remained in the CA-
[BMIM]CI-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 shown in Fig. 4b. The Raman spectra of CA-[BMIM]
Cl-GO and CA-[BMIM]CI-rGO both showed two bands at 1350 cm ™!
and 1585 cm™ . These can be assigned to the D and G bands of the
carbon materials, respectively [39,40]. The G band represents sp>-
hybridized C—C bonds in a 2D hexagonal lattice, while the D band
corresponds to the defects and disorder on the two-dimensional
amorphization of the carbon network [41,42]. These two peaks
reveal that the graphene sheets of the GO have a significant pro-
portion of carbon disordered away from a perfect 2D hexagonal
lattice. More specifically, comparison of the CA-[BMIM]CI-GO and
CA-[BMIM|CI-rGO spectra shows that the D and G bands of CA-
[BMIM]CI-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 does
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Fig. 1. (a) Schematic of the preparation of CA-[BMIM]CIl-rGO nanofibers, (b) Influence of GO concentration on the conductivity of the CA-[BMIM]CI solution and (c) a photographic

image to demonstrate the flexibility and durability of the final hybrid nanofibrous material. (A colour version of this figure can be viewed online.)

Table 1

Conductivity of the hybrid CA-[BMIM]CI-rGO nanofibers.

Content, wt%

Conductivity (S/cm)

GO [BMIM]CI CA before reduction after reduction
0.00 46.60 53.40 271x10°7 2.71x10°7
0.11 46.50 53.39 433 x107° 1.82x 107
021 46.41 53.38 1.11x 107 3.65x 107*
0.32 4631 53.37 129 x 1074 5.10x 103
0.43 46.21 53.36 141x1074 530102
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Fig. 2. SEM images of (a) pure CA; (b) CA-[BMIM]CI; (c) CA-[BMIM]CI-GO and (d) CA-[BMIM]CI-rGO(GO conc. 0.43 wt%) nanofibers.
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Fig. 3. The effect of GO concentration in the hybrid CA-[BMIM]CI-GO nanofibers on conductivity [(a) linear and (b) log scales] before and after reduction. (A colour version of this

figure can be viewed online.)

not change significantly, supporting the evidence provided by XRD
that graphene sheets in the GO particles were not fully exfoliated
showing sp?-hybridized C—C bonds in a 2D hexagonal lattice and
having sheet spacing close to the 0.33 nm of graphite. Importantly,
the chemical reduction did not significantly alter the stacking of the
graphene sheets, but modified the surface functional groups
through deoxygenation [43—46].

3.3. Chemical bonds and their interactions within the hybrid
nanofibers

The structure and interactions of each component in the hybrid
nanofibers were revealed by Raman, FTIR and XPS giving insights

into the reason for the enhancement in conductivity. As afore-
mentioned, the Raman spectra of CA, CA-[BMIM]|CI, CA-[BMIM]CI-
GO and CA-[BMIM]|CI-rGO are shown in Fig. 4b, whereas the FTIR
and XPS spectra are presented in Figs. 4c and 5, respectively. The
Raman spectra of CA and CA-[BMIM]Cl showed the asymmetric
stretching vibration of the C—0—C glycosidic bond at 1121 cm™!
and the pyranose ring at 1080 cm™" with the presence of C—OH at
1265cm . The bands at 1736, 1435, and 1382 cm ™ are attributed
to the carbonyl group (C=0) and symmetric and asymmetric
vibrations of C—H, respectively, in the acetyl group [47—49]. More
interestingly, the [BMIM]CI cation is observed in the CA-[BMIM]CI
sample with bands at 601 and 627 cm~". The intensities show the
co-existence of gauche and trans conformations of the IL [50,51]. It
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is worth noting that the inclusion of GO has resulted in the disap-
pearance of most of the vibrational bands from the Raman spectra
of the corresponding hybrid nanofibers.

The FTIR spectra of pure CA, CA-[BMIM]CI and CA-[BMIM]CI-
rGO nanofibers in Fig. 4c show that pure CA nanofibers exhibited
characteristic bands at 1735 cm ™! and 1367 cm ™! corresponding to
C=0 and C—H stretching from —OCOCH3, respectively. Bands at
1220 cm ! and 1030 cm™! reveal the C—C and C—O stretching vi-
brations in the pyranoid ring and C—O—C (ether linkage) from the
glycosidic units. In the CA-[BMIM]CI spectrum, characteristic bands
at 1746 cm™' (C=C stretching), 1214 cm™~! (C=N stretching) and
1041 cm~! (C—O stretching) indicate that the BMIM* and Cl~ ions
of [BMIM]CIl formed hydrogen bonds with CA, as expected. The FTIR
spectrum of CA-[BMIM]CI-GO is similar to that of CA-[BMIM]CI
while the spectrum of [BMIM]|CI-rGO shows two new bands at
1659 cm ™ 'and 3229 cm ™! suggesting strong interactions (hydrogen
bonding) between the carboxylic (—COOH) groups of graphene and
carbonyl (C=0) groups of CA.

XPS was used to further examine the differences in chemical
functionality in the hybrid nanofibers (Fig. 5). The survey spectrum
of pure CA nanofibers exhibits only two distinct peaks: C 1s at
~285eV and O 1s at ~532 eV (Fig. 5), while Cl 2p and N 1s peaks are
present in all other spectra, confirming the presence of [BMIM]CIl.
High resolution C 1s spectra were analyzed by monochromatic Al
Ka X-ray source (hv =1486.6 eV). Each spectrum has been decon-
voluted into five distinct peaks, as shown in Fig. 6a—d for the
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nanofibers of pure CA, CA-[BMIM]Cl, CA-[BMIM]CI-GO and CA-
[BMIM]CI-rGO, respectively. The sharp peak centered at 284.6 eV
corresponds to C—C bonding and the relatively broad peak around
286.1 eV is attributed to three different functional groups: hydroxyl
(C—0); carbonyl (C=0) and imine (C—N). More specifically, the
peaks in this region at 285.5, 285.7, 286.6 and 287.8 eV are attrib-
uted to carbon atoms in C—N, C=N, C—0, C=0, respectively. In the
CA-[BMIM]CI-rGO nanofibers, the peak centered at 288.9 eV comes
from the carboxyl group [C(O)O]. Comparing the C 1s XPS spectra
(Fig. 6a and b), it can be seen that the addition of [BMIM]CI
significantly lowers the relative peak intensity of the oxygen-
containing functional groups from CA, and introduces a new peak
attributed to C—N from [BMIM]CL. The introduction of GO results in
some small changes in the relative peak intensities (comparing
Fig. 6b and c). After the reduction of the CA-[BMIM]CI-GO nano-
fibers, the C 1s spectrum of the CA-[BMIM|CI-rGO (Fig. 6d) shows a
dramatic decrease of the carboxyl peak. These changes suggest that
the hydrazine vapor step has indeed reduced the carboxyl groups in
GO, but may have also partially reduced CA, while the peak in-
tensity of the other oxygen-containing functional groups slightly
increased. It is noteworthy to state that it has been shown else-
where that it is not yet possible to reduce GO completely by
chemical reduction [44].

The proposed interactions of stacked graphene sheets with CA
and [BMIM]Cl are schematically shown in Fig. 7. Removal of

Fig. 7. Schematic illustration of the suggested interaction of graphene with CA and
[BMIM]CL. (A colour version of this figure can be viewed online.)

carboxyl groups and formation of more hydroxyl groups may pro-
mote the formation of hydrogen-bonds with dissociated BMIM™
and CI™ ions through unsubstituted hydroxyl functional groups in
both GO and CA [52,53]. The m-electrons in the imidazole ring of
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BMIM™ may interact with the rich m-electron clouds of the gra-
phene rings resulting in some delocalization and enhanced elec-
trical conductivity.

3.4. Thermal analysis of the hybrid nanofibers

TGA has been carried out under argon to further examine the
thermal stability and chemical bonding differences in CA, CA-
[BMIM]Cl, CA-[BMIM|CI-GO and CA-[BMIM]CI-rGO nanofibers.
These weight loss profiles (Fig. 8) show that pure CA is more stable
than the composites. Pure CA decomposes in the range of
330—-375°C with a corresponding weight loss of approximately
82 wt%. In contrast, the addition of [BMIM]CI lowers the decom-
position 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 does decrease the weight loss to
~75%. Reduction using hydrazine does not cause any identifiable
changes in thermal decomposition nor char formation. These
findings confirm that the ionic liquid has fully separated CA mo-
lecular chains with no CA H-bonding following mechanical mixing.
This separation lowers the thermal stability of the CA by approxi-
mately 90 °C. The addition of 0.43% GO does not affect the thermal
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 gra-
phene pallets were well aligned during extrusion and spinning. The
morphology, crystal structure, chemical bonding and thermal
analysis of the CA-[BMIM]CI-GO nanofibers show that graphene
stacks have been successfully incorporated into CA nanofibers by
dispersing GO in a [BMIM]CI ionic liquid. Polar functional groups,
such as —C=0, —COOH and —OH on GO have not only assisted its
dispersion in the ionic liquid, but also facilitate 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. [54]. These in-
sights demonstrate that this new graphene-based hybrid nano-
composite is a promising candidate for smart and flexible electronic
and bio-electronic applications, particularly in those systems which
require high electrical conductivity.
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Fig. 8. TGA profiles of pure CA (black), CA-[BMIM]CI nanofibers (red),CA-[BMIM]CI-GO

nanofibers (green) and CA-[BMIM]CI-rGO nanofibers (blue). (A colour version of this
figure can be viewed online.)

4. Conclusions

In summary, a new method of exploiting a [BMIM]Cl ionic liquid
for the fabrication of graphene-based, bio-inspired (cellulose ace-
tate) conductive CA-[BMIM]CI-GO nanofibers through electro-
spinning has been introduced. Combining the advantages of both
GO and [BMIM]CI materials allowed a homogeneous dispersion of
GO and better solubility of CA to be achieved. The modest incor-
poration of 0.43% graphene oxide into the hybrid material greatly
enhanced the conductivity of the nanofiber mats by more than four
orders of magnitude to 5.30 x 103S/cm. The uniform nano-
structure of graphite oxide and BMIM in CA nanofibers forms the
conductive paths, which has been enhanced by chemical reduction
of hydrazine via an ultrasonic process. Such a facile strategy for the
fabrication of bio-based, ultrathin, lightweight, flexible nanofibers
could open a new avenue towards sustainable material develop-
ment in the quest for high-performance next-generation smart
electronic devices.
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ABSTRACT

Additives like ionic liquids (ILs) have proven to be excellent materials useful in improving the
electrospinnability and conductivity of both synthetic and biopolymers. The aim of this study is to investigate
the effect of 1-buthyl-3-methylimidazolium chloride [BMIMICI on the electrospinnability of cellulose acetate
(CA). The results showed that [BMIMICI has the greater effect on viscosity and conductivity of the spinning
solution while the morphology of the nanofibers significantly improved as the concentration of the IL
increases from 0% to 12% (v/v) of [BMIM]CI. To understand the interaction between CA and [BMIM]CI, Fourier-
transform infrared spectroscopy (FTIR) has been used. Observations by scanning electron microscopy (SEM)
suggested that [BMIM]CI significantly altered the morphology of the CA nanofibers and 12% (v/v) of [BMIM]CI
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would be an ideal concentration producing uniform fibers with a mean diameter of 180nm. In addition, the
membranes showed a significant increase in conductivity (from 0 to 2.21 x 10~ ’S/cm) as the concentration
of ionic liquid increases up to 12% (v/v) that indicates a successful loading of IL inside the nanofibers.

