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Proton exchange membrane (PEM) is an electrolyte which behaves as important indicator for fuel cell’s performance. Research
and development (R&D) on fabrication of desirable PEM have burgeoned year by year, especially for direct methanol fuel cell
(DMFC). However, most of the R&Ds only focus on the parent polymer electrolyte rather than polymer inorganic composites.	is
might be due to the di
culties faced in producing good dispersion of inorganic �ller within the polymer matrix, which would
consequently reduce the DMFC’s performance. Electrospinning is a promising technique to cater for this arising problem owing to
its more widespread dispersion of inorganic �ller within the polymer matrix, which can reduce the size of the �ller up to nanoscale.
	ere has been a huge development on fabricating electrolyte nanocomposite membrane, regardless of the e�ect of electrospun
nanocompositemembrane on the fuel cell’s performance. In this present paper, issues regarding the R&Don electrospun sulfonated
poly (ether ether ketone) (SPEEK)/inorganic nanocomposite �ber are addressed.

1. Introduction

Currently, the electrospun polymer nano�bers have become
important in various applications such as biomedicals [1–
3], environmental protection [4, 5], catalyst and enzyme
carriers [6, 7], sensors [3], energy harvest and storage, and
many more, due to the property of the one-dimension
nanomaterials which have larger surface area and high
porosity [8]. A nano�ber can be synthesized via drawing,
template, self-assembly, melt blowing, and phase separation
[2]. However, these methods are not favorable in industrial
practice as producing continuous nano�bers is time con-
suming compared to the electrospinningmethod.Within the
past few years, the development of a nanocomposite �ber
has �ourished rapidly and the research and development of
the nanocomposite electrospun �ber are starting to grow by
adapting the electrospinning method.

Nanocomposite as a layered silicates-polymer is a promis-
ing alternative due to the physicochemical, thermal, and
mechanical stability of the pure polymer [9]. 	e manipu-
lation of the advantages o�ered by layered silicates-polymer
nanocompositemembrane has given an insight in developing
a new electrolyte for fuel cell system in order to cater
for the problem arising via methanol crossover, as well as
maintaining or improving the proton conductivity of the
fuel cell system, especially on direct methanol fuel cell
(DMFC). Compared to the corresponding pure polymer
membranes, as well as commercial Na�onmembranes, many
polymer-inorganic nanocomposite membranes have shown
much lower fuel permeability, along with having similar
or improved proton conductivity with the nanodispersion
of layered silicates throughout the polymer matrix [10]. In
general, the smaller the particle sizes of the inorganic �llers
are, the larger the conductivity enhancement will be, at

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 690965, 16 pages
http://dx.doi.org/10.1155/2015/690965



2 Journal of Nanomaterials

the same time lowering the methanol permeation. Jaafar
et al. [11] conducted an experiment on sulfonated poly (ether
ether ketone) (SPEEK) with the addition of Cloisite15A
nano�ller having a good compatibility, which showed a slight
improvement in the barrier properties of SPEEK.	us, it has
been proven that a good dispersion of Cloisite15A nano�llers
with smaller particle size can provide the tortuous path for
methanol and eventually decrease the permeability of the
methanol.

On the other hand, the research and development on the
exact connectivity structure properties within the nanocom-
posite electrolyte polymer are still in the primary stage and
understanding of the ionic conductivity phenomenon in
polymer nanocomposite electrolyte is still incomplete. Even
so, a large surface area of dispersed nanosized particles within
the polymer matrix will decrease the degree of crystallinity
of the polymer segments, relative to the ionic mobility
in nanocomposite polymer electrolyte membrane system
[12, 13]. Hence, the random dispersion of particles within
the polymer matrix can enhance the mobility of ion and
eventually perform e�ectively in the conductivity of fuel
cell [14]. 	us, the combination of nanosized particles and
specialty polymer electrolyte brings the focus of the study
on nanocomposite polymer electrolyte membrane within
laboratory, as well as in industrial aspect.

From the morphological point of view, exfoliated poly-
mer-inorganic nanocomposites have been found to be more
promising structures than intercalated or ordinary compos-
ites, which have a great potential to exhibit high performance
nanocomposites [15]. 	e potential of electrospinning in
preparing a homogeneous dispersion of �ller within the
polymer matrix was studied by Bian [16]. In the study, he
found that the dispersion of nano�ller within polymermatrix
could be improved by applying electrospinning method
compared to the conventional method. 	e scanning elec-
tron microscopy (SEM) images and energy dispersive X-
ray (EDX-mapping) showed a homogeneous distribution of
�ller within the polymer matrix, as well as the reduction
on agglomerations of the �llers. 	erefore, electrospinning
process can contribute to the development of exfoliated
polymer-inorganic nanocomposite structure and improve
the dispersion of Cloisite15A particles in the SPEEKmatrices.

2. Electrolyte Membrane

In DMFC applications, an electrolyte membrane is called
a “proton exchange membrane,” which refers to the acid
electrolyte and certain polymers that contain free H+ ions.
In other words, this proton exchange membrane only can
serve for transferring H+ within the electrolyte membrane
from anode to cathode or vice versa e�ectively [17]. A
good proton exchange membrane should have good intrinsic
properties, which will enable them to work e�ectively in fuel
cell applications [18, 19].	ese intrinsic properties include the
following:

(1) high proton conductivity to support high currents
with minimal resistive losses and zero electronic
conductivity;
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Figure 1: Structure of Na�on with sulfonic acid group (� = 5–13.5,
� = 1000, � ≥ 1).

(2) tolerable mechanical strength and stability;

(3) chemical and electrochemical stability under opera-
tion conditions;

(4) extremely low fuel or oxidant bypass to maximize
columbic e
ciency;

(5) low water transport through di�usion;

(6) electroosmosis and capability for fabrication into
membrane electrode assemblies.

Conventionally, Na�on serves as an electrolyte in hydro-
gen-oxygen fuel cell applications, which are mostly used in
proton exchange membrane fuel cell (PEMFC) and DMFC,
due to the presence of higher conductivity and thermal
stability of the Na�on [20]. 	e presence of sulfonic acid
groups at the side chain of the Na�on makes it possible
for proton conductivity [21] (Figure 1). Water present in the
hydrophilic regions solvates the protons of the sulfuric acid
groups and allows the protons to “hop” through the channels
[21]. In case of DMFC, the protons will hop from anode to
cathode.

