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Abstract: Traditional electrospun nanofibers have a myriad of applications ranging from
scaffolds for tissue engineering to components of biosensors and energy harvesting
devices. The generally smooth one-dimensional structure of the fibers has stood as a
limitation to several interesting novel applications. Control of fiber diameter, porosity and
collector geometry will be briefly discussed, as will more traditional methods for
controlling fiber morphology and fiber mat architecture. The remainder of the review will
focus on new techniques to prepare hierarchically structured fibers. Fibers with hierarchical
primary structures—including helical, buckled, and beads-on-a-string fibers, as well as
fibers with secondary structures, such as nanopores, nanopillars, nanorods, and internally
structured fibers and their applications—will be discussed. These new materials with
helical/buckled morphology are expected to possess unique optical and mechanical
properties with possible applications for negative refractive index materials, highly
stretchable/high-tensile-strength materials, and components in microelectromechanical
devices. Core-shell type fibers enable a much wider variety of materials to be electrospun
and are expected to be widely applied in the sensing, drug delivery/controlled release
fields, and in the encapsulation of live cells for biological applications. Materials with a
hierarchical secondary structure are expected to provide new superhydrophobic and
self-cleaning materials.
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1. Introduction

Self-assembled nanostructures are gaining attention in the fields of tissue engineering, drug
delivery, sensing, catalysis and energy harvesting/storage [1-8]. In particular, nanofiber materials are
of great interest because of their long length scales, resulting in very high aspect ratios, and the high
degree of fiber orientation possible. Nanofibers are generally prepared using drawing with a
micropipette, template synthesis, phase separation, chemical vapor deposition, melt blowing, and
electrospinning [9—11]. Of the aforementioned techniques, electrospinning is the most versatile and
simplest method of preparing such nanofibers. It is also potentially scalable and requires little
equipment. Electrospinning is an electrostatically-driven process that generates fibers of nanometer to
micrometer diameters. Specifically, when a high voltage is applied to a liquid droplet, electrostatic
repulsion overcomes surface tension to stretch the droplet. If molecular cohesion or chain
entanglement in the droplet is sufficiently high, the droplet does not break-up (electrospray), but
instead continues to stretch to form fine fibers on a grounded collection target. During the
electrospinning process, the jet undergoes a whipping instability, which is the primary mechanism for
the formation of sub-micron fibers [12,13].

Collector geometry can influence mat morphology, such as fiber alignment and pattern. Collectors
can be stationary, such as metal plates or parallel electrodes, or rotating-type disks or mandrels [14]. In
general, a randomly oriented web of fibers is collected on static targets, whereas aligned fibers are
collected on spinning substrates. Some collectors possess unique geometries to affect particular fiber
orientation or patterns. Theron et al. used a knife-edge collector to generate highly aligned fibers,
whereas others have used collectors with grids or charged needles to create patterned nanofibrous
mats [15-19]. Several researchers have used a series of parallel electrodes to generate aligned fibers
rather than rotating collectors [20-23]. Li et al. used a pattern of four electrodes to generate a cross-bar
array of aligned nanofibers [24].

Polymers in the solution and melt form, as well as non-polymeric materials such as ceramics and
metals, can be fabricated into nanofibers via electrospinning. An assortment of natural polymers, such
as the proteins collagen, elastin and silk fibroin, has been electrospun [25-31]. In addition, a wide
variety of synthetic polymers such as polystyrene (PS), polycaprolactone (PCL), poly(methyl
methacrylate) (PMMA) and poly(vinyl alcohol) (PVA) have been electrospun from solution. Melt
electrospinning requires that a heating system surround the reservoir and, despite its advantages of
improved cost effectiveness and environmental safety due to the absence of solvents in the process, is
generally more challenging. Polyethylene and polypropylene are two polymers that have been
successfully fabricated from the melt [32,33]. Ceramic fibers such as TiO, have been fabricated from a
sol of ceramic precursor and a host polymer such as polyvinylpyrrolidone (PVP) [34]. Metallic fibers
such as copper fibers have also been generated by electrospinning a metal acetate or nitrate solution
with a host polymer, followed by degradation of the host polymer and reduction [35].

