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Coaxial electrospun nanostructures and their
applications

Honglin Qu,? Suying Wei*? and Zhanhu Guo*®

As an innovative extension of electrospinning, coaxial electrospinning could be used to fabricate polymer
nanofibers with unique core-sheath or hollow structures. In this review, the effects of both internal and
external factors on the fibers are briefly introduced. In addition to the inherent parent polymer
properties, various nanoparticles, metal salts and other materials could be added to the polymer matrix
to achieve integrated multi-functions. The preparation of carbon, ceramic and metal nanofibers from
co-axial electrospinning is reviewed. With a large specific surface area, high mechanical strength and
other unique properties, their applications in energy storage, luminescence, catalysis and filtration are
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1 Introduction

With optimized electrospinning parameters including polymer
concentration, solution conductivity, applied voltage, flow rate
and collection distance, the fiber size can be decreased to
several nanometers. For example, Phone et al.* have fabricated
polyvinyl alcohol fibers with dimensions varying from 40 to
80 nm. Huang et al.> and Zhou et al.?® have even reported fibers
with sizes of 1.6 and 5 nm. Electrospinning can be applied to
process polymers, ceramics, metals, semiconductors and their

“Integrated Composites Laboratory (ICL), Dan F Smith Department of Chemical
Engineering, Lamar University, Beaumont, TX 77710, USA. E-mail: zhanhu.guo@
lamar.edu; Tel: +1 409 880 7654

*Department of Chemistry and Biochemistry, Lamar University, Beaumont, TX 77710,
USA. E-mail: suying.wei@lamar.edu; Tel: +1 409 880 7976

critically reviewed with detailed examples.

composites (matrix and nanofillers) to fibers. To broaden the
nanofiber properties, researchers have introduced extra phases
to construct core-sheath or hollow structures with desired
multi-functions. And compared with single structure fibers, the
core-sheath fibers possess more attractive merits including
controllable mechanical strength, and better thermal and
electrical conductivities.*® Different methods have been repor-
ted to prepare core-sheath structures, such as the fiber template
method, the emulsion electrospinning method, direct electro-
spinning and coaxial electrospinning methods.>*® The fiber
template method uses the prepared fibers as a template and
coats sheath materials on their surface by chemical vapor
deposition, plasma or sol-gel coating methods.*™*” However,
this method needs two steps and it is difficult to control the
fiber dimension with this method. The last three methods are

based on the electrospinning process. The emulsion
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Fig. 1 The schematic diagram of (A) emulsion electrospinning setup for core-sheath fibers. Reprinted with permission from Springer.™ (B) Co-axial electrospinning

setup for core-sheath fibers.

electrospinning method depends on the immiscibility of the
prepared solution, which can cause the separation of different
materials. The minor materials exist as droplets in the
suspension. Individual droplets can agglomerate to form the
core phase when they are pumped out,*® Fig. 1(A). Though very
simple,"'>?° it is not stable or universal. The direct electro-
spinning method is generally only used for preparing hollow
fibers.*>*>* 1t utilizes the oxygen concentration gradient
during the annealing process to impel the diffusion of the metal
precursor to the surface and the hollow fibers are formed after
decomposition. However, this method cannot control the
diameter and usually leaves some defects on the fiber surface.

Compared with the above two methods, coaxial electro-
spinning, first demonstrated by Loscertales et al in 2002,**
could provide production stability due to its specially designed
multi-channel spinneret consisting of core and sheath channels
for the core-sheath structure to be constructed spontaneously.
Under a sufficient electrical field, the core-sheath jets get
ejected and after a perturbed electrospinning process, the core—
sheath nanofibers will be collected. The coaxial electrospinning
setup is schematically shown in Fig. 1(B). Coaxial electro-
spinning depends on the same parameters as those in the
conventional one. However, additional phases introduce an
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interface interaction (miscibility and stress due to the viscosity
difference) and the individual physical behavior of different
phases (solidification and conductivity) also complicates the
coaxial electrospinning. During the spinning, the sheath layer
could act as a barrier to retard the evaporation of inside mate-
rials and ensure a smooth mass transfer.>**” And jets can keep
the liquid phase longer to complete a proper elongation
process. The sheath phase can also encapsulate some non-
spinnable core materials*®**® and lubricate the spinning head for
concentrated polymer core solutions.**** The concentrations of
both phases should exceed a critical value to maintain a
uniform morphology.** And it also affects the fiber dimension.
The increase of both core and sheath flow rates can enlarge
their corresponding phases and total dimensions.**** Due to
the core-sheath encapsulation structure, both flow rates should
be matched. At very small core-sheath flow rate ratios, an
insufficient core solution cannot support a continuous smooth
core phase. By increasing its flow rate, the core phase will
become consecutive and thicker. However, excessive core
materials will form pendant droplets.*® If the applied voltage is
very low, gravity cannot be ignored as compared with the elec-
trical force. The pumped solution will drop down and, because
the applied voltage is low, electrostatic force is not sufficient to
draw the whole liquid out. As a result, only the outer part,
sheath, can be handled into jets. As the voltage increases,
successful drawing and efficient elongation process can be
achieved.’® But excessively high voltage could increase the
environmental temperature and lead to poor electro-
spinnability.*** Addition of a salt could intensify the conduc-
tivity and result in more charges. The intensified and uniform
whipping effect could decrease the fiber defects.'®* However, a
too high salt loading will affect polymer dissolution as well as
solution uniformity. The longer the collection distance is, the
longer whipping process the jets can experience, and thus the
fibers can get sufficiently elongated.*® But the excessively long
collection distance can lead to the disappearance of the surface
charge and the weakened electrical field is adverse for the
electrospinning process.