However, Na�on faces several challenges which limit its
industrial applications. One of the drawbacks is the high pro-
duction cost, as well as low conductivity at high temperatures,
due to fast dehydration and loss of �uorine ion a�ected byOH
radical attack [22].	emost apparent drawback of theNa�on
membrane in DMFC applications is methanol crossover and
decrease in conductivity at temperature higher than 100∘C
[20]. Li et al. [23] found that the replacement of Na�on 115
membrane with SPEEK gave a signi�cant increase in perfor-
mance on DMFC application since methanol permeation is
generally much lower compared to Na�on 115. However, the
proton conductivity was found to remain barely unchanged
at the operating temperature of 80∘C.

	e proton exchange membrane (PEM) primarily con-
sists of many proton-conductive functional groups, which
only allow a proton to transfer from one group to another
[18]. 	e proton conductivity of the ionomer membrane
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Table 1: Overview on electrolyte composite membrane for fuel cell application.

Matrix
Polymer

Fillers Proton conductivity
Methanol
permeability

Filler’s
distribution

Type of fuel
cell

Ref.

SPEEK Cloisite 15A/TAP Lower than Na�on 112
Signi�cantly
reduced

Partially
exfoliated

DMFC [11]

SPEEK
MMT/silicotungstic
acid

Slight enhancement of proton
conductivity

Suppressed — DMFC [22]

PVOH
Cloisite
Na+/phosphotungstic
acid

Slight decrease of ionic
conductivity

∼88% reduced with
respect to neat
polymer

Exfoliated DMFC [24]

SPEEK
Silica sulfuric acid
(SSA)

18.6% higher than pristine
SPEEK
8.6% higher than Na�on 117

— — PEMFC [80]

SPEEK
Heteropolyacids
(HPA)

Higher than Na�on — — PEMFC [81]

Na�on
Organoclay,
montmorillonite
(Cloisite1 10A)

Remains similar to Na�on 117
Slightly decreases
compared to the
Na�on 117

Exfoliated DMFC [82]

Na�on
Montmorillonite
(MMT)

Comparable with unmodi�ed
Na�on

Signi�cantly
decreases
compared to
unmodi�ed Na�on

Exfoliated DMFC [83]

Na�on Laponite
Higher than commercial Na�on
membrane

— — PEMFC [84]

depends on the presence of water, but due to the high
evaporation rate at temperature above 100∘C, the membrane
undergoes a drastic dehydration and will eventually have its
conductivity potential reduced. In order to cater for these
behaviors of the membrane especially at high temperature,
some approaches have been pursued [20]. New approaches
such as modi�ed per�uorinated ionomer membrane, acid-
base blends, and new electrolyte composite membrane based
on proton conducting materials [20] have been shown
as promising solution regarding proton conductivity and
methanol barrier properties. 	e new electrolyte composite
membranes consist of polymer and other inorganic �llers
such as silica, zirconium phosphate, and heteropolyacid.
However, themethanol barrier properties are still lacking due
to the size and shape of the �llers [24]. Dispersion degrees
of inorganic �llers within the polymer matrix are important
since they will determine whether the nanocomposite will
form either as an intercalated, exfoliated or �occulated
nanocomposite membrane [25]. Some of themodi�ed parent
matrix polymers for fuel cell application are summarized in
Table 1.

Other than that, a novel application of SPEEK/Cloisite15A
on microbial fuel cell (MFC) system has been pursued by
Yusof et al. [26]. In their research, they found that the use
of SPEEK incorporated with Cloisite15A could enhance the
performance of MFC system in terms of water uptake, dis-
solved oxygen permeability, and morphology, which became
more uniform with a lot of small pores, and the surface was
smoother compared to the SPEEK membrane. However, the
mechanical strength of the composite membrane was not

improved, due to the higher degree of sulfonation (76%DS)
which lowered the mechanical strength. 	e higher degree
of sulfonation signi�es a high content of SO3

− ion, which
functions to absorb more protons as well as water in the
system, whereas a lower degree of sulfonation (41–60%)
could absorb much lesser protons compared to the Na�on
membrane [27] which needs to be avoided.	us, a moderate
degree of sulfonation is crucial in order to maintain the
mechanical strength of the electrolyte membrane.

Other than Cloisite15A, the incorporation of sulfonated
silica nanoparticles within sulfonated polymers membrane
can also improve the thermal stability and methanol barrier
properties. Su et al. [28] studied the e�ect of sulfonated silica
nanoparticles on the proton conductivity instead ofmethanol
permeability in sulfonated poly (phthalazinone ether ketone)
polymer matrix for DMFC. In their study, they found that
the interaction between the sulfonated silica nanoparticles
and the sulfonated polymer could enhance a continuous
proton conductive pathway for better proton conductivity.
Furthermore, Gosalawit et al. [29] in their study had found
that the increase of sulfonated montmorillonite (S-MMT)
loading content within the SPEEK membrane reduced the
methanol permeability, whereas the proton conductivity was
increased compared to the pristine SPEEK and Na�on 117
membranes for DMFC applications. From the latter study, it
can be suggested that the introduction of sulfonated nanopar-
ticles will signi�cantly enhance proton conductivity but not
methanol permeability. However, the improvement in proton
conductivity has signi�cantly suppressed the methanol per-
meability problem. Since methanol permeability is a major
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concern in DMFC application, the study on the alternative
approach in producing a desirable electrolyte membrane has
been chosen as the main focus of this study.

3. Technique for Nanofiber Formation

Electrospinning is one of the techniques involved in nano-
�ber formation, which accommodates manipulation of poly-
mers. High voltage electrostatic �eld is used to charge the
surface of the polymer solution droplet and, thus will, induce
the ejection of a liquid jet through the needle tip. At this
rate, the electrostatic force overcomes the surface tension of
the droplet and the formation of the Taylor cone is obtained
when the solution exits the tip of the needle, which eventually
leads to charged jet (Figure 2(a)) [30–33]. 	e formation of
Taylor cone is proportional to the applied voltage, where the
voltage keeps increasing until the equilibrium condition is
achieved between the surface tension and the electrostatic
force (Figure 2(c)). 	e electric �eld controls the route of
charged jet and the solidi�ed spun �ber will be collected by
the rotating or stationary conductive collector [21, 31–34].