The electrospinning field is extremely broad, and consequently there have been many useful
reviews discussing various aspects from detailed fiber formation mechanisms to the formation of
nanocomposite fibers to discussions on the wide range of applications [24,36—39]. On the other hand,
the focus of this review is quite narrow, highlighting unique fiber morphologies. The review will
briefly cover the factors impacting the morphological characteristics of nanofibers such as fiber
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diameter and porosity, patterning, and then focus on primary and secondary hierarchical structures of
electrospun nanofibers.

2. Gross Morphology
2.1. Fiber Diameter

One of the most highly studied and fundamental areas in electrospinning is control over fiber
diameter. Many factors that affect the fiber diameter, including solution concentration, viscosity,
molecular weight, polymer feed rate, capillary size, solution conductivity, working distance and
applied voltage [11,40]. Shin et al. found that the resulting fiber diameter was highly dependent on the
stretching and acceleration of the fiber jet prior to solidification [41]. Fridrikh et al. developed a model
to predict fiber diameter based on surface tension and electrostatic charge repulsion. In this model,
solution conductivity and viscosity are also taken into account [42]. Of the many parameters discussed,
concentration/solution viscosity is one of the most important factors affecting fiber diameter.
Demir et al. found that fiber diameter of polyurethane fibers was proportional to the cube of the
polymer concentration, following a power law relationship [43]. Figure 1 displays the effect of
polymer concentration on the fiber diameter of PCL fibers prepared from dimethylformamide (DMF)
and methylene chloride. As can be clearly seen from the images and chart, the fiber diameter increases
significantly from 10-20 wt % PCL to 40 wt % PCL.

Figure 1. Scanning electron micrographs of electrospun polycaprolactone (PCL) fibers
formed from solutions of varying PCL concentrations in methylene chloride and
dimethylformamide (DMF) (50/50 w/w) solvent. (A) 20 wt % PCL; (B) 40 wt % PCL;
(C) chart of PCL concentration (wt %) and fiber diameter. Data are expressed as
mean + standard deviation.
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The extent of polymer chain entanglements, expressed as solution viscosity, plays a critical role in
controlling not only the fiber diameter, but also the fiber quality or uniformity. If the density of chain
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entanglements is less than some critical value (as defined by each polymeric system), the
electrospinning jet breaks up, and beads or electrosprayed droplets rather than fibers are formed. If the
density of entanglements is sufficient but the extent of chain overlap is less than the critical value,
beaded fibers are formed [44—46]. Interestingly, the morphology of the beads on the fibers changes
shape as the solution viscosity changes from a rounded droplet-like shape with low viscosity solutions
to stretched droplet or ellipse to smooth fibers when sufficient viscosity is achieved, as shown in
Figure 2 [47-49]. Zong et al. found that not only does the shape of the beads change with viscosity,
but the spacing between the beads increases. The researchers postulated that the drying of the fibers
had a large effect on resulting fiber morphology. Wet fibers, formed from lower concentration
solutions, undergo a solidification process governed by surface tension and a relaxation process
controlled by the viscoelastic property. In contrast, fibers formed from higher concentrations are
generally dried by the time they are collected [50].

Figure 2. Schematic showing the effect of increasing the polymer solution viscosity on the
morphology of the resulting electrospun fibers.

Increasing viscosity

2.2. Porosity

Fiber mat porosity is another controllable parameter that has been extensively studied, in particular
for tissue engineering (cellular infiltration) and filtration applications. There are many approaches to
controlling the pore size in nanofiber mats including the addition of salt particles or ice crystals to the
electrospinning solution, the formation of composites made of electrospun fibers and electrosprayed
polymer beads that can be later removed, or the generation of micron-sized fiber diameter
scaffolds [51-56]. The latter approach generates micron-sized inter-fiber spaces because pore size, in
general, scales with fiber diameter. As a possible compromise to maintain the nanometer-diameter
fibers and high surface area and micrometer-diameter fibers for sufficient pore-size for air/fluid
diffusion, some researchers have explored forming composites of nanometer and micrometer
fibers [57,58], electrospinning nanometer fibers onto micrometer fibers [59], and electrospinning
nanometer fibers of two polymers, and then later removing the fibers from one of the polymers to
increase the porosity [60].