1. Introduction

In the fabrication of mirco- and nanofibers, electrsospinning has
been extensively used as a versatile and efficient method."" 2 The
two primary components necessary for electrospinning of nano-
fibers are a charged polymer solution electrostatically ejected
through a needle tip to a stationary or rotatory grounded collec-
tor.>! Compared to conventional spun fibers, electrospun
fibers can have a much smaller diameter on the nano scale, pro-
viding a high surface area with porous structure.”” These nano-
fibers with high surface area have shown a potential to be used in
number of applications e.g. healthcare, biotechnology, environ-
mental engineering and energy storage applications.!"7"!!
Although electrospinning is developing fast in creating novel
nanostructutes, including core-sheath, tri-layer and Janus, 1o~
many materials are currently incompatible with this technique.
Tonic liquids (IL) have received much intention in recent
years. These organic salts have many promising applications
such as the processing of polysaccharides to enhance unique
chemical and physical properties. Ionic liquids can modify
both synthetic and biopolymers, which can impart excellent
chemical, electrical and physical properties for nano compo-
sites.?*°) At room temperature, ILs show good ionic conduc-
tivity and thermal stability owing outstanding dissolving
properties for cellulose. It provides excellent inter molecular
forces inside cellulosic materials.””**! 1-butyl-3-methylimida-
zolium chloride a well-known ionic liquid for electrospinning
of both synthetic and biopolymers and the results revealed

that it has a positive impact on solution properties i.e. conduc-
tivity viscosity together with the conductivity and morphology
of the fibers.!**~%!

Cellulose acetate, a derivative from cellulose has
attracted considerable interest due to its biocompatibility, bio-
degradable, nontoxic, and low cost.*® The compatibility of cel-
lulose acetate with [BMIM]Cl was investigated by the
researchers and publicized that these porous composites are
excellent for water purification from industrial waste water.**!
M.B.L Tsivintzelis et. al. showed that cellulose could be electro-
spun using [BMIM]Cl and [AMIM]CI with obtained fibers
showing a diameter ranging between 300 — 1000 nm."”)

But to the author’s knowledge, there is no such study
reported previously to investigate the influence of different con-
centrations of [BMIM]CI on the electrospinning of cellulose
acetate (CA) and study the effect on the spinning solution and
on the fiber chemistry.

[33,34]

2. Experimental
2.1. Materials

CA powder (Mn = 30,000 Da, acetyl content 39.8%) was pur-
chased from Sigma-Alderich. 1-methylimidazolium, ethyl ace-
tate and chlorobutane were purchased from Merk. Acetone
(AC) and dimethylacetamide (DMAc) solvents were purchased
from Sigma-Aldrich.
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2.2. Preparation of [BMIM]CI and CA-[BMIM]CI solution

1-buthyl-3-methylimidazolium chloride [BMIM]CI was syn-
thesized by the method described by Jairton Dupont.**! In
short, chlorobutane (purity 99%, 260 g) and 1-methylimida-
zolium (purity 99%, 164 g) were placed into a round bot-
tom flask fitted with condenser and refluxed at 75°C for
72 h under nitrogen until two phases formed. Then the vis-
cous liquid was cooled and washed several times with ethyl
acetate to remove unreacted starting material. finally, the
ionic liquid was dried for 3 h under vacuum to remove
residual solvents.

In parallel, 17 wt.% of CA was prepared by adding to a mix-
ture 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]CI
was added to previously made CA solution to get the desired
concentrations of 0%-12% (v/v %) of [BMIM]CI and stir again
at room temperature for another 2 h. This CA-[BMIM]CI
homogenous solution was then ready for electrospinning. The
CA concentration was kept fixed at 17 wt.% in all spinning
solution preparations while ionic liquid concentration varies to
investigate the influence of [BMIM]CI on the electrospun CA
fibers.

2.3. Electrospinning of CA-[BMIM]CI nanofibers

CA solutions with and without IL were electrospun at room
temperature by horizontal electrospinning setup. Each poly-
mer solution was placed into 1ml syringe with a needle
diameter of 0.6mm. The solution was electrospun at a volt-
age of 20-25 kV by a power supply (Gamma High Voltage
Research, ES 40R-20W/DM/M1127 Ormond Beach FL) 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 Programmable Single
Syringe Pump, New Era Pump Systems, Inc). The electro-
spun nanofibers were collected on a cylindrical rotatory
drum, which was covered with the aluminum foil. CA and
CA-[BMIM]Cl membranes were detached from the foil and
dried at room temperature for 24h. A schematic diagram of
mechanical mixing of CA and BMIM[CI] presented in
Figure 1 where IL entrapped inside the solution and then
electrospinning was performed.

2.4. Characterizations

Scanning electron microscopy (SEM, Zeiss FEG-SEM Ultra-
55) was utilized to determine the morphology and the aver-
age diameter of the nanofibers. Intermolecular interactions
between CA and [BMIM]CI were analyzed with FTIR (Inter-
spec 200-X). The viscosity of the solution was measured by
concentric cylinder viscometer Brookfield RVDVII4
(Brookfield ENG LABS Inc., USA), using spindle #21 at
23.3°C. The temperature was maintained with a MGW
Lauda C6 thermostat (Berner Osakeyhtio, Finland). The
electrical conductivities of the solutions were measured with
SevenCompact Conductivity S230 (Mettler Toledo, Switzer-
land) at a room temperature. X-ray diffraction (XRD)

Cellulose acetate

[BMIM]Cl/Cellulose acetate

High voltage
power supply

10

—  Routory coll
- oy eatlacke CA[BMIM|C] nanofibers

Figure 1. A schematic diagram of the electrospinning of CA-[BMIM]CI nanofibers
and a proposed interaction between [BMIM]Cl and CA.

patterns were recorded by a Rigaku Ultima IV diffractome-
ter with Cu Ko radiation (1 = 1.5406 A, 40 kV at 40 mA)
using a silicon strip detector D/teX Ultra with the scan
range of 260 = 5.0-30.0°, scan step 0.02°, scan speed 5°
/min. The conductivity of CA-[BMIM]CIl nanofibers was
measured by two probe method, placing the membranes
between two gold electrodes at a distance of 1 cm using an
AlphaLab, Inc. multimeter.

3. Results and discussion
3.1. CA-[BMIM]CI solution viscosity measurements

The impact of IL on the viscosity of CA solutions can be
seen in Figure 2a. Without [BMIM]CI the viscosity was
lowest at 471cP however, this increases sharply from 2% to
6% of [BMIM]CI with a maximum of 650cP. Unexpectedly,
the solution behavior changes suddenly above 6% gradually
decreases in viscosity 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 with hydro-
gen bonding between cellulose acetate chains.***”) There-
fore, initially low concentrations from 2% to 6% may not
enough to break the extensive hydrogen bonding but at
higher concentrations, 8%-12% of IL, there is a breakdown
of the hydrogen bonds between cellulosic chains, thus
decrease the viscosity of the CA solution.

3.2. CA-[BMIM]CI solutions and membranes conductivity
measurements

From the Figure 2b it can be seen that the higher the
amount of IL, the higher the conductivity of the CA solu-
tion (0.01 mS/cm up to 2.6 mS/cm). This is caused by a
gradual increase of BMIM* and Cl~ ions which dissociated
in the solution. The conductivity measurements have illus-
trated in the Table 1 and membranes from 0%-4 percentage
showed no conductivity because of less free ions but as the
volume ratio of IL increases, there was a significant rise in
the conductivity. This is due to producing more charge car-
riers by IL therefore, membranes with 10% of ionic liquid
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Table 1. Influence of [BMIMICI on the conductivity and on the formation of the
nanofibers.

[BMIM]CI Avg. Fibers

Concentration (v/v Conductivity Diameter Fibrous

%) (S/cm) (nm) membrane
0% 0.00 125 Uniform fibers
2% 0.00 150 Fibers with beads
4% 0.00 204 Fibers with beads
6% 1.93x107° 525 Uniform fibers
8% 6.80x107° 348 Uniform fibers
10% 1.70x10~7 300 Uniform fibers
12% 2.71x1077 180 Uniform fibers

was increased upto 1.70 x 1077 S/cm and finally, the con-
ductivity of CA nanofibers with 12% of IL showed the high-
est value of 2.71 x 1077S/cm.

3.3. XRD and FTIR analysis of CA-[BMIM]CI nanofibers

To examine the changes in the crystal structure of CA and
CA-[BMIM]Cl during electrospinning, X-ray diffraction
(XRD) was used (Figure 3a). Pure CA nanofibers exhibited
two typical wide bands at 8.9° and 17.9°. The peak intensity
of CA nanofibers at 8.7° decreased incrementally with the
addition of [BMIM]CI, indicating a reduction in crystallinity
due to [BMIM]CI disrupting the molecular packing of the

900 4 CA-[BMIM]CI solution viscosity

800 4

700 4

Viscosity (cP)

600 4

500 4

T T T T
0 2 4 6 8 10

[BMIM]CI (vv%)

CA. The [BMIM]CI FTIR spectrum (Figure 3b) exhibit mul-
tiple peaks 3396 cm™' for secondary amines, for O—H
stretching at 2960-2140 cm™', 1643 cm™' for C=N and
C=C bonding and 1567-696 cm™' corresponds to stretch-
ing C—C, C—O, or C—N bonds. Respective wavelength
(cm™!) and transmittance (%T) confirm the chemical struc-
ture of [BMIM]CL™! Cellulose acetate can also accept and/
or donate a proton due to the presence of carboxylic and
unsubstituted hydroxyl functional groups. By comparing
FTIR spectra of pure CA with FTIR spectra of CA-[BMIM]
Cl nanofibers, sharper peaks of wavelengths 1746 cm™,
1214 cm™" and 1041 cm™' assigned to C—C, C—N or
C—O bonding were observed as shown in the
Figure 3b."**) The FTIR spectra of pure CA, CA-[BMIM]
Cl shows that pure CA nanofibers exhibit characteristic
bands at 1735 cm ™, and 1372 cm™! corresponding to C=0
and C—H stretching from —OCOCHS3, respectively. Bands
at 1220 cm—1 and 1030 cm—1 reveal 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) indicate that the BMIM™ and
Cl™ ions of [BMIM]CI formed hydrogen bonds with CA, as
expected.">*") A proposed interaction between CA and
[BMIM]CI is presented in Figure 1. However, further

CA-[BMIM]CI solution conductivity

Conductivity (mS/cm)

T T T T T T
0 2 4 6 8

[BMIM]C1 (Vv %)

Figure 2. Influence of [BMIMICI on the viscosity (a) and on the conductivity of CA solutions (b).

—— CA-[BMIM]CI

—CA

Intensity (cps)

15 20

2-Theta (degree)

30
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Figure 3. XRD patterns of CA nanofibers, hybrid CA-[BMIM]CI (a), FTIR spectrum of [BMIM]CI, CA and CA-[BMIM]CI (b).
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investigation is needed to study the basic mechanism and
interaction between CA and [BMIM]CI in such solvent
systems.

3.4. Morphology of CA-[BMIM]CI electrospun nanofibres

SEM images of the pure CA electrospun nanofibers and CA-
[BMIM]CI electrospun nanofibers are shown in Figure 4 along
with their respected characteristics illustrated in Table 1. The
pure CA electrospun nanofibers show no beads but as the
concentration of [BMIM]CI increases from 2 to 4%, the for-
mations of the fibers change significantly and show beads
with fibers (Figure 4b and4c). These are caused by low con-
centration of IL, which leads to the low conductivity of the

electrospun solution thus promoting jet instability and creat-
ing beads with fibers. Similarly, higher amounts of IL enhance
the conductivity of the solution, which increases jet stability
and produces no beads with fibers as shown in Figure 4. The
concentration of IL not only affects the morphology, but also
affects the diameter of the nanofibers as shown in Figure 5,
the average diameter of the pure CA electrospun nanofibers
was 125nm which escalated up to 525nm with an addition of
6% of IL. This change is due to less viscoelastic forces that
were created by decreasing concentrations of IL during elec-
trospinning process which decreases the stretching force,
hence obtained fibers showed greater diameters. With higher
amounts of IL, i.e. 8% to 12%, the solution electrical conduc-
tivity increases significantly which results an increase in

EHT = 4.00 kV

Detectors = InLens l—' !