Compared with the conventional methods such as wet
spinning, dry spinning, and melt spinning, the electrospin-
ning method can produce a much larger speci�c surface area
and smaller pores size having �ber diameter in the range
of 10∼1000 nm by adjusting the operating parameters of the
electrospinning, whereas the conventional methods can only

produce �bers with diameter in the range of 5 × 103 ∼
500 × 103 nm [35]. Electrospinning can produce membranes
with small diameter in the range of 10∼1000 nm with high
porosity due to random deposition on the collector [36].
Other than producing nano�ber, electrospinning has other
advantages such as low cost, more capability, and high speed,
which makes it highly potential in producing nanocomposite
�ber [37].	e unique properties such as extremely long, large
surface area, complex pore size, and complex alignment on
either woven or nonwoven �ber possessed by electrospun
nano�bersmake it practical in various applications [8, 30, 38]
especially in fuel cell system. Other than electrospinning
process, drawing, template synthesis, phase separation, and
self-assembly are other common methods for developing
nano�bers [2]. However, due to the versatility possessed
by electrospinning process, it is more favorable to be used
in developing highly porous, patterned, and nano�brous
polymeric materials of nano�bers [39].

(i) Drawing Process. Drawing process can produce one to
one long continuous single nano�ber as the dry spinning
process in preparing hollow �ber membranes. However, only
a viscoelastic material is used in this process, which can hold
together �rmly when the pulling process takes place in order
to produce a nano�ber [2]. Bajáková et al. [40] in their study
had successfully produced individual nano�bers consisting of
polyvinyl alcohol (PVA), poly (�-caprolactone) (PCL), poly
(vinyl butyral) (PVB), polyethylene oxide (PEO), and poly
methyl methacrylate (PMMA) by pulling from the polymer
droplets using a micropipette, respectively. 	e �nest �bers

Tip of the needle 

Polymer droplet 

Polymer solution 

(a)

(b)

Charged jet 

(c)

Figure 2: Formation of Taylor cone upon the equilibrium of
electrostatic �eld, in which surface tension is achieved as the voltage
is increased (Figure 2(c)).

from PVA with diameter of 200 nm were successfully pro-
duced.

(ii) Template Synthesis. Template synthesis is used to make
nano�bers of solid or hollow shape. 	e most important
aspect of this method may depend on the raw material
used for fabricating the nano�bers. Unfortunately, a template
synthesis can only produce discontinuous nano�bers that are
unusually required in developing nano�bers in a big scale
[2]. Martin [41] and his colleague had explored a template
synthesis method in order to synthesize the desired material
within the pores of a nanoporousmembrane, in which he and
his colleague had prepared tubules and �brils composed of
electronically conductive polymers, metals, semiconductors,
carbons, and other materials.

(iii) Phase Separation. Phase separation consists of dissolu-
tion, gelatin, and lineage (extraction) which eventually gives
a nanoscale porous foam formation. 	is phase separation
process takes relatively a longer time to produce nanoporous
foam from a solid polymer [2].

(iv) Self-Assembly. Self-assembly process is a process which
involves an individual component, where preexisting com-
ponents organize themselves into desired patterns and func-
tions. However, this process also is a time consuming process
in developing continuous polymer nano�bers [2].

Among the aforementioned preparation methods for
polymer nano�bers, it can be concluded that the electro-
spinning method is the most versatile processing method
compared to drawing, template synthesis, phase separa-
tion, and self-assembly methods, owing to the simple and
easy production of polymer nano�bers. 	e electrospinning



Journal of Nanomaterials 5

Table 2: Parameters that in�uence the formation of �ber morphology and structure.

Solution parameters Process parameters
Ambient parameter

Parameter (unit) Range Parameter (unit) Range

Concentration (wt.%) 1–40 Voltage (kV) 5–100 Humidity

Viscosity (cP) 20–300000 Electric �eld strength (kV/cm) 0.2–10 Pressure

Surface tension (mN/m) 20–75 Needle to collector distance (cm) 1–100 Temperature

Dielectric constant 15–90
Feed rate (ml/h) 0.01–5

Ori�ce diameter (mm) 0.1–3

Collector

Syringe pump
Polymer
solution

Needle

On

O�

20.01 2 3
4 5 6
7 8 9

0

High voltage supply

X

+ve

−ve

·

Figure 3: Basic setup of electrospinning consisting of needle
connected to the infusion pump (constant �ow rate for solution
at the needle tip), high power supply (kV), and collector (either
moving or stationary).

process can be advanced for mass production of long contin-
uous nano�bers from various types of polymers, as well as
metals and ceramics [42]. Furthermore, the electrospinning
method can o�er electrospun nano�berswith higher network
ion exchange capability, which is crucial for proton transport
process in fuel cell system, especially in DMFC.

4. Electrospinning Process and Setup

Electrospinning is a simple and versatile method for gen-
erating an ultra�ne �ber from rich variety materials which
include polymer, composite, and ceramic. 	e electrospin-
ning setup consists of three major components which are
high voltage power supply, syringe with metal needle, and
a conductive collector. 	e parameters that in�uence the
morphology and structure of the produced electrospun �ber
are listed in Table 2. However, these parameters generally
depend upon the environmental condition in the respective
state or country.

Electrospinning seems to be a very sophisticated but in
fact a simple processing method of producing nano�ber.
According to Liu et al. [43] the electrospinning process can
be divided into several techniques such as vibration elec-
trospinning, magneto-electrospinning, siro-electrospinning,
and bubble electrospinning. Figure 3 shows the basic setup
for electrospinning. As the charge liquid jet travels from the
syringe tip to the collector, the mode of current �ow changes
from ohmic to convective �ow as the charge migrates to

Ohmic flow

Convective flow

Figure 4:Mode of current �ow for jet to travel from tip of the needle
to collector.

the surface of the �ber (Figure 4).	e ohmic �ow is governed
by a slow acceleration since the geometry of the Taylor cone
[44] is controlled by the ratio of the surface tension to
electrostatic repulsion. A�er overcoming the ohmic �ow, the
jet will travel at a rapid acceleration, which includes the zone
of transition from liquid to dry solid. Eventually, the jet will
penetrate the collector [21, 31–34, 45–48].