With the removal of the core phase, the specific surface area
has been enlarged significantly to nearly 200%, which enhanced
their performance in sensors, filtration, and lithium ion

This journal is © The Royal Society of Chemistry 2013
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batteries. To obtain hollow nanofibers, an extraction
process* or a thermal treatment* is needed. In an extraction
process, mineral oil or aqueous polymer solutions are normally
used as core materials.***> However, it takes a long time to
complete the extraction process, usually overnight or even a
whole day. And some residuals and impurities will always be
left. Thermal treatment is a quicker and more direct method,
and can be combined with additional heat treatments to make
it more efficient. Chen et al** reported amorphous carbon
nanotubes. During thermal treatment, mineral oil gets burned
out and the sheath polyacrylonitrile (PAN)/polyvinylpyrrolidone
(PVP) composites convert to carbon and the metal precursor,
nickel acetate Ni(Ac),, decomposes to metal particles.

Generally, the core-sheath fibers are a little larger than
those obtained from conventional electrospinning.’**” Some
researchers*®** have obtained core-sheath fibers from coaxial
spinning with a diameter of around 200 nm. Sun et al.*® have
reported fibers with a diameter of 66 nm by tuning the
composition and operating conditions. Different materials can
be integrated into core or sheath phases with desired functions
and nanofibers with two unique nanostructures have been
developed possessing amazing properties.

In the last five years, more than two hundred papers on
coaxial electrospinning and their applications, especially in
energy and tissue engineering fields, have been published.>*>
But to the best of our knowledge, only two review papers on the
coaxial electrospinning technique have been published, in
which no energy and other applications were reported.’”** A
systematic review of this advanced technique together with its
unique applications will help scientists to get familiar with its
broad spectrum of applications. In this review, the coaxial
electrospinning technique and its characteristics, especially the
interaction between the two phases, are briefly delineated. The
applications of the coaxial electrospun core-sheath as well as
hollow fibers in catalysis, energy, filtration and other fields are
critically reviewed with detailed examples.

2 Applications

Due to their excellent physicochemical properties and flexible
characteristics, coaxial electrospun core-sheath or hollow fibers
can be used in various fields. For example, core-sheath fibers can
exhibit an enhanced mechanical property compared to simple
fibers, such as silk fibroin-silk sericin core-sheath fibers*® with a
breaking strength of 1.93 MPa and a breaking energy of 7.21 J
kg, which are 82% and 92.8% higher than those of single silk
fibroin fibers. To illustrate more specifically, in this section, the
applications of these fibers in the fields including lithium ion
batteries, solar cells, luminescence, supercapacitors, photo-
catalytic environmental remediation and filtration are critically
reviewed with examples and design principles.

2.1 Lithium ion batteries

Right now, the whole society faces a serious energy challenge
with traditional fossil energy being used up and other new
energies not ready for large scale deployment. The widely used

This journal is © The Royal Society of Chemistry 2013
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internal combustion engine utilizing fossil energy has faced a
bottleneck in the energy field development due to its low energy
conversion resulting from its low energy efficiency, normally less
than 30%. And the combustion of fossil fuels can cause severe
environmental pollution. Urged by all these problems, scientists
turn to a high-grade sustainable clean energy, electricity. And
among the energy storage devices, batteries have been in the
spotlight attracting considerable attention. Among all the
batteries, the lithium ion battery has become the primary
candidate in many applications, such as communication, trans-
portation and regenerated energy sectors® due to its higher
voltage (about 3.6 V, two times higher than that of aqueous
batteries), gravimetric specific energy (about 240 W h kg%, six
times higher than that of lead acid batteries), long duration (500-
1000 cycles), wide temperature range (—20 to 60 °C) and
minimum memory effect.”**” Fig. 2 shows the schematic diagram
of a typical commercial lithium ion battery with lithium alloy
compound and graphite as the cathode and the anode, respec-
tively. After the circuit is connected, electrons will flow from the
anode to the cathode through an external circuit forming current
driven by the chemical potential difference between the electrode
materials, at the same time, lithium ions are transported in the
same direction through the electrolyte inside the battery. At the
cathode, lithium ions react with cathode material and electrons,
and deposit there. During the charging process, both electrons
and lithium ions go back though the previous pathway driven by
the applied potential difference.”® Through the charge-discharge
process, the stored chemical energy is finally converted into
electricity. The chemical reactions during the charging and dis-
charging processes are listed.>

1 . 1 , . discharge X
Cathode : iLl + Ee’ + Lip5Co0, m=———= LiCo0,
charge
. discharge .
Anode : LiCq———=Li" +e¢ + Cg
charge

During the charging process, the lithium ions will insert into
the graphite layer and combine with carbon atoms. This
requires that the anode material should provide an extremely

A=

Current

Anode Electrolyte/ Cathode
Separator
«Carbon eLiion e Transition Metal @ Oxygen

Fig. 2 Schematic illustration of a typical lithium-ion battery with graphite and
LiCoO, as anode and cathode materials, respectively. Reprinted with permission
from Elsevier.®
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Fig.3 (a) The schematic thermal treatment profile and (b) structure evolution of the as-spun fibers during thermal treatment and FE-SEM images of HCNFs carbonized
at (c) 800, (d) 1000, (e) 1200 and (f) 1600 °C. Reprinted with permission from Elsevier.

large surface area for a convenient combination. On the other
hand, the insertion of lithium ions could cause electrode
volume expansion, which affects the electric contact and battery
capacity. And this expansion is a very serious problem in all
lithium batteries. Therefore, different electrode materials have
been studied aiming to eliminate the side-effect of the volume
expansion and to support enough active sites. Hollow nano-
fibers are excellent candidates as anode material for lithium ion
batteries. The hollow structure not only possesses very high
specific surface area, but also buffers the volume expansion
during the lithiation process. And the hollow structure can
integrate various components together to promote the perfor-
mance of the lithium ion battery.