EHT = 4.00kV lpym*

Detectors = InLens I—’

EHT = 4.00 kv 1um*

Detectors = InLens I.—i

EHT = 4.00 kV
[\ s = InLens :

!

EHT = 4.00 kv 1um*

Detectors = InLens E—I

" —q EHT = 4,00 kV 1um®
Detectors = InLens '—'

Figure 4. SEM images of pure CA nanofibers (a) and CA with 2%lIL, 4%lIL, 6%lIL, 8%IL, 10%IL and 12%lIL (b-g).
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Figure 5. Effect of [BMIM]CI on the average diameter of the CA nanofibers.

viscoelastic forces therefore more nanosized fibers were
observed e.g. 180 nm.

4, Conclusion

CA-[BMIM]CI nanofibrious membranes were prepared by elec-
trospinning. The solution viscosity, conductivity and the charac-
teristics of electrospun nanofibers were investigated. Scanning
electron microscopy images revealed that the nanofibers with
higher concentrations of [BMIM]CI were created very fine fiber
and the average diameter of the fibers decreased as the addition
of IL increased in the polymeric solution i.e. 12% of ionic liquid
produce a diameter of 180nm as of the nearly the same as pure
CA electrospun nanofibers. It was also noted that 12% of
[BMIM]CI is enough for uniform fibers with enhanced conduc-
tivity of the fibers up to 221 x 10~’S/cm. The study also con-
cluded that [BMIM]CI can dissolve cellulose acetate useful for
electrsospinning and create materials with high conductivity.
This new class of cellulosic nanofibers has practical significance
in the fabrication of bio based smart device applications.
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ABSTRACT

Electrospinning has recognized as the most versatile and adaptable method for the fabrica-
tion of nanofibers. Fiber scientists have extensively introduced original solutions for harvest-
ing and storing energy from nanofibers in order to improve storage capacity and
environmental impact of electrospun supercapacitors, anodes, and cathodes. Among these
efforts, graphene gained significant interests for researchers, a multifaceted molecule pos-
sessing many unique and desirable properties such as high strength, flexibility, optical trans-
parency, and conductivity. This makes graphene as superior as to many other nanomaterials
like carbon nanotubes (CNTs) and conductive nanometallic particles. The reported properties
and applications of this two-dimensional (2D) structure have opened up new opportunities
for the lightweight future devices and systems. This review article aims to present an over-
view of the advancements in graphene-based electrospun conductive nanofibers, superca-
pacitors, and graphene-based electrospun anodes and cathodes for lithium-ion (Li-ion)
batteries. Details of the electrospinning processes, reduction methods, and electrical proper-
ties are discussed to yield insights on how significant improvements can be made in future
developments.

Abbreviations: GO: graphene oxide; rGO: reduced graphene oxide; GONRs: graphene oxide
nanoribbons; GNS: graphene nanosheets; CNTs: carbon nanotubes; MWCNTs: multi-walled
carbon nanotubes; PAN: polyacrylonitrile; DMF: dimethylformamide; PVP: polyvinylpyrroli-
done; NyH,4: hydrazine; PMMA: poly(methyl methacrylate); PVC/PLGA: polyvinyl chloride/pol-
y(lactic-co-glycolic acid); CNF: carbon nanofibers; ACNF: activated carbon nanofiber; GCNF:
graphene-wrapped electrospun carbon nanofibers; ACFs: anisotropic conductive films; PANi:
Polyaniline; HCSA: camphor-10-sulfonic acid; PEO: polyethylene oxide; ; G-PBASE: 1-pyrene-
butanoic acid, succinimidyl ester functionalized graphene; PVA/ODA-MMT: polyvinyl alcohol/
octadecylamine-modified montmorillonites; GO-g-[P(HEMA-g-PCL)]: graphene functionalized
poly(2-hydroxyethyl methacrylate)-graft-poly(e-caprolactone); PI-GNR: polyimide composite
fibers with graphene nanoribbon; GBEENSs: graphene-based electroconductive electrospun
nanofibers; KOH: potassium hydroxide; H,SO,: sulfuric acid; CV: cyclic voltammetry; VO: van-
adium oxide; V,0s: vanadium pentoxide; V(CsH,0,)s: vanadium acetylacetonate; M-rGO/
PA66 medium: medium diameter reduced graphene oxide nanosheets/polyamide-66;
PEDOT: poly(3,4-ethylenedioxythiophene); HPCNF: hierarchical porous carbon nanofiber;
TEOS: tetraethyl orthosilicate; CNFQPPy: carbon nanofiber/polypyrrole composite materials;
Na,SO,: sodium sulfate; GBEAs: graphene-based electrospun anodes; SiNPs: silicon nanopar-
ticles; SnO,@CQ@QG hNFs: tin dioxide hollow nanofibers coated with carbon and wrapped
with GO layer; CoMoO,Qgraphene: cobalt molybdate/graphene  composite;
SisoSn12CeqgFesAlsTi, NFs: silicon-based metallic glass alloy nanofibers; OMTiO,~rGO-NF:
ordered mesoporous titania reduced go nanofibers; LisTisO;,: lithium titanium oxide; CoO:
cobalt oxide.
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1. Introduction

Nanofibers can be produced by number of methods:
examples include by drawing different polymers, tem-
plate synthesis of nanostructured polymer, phase sep-
aration, and self-assembly.">. However, a unique and
versatile technique for producing micro- and nanofib-
ers through an electric field called “electrospinning”
has become a ubiquitous method in the field of nano-
technology.” The term electrospinning came from
electrostatic spinning, which was used more than 60
years ago and the first description of this method was
patented in 1902 by J.F. Cooley entitled as “Apparatus
for electrically dispersing fluids.” In this patent (US
692631), he designed an apparatus for producing the
fibers from the composite fluids through an electrical
discharge field® In brief,
process where 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 number of different
polymers including synthetic polymers, biopolymers,
and blends of these polymers."” ”~° The rising popular-
ity of this method has resulted in fact that over 200
research

electrospinning is a

institutes and universities are studying
the electrospinning process and producing different
kinds of nanofibers” to explore more potential in

this technique.

Polymer solution
Syringe

Spinneret

High voltage
power supply

o Rotatory collector

Figure 1. A schematic diagram of electrospinning process.

This century, the number of new fibers that have
been electrospun by this process and scientists discov-
ering unique nanofibers that would prove to be break-
throughs in several applications like drug delivery
systems, biosensors, solar cells, electronic devices,
transparent electrodes, or membrane filtration.'*'° In
the last 16 years, the contribution of the work in the
area of electrospinning presented in Figure 2a with
more than 3300 published documents indexed in the
Scopus database.

The efforts in electrospinning around the globe in
different institutes and research centers (see Figures
2b and 3) clearly beyond doubt that over last 10 years,
more than 7000 research papers have been published.
So far, electrospinning has been used for the fabrica-
tion of one-dimensional (1D) nanofibers'® from wide
range of polymers and each of the nanofiber has

(a) Publications by year
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Figure 2. Number of publications by year (a) and electrospin-
ning research around the world in different countries (b), data
analysis carried out using the Scopus search with the term
“electrospinning” as of December 2016.
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Figure 3. Publication distribution by affiliation data analysis carried out using the Scopus search system with the term

“electrospinning” as of December 2016.

Figure 4. Hexagonal structure of graphene.

different chemical and physical properties with a cap-
ability of practical significance to be used in advance
applications.'” %

For the fabrication of conductive nanofibers, popu-
larity of nanofillers can be categorized into zero-
dimensional (0D), 1D, two-dimensional (2D), and
three-dimensional (3D)**7%® which was commenced
with this decade. These nanomaterials enhanced num-
ber of properties, for example, optical, mechanical,
thermal, and electrical. Among these nanomaterials,
graphene (2D nanofiller) shows the best properties
across all above-stated types nanomaterials®>*® and
has many distinct reasons to add into electro-
spun nanofibers.

In this review article, we present a comprehensive
overview on graphene-based electrospun electrocon-
ductive nanofibers, supercapacitors, and graphene-

based electrospun anodes (GBEAs) for lithium (Li)-
ion batteries including synthesis, fabrication, reduc-
tion, and electrical properties. There are many previ-
ous review articles on graphene-based
nanocomposites, wet-spun fibers, dry-spinning fibers,
dry-jet wet-spinning fibers, and their synthesis, per-
formance, and applications.31 However, there is no
detailed review/study on graphene-based electrospun
conductive nanofibers, supercapacitors, anodes, and
cathodes for Li-ion batteries Therefore, in this review
paper, we judiciously summarize the recent develop-
ments and the fabrication methods of graphene-based
electrospun nanofibers in these applications.

2. What is graphene?

The word “graphene” is referred as world first 2D
paper like lightweight material’»** Due to owing
multifunctional properties like conductivity, specific
capacitance, photocatalytic activity, hydrophobicity,
antibacterial, and having high mechanical strength,*
which make graphene far superior than other nano-
materials, graphene is a one-atom-thick sheet of car-
bon atoms tightly packed into hexagonal structures
and looks like a honeycomb lattice as shown in
Figure 4. It is the strongest and the thinnest material
known to the man, stronger than steel (100-300
times) and lightest (weighing around 0.77 milligrams
for 1m?).* It has been over 13 years now since Geim
and Novoselov, two innovative scientists, won the
Nobel prize for the discovery of this wondered mater-
ial “graphene” that triggered a sharp rise in graphene
research.**?%*’
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Graphene Applications
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Figure 5. Properties and applications of graphene in different fields.
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Figure 6. Number of articles published by year using gra-
phene as a nanofiller data analysis carried out using the
Scopus search system with the term “graphene electro-
spinning” from 2010 to 2016.

As seen in Figure 5, there are many practical appli-
cations of graphene in science and technology includ-
ing, but not limited to electronics, spintronic,
photonics, and optoelectronics sensors, flexible elec-
tronics, energy storage and generation, composites,
and biomedical applications.*®**

2.1. Graphene as nanofiller for electrospinning

Graphene, a promising candidate to act as a nanofiller
in electrospinning building number of multifunctional
properties like mechanical, electrical, and morpho-
logical enhancement to achieve desired diameters or
porosity of the nanofibers. These characteristics of
graphene prove to be a strong nanofiller candidate to
potentially revolutionize lightweight nanocomposites.
Since graphene was discovered, many types of syn-
thetic and natural polymers were electrospun by this

novel nanofiller which remarkably stimulated the
spinning process and have shown dramatic enhance-
ment in the properties of electrospun nanofibers such
as mechanical strength, hydrophilicity, conductivity,
and thermal stability.”>**”>” The loading of graphene
in an electrospinning process is a crucial step, which
determines the flexibility, chemical affinity, stability,
and functionality and consist of two steps: (1) gra-
phene oxide (GO) sheets can incorporate into the
polymeric solution by melt mixing, solution blending,
or in situ polymerization; and (2) electrospun nanofib-
ers were reduced either by chemical method or by
annealing under high temperatures, which referred as
reduced graphene oxide (rGO) nanofibers. Naturally,
GO is an insulator and a poor electrical conductor
but when treating with strong reducing agents or
treated under high temperatures, most of the conju-
gated structure of graphene has been restored by
removing of  oxygen-containing  functionalities.
However, there are the methods®®* in which reduced
graphene can electrospin directly with the polymers.
Nevertheless, this will lead inhomogeneous dispersions
which might face challenges and difficulties in the
continuous electrospinning processes. Figures 6 and 7
give an overview about graphene as a nanofiller in the
literatures published from 2010 to 2016.