4.1. Operating Parameters for Electrospinning. As stated ear-
lier, the electrospinning process is a�ected by three main
parameters, which are solution parameters, process param-
eters, and ambient parameters. 	ese operating parameters
play a big role in determining the desired quality of the
electrospun �ber produced [33, 49]. A �ber with diameter
within 10∼1000 nm in scale and a smooth surface morphol-
ogy is the most preferred in many applications. According
to Baji et al. [44], the solution properties are di
cult to
alter since the relation between one parameter will drag the
other parameters and they are very di
cult to isolate as
one controllable parameter. Table 3 shows all three major
parameters which can a�ect the morphology and diameter
of the electrospun �ber.

Li and Wang [50] discussed the e�ects of working
parameters that govern the electrospinning process, in which
they found that these parameters could a�ect the �ber
morphologies and diameters. 	ompson et al. [51], in their
study on the e�ects of the parameters on nano�ber diameter,
found that the jet radius could a�ect the production of the
electrospun �ber. In their study, parameters such as distance
of needle to the collector, solution viscosity, diameter of the
needle, charge density, and relaxation time greatly a�ected the
�ber formation compared to other parameters. For instance,
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Table 3: Parameters a�ecting morphology and diameter of the electrospun nano�ber [33].

Categories Processing parameters

Solution properties
Type, con�rmation, dipole moment, dielectric constant, crystallinity, glass transition temperature, molecular
weight, molecular weight distribution of polymer, vapor pressure, polarity, surface tension of the solvent,
viscosity/concentration, elasticity, and electrical conductivity of solution

Controlled variables
Solution feeding rate, electric �eld strength, distance between the tip of the needle and the collector, needle
diameter, shape and length, composition, geometry, and motion of the collector

Ambient parameter Temperature, humidity, and air velocity

Table 4: Electrospinning parameters and their e�ects on �ber morphology and �ber diameter.

Parameter Remarks Reference

Applied voltage

Deposition pattern of �bers changes from random orientation into a straight arrangement.
Fiber bead density increases with increasing instability due to the increase of the applied voltage.
Increasing applied voltage, thinning the �ber, reducing average diameter of the �ber, and causing
multiple jets.
Higher applied voltage broadens the distributions of the diameters of �ber.

[85–88]

Distance between
tip and the collector

Jet diameter decreases with increasing distance.
At short distance, the �bers are not completely stabilized and eventually the cross-sections of spun
�ber become �atter and some �bers stick together becoming bundle �ber.
At long distance, the �bers exhibit a straight; cylindrical morphology indicates the �ber mostly
dried when reaching the collector.

[85, 87]

Concentration

Below critical concentration, the �ber jet will break down due to generation of mixture of �bers
and droplets jet.
Above the critical concentration, a stable jet is di
cult to form.
Bimodal distribution of �ber diameters is possible to form from higher concentration solutions.
Decreasing concentration will reduce the diameter of electrospun �ber; further decrease will form
beaded �bers.

[85, 86, 88]

Viscosity
Too diluted solution is di
cult to form a stable jet; the jet will break whereas too viscous solution
will make it di
cult to form �ber due to the solution drying at the tip.
Higher viscosity produces �ber without beads.

[85, 89]

Surface tension of
solution

Reduced surface tension will produce �bers without beads.
Reduced surface tension will form a larger diameter of the �bers.
(Depending on polymer and solvent.)

[89]

Net charge density Adding NaCI or salts will increase the net charge density and reduce diameter of the �ber. [88, 89]

Feeding rate

At higher feeding rate, this will exceed the delivery rate of solution with applied voltage and
eventually result in tiny drops of jet on the collector.
At low feeding rate, the solution is ejected faster and the shi� of the mass balance will result in
sustained but unstable jet which eventually forms �ber with beads.

[87]

Molecular weight
Molecular weight a�ects the manipulated concentration in order to electrospin �ne �bers.
Low molecular weight can easily form nonuniform �bers with bead.
High molecular weight will be able to produce uniform �bers without bead.

[88]

the �rst electrospinning method by Formhals faced some
technical disadvantages since it was di
cult to completely
dry the �bers a�er electrospinning due to the short distance
between the spinning and collection zones, which resulted in
a less aggregated web structure [52]. However, a�er 5 years,
Formhals [53] had polished his �rst work by altering the
distance between the nozzle and the collecting device to give
more drying time for the electrospun �bers [54] with longer
distance.

As concerned, a support material is crucial for fuel cell
system, especially on electrospun �ber, in order to main-
tain its mechanical strength in concurrence with increasing

the performance of the fuel cell system. For instance, Choi
et al. [55] conducted an experiment on an electrospun PVDF
membrane, impregnated with various amounts of Na�on
(0.3–0.5 g), and found that 0.4 g of Na�on is the optimum
amount that exhibited higher proton conductivity and lower
methanol permeability in DMFC application, compared to
unmodi�ed Na�on 115 which had lesser thickness with area
of 5 cm × 5 cm. Table 4 shows a review on electrospinning
parameters and their e�ects toward �ber morphology and
�ber diameter.

For instance, Pelipenko et al. [54] claimed that the
humidity was found to be the most important parameter
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Table 5: Desired properties for some desired applications of electrospun nano�ber.