Graphite carbon is a very common commercial anode mate-
rial for lithium ion batteries,” but due to its low capacity and
safety issues, other materials including transition metals, semi-
conductors and lithium alloys have been studied.®®* Generally,
carbon material is an excellent choice for an electrode in the
battery system and it can be classified into graphitic (soft) and
non-graphitic (hard) carbon. Specifically, soft carbon possesses a
well-ordered lamellar structure, while hard carbon displays a
relatively turbostatic arrangement. And significant property
differences as the lithium ion battery anode result due to the
structural diversity.®> Hard carbon possesses a high capacity
(400-500 mA h g~ "), but poor capacity retention performance,

a 1100
—— 800°C
1000 | \ ~u= 1000 °C
900 & e 42006 L
< . —= -1600 °C
2 e00] |
<
£ 500
E .\\\\
- .
24004 mo
§_ 366.] \: V.?.’-‘-‘-:--‘-‘_-‘—‘
© St e ot Sl 1 o+ o - e =
O 200
100 4
01— T T T T T T T

T
1 2 3 4 5§ 6 7 8 9 10
Cycle numbers

which means that the high capacity will get attenuated very soon.
Compared with hard carbon, soft carbon has a lower, but
reversible capacity (200-300 mA h g~ '), however, it shows a very
serious voltage hysteresis during the delithiation process, in
which lithium ions are desorbed from the anode. A combination
of the advantages of both materials can enhance the performance
of lithium ion batteries and the coaxial electrospinning tech-
nique has been reported to achieve this goal.

Other scientists considered adding other components to
enhance the performance. With a high theoretical capacity of
about 4000 mA h g™, nearly ten times that of the commercial
graphite anode, silicon has been integrated into electrodes to
improve the lithium ion battery performance.®**® TiO, is
another good choice due to its low cost, high working voltage,
and structural stability during lithium insertion and extraction
processes, although it has some drawbacks, it still attracts the
attention.®”"*® SnQO, is also an excellent anode material due to its
higher capacity (about 800 mA h g~ ) than that of graphite, high
charge and discharge capacity, and fast electron trans-
portation.”®”* All these materials could be fabricated into hollow
composite nanofibers as anodes for lithium ion batteries to
enhance their performance.

Lee et al.®® have utilized coaxial electrospinning to fabricate
hollow carbon nanofibers as anode materials and studied
the carbonization temperature effect on the electrochemical
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Fig. 4 Cycle performance of HCNGs carbonized at various temperatures under a current density of 50 mA g~', (a) charge—discharge capacity and (b) coulombic

efficiency. Reprinted with permission from Elsevier.s*
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performance. Both styrene-co-acrylonitrile (SAN) and PAN are
good choices as carbon precursors and their DMF solutions serve
as the core and sheath solution, respectively. The as-spun fibers
experienced a one-hour stabilization process at 270-300 °C in an
air atmosphere and a following one-hour carbonization at 800,
1000, 1200, 1600 °C in a nitrogen atmosphere, Fig. 3(a). During
stabilization, the linear PAN molecules were converted to the
ladder structure and got carbonized in the following process, at
the same time, the core phase burned out resulting in the tubular
structure, Fig. 3(b). The morphologies of the fibers carbonized at
different temperatures are shown in Fig. 3(c)-(f). And the
capacities after 10 cycles were 390, 334, 273 and 243 mA h g™,
corresponding to the carbonization temperatures of 800, 1000,
1200, 1600 °C, with a very high coulombic efficiency (the ratio of
output charge to input charge), Fig. 4.

Liu et al.” reported a core-sheath soft-hard carbon nanofiber
web, which displayed an improved electrochemical performance
as an anode in the lithium ion battery. A special terpolymer fibril
(93 wt% acrylonitrile, 5.3 wt% methylacrylate and 1.7 wt% ita-
conic acid) in DMF served as the sheath solution and mineral oil
as the core solution. The as-spun fibers were stabilized for 6.5 h at
270 °C in an air atmosphere and then carbonized for 1 h at 850 °C
under nitrogen protection. Finally, the soft-hard core-sheath
carbon nanofibers were obtained with sheath PAN converted to
hard carbon and core mineral oil decomposed to amorphous soft
carbon. In this anode configuration, the hard sheath could
prevent the deformation of soft core, which dominated the stable
reverse capacity after a long service time. And an enhanced
reversible capacity was obtained, 520, 450 and 390 mA h g~ ! after
20 cycles at 25, 50 and 100 mA g™, respectively.

Lee et al.** have studied the electrochemical performance of
the Si-C core-sheath fibers as the lithium ion battery anode.
The fibers were prepared by following similar procedures® and
are briefly stated as follows. The Si nanoparticles with a diam-
eter smaller than 100 nm were added to the core solution. The
as-spun nanofibers were stabilized at 270-300 °C for one-hour
in an air atmosphere and carbonized at 1000 °C for one-hour in
a nitrogen atmosphere with a heating speed of 10 °C min .
PAN converted to a carbon sheath and Si nanoparticles attached
onto the inner wall of hollow fibers. Si-C hollow fibers are
formed. Fig. 5 illustrates the volume expansion mechanisms
during the lithiation process. Due to the large d-space between
turbostratic carbon layers, the electrode volume expansion

(@)

8l core/C shell NF and Li
metal preparation

Contact-lithlation by
interdiffusion

View Article Online

could be caused by the combination of Si and lithium ions. The
anode material showed an improved reversible capacity of 244
mA h g~' with a 92% capacity retention after 50 cycles and a
98% coulombic efficiency after 10 cycles, Fig. 6.