2.2. Graphene-based electrospun
electroconductive nanofibers

Nowadays, enormous advances in graphene-based
electroconductive electrospun nanofibers (GBEENs)
have been made especially in the field of electronics.
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Figure 7. Schematic structures of the GO/PAN nanofiber before and after carbonization as adapted from Matsumoto et al.*®

Table 1. Summary of graphene-based electrospun hybrid nanofibers.

Electrospinning hybrid materials Reduction method Resistivity/conductivity References
PAN and GONRs Heated at 1000°C for 1h 165.1+4.35cm ™" 60
GO, PAN, and PVP N,H, for 6h Graphene-PAN 75 Scm™' 56
Graphene—-PVP 25 Scm ™'
PANi/G-PBASE and PMMA Hydrazine monohydrate at 80°C for 24h 30 Scm ™' 61
PVC/PLGA nanofibers HI solution (55%) at 100°C for 1h 10.0 Scm™! 62
RuO,/activated carbon nanofiber (ACNF) and G Heated at 800 °C for 1h 0.59 Scm ™' 63
GCNF anchoring of MoS, Heated at 800 °C for 2h 0.56 Scm ™' 64
Anisotropic conductive film (ACF) ultrasonic spray  Heated at 800 °C for 1h 0.42 Scm ™! 65
(S-rGO/ACF)
RGO/PAN Heated at 800°C for 1h 0.24 Scm ™! 58
PAN/Fe,05/G Carbonized at 650°C for 1h 0.21 Sem ™! 66
PAN/PMMA, SbCl3, and GO Heated at 700°C for 2 h 420x 1072 Sem ™! 67
PANi with camphor-10-sulfonic acid (HCSA)- and ~ N,H, heated to 80 24hrs 9.92x 107* Scm ™ 68
polyethylene oxide (PEO)-filled G-PBASE
Pl, GNR, and CNT HI-H,0 at 98°C for 10h 83 x 107* Sem™! Parallel 69
7.2x 107" 0 Scm™" Perpendicular
CNF, Si, and graphene-covered Ni particles Carbonization at 650 °C for 1h 9.5% 107> Sem ™! 70
PVA/ODA-MMT-poly(MA-alt-1-octadecene)-g-GO No reduction 591 -4.42x10° Sem™' 71
GO-g-[P(HEMA-g-PCL))/gelatin Bioreduction 1.83x107° Scm ™! 72
PANi and PAN with G and GO nanosheets Ammonia solution at 180°C for 1h 1.59x10 ¢ Scm ™! 73
GO polyamide 66 (PA66) 0.1wt.% N,H, and annealing at 350°C 8.6 x 10° Q/sq 74
Graphene nanosheet (GNSs) and NaBH,4 at 100 °C for 24h 150 Q/sq 75

silver nanoparticles (AgNPs)

Compared to traditional metallic wires, graphene-
based electroconductive nanofibers are popular mate-
rials due to their remarkable properties, such as light-
weight, strong mechanical properties, high electrical
conductivity, and environmental stability. The precur-
sors for developing graphene-based flexible electro-
spun conductive nanofibers with polymers such as
polyacrylonitrile (PAN), polyvinyl alcohol (PVA),
polyvinyl chloride (PVC) nylon, poly(methyl meth-
acrylate) (PMMA), poly(lactic-co-glycolic  acid)
(PLGA), and poly(vinyl acetate) (PVAc) have been
reported in the data provided in Table 1 with

described reduction methods. Graphene employed
with polymers has shown improved fiber mechanical
and electrical properties. A systematic interaction of
graphene with PAN has been reported by
Matsumoto.”® They prepared graphene oxide nanorib-
bons (GONRs) by unzipping the multiwalled carbon
nanotubes (MWCNTs) with the oxidation process fol-
lowed by electrospinning with GONRs in PAN/dime-
thylformamide (DMF)
conductivity of graphene was greatly improved by
thermal reduction (see Table 1; a highest conductivity
was achieved, i.e., 165.10 Sem™"). The conductivity of

solutions. The electrical
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Figure 8. Proposed interactions of (a) graphene sheets with (A) PAN and (B) PVP adapted from Wang et al.>® and typical TEM
images of (b) the as-spun GONR/PAN composite nanofibers contain (a,b) 0.5wt % and (c,d) 5wt % GONR.®
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Figure 9. Schematic fabrication of (a) PANi/G-PBASE/PMMA nanofibers by coaxial electrospinning for obtaining neat PANi/G-PBASE
nanofibers adapted from Moayeri and Ajji®' and schematic illustration (b) of the electrospinning process adapted and reproduced

and coupled with ultrasonic spraying as adapted from Wang et a

the nanofibers is very much dependent on the reduc-
tion strategy and on the sheet-to-sheet interdepend-
ence inside the fibers which has well explained by the
same work®, that is, the schematic graphitic structure
of graphene sheets inside the interior of nanofibers
with the fabrication and carbonization process (illus-
trated in Figure 7.). The main challenges for obtaining
graphene-based electrospun nanofibers are the
improvement of the dispersion, alignment, and appro-
priate loadings of GO within the polymer matrix. The
improvement in rheological characteristics with the
different loading levels of graphene is fully under-
standable by the SEM images of Matsumoto study.
Nanofibers with lower wt.% fractions distributed

|.65

rather homogeneously than that of GONRs with
higher amounts of GONRs, agglomeration phenom-
enon appeared, and flexural strength gradually
decreased with the excessive addition of graphene.
Loaded down graphene, a better contributing factor
has created smooth structural formations of nanofib-
ers (see Figure 8). Besides thermal reduction, several
attempts have been made in chemical reduction of
GBEENs and were resurfaced by many researchers.
Wang et al. described the chemical reduction of
GBEENS for the recovery of precious conductive net-
works of graphene. A novel composite network of GO
sheets with PAN and polyvinylpyrrolidone (PVP)
nanofibers has been developed by using hydrazine as
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Figure 10. Schematic route for the fabrication of (a) free-standing anisotropic electrically conductive PI-GNR/CNT films adapted
from Liu et al.*® where GNR/CNT used as a hybrid nanofiller and (b) schematic electrospinning process for the preparation of

GCNF@MoS, hybrids as adapted from Gu et al.**

reducing agent (N,H,).”® With this methodology,
striking results have obtained, and the problem of
easy curvature of graphene sheets can be thoroughly
dissolved with enhanced conductivities, for example,
755cm™" with graphene-PAN and 25 Scm™' with
graphene-PVP (see Table 1).

The governing parameter for the properties of gra-
phene-based electrospun nanofibers is the interaction
with the polymer matrix, which has an impact on the
usage of a chemical treatment at the surface of the
nanofiller. This phenomenal influence was highlighted
in the schematic interactions of PVP and PVA with
graphene sheets reported in Figure 9.°° Table 1 sum-
marized that the fibers, which have been treated under
high temperatures, significantly improve the conduct-
ivity in comparison with that of the nanofibers
reduced by the chemical methods. This might be due
to huge removal of the oxygen functionalities from
the surface of GO, that is, attached to the interior of
an aromatic domain in GO by restoring sp” graphene
networks that significantly improved the conductivity
of the nanofibers by the thermal reduction process.

Functionalization of metal ions with GBEENs could
intensify the conductivity of the nanofibers which can
be performed by a mixing process of Ag, Ni, Ru, Si,
and Sn along with the electrospinning precursors and
there are innumerable reports in the literature for the
successful fabrication of these ions as listed in Table
1. In most cases, GBEENs have been used as the back-
bone materials, in incorporation with electro-active
materials, including conductive polymers and metal
oxides such as RuO,, Cos304 and MnQO, to achieve
ultrahigh values of conductivity.”®’® The addition of
RuO, and MoS, in GBEENs has limited their applica-
tions where high conductivity of the nanofibers is

needed due to the fact that very low free ion transpor-
tations have offered conductivities between 0.59S/cm
and 0.56S/cm, respectively.*>** The schematic process
of graphene-wrapped electrospun carbon nanofibers
(GCNFs)@MoS, electrospun nanofibrous membranes
has shown in Figure 10b. Compared to unidirectional
electrospinning, coaxial electrospinning provides an
alternative and effective way of fabricating graphene
with conductive polymers such as polyaniline (PANi)
with unique core-shell structures. Moayeri and Ajji
use this method (see Figure 9a) by utilizing 1-pyrene-
butanoic acid, succinimidyl ester (PBASE) with
reduced graphene to fabricate conductive nanofibers
denoted as PANi/G-PBASE, and the resulted nanofib-
ers have boosted conductivity up to 30S/cm.°'
Fabricating GO is an extremely vital process as it
has a large impact on the conductivity of the nanofib-
ers, and therefore makes scientists to explore new
methods and techniques for the surface functionaliza-
tion of the nanofibers with GO to enhance hybrid
electrospun fibrous conductivity. In large-scale opera-
tions where researchers need to utilize huge quantities
of graphene oxide for the industrial production of
nanofibers by incorporating of graphene through a
mist of GO using an ultrasonic atomizer is the most
obvious solution, due to the relative ease in fabricating
sufficient amounts of graphene to the desired quality
levels. An interesting strategy has followed by Wang
et al.®® They fabricate conductive nanofibers using
electrospinning and ultrasonication simultaneously to
dope GO by spraying through an ultrasonic atomizer
(see illustrated scheme in Figure 9b) with an achieved
conductivity up to the 0.42 Scm™'. Apart from the
reduction methods, anisotropic materials and oriented
graphene sheets in the interior of nanofibers had a
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Table 2. Electrochemical performance of various graphene-based hybrid nanofibers

Capacitance studies

Electrospinning hybrid materials Reduction method Scan rate (mVs™') Electrolytes Specific capacitance References
Graphene oxide/V,0s/PVP Chemically reduced by PPy 100,75,50,25,10 KOH and H,S0, 453.82 Fg' 86
Graphene/polypyrrole-coated Annealed at 850 °C for 1h 2 Na,S0,4 386.00 Fg ™' 87
Graphene oxide-NG-CNF 800°C for 2h 1 NaCl solution 33785 Fg™" 88
M-rGO/PA66 Hydrazine vapor at 150 °C 10 H,S0,4 280.00 Fg~' 89
PAN/PVP in DMF Carbonized at 850 °C 10 6M KOH 26500 F g’ 90
G/CNF and PAN Annealed at 800°C to 100 KOH 263.70 Fg ' 91
CNF/graphene/MnO, Carbonized at 900 °C for 1h 50 6 M KOH 225.00 Fg~' 92
PVA-GO/PEDOT No reduction carried out 5,10,25,50,100 1 M KCl aqueous 22427 Fg™! 93
PAN/GO fiber paper Carbonized at 800 °C for 1h 5 to 400 KOH 24100 F g’ 94
MnO,/HPCNF/G Carbonized for 1h at 800°C 10 to 100 KOH 210.00 Fg~' 95
CNF/GNS and GNS/PAN Hydrazine (80 wt% in water) 5 to 100 KOH 197.00 Fg~' 96
CNF/G into PAN Carbonized up to 800°C 2 Not available 183.00 Fg~' 97
RuO,/ACNF/graphene composites Activated at 800 °C for 1h 25 6.0 M KOH 180.00 Fg' 63
rGO/thorn-like TiO, nanofiber (TTF) Reduced at 180°C for 6h 5,10,20,30,50,70,100 1 M Na,SO, 178.00Fg " 98
GNW-carbon nanotube (CNT)-PAN CVD at 1500°C 10 H,S0,4 176.00 Fg~' 99
GO/PANi/PVDF No reduction carried out 10,20,40,60,80,100 H,S0,4 170.63 Fg~' 100
GO and PAN Carbonized at 1000°C for 1h 25 KOH 146.62 Fg~' 101
TEOS, graphene, and PAN Heated at 800 and 1000 °C 25 KOH 144.79 Fg~' 102
Graphene in PAN/PMMA Heated at 1000°C for 1h 25 KOH 128.00 Fg~' 103
GO and CNTs embedded in PAN Heated at 800 °C for 30 min 100 0.5 M Na,SO, 120.00 Fg~' 104

greater influence on the conductivity, for example,
contrastive conductivity in different directions by the
graphitic hierarchical architecture structures of GO.
This feature definitely contributed to the unidirec-
tional transmission of electrons; hence, different con-
ductive networks constructed from  cross-linked
graphene in both parallel and perpendicular direc-
tions. The phenomenon was well described by the Liu
et al. who investigated the anisotropic behavior of GO
by polyimide-graphene nanoribbons (PI-GNR) and
carbon nanotubes (CNTSs) by demonstrating two dif-
ferent electrical conductivities, for example, in parallel
direction of 8.3 x 107> Scm™" and 7.2x 10™® Sem™'
in the perpendicular direction (see a schematic dia-
gram of electrospun PI-GNR/CNT nanofibers pre-
sented in Figure 10a).” The prospective of
electrospinning is capable of delivering flexible elec-
trodes for the new-generation printable/wearable elec-
tronics and can be an encouraging nanocomposite in
the developments of high-performance energy stor-
age devices.