Application Tissue engineering Filter media Fuel cell

Material
Poly (D,L-lactide-co-glycolide)
(PLGA)

Polyacrylonitrile (PAN)
Sulfonated poly (arylene ether
sulfone) (sPAES)

Morphology
Nonwoven,
highly porous

Solution with low mass fraction
produces beads on �ber and high
mass fraction produces smooth and
uniform �ber

Clear nano�ber with uniform dense
Norland Optical Adhesive (NOA)
63 polymer �lled completely the
inter�ber void of nano�ber

Average diameter
(nm)

500–800 270–400
40–160 (at �rst stage)
can increase to 0.73–165 (a�er
compaction/embedded)

Mechanical
strength

Higher along with decrease in
diameter of �ber

NA Increased for embedded nano�bers

Controlled
parameter

Voltage of 18 kV, 20mL glass
syringe, 18G needle, 20 cm needle
to collector distance, copper
collecting plate

5 cm needle to collector distance,
humidity controlled chamber in
pure N2, 25% relative humidity,
voltage of 3–10 kV, 400 �m inner
diameter capillary

NA
rotating drum (horizontally)

Reference [90] [91] [74]

that in�uenced the electrospinning process. 	ey found that
the relative humidity (RH) can a�ect the diameter of the
electrospun nano�bers. Lower RH values can cause a rapid
evaporation of the solvent, resulting in thicker nano�ber.
Higher RH values can cause slow evaporation of the solvent,
resulting in thinner nano�bers.

Other than that, the formation of layer by layer elec-
trospun mat composite �ber can assist the formation of
nano�ber mats with a comparable proton conductivity and
suppression in methanol permeability of the DMFC system.
Previously, Liu et al. [56] conducted an experiment regarding
the layer by layer composite electrospun �ber by incor-
porating sulfonated poly phenylene oxide and poly diallyl
dimethyl ammonium chloride (sPPO/PDAC). In their study,
they found that, at thickness of ∼25 �m, the electrospun
�ber mats gave high methanol barrier properties in parallel
with higher open circuit voltage of the DMFC system. In
addition, the contribution of Nylon electrospun mats had
indeed increased themechanical strength of the layer by layer
electrospun �ber sPPO/PDAC membrane.

Controllable hierarchical features such as nonwoven,
aligned, or patterned �bres, nanoribbons, nanorods, random
3D structures, submicron spring, and twisted �bers with
controlled diameter can also be prepared by modifying the
solution and processing parameters and setup geometries
[31]. Basically, the production of desirable nano�bers can be
a�ected by many factors, including their application purpose
primarily. For biomedical purpose, especially in tissue engi-
neering sca�old, a few requirements had been drawn by Fang
et al. [8] in their review in order to produce an electrospun
�ber with a great performance. Table 5 lists some of the appli-
cations of the electrospun �ber and their desired properties,
respectively. 	e application of electrospun nano�ber had
been studied intensively by Huang et al. [2] in their paper.
Di�erent polymers with di�erent characteristics were used
in the electrospinning process. 	e polymers, however, have
similar characteristics for respective applications.

4.2. Collector Geometries of Electrospinning

4.2.1. Collector Type. 	e formation of nano�bers can be
classi�ed into woven and nonwoven nano�bers. 	e type of
collector used plays a big role in di�erentiating those types
or nano�ber alignments. 	e methods utilized in developing
aligned woven nano�bers consist of the use of oriented
collector, as well as static double grounded collector [30, 44].

(i) Oriented Collector. An oriented collector can be divided
into two parts, which are rotating drum collector
(Figure 5(a)) and rotating disk collector (Figure 5(b)).
	e rotating drum collector is used for collecting the aligned
arrays nano�bers, whereas the rotating disk is used to collect
uniaxially aligned nano�bers.	e alignment �bers produced
via rotating drum correspond to the rotational speed applied
on the drum [44]. 	is type of electrospinning method is
more complicated since the speed of the rotation needs to be
well controlled to produce nano�bers with �ne alignment.

	e rotating disk collector can also be used for collecting
continuous nano�bers, since nano�ber is highly attracted
to the large electrical �eld applied at the edge of the disk
[30]. According to Baji et al. [44], the use of this method
can produce aligned nano�bers, even though only a small
amount of �ber is produced due to the small area of the
disk edge. In addition, 	eron et al. [57] used the disk as a
collector in producing polyethylene oxide (PEO) nano�bers.
	ey found that the diameter of the electrospun nano�bers
was 200 nm in average and the distance between the �bers
varied from 1000 nm to 2000 nm due to the occurrence
of repelling during reaching the collector. 	is eventually
in�uenced the morphology of the formed nano�bers. 	e
obtained morphology of the resultant �bers is as shown in
Figures 5(a) and 5(b) [44].

(ii) Double Ground Collector. 	is setup is developed by
introducing two parallel plates in the electrospinning system
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as a collecting device for woven nano�bers.	e �bers exiting
the syringe tip tend to “straighten” themselves in the region
between the two plates, where a formation of good alignment
nano�bers can be obtained, as shown in Figure 6 [30, 44].
Pan et al. [58] in their study on Na�on/poly (vinyl pyrroli-
done) (PVP) nanowires (NPNWs) had used the collector,
composed of two conductive substrates (silicon) separated
by a void gap. 	ey found that the transportation of proton
to reach the cathode in NPNWs was easier and high proton
conductivity in proportion with reduction in diameter was
obtained due to the increase in degree of “texture” resulting
from preferential orientation. 	ey revealed that the proton
conductivity could be enhanced by altering the diameter of
the NPNWs to less than 2300 nm.

Nevertheless, for a randomly oriented nano�ber (nonwo-
ven) used as stationary collector, the collector can be divided
into two types, which are vertical �at ground (Figure 7(a))
and horizontal �at ground (Figure 7(b)) collectors. 	ese

types of setup consist of nonpreferable location for the
nano�bers to deposited itself. However, these types of setup
will make the nano�bers oriented by it and spread randomly
on the collector.

	e electric �eld/voltage supply will force the jet solution
to twirl around before arriving at the top of the collector,
in which, at this point, the gravitational force is negligible
for the polymer solution. Rodoplu and Mutlu, [59] claimed
that either in vertical or in horizontal direction of the needle,
this con�guration will still a�ect the formation of the Taylor
cone and the droplet, since at this point the gravity still plays
the role. 	ey also claimed that, in vertical direction of the
syringe instead of horizontal direction, this con�guration
will a�ect the shape of the droplet formation (Taylor cone
formation) at the needle tip, which depends on the �at surface
of the tip of needle. Kumar [60] conducted an experiment
in order to study the e�ect of the collector type on the
electrospun PVA. Four di�erent types of collector were used,
such as plane plate collector, drum rotator collector, grid
collector, and edge collector. From the experiment, he found
that the edge type collector showed a promising result on
aligned �bers with good morphological characteristic and
no bead was obtained compared with the other types of
collector.	us, this study proved that the collector types give
a signi�cant e�ect on �ber morphology of the electrospun
�ber.