Hwang et al.”® have fabricated core-sheath fibers containing
different loadings of Si in the carbon core matrix as the anode for
lithium ion batteries. Specifically, PAN was the sheath material,
and poly(methyl methacrylate) (PMMA) and silicon nanoparticles
were core materials. DMF served as a solvent for both phases.
Proper quantity of acetone (acetone : DMF =1 : 1, w : w) was also
added to the core solution to prevent the mixing of core and
sheath materials. PMMA worked as a stabilizer to encapsulate
silicon nanoparticles and left enough space after burning out to
buffer the volume expansion during the charging process. The as-
spun fibers were stabilized at 280 °C for 1 h in an air atmosphere
and further carbonized at 1000 °C for 5 h in argon. The electrode
was prepared as follows: about 70 wt% electrospun fibers, 15 wt%
super P and 15 wt% poly(acrylic acid) (PAA) were mixed and
added to 1-methyl-2-pyrrolidinone (NMP) to form slurry, which
was then pasted onto a copper current collector. The prepared
electrode was dried in a vacuum oven at 70 °C for 6 h and then
punched into circular discs. The effect of silicon integrated in the
samples on the battery capacity was studied, Fig. 7(a). The more
weight percent of silicon was added, the higher discharge
capacity the samples had demonstrated. This is due to the
superior capacity of silicon itself. As shown for the sample with
50 wt% Si through its voltage profile in Fig. 7(b) and (c), its
capacity was very high, 1491 and 1305 mA h g%, in the first
charging and discharging process at 0.137 A g '. And the
performance of the electrode was very stable even after 300 cycles.

For comparison, two more control materials have been
prepared with the same method as electrodes. The first one was
bare silicon nanoparticles with super P and the second one was
carbon fibers decorated with Si nanoparticles. Compared with
these two control electrodes, the desired electrode exhibited a
high discharge capacity around 1250 mA h g~* with a nearly
100% retention in the first 100 cycles at 0.242 A g~ ' current rate.
With further increase in the current rate up to 2.748 and 6.89 A
g™, the electrode could still display a rather stable capacity in a
larger cycle period with 99% retention after 300 cycles and
80.9% retention after 1500 cycles, Fig. 7(d)—(f). This improved
electrode performance is due to the extremely high theoretical
specific capacity of silicon, nearly 4000 mA h g~*, which is about

(b)

Volume expansion of Si core
and buffering effect of C shell
by contactdithiation

Fig. 5 The schematic diagram of (a) volume expansion behavior during contact-lithiation and (b) ionization of Li atoms in the Si matrix. Reprinted with permission

from Elsevier.#

This journal is © The Royal Society of Chemistry 2013
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Fig.6 Cycling performances of Si-C core—shell nanofibers, (a) voltage profiles at different cycles and (b) coulombic efficiency and specific capacity—cycle number curve.

Reprinted with permission from Elsevier.?

ten times higher than those of commercial graphite anodes.
And the performance is also determined by the stability of the
solid electrolyte interphase (SEI) and the contact between Si
nanoparticles and carbon matrix. Because the Si volume
expansion at high current rate was not that considerable, the
SEI layers were more stable and thus more reversible charge-
discharge reaction occurred.

Han et al.®® have investigated TiO, as the anode for lithium
ion batteries. An improved electrochemical performance of the
TiO, hollow fibers and nitridated TiO, hollow fibers was
reported than that of solid ones. Ti(OiPr), was used as a tita-
nium precursor and PVP as a stabilizer in the sheath phase, and
mineral oil was used as the core phase. After natural drying,
extraction of mineral oil and calcination, hollow fibers were
obtained. The nitridation step was processed through another
annealing treatment under ammonia and the related schematic
morphology changes are shown in Fig. 8a-c.

The solid, hollow and nitridated hollow TiO, nanofibers
exhibited initial coulombic efficiencies of 75.8, 77.1 and
86.8%, and capacity retentions of 96.8, 98.8 and 100% after
100 cycles. And at different current rates, hollow fibers
exhibited a higher capacity than solid fibers, Fig. 9. This
improved performance is due to the larger surface area
(around 25%) for lithium ions to combine with active mate-
rials, and the decreased diffusion length of the lithium ions
down to nearly 50%. The diffusion length is the maximum
distance, through which lithium ions must diffuse to
combine with anodic materials. Therefore, the longer the
diffusion distance is, the more adverse it is for the perfor-
mance of the lithium ion battery. And the high conductivity of
the nitridated hollow nanofibers will also benefit its perfor-
mance. The enhanced anode stability arises from the hollow
structure, which provides space for volume expansion during
lithiation.
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Fig. 7

fabricated electrode and control electrodes at 0.242 A g

electrode and control electrodes at 6.887 A g~'. Reprinted with permission from American Chemical Society.”
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(a) Discharge capacities of the fabricated electrodes with different Si loadings at 0.1 C rate; (b) potential profiles of the fabricated electrode with 50 wt% Si
during the first cycle at 0.137 A 9’1; (c) potential profiles of the fabricated electrode with 50 wt% Si at different cycles at 2.749 A g”; (d) cycle performance of the

" (e) cycle performance of the fabricated electrode at 2.748 A g~ '; (f) cycle performance of the fabricated
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Fig. 8 The schematic diagram of (a) TiO, nanofibers, (b) TiO, hollow nanofibers and (c) nitridated TiO, hollow nanofibers. Reprinted with permission from Royal

Society of Chemistry.6®
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Fig. 9 The comparison of the specific capacity of TiO, nanofibers, TiO, hollow
nanofibers and nitridated TiO, hollow nanofibers at different current densities.
Reprinted with permission from Royal Society of Chemistry.®

Yuan et al.** modified the texture of the TiO, electrode based
on copper foil with a silver paste, which could increase the
roughness of the copper foil surface and further benefit the
contact area between the electrode and the current collector as
well as the adhesion of the fiber mat to the collector, Fig. 10(a).
The hollow fibers were fabricated with the same Ti(OiPr),
precursor. The silver nanoparticles were also synthesized through
a simple salt hydrolysis process. The copper foil was modified by
coating a silver paste on the surface with a subsequent thermal
treatment in an inert atmosphere to pyrolyze the organics and
increase the roughness. The electrode performance has been
optimized with the second discharge capacity up to 130 mAh g *

at 1 C current rate and its morphology was retained perfectly even
after 50 cycles, Fig. 10(b) and (c). A rougher surface of copper foil
could provide more contact area between the electrode and the
current collector and the rougher foil also enhanced the adhesion
of the fiber film to the current collector. Therefore, the electrode
performance was improved greatly.