2.3. Graphene-based electrospun supercapacitors

In this decade, graphene-based electrospun electrocon-
ductive nanofibers (GBEENS) are in high demand for
nanocomposites in supercapacitors as they eliminate
the binding with the improvements in compaction of
graphene structures. It can be a next-generation
energy storage material due to number of multifunc-
tional properties like high surface area (a single gra-
phene sheet is 2630 mz/g), flexibility, ultra-thin,
chemical stability, and low cost.”> 79:80

Supercapacitors are broadly divided into two different
classes: electrochemical double layer capacitors
(EDLCs), energy storage involving non-Faradaic proc-
esses based on the accumulation of electrostatic
charged particles at the electrode/electrolyte interface,
and pseudocapacitors, that stores energy by Faradaic
redox reactions of the electrode.®’ Graphene-based
electrospun nanofibers have been researched exten-
sively for EDLCs comparing to pseudocapacitors®.
Principally, the specific capacitance of a supercapaci-
tor depends on the specific surface area of the elec-
trode which is determined by the porosity of the
electrode material. In this scenario, GBEENs are
encouraging porous materials for supercapacitors
offering high specific area and conductivity.*>"*
Many scientists have been able to develop supercapa-
citors by GBEENs that can store 120 F/g to 453 F/g.
Data provided in Table 2 recapitulate several methods
to develop GBEEN-based supercapacitors. There are
numerous attempts to fabricate GBEENs for superca-
pacitor systems that have been reported by many dif-
ferent polymers including PAN, PANi, PVA, PVP,
and PPMA (as shown in Table 2). However, favorable
results have been achieved by PVP and PAN as elec-
trospun precursors owing to their high carbon con-
tent. Similar efforts have been made with different
kinds of electrode materials, that is, Ni, tetraethyl
orthosilicate (TEOS), and TiO, and MnO, incorpo-
rated in the electrospinning process. But a fundamen-
tal work®® with vanadium pentoxide (V,05) showed
highest  specific ~ capacitance  investigated by
Thangappan et al. They have used V,05 as an elec-
trode material because of its unique structure, high
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Figure 11. SEM images (a) of pure G/VO nanofibers, (a) annealed nanofibers at 350°C and 550°C, (b, ¢) SEM of pure GO (b) CV
curves of graphene and V,0s nanofibers (a, b) in different electrolytes (KOH and H,SO,) and CV curves for pure V,05 nanofibers
and GO (c, d), and specific capacitance (c) of GVO and VO nanofibers with respect to current densities.®®
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Figure 12. A schematic diagram (a) of the core shell fiber structure and specific capacitance (b) with respect to current density for
the CNF@PPy and CNFQG/PPy core-shell electrodes as adapted from Gan et al.”

capacity, ease in preparation, and moderate electrical
conductivity.'” Vanadium acetylacetonate, GO, and
PVP were used as core electrospun hybrid materials
to fabricate graphene oxide/vanadium pentoxide
(GVO) nanofibers. Embedded GVO electrospun
fibrous mats in a three-electrode cell demonstrated an
impressive specific capacitance, that is, 453.824 Fg™'
(see Figure 11).

Although several attempts have been made with
graphene-based electrospun supercapacitors by mak-
ing various combinations of electrolytes, the results
concluded that potassium hydroxide (KOH) provides
better capacitance due to its ionic conductivity (for 6
M, a maximum value of 0.6S cm ™' at 25°C) as com-
pared to the electrolytes, that is, Na,SO,, H,SO,, KCl,
and NaCl mentioned in Table 2. This was confirmed
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Figure 13. The schematic route of rGO/PA66 nanofabric (a) photographs of PA66 nanofibers and RGO/PA66 nanofabric (b) as

adapted from Wang et al®°

Figure 14. TEM (a) and HRSEM (b) images of GO-CNT/CNF.'%*

by capacitance behavior, that is, H,SO, that did not
produce ideal cyclic voltammetry (CV) curves as seen
in Figure 12; hence, no charging and discharging
process take place; therefore, proving KOH is an
ideal electrolyte with graphene-based electrospun
supercapacitors.

In abovementioned electroactive materials, MnO,
has materialized as one of the brightest candidates
due to its low cost, high electrochemical activity, and
eco-friendly nature. The combined characteristics of
MnO, and graphene have high relevance in many
application areas especially in fabricating electrodes
for supercapacitor applications. However, intrinsically
offered bad electrical conductivity (107°-107° '/
cm).”> A designed electrospinning process of MnO,-
containing hierarchical porous CNF/graphene (MnO,/
HPCNF/G) was investigated by Lee” with a specific
capacitance of 210 Fg™' at a current density of
1 mAcm™2 To improve the electrochemical properties
of GBEENSs, various modifications have been carried
in the annealing process, which significantly improve
the porosity the nanofibers. As noticed by
Thangappan et al., before annealing process, GBEENs
exhibited diameters ranging from 200nm to 300 nm,

* @ |k o e—
INCIgN
Anode e Cathode

@ LI

Figure 15. Schematic representation of Li-ion battery (LIB) as
adapted from Pampal et al.*

which was influenced by annealing on a decreasing
diameter to 90-150 nm as seen in Figure 12. This was
attributed to the difference in thermal expansion by
the incompatibility of GO and V,Os resulting in the
initiation of residual stress and breakage by losing the
smooth morphology of the electrospun nanofibers.
Combination of graphene with conductive polymers
such a polypyrrole (PPy) coated on an electrospun
CNF composite surface via a facile electrodeposition
method is a promising candidate for pseudocapacitors.
This distinctive core-shell structure for high-perform-
ance supercapacitors was discovered by Gan et al.¥’
The fabrication method was described in two steps.
Initially, the CNF was fabricated via electrospinning
from PAN/DMF solutions; second, nanofibers were
coated by electrodeposition of graphene/PPy.
Benefiting from these features of interwoven and por-
ous structure of the electrospun CNF improved the
conductivity and electrochemical performance of the
supercapacitor. The overall process of the core shell
fiber structure and dependence of specific capacitance
on a current density are shown in Figure 12 (reported
specific capacitance 386 F g~').



CRITICAL REVIEWS IN SOLID STATE AND MATERIALS SCIENCES . 1

Table 3. Typical results and state-of-the-art graphene-based electrospun hybrid Li-ion batteries anodes.

Capacitance studies

Electrospinning hybrid materials Reduction method Capacity fade% Specific capacity References
GNRs, MWCNT, and Si/C nanofibers Carbonized at 900 °C for 5h 94% after 100 cycles 1800 mA h/g 114
Sn0,@CQAG hNFs Annealed at 500 °C for 2h 82% after 50 cycles 1600 mA h/g 15
PEO, Si, G, and C denoted as Si-G-C Heated 1000 °C for 1h 95% after 200 cycles 1344mA h/g 116
SiNPs wrapped by graphene Carbonized at 900 °C for 5h 85% after 200 cycles 1191 mA h/g 17
GCNF hierarchical WS,/GCNF hybrid Carbonized at 950 °C for 2h 95% after 100 cycles 1128.21mA h/g 118
Graphene and encapsulated Co30, nanotubes Calcined at 600°C for 2h 96.1% after 80 cycles 961 mA h/g 119
Si/CNF/GO Carbonized at 650 °C for 1h 91% after 50 cycles 872mA h/g 53
PAN/Fe,03/G Carbonized at 650 °C for 1h 81.8% after 105 cycles 826 mA h/g 66
rGO in PAN and ZnO nanoparticle Carbonized at 800 °C for 2h 80% after 100 cycles 815mA h/g 120
CoMoO4@graphene nanofibers Carbonized at 450 °C for 2h 80% after 200 cycles 735mA h/g 121
CoO-graphene-carbon nanofiber Heated at 650°C for 2h After 352nd cycle 690 mA h/g 122
Si and graphene-covered Ni particles Carbonization at 650 °C for 1h 81% after 70 cycles 600 mA h/g 70
Sn0,@QG Calcined at 450°C for 2h 60% after 120 cycles 591.9mA h/g 123
SigoSnq2CeqgFesAlsTi, NFs@QrGO Carbonized to 700°C for 2h 99.9% after 2000 cycles 569.77 mA h/g 124
NiSe,-rGO)-C polyacrylonitrile-polystyrene Carbonized at 450 °C for 3h 93% after 100 cycles 468 mA h/g 125
Sn02 nanorods and graphene sheets Carbonized at 500 °C 86 % after 50 cycles 467 mA h/g 126
FeSe,@GC-rGO Carbonized at 500 °C for 3h 82% after 150 cycles 412mA h/g 127
Antimony-carbon-graphene fibrous Calcined at 600°C 98% after 100 cycles 274mA h/g 128
Graphene-TiO, nanofibers Heat-treated at 500 C for 1h 85% after 200 cycles 217 mA h/g 129
OMTiO,—-rGO-NF Heat-treated at 500°C for 2h 85.3% after 500 cycles 212mA h/g 130
TiO,—G nanofibers Carbonized at 450 °C for 1h 84% after 300 cycles 150 mA h/g 131
Graphene-oxide-wrapped LiTisO1, Annealing at 700 °C for 4h 99% after 100 cycles 110mA h/g 132
Graphene and conductive LisTisO1, Calcined at 550°C for 3h 91% after 1300 cycles 101 mA h/g 133
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Figure 16. A route for water-based electrospun GNR/Si/C fibers as adapted from Kim et a

Impregnation into rGO of a nanofiber fabric
(PA66) is a distinct methodology (Figure 13) in the
development of graphene-based electrospun superca-
pacitors. To avoid the aggregation of GO, dipping or
coating with ultrahigh mass loading of GO is favor-
able for electrochemical properties and can be
achieved by the simplicity of this method (reported
specific capacitance 280.00 Fg~').*

Interfaces between GO and a conductive polymer
such as a thiophene derivative poly(3,4-ethylenedioxy-
thiophene) (PEDOT) that possesses a conductivity
(300-500S cm™') compared with other thiophene
derivatives have been fabricated by two integrated
methods, that is, electrospinning and electrodeposi-
tion. As PEDOT has a large potential window, a
good thermal and chemical stability low band gap of
1-3eV represents the key for successful and great
charge mobility that can produce instantaneous

114
l.