4.2.2. Collector Composition/Substrates. As the collector is in
metal form, the composition or substrates on the collector for
�ber collection can be in various forms such as glass, plastic,
metal, or silicon wafer. However, the di�erence between
these collector compositions will a�ect the structure of the
electrospun �ber. For instance, Kim et al. [61] proved that
the di�erent types of composition used on the collector
a�ected the structure of the poly (L-lactide) (PLLA) and poly
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Table 6: E�ects of collector composition on structure of electrospun
�ber [61].

Collector PLLA PLA50GA50

Metal Smooth �ber Smooth �ber

Water reservoir —
Shrinkage of nano�bers of
hydrophobic polymer

Methanol Swelling Large beads formed

(lactide-co-glycolide) (PLA50GA50) �bers. In the study, they
dissolved the PLA50GA50 in dimethyl formamide (DMF) in
order to form the 35wt. % of the polymer solution, and 6 wt.
% of the PPLA solution was prepared by dissolving the PLLA
in methylene chloride (MC) and DMF with solvent ratio of
65 : 35. Table 6 shows the structure of electrospun �ber at the
collector composition.

Meanwhile, Liu and Hsieh [62] proved that the struc-
ture of electrospun cellulose acetate collected via di�erent
collector compositions such as copper mesh, aluminum foil,
water, and paper will di�er due to the in�uence of the
conductivity of the collector itself. Conductive collector will
help to dissipate the carried charge by the �bers, whereas the
nonconductive collectors cannot help to dissipate the charge
carried by the �ber. Eventually, this will result inmore porous
structure of �bers due to the repelling of �bers against one
another. According to the Oxford Dictionary and	esaurus,
a conductive material is de�ned as the material which has
the ability to conduct heat or electricity within itself. Tang
et al. [63] used small nail as a collector in their study in
order to produce a zigzag or helical structured nano�bers.
	ey proposed that by reducing the area of the collector,
the electric �eld can be concentrated at the nail, eventually
producing helical nano�bers (Figure 8).

Figure 8: SEM image of the curled PVP micro�ber electrospun at
40 kVworking voltage, at working distance of 10 cm [63].Copyright©

Chinese Physical Society.

Figure 9: Nano�bermat of EVOHon human hand [65].Copyright©

Elsevier B.V.

In addition, Pham et al. [64] in their review had discussed
poly (ethylene-co-vinyl alcohol), which was spun directly
onto a human hand. 	ey also studied the e�ect of the
collector composition on the structure of the electrospun
�ber. 	e spun �ber on human hand was also experimented
by Kenawy et al. [65], in which a�er 30 minutes, they found
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Table 7: Standard collector dimension set by NaBond Technologies
Co., Limited.

Type of collector Parameter Speci�cation

Rotating drum

Speed 150–6000 rpm

Dimension
	 = 76mm, 20mm, 6mm;

 = 235mm

Disc collector
	 = 140mm, sharp edge or
�at edge

Plate
Size A4, B5, A5

Dimension

 = 720mm,
� = 540mm,
� = 890mm

that a thick mat of EVOH was formed, coating a hand,
as shown in Figure 9. 	is human hand is categorized as
dielectric materials since it can support electrostatic �eld,
even though this type ofmaterials is a poor electric conductor
[65].	e same interpretation goes to plastic petri dish.	us, a
wide range of the �ber formation, with regard to the structure
of the �ber, can be obtained using di�erent types of collector
composition. Lin and Wang [66] conducted an experiment
for producing PVA nano�ber having di�erent thickness, ∼
17 �m, ∼29�m, and ∼41 �m, by using copper collection roll
as a collector. In their study, the impregnated poly (vinyl
alcohol) (PVA) nano�ber within the Na�on solution could
indeed decrease the thickness of the pristine Na�on thin
�lm up to ∼50 �m. Furthermore, the decrease in thickness
of the nanocomposite membrane shows an increase in the
proton conductivity due to the short pathway from anode to
cathodewithout jeopardizing themethanol barrier properties
for DMFC applications.

4.2.3. Dimension of the Collector. 	e dimension of the
collector used in electrospinning process generally depends
on the function of the nano�ber itself and the type of collector
used. Beachley andWen [67] performed a study on the e�ect
of the size of two parallel plates on the electrospun �ber
diameter and length. In the study, they used three di�erent
sizes of collector which were (30.5 × 7.5 × 0.7) cm, (15 × 4
× 0.35) cm, and (7.5 × 2 × 0.15) cm, and they found that, as
the plate size increased, the �ber diameter also increased, as
well as the �ber length. A standard dimension for the rotating
drum collector and plate collector can be found fromNaBond
Technologies Co., Limited. 	e speci�cation is tabulated in
Table 7.

In reality, the collector dimension can be neglected since
the formation of the desirable morphology and diameter
of �bers rely more on the type of collector. 	is can be
seen from a number of research works, which gave a great
attention to the type of collector in order to obtain the
desirable �bers. For instance, Buttafoco et al. [68] had used
plate collector with ground aluminum foil with 6 cm × 6 cm
in dimension and rotating collector made of silicon tube with
dimension of 3.1mm outer diameter and 6 cm in length used
in order to produce an electrospun collagen and elastin for
tissue engineering applications. 	e nonwoven and partially

oriented �bers were observed for plate and rotating collector,
respectively.

4.3. Con�gurations of Nozzle in Electrospinning. In ejection
and needle con�guration, there are three main types of
nozzle con�guration such as single [69], side-by-side [70]
and coaxial [59] (Table 8), which have become popular in
producing di�erent types of nano�bers, such as nanohollow
�ber/core-shell �ber, and nano�ber.

5. Application of Electrospun Nanofibers

	eunique properties of electrospun nano�bers havemade it
regain much attention in multiple applications.	ese unique
properties are (1) extremely long length; (2) larger surface
area to volume ratio; (3) complex pore size; and (4) alignment
on the molecular level (either woven or nonwoven). 	ese
characteristics of electrospun nano�ber make it practical in
various applications, as shown in Table 9.