Based on this mechanism, Park et al’ further studied
hollow TiO, nanofibers with an inner SnO, layer, working as the
anode for lithium ion batteries due to the high capacity of SnO,
(about 800 mA h g™ ) and its fast electron transportation. Tet-
rabutyltin and mineral oil were mixed as the core solution.
Ti(OiPr), was dissolved in acetic acid and ethanol solvent, and
further mixed with PVP-ethanol solution as the sheath mate-
rial. Hollow nanofibers were obtained through an additional
annealing process at 500 °C in air for 1 h. And the working
electrode was fabricated by directly placing hollow nanofibers
on the stainless steel foil without any conductive agent and
binder. For comparison, the electrode was also prepared by
mixing TiO, hollow nanofibers, carbon black and PVDF with a
weight ratio of 80: 10 : 10, respectively in N-methyl-2-pyrroli-
done. The lithiation and delithiation processes are illustrated in
Fig. 11. The SnO,-TiO, coaxial nanofibers were also fabricated
through coaxial electrospinning with the same precursor and a
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Fig. 11 (a)—(c) exhibit the morphological changes during lithiation and deli-
thiation. Reprinted with permission from Elsevier.”*
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similar post-treatment. The hollow fibers could provide larger
reaction area for the lithiation and delithiation processes. As
shown, the TiO, hollow nanofibers with internally adhered
SnO, nanoparticles displayed a considerably high charge and
discharge capacity (517 and 802 mA h g~ ') at the first cycle as
compared with those of the previous TiO, based cases. And its
capacity was rather stable even after 100 cycles, Fig. 12.

2.2 Solar cells and luminescence

Other than serving as electrodes for lithium ion batteries,
coaxial electrospun fibers have also been applied in other
electrochemical fields, such as electrodes of solar cells and
luminescence materials. Due to the non-renewability of tradi-
tional fossil energy and its environmental impact, scientists
have been searching and developing clean future energy
resources, among which solar, wind, nuclear and even biomass
energies have been used commercially. Particularly, solar
energy has attracted extensive attention due to its environ-
mentally friendly nature, stabilization and regeneration.
Furthermore, the energy that the earth receives in just one hour
can support the whole energy consumption of our world in one
year.” Thus solar energy has great potential to be developed for
future deployments through conversion to electricity in solar
cells. However, the charge recombination especially at the
anode is a very serious problem that limits the efficiency.
Different strategies have been explored to suppress the charge
recombination, for example, reduced recombination sites” and
construction of an energy barrier.”” The core-sheath nanofibers
are excellent candidates that can satisfy these two require-
ments. The tiny dimension could reduce the possibility that
electrons recombine with the electrolyte and the sheath phase
can naturally prevent serious combination as barriers. On the
other hand, light is a very common, but very potential future
energy. There are two ways to generate light, incandescence and
luminescence.” Incandescence describes that items such as
tungsten filament can emit light when heated to a very high
temperature. Compared with incandescence, luminescence
refers to “cool light”, such as the screens of electronic devices.
Luminescence is caused by the jump of excited electrons back to
the less excited or ground state. The energy difference is
released in the form of “cool light”. Luminescence can be

11520 | J. Mater. Chem. A, 2013, 1, 11513-11528

classified into many different types according to input energy
sources, such as chemiluminescence, electroluminescence,
triboluminescence and bioluminescence. If the input energy is
another kind of light, for example, ultraviolet radiation or X-ray,
this luminescence is called fluorescence. Many materials have
been found to be luminescent, including transition metal ions,
rare earth metal complexes, heavy metals, quartz, feldspar and
aluminum oxide with electron-hole pairs. Some organic mate-
rials are also luminescent. Luminescence makes materials
detectable and scientists are trying to develop new signaling
systems and devices with luminescent materials” aiming to
fabricate sensors with high efficiency and accuracy in detection,
biological and medicine engineering.*** New luminescent
materials have been prepared for light-emitting diodes (LEDs),
which have longer service time, lower energy consumption and
stronger brightness.**®* The utilization of core-sheath nano-
fibers could increase the contact area, which is beneficial for the
excitation process. On the other hand, the fiber form can inte-
grate optical and optoelectronic devices into textile.®

For example, Du et al.*” have fabricated a TiO,~-Nb,O5 core-
sheath nanofiber film. Ti(OiPr),, PVA and HAc DMF solution
served as the TiO, precursor. C;oH,sNbO5 and PVA DMF solu-
tion served as the Nb,Os precursor. The as-spun fibers were
calcined at 500 °C for 1 h with a heating rate of 1 °C min™" and
then cooled naturally. After calcination, the fibers become more
curved and rougher. The fiber film worked as a photoanode in
the dye-sensitized solar cells. Its working mechanism is shown
in Fig. 13. The bandgap of Nb,Os is 3.5 eV, while that of TiO, is
3.2 eV and the conduction band (E.,) of Nb,Os is 0.25 eV higher
than that of TiO,.** The bandgap difference will cause the
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Dye

Fig. 13 Schematic diagram of the catalyst mechanism of the TiO,—Nb,Os core—
sheath structure. Reprinted with permission from Elsevier.#”
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charge equilibrium and energy system to be rearranged between
the core-sheath structures. And a higher charge transport
resistance at the anode-electrolyte interface will be formed,
which could form an energy barrier and restrain the charge
recombination. Therefore, the energy conversion efficiency (n),
which is the ratio of the converted photoenergy to the incident

light intensity, increases from 4.5 up to 5.8%.
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(a) Luminescence responses of TELF-1 to different voltages applied to the device in N». (b) Experimental and theoretical results for current-voltage characteristics of

(a) The texture schematic diagram and TEM image and (b) schematic for fabrication procedures of TELFs. Reprinted with permission from American Chemical