electrochemical kinetics.'°>'”” This hybrid nanocom-
posite without reducing GO proclaimed a specific
capacitance up to 224.27 Fg~'.>> Template hierarch-
ical porous carbon nanofibers (HPCNFs) embedded
with graphene are excellent materials to employ in
the EDLCs, but they do not satisfy the requirements
for commercial application because of their complex
preparation, poor electrochemical performance
(128.00 Fg~! as seen in Table 2), and relatively high
cost. Moreover, ultra-micropores have accessible
pathways to rather small ions (K™ and OH") in car-
bon materials for EDLCs.'” Similarly, GO-CNT/
CNF electrospun nanofibers present a twine morph-
ology and a rough surface exhibited diameter
enlarged to 700nm. CNT is an inflexible and has a
highly curved structure and it could not be
embedded in the CNF, resulting in the rough surface
of the nanofiber (see Figure 14) strongly influenced
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Figure 17. TEM images of carbon nanotubes and unZ|pped graphene nanoribbons (a,b), low magnification SEM of CNT/Si/C fibers
and GNR/Si/C fibers (c,d), and high magnification SEM images of CNT/Si/C and GNR/Si/C fibers (e,f) as adapted from Kim et al.'™

the performance of the supercapacitor attributed to
120 Fg~ "'

2.4. Graphene-based electrospun anodes for
Li-ion batteries

At present, Li-ion battery (see schematic Figure 15)
electrode materials are usually based on powder mate-
rials which may lead to the occurrence of large vol-
ume stability during cycling life resulting in the poor
performance and cyclabilty.*” Surface modification
with carbonaceous materials has been reported by
many researchers to improve the battery performance.
Among these, major developments have been
addressed in GBEAs for Li-ion batteries by attracting
considerable attention because of wide range of appli-
cations in smart electronics such as laptops, cameras,
and mobile phones.'”® "> Graphene is an attractive
candidate with ordinary morphological characteristics,
high surface area exceeding 2600 m?/g~', variable
density, and high porosity. These characteristics
plunges the length of Li* diffusion pathways, thus
enhances the power capability. In addition, graphene
offered high theoretical capacity of 744mA h g~ for
Li" storage.'"” GBEAs for Li-ion batteries are consid-
ered as one of the most promising storage systems
against the hydrogen fuel cell. These doped or blended
nanofibers have been considered as an excellent elec-
trode/separator in Li-ion batteries. The enhanced
characteristics of graphene-based electrospun nanofib-
ers arise from the integration of compound character-
istics which can impart unique morphologies and
structures in nanofibers. Several engineering-oriented
studies with the materials including SnO,, CoMoO,
OMTiO, Li Ti50;,, TiO,, CoO, and ZnO were uti-
lized as hybrid martials for the fabrication of gra-
phene-based electrospun Li-ion anodes (see Table
3).5614 17 GBEA composites merged advantages by
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Figure 18. Schematic illustration for fabrication of GCO nano-

fiber composite as adapted from Pham-Cong et al.’*®

incorporating these materials leading to long-life cyc-
lic stability, mechanical strength, and good electric
conductivity.

The detailed electrospinning process, reduction
methods, fabrication, and electrical properties of
GBEAs for Li-ion batteries are shown in Table 3.
Silicon functionality has considered to be excellent can-
didate since it has been proven as a favorable material
for the development of Li-ion batteries with a theoret-
ical capacity of 3579 mA h/g at a room temperature.'**
A fundamental research work by Kim et al.'** demon-
strated highest specific capacitance (up to 1800 mA h/
g) by unzipped GNRs from MWCNTs with the help of
hexadecyl functionalization process, the comprehensive
procedure using water as a solvent for GNR/PVA/Si
electrospun nanofibers (see Figure 16). Furthermore,
inclusion of other active anodic materials, interesting
and efficacious nanostructures can obtain with
improved cycling life. Thus, it creates reversible cap-
acity retention, and rate capability of the anodes.
Research activities toward improving the ionic and
electronic transport properties of titanium have



contributed greatly in last few years. One such
approach by electrospun TiO, nanofibers containing
graphene has reported a high reversible capacity
(150 mA hg’l) with 84% retention after 300 cycles'*.
Graphene as well as CoO/C electrospun nanofibers
were discovered to control the growth of CoO, nucle-
ation during heat treatment, an agreement of a defect-
ive fiber structure formation by unhomogenized
distribution of graphene sheets and CoO particles.
These defects provided better Li* storage and thus
enhanced the capacity and cycling stability (690 mA h
g ! after 352 cycles).'”

Reduced graphene also found to electrospun unique
hollow core-shell nanofibers with ZnO nanoparticle
as cores and rGO/C as shells. In spite of a high initial
irreversible capacity loss, rGO core-shell nanofibers
offered a specific capacity up to 815mA h g~' (80%
retention after 100 cycles). Through the combination
of SnO, and graphene, interesting structures have
been reported in which high specific capacity of SnO,
was maintained for more cycles by the presence of
graphitic structures. Freestanding SnO,/graphene with
an additional graphene coating and freestanding
SnO,/G film from SnO, fibers have both been pro-
posed (reported specific capacitance 591.9, 467 mA h/
g, respectively)."”> '*° Another combination of high
capacity and stability can be obtained from Si/gra-
phene electrospun nanofibers, and the interconnected
graphene sheets buffer the volume proliferation of Si
during cycling and thus donate to the anode a better
cycling stability (872mA h/g, 91% after 50 cycles)™
Furthermore, the morphology of the fibers could be
controlled by changing the particle size and the dis-
persion of the Si particles in the fibrous structure
ensuring strong interfacial interactions between Si and
graphene sheets was highlighted by Kim et al."'*

Opposed to CNT/Si/C electrospun nanofibers,
GNR/Si/C nanofibers showed better morphology due
to their open structure, flexibility, and better disper-
sion (see Figure 17d). It was suggested that graphene
nanopallets proved to be a better nanofiller for rein-
forcing Si/C fibers, that is, Si nanoparticles evenly dis-
tributed throughout the nanofibers, while bundles of
silicon nanoparticles (SiNPs) can be observed in
CNT/Si/C (see Figure 17¢,f).""*

2.5. Graphene-based electrospun cathodes for
Li-ion batteries

To date, very few attempts have been made in gra-
phene-based electrospun cathodes by improving rate
capability and cycling stability of 2D nanostructures.
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Minimizing the Li* ion transport gap and increasing
the number of active sites have been developed.'*>™"*”
Two-dimensional rGO nanosheets with high specific
area greatly improve the conductivity of the electro-
spun nanofibers that conquer the side reaction at high
voltage in Li-ion batteries cathodes. Reduced electro-
spun of GO and V,05 nanowires (NWs) (100% after
300 cycles 225 mAh g ') is considered to control the
volume expansion of the active materials during the
charge/discharge process, since the structure may
assist the migration of lithium ions between the active
material and electrolyte.'”®

A schematic electrospinning process of rGO and
V,05 NWs is shown in Figure 18. Direct electrospinning
or with a combination of lithium-rich manganese fol-
lowed by sol-gel to encapsulate graphene contained
CNFs. This process has researched by very few scien-
tists; an electrospun cathode with reduced GO as 3D
hierarchical architectures giving a specific capacitance
(145 mAh g~' with retention up to 73.6% after 100
cycles)®”'*® can further be improved by exploring
new materials and methods.

3. Conclusion and future directions

Graphene, as the “mother” of all other allotropes of
carbon, has proven a promising nanofiller in electro-
spinning by owing extraordinary multifunctional
properties, for example, conducting, electronic, and
physicochemical. In this review, we have provided a
comprehensive overview of the developments in gra-
phene-based electrospun nanofibers in the creation
of conductive nanofibers, supercapacitors, anodes,
and cathodes for the Li-ion batteries including major
past progress, technical issues, and nanostructured
material developments. Moreover, several methods
and advanced characterization techniques involved in
the fiber chemistry have been discussed, providing a
better understanding of the mechanisms between the
fiber structure and electrical properties. Graphene-
based electrospun nanofibers that are one dominant
type of nanocomposite as a supercapacitor, anode,
and cathode in Li-ion batteries have shown promis-
ing performances with high capacity, enhanced rate
capability, and long-term cycle stability. The applica-
tion of graphene-based nanofibers as nanocompo-
sites, facilitating easy pathways for ion/electron
transport in Li-ion batteries by offering the advan-
tage of a versatile design of nanocomposite.
Electrolytes also play a critical role in solving the
problems of specific capacity; for example, KOH sig-
nificantly enhances the Coulombic efficiency and the
stability of a supercapacitor. In this regard, KOH
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found to be a beneficial electrolyte for the graphene-
based electrospun supercapacitors. Despite the con-
siderable advancement achieved during the past few
decades, it will still be a long way to go in future
and more efforts should be directed toward nano-
science research and approaches. This can lead to
viable high-performance smart electronics with a
future prospect as upcoming hybrid materials that
can replace conventional conductive fibers, Li-ion
electrodes, and supercapacitors. The efforts for devel-
oping high-performance-based electrospun nanocom-
posites can be generalized as follows.

3.1. Appropriate dispersion of GO

A well-dispersed form of GO inside polymeric matrix,
accountable for uniform distribution of graphene
sheets inside nanofibers, is a complicated process. GO
stability on the solution-phase manipulation is a crit-
ical point controlling the morphologies of the nano-
fibers. In this context, the solubility of GO with an
appropriate loading, sonication, or mechanical mixing
needs to redesign by exploring new solvent systems
with sufficient contact. Poor connection between the
insulating GO and the electrical conductor can result
in inactive regions, leading to low anodic and cathodic
conductivity and low capacity supercapacitors.

3.2. Reduction of GO-based nanofibers

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 reduction strat-
egies solely by chemical or heat treatments have been
followed to transform the effect of the final perform-
ance of the nanofibers or devices composed of GO-
based nanofibers. Although optimized results have
been achieved by thermal annealing of the nanofibers
but to achieve flawless rGO is difficult to reach by
chemical reduction which can improve further
research efforts and should continuously be carried
out to find new methods for the future improvements
in the reduction of GO-based nanofibers.

3.3. Stable electrolyte systems for GO-based
supercapacitors

The current liquid electrolyte is far away from fulfill-
ing the demands of the practical utility of graphene-
based nanofibers in supercapacitors and in Li-ion bat-
teries because of the side reactions among electrolyte

solvents. A well covenant electrolyte needs to have
reliability as well as compatibility with graphene-based
electrospun nanofibers; therefore, further research on
suitable combinations or novel electrolytes can
be focused.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

References

1. S. Ramakrishna, An Introduction to Electrospinning
and Nanofibers, World Scientific Publishing Co Pte
Ltd, National University of Singapore (2005).

2. A.Kumar and M. Deka, Nanofiber Reinforced Composite
Polymer Electrolyte Membranes, InTech (2010).

3. A.S. Nain, J]. C. Wong, C. Amon, and M. Sitti, Appl.
Phys. Lett. 89(18), 183105 IntechOpen Limited,
London, United Kingdom (2006).

4. D. Almecija, D. Blond, J. E. Sader, J. N. Coleman,
and J. J. Boland, Carbon 47(9), 2253-2258 (2009).

5. J. S. Jeong, J. S. Moon, S. Y. Jeon, J. H. Park, P. S.
Alegaonkar, and J. B. Yoo, Thin Solid Films 515(12),
5136-5141 (2007).

6. J. F. Cooley, Google Patents US692631 (1902).

7. N. Bhardwaj and S. C. Kundu, Biotechnol. Adv.
28(3), 325-347 (2010).

8. J. D. Schiffman and C. L. Schauer, Polym. Rev.
48(2), 317-352 (2008).

9. S. Torres-Giner, R. Pérez-Masid, and J. M. Lagaron,
Polym. Eng. Sci. 56(5), 500-527 (2016).

10. N. Patra, M. Cernik, and M. Salerno, J. Nanomater.
2016, 2 (2016).

11. T.J. Sill and H. A. von Recum, Biomaterials 29(13),
1989-2006 (2008).

12. M. Modesti, C. Boaretti, and M. Roso, In
Encyclopedia of Membranes, E. Drioli and L. Giorno

(eds.),  Electrospun  Nanofibrous = Membranes,
Springer Berlin Heidelberg, Berlin, Heidelberg, 1-4,
(2015).