6. Potential of Electrospun Polymer/Inorganic
Nanocomposite Membrane

Even thoughNa�on exhibits excellent performance as proton
exchange membrane, it is still di
cult to be prepared as
nano�ber structure. Electrospinning process is inapt for
Na�on since it is not soluble in most common solvents.
Furthermore, this insolubility o�en results in the formation
of micelles, which causes the decrease in chain entanglement
and incapability to electrospin �ber without any addition
of high molecular weight carrier [21]. Rajesh [71], in his
study, had successfully electrospun SPEEK nano�ber with
61%degree of sulfonation, inwhich he found that the conduc-
tivity of electrospun SPEEKmembrane was higher compared
to cast �lm SPEEK membrane. 	ese performances were
attributed to the increase in surface charge concentration and
increase in water uptake, as well as the formation of ion-
conducting channels in the membrane matrix.

Chakrabarty et al. [72] prepared electrospun SPEEK
(ESPEEK) for electrodialytic separation application, where
they found that the ESPEEK was suitable for electrodialytic

separation of Na+ and Ca2+/Mg2+. 	is happened due to
the formation of nano�brous pore which restricted the
migration of bivalent cation across the ESPEEK membrane.
Lee et al. [73] produced dense membranes of SiO2/SPEEK
incorporated with Na�on solution for PEMFC application,
where they found that the membranes showed excellent
proton conductivity compared to the cast Na�on and SPEEK.
Meanwhile, Choi et al. [74] studied electrospun nano�ber as
a network ion-exchange membrane in fuel cell application.
In their study, they found that the combination of sulfonated
poly (arylene ether sulfone) (sPAES) electrospun �ber mats
with Norland Optical Adhesive (NOA) 63 polymer solution
gave an excellent proton conductivity compared to the pris-
tine Na�on.

Figure 10 shows the schematic diagram of composite
nano�ber network of an ion exchange membrane. 	is com-
posite nano�ber network was built by four-step procedure
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Table 8: Con�guration types of electrospinning.

Nozzle con�guration Description

Single

	e most common con�guration and simplest charged polymer solution will �ow through a single
capillary. 	is type of con�guration has been used to electrospin single polymer solutions as well as
blended polymers [92]

Side by side

Two separate polymer solutions �ow through two di�erent capillaries (set side-by-side) [93]

Syringe
pump

Syringe
pumpPolymer solution

Needle

Rotating cylinder
(collector)

Voltage
Supply

Voltage
Supply

Needle

Polymer solution

Coaxial

	is con�guration allows simultaneous coaxial electrospinning of two di�erent polymer solutions, where
the smaller capillary is placed inside a larger capillary. Small �ber can essentially be encapsulated into a
larger �ber, leading to core-shell morphology [94]

Small capillary
(solution A)

Spinneret

Large capillary

(solution B)

Table 9: Function of electrospun nano�bers in various �elds of application [8, 30, 31, 38].

Sector Function of electrospun nano�bers

Biomedical
Tissue engineering sca�olds; wound healing; neural prostheses; arti�cial heart valve; drug
delivery; release control

Environmental protection Filtration; metal ion adsorption and recovery

Catalyst and enzyme carriers Catalyst; enzymes

Sensors

Energy harvest and storage Solar cells; fuel cells; lithium ions batteries; super capacitors; hydrogen storage; photovoltaics

Others Gas turbine �lter; engine �lter; personal protective mask; gas separation
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as explained by Choi et al. [74]. 	e �gure clearly shows
the transportation of proton from anode to cathode by the
Grotthuss mechanism or proton hopping. 	e movement of
proton involves a sequence of steps which contribute to the
formation and breakage of hydrogen bonding. In Figure 10,
the proton hops from one SO3

− to another which leads to an
e�ective proton conduction within composite nano�ber net-
work. 	e presence of inert polymer as a support membrane
to �ll up the intervoid space between the nano�bers is crucial
in order to ensure the stability and mechanical strength for
composite nano�ber mat at di�erent operation temperatures
and pressure.

Montmorillonite (MMT) and hectorites are the most
preferred clays for utilization in industrial applications due
to their high cation exchange capacity, high surface area,
high surface reactivity, and high barrier properties, compared
to other types of clay [75]. Cloisite15A is a type of MMT,
known as organoclay, since it is modi�ed from MMT. It is
very important as an additive in polymer nanocomposite due
to its capability to enhance the compatibility with organic
polymers [11]. Neppalli et al. [76] stated that the clay can
exhibit a characteristic as a nucleating agent, as well as an
obstacle to the polymer mobility. 	is, however, depends on
the clay quantity and the dispersion state of the clay within
the polymer matrix.

Impregnation of Cloisite15A into SPEEK membrane had
been studied by Jaafar et al. [11]. Unfortunately, the dis-
persion of the Cloisite15A inside the polymer matrix was
not completely exfoliated and the resulting dense membrane
was barely enough for proton conductivity performance
compared to the pristine Na�on 112 membrane. A solution
towards performing good distribution and dispersion of
Cloisite15A at nanometer size within the polymer matrix is
still needed. 	erefore, the introduction of electrospinning
technique is believed to be able to help in producing elec-
trospun Cloisite15A having smaller size and consequently
avoiding agglomeration.

As has been concerned earlier, compared to the corre-
sponding pure polymer membranes, many polymer-inor-
ganic nanocomposite membranes showed much lower fuel
permeability along with similar or improved proton con-
ductivities due to the nanodispersion of layered silicates

throughout polymer matrix. 	e combination of the �exibil-
ity and process ability from the base materials and selectivity
and thermal stability of the inorganic �llers was signi�cantly
assisted by the good distribution of the inorganic materi-
als. 	e introduction of �llers within the polymer matrix
was found promising in increasing the tortuous e�ect and
winding di�usion pathway for methanol to transfer through
the nanocomposite membrane and eventually can reduce the
methanol crossover. 	e complete exfoliation morphology
of �ller within polymer could further allow more cations to
be mobile and available for conduction and simultaneously
increase proton conductivity [10]. Based on the �ndings,
it can be concluded that the morphological structure of a
polymer-inorganic composite whether it is normal compos-
ite, intercalated, or exfoliated will signi�cantly contribute to
the performance of the PEMbymeans of proton conductivity
and methanol permeability.