Yang et al.® have reported a novel application of coaxial
electrospun core-sheath fibers. Combining the electrospun
core-sheath structure and indium-tin oxide (ITO) plating
deposition, three coaxial layers have been integrated into one
single fiber, Fig. 14(a). The core was a highly conductive metal
alloy liquid phase, consisting of 68.5 wt% Ga, 21.5 wt% In and
10 wt% Sn. The sheath phase was the mixture of ruthenium(u)
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tris(bipyridine) [Ru(bpy)s]**[(PF6) ], and PEO. And the inner
sheath phase was an ionic transition-metal complex (iTMC). For
comparison, TELF-1 and TELF-2, fibers with different dimen-
sions were fabricated by adjusting the flow rate of core and
sheath phases. Specifically, core and sheath flow rates were 0.13
and 0.25 mL h™" for TELF-1 and 0.15 and 0.31 mL h™" for TELF-2.
After coaxial electrospinning, the obtained core-sheath fibers
were deposited on an ITO thin film on the surface, Fig. 14(b).
Only the central portion (3 mm) of the fibers was exposed to
vapor for deposition and the remaining part was marked, step 2.
After deposition, 7 mm long fibers were cut and sealed with epoxy
at the edge to prevent the leakage of liquid metal. And the three
layered nanofibers were formed. Interestingly, the core phase and
the outer sheath phase acted as an anode and a cathode,
respectively and the electrolyte ([Ru(bpy)s]*[(PF6) ], and PEO)
was the electroluminescent layer. TELFs were placed on the stage
of an inverted microscope in a dark room. A customized elec-
tronic probe station with a gold coated AFM tip was attached to
the microscope. To make an electrical contact, the tip was
pressed to poke through the polymer shell. And light emitted
from the device was collected by using a QICAM color camera.
When an external voltage was applied, charge could be trans-
ported in the lighting device. Emissive charge carriers were
driven into the iTMC layer from the electrode and the recombi-
nation occurred along with the release of energy in the light form.
As shown in Fig. 15(a), the CCD camera began to capture visible
red light at 4.2 V, which was called the turn-on voltage and
the light could be distinguished by eyes at 5.6 V in N,. And the
luminance from coaxial nanofibers became stronger with the
increasing applied voltage, because more charge carriers would
be transported into the iTMC layer under stronger potential
difference, and more energy would release from the combina-
tion. And the current-voltage and luminance intensity-voltage
characteristics are illustrated in Fig. 15(b) and (c). There always
was a turn-on voltage for both samples to generate current and
emit light. TELF-1 exhibited more sensitivity to the voltage,
because a stronger electrical field was formed in thinner fibers at
certain voltage values. And the current value experienced a fluc-
tuation and then followed a potential trend. This was due to the
redistribution of PF6 and different injection manners at
different voltage values. This technique is very meaningful in
many research fields such as bioimaging and sensing.

2.3 Supercapacitors

A capacitor is a kind of significant energy storage device due to its
high power density. Generally, a capacitor is constructed by two
parallel conducting plates separated by some solid dielectrics or
even air. When an external potential difference is applied,
charges cannot pass through the capacitor due to the presence of
a dielectric, and they will accumulate on the corresponding plate
and the energy is thus stored. Its disadvantage is the low
energy density compared with a battery. So a supercapacitor
comes out possessing high energy and power density. The plate
and dielectric materials of a supercapacitor are improved.
Researchers use electrolytes instead of conventional solid
dielectrics. So opposite ions will accumulate around the charged
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electrode and form the electric double layer. The input energy is
stored here and this type of capacitor is called an electric double-
layer capacitor (EDLC). Another type of supercapacitor is called a
pseudocapacitor. When getting charged, ions can react with the
electrode material and the stored chemical energy can be fast
released through some redox reactions.*>*

A capacitor has its special characteristic, capacitance, which
is the ratio of accumulated charges on one plate to potential
difference between two plates. Experimentally, the capacitance
can be evaluated through cyclic voltammetry and galvanostatic
charge-discharge methods.”**> In the cyclic voltammetry
method, the input and output voltage rate is controlled at a
certain fixed value and the current is recorded. And the capac-
itance (Cs, F g7 ") is calculated from eqn (1).

Jiav

C=2mars ()

where [idVis the integrated area of the CV curve, m is the mass
of electrode active materials in g, AV is the scanned potential
range in V and S is the scan rate in V s™'. The galvanostatic
method is very similar, in which the controlled parameter is the
current and the voltage value is recorded. And the capacitance
(Cs, F g 1) is calculated from eqn (2).

i X At

Co=—— 2
mx AV 2)

where i is the discharge current in A, At is the discharge time in
s, m is the mass of electrode active materials in g, and AV is the
potential drop during discharge in V.

To date, supercapacitors have been developed as a signifi-
cant alternative energy storage unit®* due to their high power
and energy density, rapid charge-discharge capacity and long
life time.”*® Different materials have been explored to fabricate
supercapacitors with improved electrochemical performances.
Generally, metal oxides and conducting polymers are used as
electrode materials. For example, ruthenium oxide, a transition
metal oxide, possesses a large electrochemical capacitance,
150-260 F cm ™2, which is ten times higher than that of carbon
and provides a facile pathway for the transportation of both
protons and electrons, however, there are abundant boundaries
in its nanostructures, which resist the charge transfer.®*® Pol-
yaniline and polypyrrole have excellent conductivity, high
pseudo-capacitance and low cost,”*'** but their mechanical
stability is not strong enough during the repetitive charging-
discharging process for electrochemical energy storage.'®*
Therefore, scientists have used various inorganic fillers such as
silica,’®* carbon nanutubes,' and graphite oxide'*® to form
composites, which have demonstrated an endured electro-
chemical energy storage performance and high capacitance in
the thin film structures.