13. M. Fathy, A. B. Kashyout, J. El Nady, S. Ebrahim, and
M. B. Soliman, Alex. Eng. J. 55(2), 1737-1743 (2016).

14. R. Song, X. Li, F. Gu, L. Fei, Q. Ma, and Y. Chai,
RSC Adv. 6(94), 91641-91648 (2016).

15. M. Zhu, J. Han, F. Wang, W. Shao, R. Xiong, Q.
Zhang, H. Pan, Y. Yang, S. K. Samal, F. Zhang, and
C. Huang, Macromol. Mater. Eng. 302(1), 1600353-
n/a (2017).

16. Y. Xia, P. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates,
Y. Yin, F. Kim, and H. Yan, Adv. Mater. 15(5),
353-389 (2003).

17.  A. Kulkarni, V. A. Bambole, and P. A. Mahanwar,
Polym. Plast. Technol. Eng. 49(5), 427-441 (2010).



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Z.-M. Huang, Y. Z. Zhang, M. Kotaki, and S.
Ramakrishna, Compos.  Sci.  Technol.  63(15),
2223-2253 (2003).

M. Maccioni, E. Orgiu, P. Cosseddu, S. Locci, and A.
Bonfiglio, Adv. Mater. Weinheim 89(14), 143515
(2006).

M. Hamedi, R. Forchheimer, and O. Inganas, Nat.
Mater. 6(5), 357-362 (2007).

C. Miller, M. Hamedi, R. Karlsson, R. Jansson, R.
Marcilla, M. Hedhammar, and O. Ingands, Adv.
Mater. 23(7), 898-901 (2011).

I. F. Wahab, S. I. A. Razak, N. S. Azmi, F. N. Dahli,
A. H. M. Yusof, and N. H. M. Nayan, Electrospun
Graphene Oxide-Based Nanofibres In Advances in
Carbon Nanostructures, A. M. T. Silva and S. A. C.
Carabineiro (eds.), InTech, Rijeka, Ch. 05, (2016).

C. Wang, Y. Li, G. Ding, X. Xie, and M. Jiang, J.
Appl. Polym. Sci. 127(4), 3026-3032 (2013).

X.-M. Sui, S. Giordani, M. Prato, and H. D. Wagner,
Appl. Phys. Lett. 95(23), 233113 (2009).

S. Costa, E. Borowiak-Palen, M. Kruszynska, A.
Bachmatiuk, and R. J. Kalericzuk, Mater. Sci.-Poland.
26(2), 433-441 (2008).

T. W. Ebbesen, Phys. Today 49(6), 26-32 (1996).

S. Sahoo, S. Dhibar, G. Hatui, P. Bhattacharya, and
C. K. Das, Polymer 54(3), 1033-1042 (2013).

M. I Katsnelson, Mater. Today 10(1-2), 20-27
(2007).

Y. Xu, W. Hong, H. Bai, C. Li, and G. Shi, Carbon
47(15), 3538-3543 (2009).

F. Barzegar, A. Bello, M. Fabiane, S. Khamlich, D.
Momodu, F. Taghizadeh, J. Dangbegnon, and N.
Manyala, Journal of Physics and Chemistry of Solids
77, 139-145 (2015).

F. Meng, W. Lu, Q. Li, J.-H. Byun, Y. Oh, and T.-
W. Chou, Adv. Mater. Weinheim 27(35), 5113-5131
(2015).

K. S. Novoselov, V. 1. Falko, L. Colombo, P. R.
Gellert, M. G. Schwab, and K. Kim, Nature
490(7419), 192-200 (2012).

A. K. Geim and K. S. Novoselov, Nat. Mater. 6(3),
183-191 (2007).

C. Soldano, A. Mahmood, and E. Dujardin, Carbon
48(8), 2127-2150 (2010).

H. S. Dong and S. J. Qi, Biosurf. Biotribol. 1(4),
229-248 (2015).

K. S. Novoselov, A. K. Geim, S. V. Morozov, D.
Jiang, Y. Zhang, S. V. Dubonos, 1. V. Grigorieva,
and A. A. Firsov, Science 306(5696), 666 (2004).

A. K. Geim, Science 324(5934), 1530-1534 (2009).

Y. Yang, A. M. Asiri, Z. Tang, D. Du, and Y. Lin,
Mater. Today 16(10), 365-373 (2013).

A. C. Ferrari, F. Bonaccorso, V. Falko, K. S.
Novoselov, S. Roche, P. Boggild, S. Borini, F. H. L.
Koppens, V. Palermo, N. Pugno, J. A. Garrido, R.
Sordan, A. Bianco, L. Ballerini, M. Prato, E.
Lidorikis, J. Kivioja, C. Marinelli, T. Ryhanen, A.
Morpurgo, J. N. Coleman, V. Nicolosi, L. Colombo,
A. Fert, M. Garcia-Hernandez, A. Bachtold, G. F.
Schneider, F. Guinea, C. Dekker, M. Barbone, Z.
Sun, C. Galiotis, A. N. Grigorenko, G. Konstantatos,
A. Kis, M. Katsnelson, L. Vandersypen, A. Loiseau,

CRITICAL REVIEWS IN SOLID STATE AND MATERIALS SCIENCES . 15

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

53.

54.

55.

56.

57.

58.

59.

60.

V. Morandi, D. Neumaier, E. Treossi, V. Pellegrini,
M. Polini, A. Tredicucci, G. M. Williams, B. Hee
Hong, J.-H. Ahn, J. Min Kim, H. Zirath, B. ]. van
Wees, H. van der Zant, L. Occhipinti, A. Di Matteo,
I. A. Kinloch, T. Seyller, E. Quesnel, X. Feng, K.
Teo, N. Rupesinghe, P. Hakonen, S. R. T. Neil, Q.
Tannock, T. Lofwander, and J. Kinaret, Nanoscale
7(11), 4598-4810 (2015).

H. Jang, Y. J. Park, X. Chen, T. Das, M.-S. Kim, and
J.-H. Ahn, Adv. Mater. Weinheim 28(22), 4184-4202
(2016).

R. Raccichini, A. Varzi, S. Passerini, and B. Scrosati,
Nat. Mater. 14(3), 271-279 (2015).

F. Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari,
Nat. Photon. 4(9), 611-622 (2010).

Q. Bao, H. Zhang, J.-x. Yang, S. Wang, D. Y. Tang,
R. Jose, S. Ramakrishna, C. T. Lim, and K. P. Loh,
Adv Funct. Mater. 20(5), 782-791 (2010).

J. Song, H. Gao, G. Zhu, X. Cao, X. Shi, and Y.
Wang, Carbon 95, 1039-1050 (2015).

S. Ramazani and M. Karimi, Polym. Composite.
37(1), 131-140 (2016).

C. Zhang, L. Wang, T. Zhai, X. Wang, Y. Dan, and
L.-S. Turng, J. Mech. Behav. Biomed. Mater. 53,
403-413 (2016).

Y. C. Shin, J. H. Lee, L. Jin, M. J. Kim, Y.-J. Kim,
J. K. Hyun, T.-G. Jung, S. W. Hong, and D.-W. Han,
J. Nanobiotechnol. 13(1), 21 (2015).

O. J. Yoon, C. Y. Jung, I. Y. Sohn, H. J. Kim, B.
Hong, M. S. Jhon, and N.-E. Lee, Compos. Part A
Appl. Sci. Manuf. 42(12), 1978-1984 (2011).

X. An, H. Ma, B. Liu, and J. Wang, J. Nanomater.
2013, 7 (2013).

H. R. Pant, P. Pokharel, M. K. Joshi, S. Adhikari,
H. J. Kim, C. H. Park, and C. S. Kim, Chem. Eng. J.
270, 336-342 (2015).

L. Tan, L. Gan, J. Hu, Y. Zhu, and J. Han, Compos.
Part A Appl. Sci. Manuf. 76, 115-123 (2015).

B. Ardeshirzadeh, N. A. Anaraki, M. Irani, L. R.
Rad, and S. Shamshiri, Mater. Sci. Eng. C Mater.
Biol. Appl. 48, 384-390 (2015).

Z.-L. Xu, B. Zhang, and J.-K. Kim, Nano Energy 6,
27-35 (2014).

Y. Y. Qi, Z. X. Tai, D. F. Sun, J. T. Chen, H. B. Ma,
X. B. Yan, B. Liu, and Q. J. Xue, J. Appl. Polym. Sci.
127(3), 1885-1894 (2013).

H. R. Pant, C. H. Park, L. D. Tijing, A. Amarjargal,
D.-H. Lee and C. S. Kim, Colloids Surf. A
Physicochem. Eng. Asp. 407, 121-125 (2012).

Y. Wang, J. Tang, S. Xie, J. Liu, Z. Xin, X. Liu, and
L. A. Belfiore, RSC Adv. 5(52), 42174-42177 (2015).
R. Ding, Z. Luo, X. Ma, X. Fan, L. Xue, X. Lin, and
S. Chen, Int. ]. Anal. Chem. 2015, 7 (2015).

Q. Dong, G. Wang, B. Qian, C. Hu, Y. Wang, and J.
Qiu, Electrochimica Acta 137, 388-394 (2014).

T. Lavanya, K. Satheesh, M. Dutta, N. Victor Jaya,
and N. Fukata, J. Alloys Compd. 615, 643-650
(2014).

H. Matsumoto, S. Imaizumi, Y. Konosu, M.
Ashizawa, M. Minagawa, A. Tanioka, W. Lu, and
J. M. Tour, ACS Appl. Mater. Interf. 5(13),
6225-6231 (2013).



16 K. JAVED ET AL.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

A. Moayeri and A. Ajji, Nanosci. Nanotechnol. Lett.
8(2), 129-134 (2016).

L. Jin, D. Wu, S. Kuddannaya, Y. Zhang, and Z.
Wang, ACS Appl. Mater. Interf. 8(8), 5170-5177
(2016).

K. S. Yang and B.-H. Kim, Electrochimica Acta 186,
337-344 (2015).

H. Gu, Y. Huang, L. Zuo, W. Fan, and T. Liu,
Electrochimica Acta 219, 604-613 (2016).

G. Wang, Q. Dong, T. Wu, F. Zhan, M. Zhou, and J.
Qiu, Carbon 103, 311-317 (2016).

B. Zhang, Z.-L. Xu, and J.-K. Kim, RSC Adv. 4(24),
12298-12301 (2014).

X. Tang, F. Yan, Y. Wei, M. Zhang, T. Wang, and T.
Zhang, ACS Appl. Mater. Interf. 7(39), 21890-21897
(2015).

A. Moayeri and A. Ajji, Synth. Met. 200, 7-15
(2015).

M. Liu, Y. Du, Y.-E. Miao, Q. Ding, S. He, W. W.
Tjiu, J. Pan, and T. Liu, Nanoscale 7(3), 1037-1046
(2015).

Z.-L. Xu, B. Zhang, Z.-Q. Zhou, S. Abouali, M.
Akbari Garakani, J. Huang, J.-Q. Huang, and J.-K.
Kim, Carbon nanofibers containing Si nanoparticles
and graphene-covered Ni for high performance anodes
in Li ion batteries. RSC Adv. 4(43), 22359-22366
(2014).

Z. M. O. Rzayev, K. Salimi, U. Bunyatova, S. Acar,
B. Salamov, and M. Turk, Mater. Sci. Eng. C Mater.
Biol. Appl. 61, 257-268 (2016).

B. Massoumi, F. Ghandomi, M. Abbasian, M.
Eskandani, and M. Jaymand, Appl. Phys. A 122(12),
1000 (2016).

M. Matin, S. Masoud, H. Shadie, Z. Soheila, R.
Parviz, V. Manouchehr, and H. Simzar, Biomed.
Mater. 11(2), 025006 (2016).