Other than that, the electrospinning process can favor the
elongation of the chains and the ordering of the polymer.
Wang et al. [77] had proven that the electrospinning process
can favor the elongation of the chains and the ordering
of the polymer instead of the function of the clay itself.
Besides clay impregnation within SPEEK polymer matrix,
Li et al. [78] had conducted an experiment regarding the
incorporation of silver ion within the polymer matrix via
electrospinning process. However, the use of silver ion within
the SPEEK polymer was found to be not preferable for
DMFC applications.	us, it can be said that the contribution
of electrospinning on many polymers and inorganic clay
in processing an excellent membrane indeed gives a high
performance of membrane not only in fuel cell, but also in
many other applications as well.

7. Proton Electrolyte Membrane Electrospun
Nanofibers for Fuel Cell Application

A desired proton electrolyte membrane for fuel cell applica-
tion should comply with its intrinsic properties, especially on
proton conductivity and fuel/gas crossover barrier properties.
To adhere to these properties, the electrospinning parameters
need to be controlled in order to produce excellent electrolyte
electrospun nano�bers membrane. Basically, electrospinning
parameters depend on the type of polymer used. However,
an electrospun nano�ber membrane alone might face a
low mechanical strength due to its small diameter and its
potentials for defects to occur, which makes the electrospun
nano�ber easily break [79]. 	us, a support material is
needed in order to maintain the mechanical strength of
the electrospun nano�bers, in parallel with the durability of
the electrospun nano�bers membrane to withstand elevated
temperature and pressure. Table 10 lists some of the previ-
ous researches on electrospinning parameters, which were
involved in fabricating the electrospun nano�bers for fuel cell
application.

Generally, the e�ects of electrospun �ber on proton
conductivity and methanol permeability are mainly due to
the formation of ionic alignment during electrospinning,
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Table 10: Summary of electrospinning parameters on electrospun nano�bers membrane in fuel cell application.

Polymer
Support
material

Type of fuel cell Electrospinning parameters Remark Ref.

Polyvinyl alcohol,
PVA

Na�on
Direct methanol
Fuel cell (DMFC)

Distance from needle to collector:
20 cm
Solution �ow rate: 1.2mL/h
Voltage potential: 20 kV
I.D. needle: 0.8mm
Collector: copper collection roll

More straight and less tortuous e�ect on
Na�on/PVA nano�ber which leads to
increase in proton conductivity of the
membrane and reduction in membrane
crossover with a thickness of ∼50 �m

[66]

SiO2/sulfonated
poly (ether ether
ketone), SPEEK

Na�on
Proton exchange
membrane fuel cell
(PEMFC)

Distance from needle to collector:
10 cm
Voltage potential: 15 kV
I.D. needle: 0.15mm
Humidity: below 15% RH

	ickness of SiO2/SPEEK nano�ber
membrane 45 �m incorporation with
Na�on produces high proton
conductivity compared to cast Na�on
and SPEEK. 	e maximum power
density of SiO2/SPEEK incorporation
with Na�on is 170mW/cm3 double than
cast Na�on

[73]

Polyvinyl alcohol,
PVA

Na�on
Direct methanol
fuel cell (DMFC)

Distance from needle to collector:
25 cm
Solution �ow rate: 0.5ml/h
Voltage potential: 16 kV

Succeeds in producing PVA nano�ber
having diameter of 200–300 nm
Contribution of Na�on as support
material has indeed increased the
mechanical and thermal properties of
the composite membrane with thickness
of composite membrane at 46–47 �m
PVA nano�bers have indeed increased
the barrier properties on methanol
crossover

[95]

Sulfonated poly
(ether sulfone)
(SPES)

Na�on
Direct methanol
fuel cell (DMFC)

Distance from needle to collector:
15 cm
Voltage potential: 19 kV
Collector: rotating cylindrical
stainless steel

Proton conductivity of the bilayer
SPES/Na�on barely changes compared
to the Na�on 117/112
	e methanol crossover is reduced due
to the SPES nano�bers within Na�on
matrices

[96]

Table 11: Summary of the e�ect of electrospinning parameters on the performance of fuel cell in terms of proton conductivity and methanol
permeability.

Parameter increase Fiber structure
Proton

conductivity
Methanol

permeability
Remark on methanol permeability

Voltage applied
Decrease in �ber
diameter, thinner �ber

Increases Decreases
With contribution of �ller within the
parent polymer matrices

Needle to collector
distance

Decrease in �ber
diameter

Increases Decreases
With contribution of �ller within the
parent polymer matrices

Viscosity of dope
solution

Fiber without beads,
smooth �ber

Increases Decreases
With contribution of �ller within the
parent polymer matrices

as well as the formation of tortuous pathway for methanol
to penetrate into the membrane matrices. Furthermore,
the contribution of �ller within the polymer matrix will
improve the barrier properties for methanol crossover. As
a conclusion, a small diameter of electrospun �ber with
an excellent proton conductivity and higher resistance on
fuel/gas permeability can be obtained through the optimiza-
tion of di�erent parameters of the electrospinning equip-
ment. Table 11 presents some of the e�ects of electrospinning
parameters, such as needle to collector distance, viscosity
of the solution, solution �ow rate and voltage applied on

the �ber morphology, proton conductivity, and methanol
permeability.

8. Conclusion and Outlook

	e development of electrospun polymer electrolyte mem-
brane for direct methanol fuel cell (DMFC) has gained
a lot of attention from researchers due to its capability
in sustaining proton conductivity, as well as capability to
suppressmethanol permeabilitywithout jeopardizing the fuel
cell system. A signi�cant amount of work has been done for
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preparing electrospun sulfonated poly (ether ether ketone)
(SPEEK) for fuel cell application, as well as optimizing the
degree of sulfonation for spinnable SPEEK solution.However,
several existing challenges in electrospinning process still
need to be overcome prior to formation of smooth electro-
spun �ber, such as solution parameters, controlled param-
eters, and ambient parameters. Despite all the challenges,
the electrospinning method for preparing an electrospun
SPEEK/Cloisite15A is undeniably potential in enhancing
methanol permeability barrier properties, as well as proton
conductivity for DMFC.
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