Nanomaterial is a suitable choice due to its high specific
surface area, which is beneficial for the contact between elec-
trode and electrolyte. Scientists have integrated different
materials to fabricate heterogeneous composites with tiny
dimensions to achieve high capacitance and stability. Core-
sheath nanofibers with extremely tiny dimensions and hetero-
geneous self-supporting structures are potential materials for
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Fig. 16 (a) CV curve of TiN, VN and TiN-VN fibers cycled between —1.2 and —0.2 V at a sweep rate of 20 mV s~ "; (b) specific capacitances of the electrodes with TiN, VN
and TiIN-VN fibers respectively at progressive scan rates from 2 to 50 mV s~'. Reprinted with permission from American Chemical Society.'’

supercapacitors. For example, Zhou et al'” have fabricated
mesoporous titanium nitride (TiN)-vanadium nitride (VN)
core-sheath fibers and studied the supercapacitor performance.
TiN displays a good electrical conductivity, but its capacity is
poor. While VN has a higher capacity, it has a poor conductivity.
The integration of these two materials could achieve a better
performance. In the experiment, Ti(OBu), and V(CsH0,); were
used as the precursors of TiN and VN and dissolved into iso-
propyl alcohol and the mixture of ethylene glycol and absolute
ethanol, respectively. PVP was added to both solutions as a
stabilizer. The as-spun fibers were dried for 2-4 h at 50 °C to
remove solvents. An additional thermal treatment was carried
out at 800 °C in an ammonia atmosphere for 1 h with a slow
heating rate (room temperature to 300 °C, 5 °C min~"; 300 to
700 °C, 2 °C min~" and 700 to 800 °C, 1 °C min~'). Mesoporous
fibers were obtained. And both precursor sols were electrospun
respectively, following the same post-treatment for comparison.
The working electrode was prepared by mixing nanofibers with
carbon blacks and polytetrafluoroethylene (PTFE) binders with
aweight ratio of 85 : 5 : 10. And the samples were cut into plates
of 0.5 cm x 0.5 cm and then pasted on a stainless steel current
collector under 15 MPa pressure. The electrochemical property
was studied with a three-electrode system. As shown in
Fig. 16(a), the capacity of TiN-VN (185 F g~') is clearly higher
than the other two (109 F g~ for TiN and 157 F g~ " for VN). The
overall specific capacitances of the three samples at different
scan rates have been tested and that of TiIN-VN was much more

desirable under various conditions. In Fig. 16(b), the TiN
sample exhibited better capacitance retention especially at a
high scan rate. The VN sample possessed a higher capacitance,
but poor rate capability. And TiN-VN integrated the two merits:
excellent capacity and stability. By increasing the scan rate and
current density of the TiIN-VN sample, the capacitance
decreases by different degrees.

2.4 Photocatalytic environmental remediation

Nanomaterials have served as catalysts due to their high surface
area to volume ratio and high specific catalytic activity.'****®
Among these catalytic nanostructures, the core-sheath or hollow
nanofibers exhibit much better adaptability for a wide range of
applications, such as new energy and environmental protec-
tion."® The core-sheath structure could bring many benefits,
such as decreased diffusion length, increased accessible surface
area and more active sites, all of which can improve the photo-
catalyst activity. And the hollow fibers encapsulated with nano-
particles could experience an efficient charge transportation,
which also favors the photocatalytic process.""*

TiO, is a very popular semiconductor used as a photocatalyst
due to its facile functionality, stability, nontoxicity and low cost,
however, its high energy gap (3.2 eV) and high rate of recombi-
nation of the electron-hole pair limit its performance.'*>'**
Meanwhile, some components including noble metals,"* transi-
tion metals*® and nonmetals**® have been doped to prevent the
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Fig. 17 (a) Degradation profiles of Rhodamine B with different photocatalysts under UV illumination; (b) the pseudo first-order kinetic relationship with different
photocatalysts; (c) the configuration of the energy band of core—sheath fibers and the charge separation at the interface of SnO, and TiO,. Reprinted with permission

from Royal Society of Chemistry.""
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recombination of charge carriers and to enhance its response to
visible light. For example, Peng et al.*™* have selected SnO, to dope
TiO, to increase its photocatalytic performance. Briefly, titanium
isopropoxide (Ti(OiPr),) and tin ethylhexanoate (C;sH3004Sn)
were used as the TiO, and SnO, precursors, respectively. After
electrospinning, the obtained fibers were naturally dried for one
day to complete the hydrolysis of Ti(OiPr), and calcined in air at
500 °C for 2 h to allow the formation of SnO, nanoparticles. The
obtained fibers possess a highly uniform coaxial heterogeneous
structure. Interestingly, with increased concentration of the tin
precursor in core solution, the final texture of the electrospun
fibers could be tuned from hollow tubes to “peapod” filled fibers
and further to solid core-sheath fibers."* Though the bandgap
(3.8 eV) of SnO, is higher than that of TiO,, its conduction band is
lower than that of TiO,. Therefore, electrons can easily migrate
from TiO, to the conduction band of SnO,, which will leave pho-
togenerated holes in the valence band of TiO, and accumulate
lots of electrons in the SnO, phase. This will facilitate the
photogenerated charge separation, improve the photocatalytic

performance and shift the photoexcitation of samples to visible
light.””"*® In the photocatalytic activity tests, the relative concen-
trations of Rhodamine B at different times were plotted and the
experimental data were fitted to follow a pseudo-first-order reac-
tion model. The tubular core-sheath SnO,-TiO, fibers were
observed to display the best photocatalytic performance with the
highest reaction rate constant compared to other samples, Fig. 17.
This enhanced photocatalytic behaviors (with an higher efficiency
about 1.4 times of solid SnO,-TiO, and 1.8 times of commercial
TiO, nanoparticles) are attributed to the core-sheath structure of
the fibers as well as the energy level offset between SnO, and TiO,.
On the other hand, the electron transfer from TiO, to SnO, will
suppress the recombination of the charge carriers.