H. Yuan-Li, B. Avinash, T. Hsi-Wen, Y. Ying-Kui,
Y. Shin-Yi, M. M. Chen-Chi, L. Hong-Yuan, M. Yiu-
Wing, and W. Nian-Hau, Nanotechnology 22(47),
475603 (2011).

Y.-L. Huang, A. Baji, H.-W. Tien, Y.-K. Yang, S.-Y.
Yang, S.-Y. Wu, C.-C. M. Ma, H.-Y. Liu, Y.-W. Mai,
and N.-H. Wang, Carbon 50(10), 3473-3481 (2012).
R-R. Bi, X.-L. Wu, F.-F. Cao, L.-Y. Jiang, Y.-G. Guo, and
L.-J. Wan, . Phys. Chem. C 114(6), 2448-2451 (2010).
Y. Shan and L. Gao, Mater. Chem. Phys. 103(2-3),
206-210 (2007).

L. Yuan, X.-H. Lu, X. Xiao, T. Zhai, J. Dai, F.
Zhang, B. Hu, X. Wang, L. Gong, J. Chen, C. Hu, Y.
Tong, J. Zhou, and Z. L. Wang, ACS Nano 6(1),
656-661 (2012).

M. D. Stoller, S. Park, Y. Zhu, J. An, and R. S.
Ruoff, Nano Lett. 8(10), 3498-3502 (2008).

X. Mao, T. A. Hatton, and G. C. Rutledge, Curr.
Org. Chem. 17(13), 1390-1401 (2013).

G. Wang, L. Zhang, and J. Zhang, Chem. Soc. Rev.
41(2), 797-828 (2012).

E. S. Pampal, E. Stojanovska, B. Simon, and A. Kilic,
J. Power Sources 300, 199-215 (2015).

X. Hu, Z. Yan, Q. Li, Q. Yang, L. Kang, Z. Lei, and
Z.-H. Liu, Colloids Surf. A Physicochem. Eng. Asp.
461, 105-112 (2014).

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

J. Xu, H. Sun, Z. Li, S. Lu, X. Zhang, S. Jiang, Q.
Zhu, and G. S. Zakharova, Solid State Ion. 262,
234-237 (2014).

B.-H. Kim, C. H. Kim, K. S. Yang, A. Rahy, and
D. J. Yang, Electrochimica Acta 83, 335-340 (2012).
R. Thangappan, S. Kalaiselvam, A. Elayaperumal,
and R. Jayavel, Solid State Ion. 268, 321-325 (2014).
J. K. Gan, Y. S. Lim, A. Pandikumar, N. M. Huang,
and H. N. Lim, RSC Adv. 5(17), 12692-12699
(2015).

Y. Liu, X. Xu, T. Lu, Z. Sun, D. H. C. Chua, and L.
Pan, RSC Adv. 5(43), 34117-34124 (2015).

Y.-S. Wang, S.-M. Li, S.-T. Hsiao, W.-H. Liao, P.-H.
Chen, S.-Y. Yang, H.-W. Tien, C.-C. M. Ma, and
C.-C. Hu, Carbon 73, 87-98 (2014).

A. Moayeri and A. Ajji, J. Nanosci. Nanotechnol.
17(3), 18201829 (2017).

Z. Zhou and X.-F. Wu, J. Power Sources 222,
410-416 (2013).

D. G. Lee, Y. A. Kim, and B.-H. Kim, Carbon 107,
783-791 (2016).

M. A. A. Mohd Abdah, N. A. Zubair, N. H. N.
Azman, and Y. Sulaiman, Mater. Chem. Phys. 192,
161-169 (2017).

Q. Xie, S. Zhou, S. Wu, Y. Zhang, and P. Zhao,
Appl. Surface Sci. 407, 36-43 (2017).

D. G. Lee and B.-H. Kim, Synth. Met. 219, 115-123
(2016).

Z. Tai, X. Yan, J. Lang, and Q. Xue, J. Power Sources
199, 373-378 (2012).

Q. Dong, G. Wang, H. Hu, J. Yang, B. Qian, Z. Ling,
and J. Qiu, J. Power Sources 243, 350-353 (2013).
T.-W. Kim and S.-J. Park, J. Colloid Interf. Sci. 486,
287-295 (2017).

H.-C. Hsu, C.-H. Wang, S. K. Nataraj, H.-C. Huang,
H.-Y. Du, S.-T. Chang, L.-C. Chen, and K.-H. Chen,
Diam. Relat. Mater. 25, 176-179 (2012).

A. Rose, N. Raghavan, S. Thangavel, B. Uma
Maheswari, D. P. Nair, and G. Venugopal, Mater.
Sci. Semicond. Process. 31, 281-286 (2015).

B.-H. Kim and K. S. Yang, J. Ind. Eng. Chem. 20(5),
3474-3479 (2014).

S. Y. Kim, K. Yang, and B.-H. Kim, Electrochimica
Acta 137, 781-788 (2014).

B.-H. Kim, K. S. Yang, and J.
Electrochimica Acta 75, 325-331 (2012).
H.-C. Hsu, C.-H. Wang, Y.-C. Chang, J.-H. Hu, B.-
Y. Yao, and C.-Y. Lin, J. Phys. Chem. Solids 85,
62-68 (2015).

T. Kudo, Y. Ikeda, T. Watanabe, M. Hibino, M.
Miyayama, H. Abe, and K. Kajita, Solid State Ion.
152-153, 833-841 (2002).

R. Balint, N. J. Cassidy, and S. H. Cartmell, Acta
Biomater. 10(6), 2341-2353 (2014).

Z. Feng, D. Mo, W. Zhou, Q. Zhou, J. Xu, B. Lu, S.
Zhen, Z. Wang, and X. Ma, New J. Chem. 40(3),
2304-2314 (2016).

G. Cui, Y.-S. Hu, L. Zhi, D. Wu, 1. Lieberwirth, J.
Maier, and K. Miillen, Small 3(12), 2066-2069
(2007).

Y. G. Guo, Y. S. Hu, W. Sigle and J. Maier, Adv.
Mater. 19(16), 2087-2091 (2007).

P. Ferraris,



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

H.-X. Ji, X.-L. Wu, L.-Z. Fan, C. Krien, I. Fiering,
Y.-G. Guo, Y. Mei, and O. G. Schmidt, Adv. Mater.
Weinheim 22(41), 4591-4595 (2010).

X. Ji, K. T. Lee, and L. F. Nazar, Nat. Mater. 8(6),
500-506 (2009).

G.-Z. Wei, X. Lu, F.-S. Ke, L. Huang, J.-T. Li, Z.-X.
Wang, Z.-Y. Zhou, and S.-G. Sun, Adv. Mater.
Weinheim 22(39), 4364-4367 (2010).

C. N. R. Rao, U. Maitra, and H. S. S. R. Matte,
Synthesis, Characterization, and Selected Properties of
Graphene, In Graphene, Wiley-VCH Verlag GmbH
& Co. KGaA, 1-47, (2012).

Y. S. Kim, G. Shoorideh, Y. Zhmayev, J. Lee, Z. Li,
B. Patel, S. Chakrapani, J. H. Park, S. Lee, and Y. L.
Joo, Nano Energy 16, 446-457 (2015).

D. Pham-Cong, J. Y. Kim, J. S. Park, J. H. Kim, J.-P.
Kim, E.-D. Jeong, J. Kim, S.-Y. Jeong, and C.-R.
Cho, Electrochim. Acta 161, 1-9 (2015).

X. Zhou and Y.-G. Guo, J. Mater. Chem. A 1(32),
9019-9023 (2013).

L. Fei, B. P. Williams, S. H. Yoo, J. Kim, G.
Shoorideh, and Y. L. Joo, ACS Appl. Mater. Interf.
8(8), 5243-5250 (2016).

L. Zhang, W. Fan, and T. Liu, Nanoscale 8(36),
16387-16394 (2016).

D. Li, Q. Lu, E. Guo, M. Wei, Z. Xiu, and X. Ji,
J. Sol-Gel Sci. Technol. 82(1), 75-84 (2017).

Shilpa, B. M. Basavaraja, S. B. Majumder, and
A. Sharma, J. Mater. Chem. A 3(10), 5344-5351 (2015).
J. Xu, S. Gu, L. Fan, P. Xu, and B. Lu, Electrochim.
Acta 196, 125-130 (2016).

M. Zhang, F. Yan, X. Tang, Q. Li, T. Wang and G.
Cao, J. Mater. Chem. A 2(16), 5890-5897 (2014).

J. Zhu, G. Zhang, X. Yu, Q. Li, B. Lu, and Z. Xu,
Nano Energy 3, 80-87 (2014).

J.-W. Jung, W.-H. Ryu, J. Shin, K. Park, and I.-D.
Kim, ACS Nano 9(7), 6717-6727 (2015).

J. S. Cho, S. Y. Lee, and Y. C. Kang, Sci. Rep. 6,
23338 (2016).

CRITICAL REVIEWS IN SOLID STATE AND MATERIALS SCIENCES . 17

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

S. Jiang, B. Zhao, R. Ran, R. Cai, M. O. Tade, and Z.
Shao, RSC Adv. 4(18), 9367-9371 (2014).

J. S. Cho, J.-K. Lee, and Y. C. Kang, Sci. Rep. 6,
23699 (2016).

K. Li, D. Su, H. Liu, and G. Wang, Electrochim. Acta
177, 304-309 (2015).

Y. Yeo, J.-W. Jung, K. Park, and L-D. Kim, Sci. Rep.
5, 13862 (2015).

S. Chattopadhyay, S. Maiti, I. Das, S. Mahanty,
and G. De, Adv. Mater. Interf. 3(23), 1600761-n/a
(2016).

X. Zhang, P. Suresh Kumar, V. Aravindan, H. H.
Liu, J. Sundaramurthy, S. G. Mhaisalkar, H. M.
Duong, S. Ramakrishna, and S. Madhavi, J. Phys.
Chem. C 116(28), 14780-14788 (2012).

J. Kim, J. Y. Kim, D. Pham-Cong, S. Y. Jeong, J.
Chang, J. H. Choi, P. V. Braun, and C. R. Cho,
Electrochim. Acta 199, 35-44 (2016).

N. Zhu, W. Liu, M. Xue, Z. Xie, D. Zhao, M. Zhang,
J. Chen, and T. Cao, Electrochim. Acta 55(20),
5813-5818 (2010).

M. N. Obrovac and L. Christensen, Electrochem.
Solid St. Lett. 7(5), A93-A96 (2004).

V. Aravindan, J. Sundaramurthy, P. Suresh Kumar,
Y.-S. Lee, S. Ramakrishna, and S. Madhavi, Chem.
Commun. (Camb.) 51(12), 2225-2234 (2015).

S. Kalluri, W. K. Pang, K. H. Seng, Z. Chen, Z. Guo,
H. K. Liu, and S. X. Dou, J. Mater. Chem. A 3(1),
250-257 (2015).

S. Kalluri, K. H. Seng, Z. Guo, H. K. Liu, and S. X.
Dou, RSC Adv. 3(48), 25576-25601 (2013).

D. Pham-Cong, K. Ahn, S. W. Hong, S. Y. Jeong,
J. H. Choi, C. H. Doh, J. S. Jin, E. D. Jeong,
and C. R. Cho, Curr. Appl. Phys. 14(2), 215-221
(2014).

D. Ma, Y. Li, M. Wu, L. Deng, X. Ren, and P.
Zhang, Acta Mater. 112, 11-19 (2016).

O. Toprakci, H. A. K. Toprakci, L. Ji, Z. Lin, R. Gu,
and X. Zhang, J. Renew. Sustain. Ener. 4(1), 013121
(2012).






Appendix B

B. I. CA-[BMIM]CI-GO solution conductivity.
B. Il. Porosity and conductivity analysis.
B.1ll. CA-[BMIM]-CI membranes conductivity analysis.
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Figure 1. CA-[BMIM]CI-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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