2.5 Filtration

Nanofibers are a perfect choice for different types of separation,
such as air purification, solution filtration and osmosis sepa-
ration, due to their extremely high surface area to volume ratio,

Table 1 Parts of the composition of core—sheath solution pairs
Core phase Sheath phase

No. Solute Solvent Solute Solvent Ref.
1 pPvP Ethanol pPvP DMAc 30
2 PEO Acetic acid aqueous solution Chitosan Acetic acid aqueous solution 31
3 — Mineral oil Ti(OiPr), and PVP Acetic acid and ethanol 68
4 Tetrabutyltin Mineral oil Ti(OiPr), and PVP Acetic acid and ethanol 74
5 Ti(OiPr),, PVA Acetic acid, DMF C10H,5NbOs, PVA DMF 87
6 Nanosilver Mineral oil Ti(OiPr),, PVP Acetic acid and ethanol 51
7 Tin ethyl hexanoate Light mineral oil Ti(OiPr),, PVP Ethanol 111
8 Cellulose acetate and ketoprofen Acetone, ethanol and DMAc — Acetone, ethanol and DMAc 25
9 Styrene-co-acrylonitrile DMF PAN DMF 63
10 PVA DMSO and ethanol PVDF DMSO and acetone 45
11 SAN DMF PAN DMF 42
12 PVP Ethanol Sodium chloride H,O 39
13 PEG H,0 PLLA DCM and DMF 32
14 — Mineral oil PAN DMF 40
15 — Mineral oil PAN DMF 72
16 PEG and protein H,0 PCL Chloroform and DMF 26
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highly porous structure and chemical properties in some
special cases, as well as the flexibility and low cost. And there
are already some review papers discussing on this topic.*****°
Generally, the electrospun nanofiber mats can be used for
filtration directly. And some researchers have used fibers for
waste water purification.”'** The unique structure of hollow
nanofibers becomes the intrinsic advantage as the osmosis
membrane material. And the appropriate selection of sheath
material could promise better performance in separation. Since
the convenient fabrication of hollow fibers through the coaxial
electrospinning process, it has opened a new door to this field.
Anka et al.*® have reported the wonderful separation perfor-
mance of the PAN hollow fiber membrane upon treatment with
Indigo carmine dye and sodium chloride solutions. They used
PAN-DMF solution as the sheath and mineral oil as the core.
And the as-spun fibers were sunk into hexane to remove the core
phase. The fabrication and filtration processes are illustrated in
Fig. 18(a) and (b). The results showed that the dye and sodium
salt were rejected 100 and 97.7% =+ 0.6, respectively.

3 Component list

Here, the compositions of core-sheath solution pairs are
summarized in Table 1.

4 Conclusions and perspectives

As an innovation of conventional electrospinning, coaxial elec-
trospinning has attracted much attention and has been studied
deeply. The parameters, including both the internal physical
properties and the external operation factors have been
analyzed theoretically and experimentally. In particular, the
interaction between different phases due to the contact and the
heterogeneousness, which is also the characteristic of coaxial
electrospinning, is discussed in detail. The evaporation rate,
polymer concentration, conductivity and flow rate have been
systematically reviewed in achieving smooth and uniform
morphology as well as fine dimension. Generally, a stronger and
longer electrospinning process can result in more smooth
fibers. All strategies to enhance the electrical force and elongate
the electrospinning whipping stage will favor the final fibers.
However, there will always be a suitable operation range for all
parameters, only within which non-beaded fibers can be
obtained. The lower limitation is the critical value, beyond
which the electrospinning process can take place. And the
higher limitation can prevent the strong effect on the formation
of core-sheath fibers. The interaction due to the property
difference should promise the formation of the core-sheath
Taylor cone and the smooth electrospinning process. Too huge
a difference may lead to a significantly different behavior during
electrospinning. Through additional treatment, hollow nano-
fibers can be fabricated. The following extraction process or
thermal treatment can remove the core phase, maintaining the
complete sheath structure. In addition, the thermal treatment is
much quicker and can stabilize and carbonize the polymer
matrix at the same time, which can increase its efficiency.

This journal is © The Royal Society of Chemistry 2013
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Nearly all polymer solutions and their polymer composite
matrices could be fabricated into core-sheath and hollow
nanofibers through the coaxial electrospinning technique.
Through appropriate post-treatments of the electrospun fibers,
various inorganic nanofibers or nanotubes have been developed
with much wider applications including photocatalysis, lithium
ion batteries, supercapacitors, solar cells, etc. The obtained
nanofibers possess extremely high specific surface area and
combined properties, which have shown superior performance
over the traditional electrospun fibers.

However, there are also some challenges, such as the
dimension and order of the obtained nanofibers, the improved
performance in their applications and the expanded applica-
tions of the core-sheath and hollow nanofibers. So far, the fine
dimension of the core-sheath nanofibers is about 60 nm, which
is much larger than that of the fibers through conventional
electrospinning, about a few nanometers. The obtained fibers
are in random order, not aligned. To obtain ultra-fine core-
sheath nanofibers, the matrices should be selected properly for
both phases, as well as the operation parameters, collection
method and post-treatment methods, such as thermal treat-
ment. To develop the properties and performance of core-
sheath and hollow nanofibers, new materials should be tested
to integrate into both phases as desired, for example, bioma-
terials can be used as the matrix to increase the biocompati-
bility in applications of tissue engineering. Polymers can be
integrated into a sheath phase to fabricate high strength
materials with very low density. Different nanoparticles can be
loaded to achieve suitable interactions during charging and
discharging processes and catalysis.

Core-sheath and hollow nanofibers are very promising
potential materials in various applications due to their flexi-
bility and excellent physicochemical properties. Therefore,
more amazing and meaningful applications of the materials are
envisioned to be achieved in the future when deployed in other
fields, such as the magnetic nanocomposites, semiconductors,
carbon materials with high strength and conductivity, anticor-
rosion and fire-proof properties.
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