2.3. Patterns

Patterning is another way to control the morphology/architecture of the electrospun fiber mat. The
effect of collector geometry, particularly for the alignment of fibers, has been extensively
studied [15,24,61-63]. Rotating collectors such as mandrels or disks, as well as electrodes separated by
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a gap, are facile ways to generate oriented fibers [64]. Unaligned or randomly oriented fibers are
traditionally collected on a static substrate, such as a grounded metal plate. To generate micro- or
macro-scale patterns of nanofibers, researchers have explored the use of conductive grids or a series of
charged needles to guide the collection of fibers along the charged regions [17-19,65]. Li et al.
developed a variety of aligned cross-bar patterns using a layer-by-layer approach with series of
conductive grids with void gaps [66]. Zussman et al. attached an aluminum table to a rotating disk
collector to generate cross-bar patterns in a one-step process [67]. Some researchers have developed
collectors to generate patterns of fibers that mimic the natural fibrous patterns seen, for example, on
bamboo leaves or goose feathers [68]. Figure 3 shows a variety of collectors and their effect on the
nanofiber mat pattern. Ding et al. recently demonstrated the selective deposition of nanofibers on an
elastomeric substrate containing gold-coated pyramidal spikes [69]. Star and radial fiber patterns have
also been prepared using enamel patterned steel-sheet collectors [70]. Ye et al. developed a method to
create a bird’s nest pattern of fibers using an unpatterned plate collector. To do this, they doped
chlorinated polystyrene (PS) and polypropylene with an ionic liquid that enhanced the charge
accumulation of the collecting fibers. Thus, the fibers were able to form only thin layers of fibers
aligned on top of one another before depositing in another location on the collector, which eventually
created a nest-like pattern. The use of an insulating collector enhanced the pattern formation by
increasing the charge accumulation at the collector [71].

Figure 3. Different collector geometries for electrospinning. (A) static plate; (B) parallel
electrodes; (C) rotating disk; (D) rotating mandrel; (E) grid.
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Another method used to generate patterned fiber mats is the controlled deposition of fiber using

direct-write methods, sometimes referred to as Near Field Electrospinning (NFES) or Scanned Tip
Electrospinning Deposition (STED) [72-76]. This process generally uses conductive tips rather than
needles with extremely small tip-sample separations [8,77]. At such small working distances, the fibers
do not undergo the bending instability and therefore are collected in a more stable region of the jet,
allowing for highly controlled fiber collection, generally on a moving substrate. The benefit of this
technique is that micro-meter-sized patterns can be generated within the resolution limits of the linear
motion stage utilized for collection. Kameoka et al. was able to use the STED method to deposit
aligned nanoparticles in a polymeric fiber [76].
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Other methods to generate micro-scale patterns include magnetic electrospinning with magnetic
nanoparticles doped into the fibers and subsequently aligned in a magnetic field, micro-contact transfer
of fiber patterns using a patterned elastomeric stamp, and photolithography [78-81]. Carlberg et al.
incorporated the photoinitiator benzoin methyl ether into a polyurethane solution, formed fibers and
then exposed the fiber mat to ultraviolet light using a mask to create patterns [80]. Sharma et al. used a
similar procedure with electrospun fibers composed of a photoresist to generate micro-sized patterns of

carbon nanofibers after post-processing steps [81].
3. Hierarchical Primary Structures
3.1. Introduction

In addition to the well-studied gross morphology of electrospun fibers, such as fiber diameter,
porosity, and the newer area of micro- to macro-scale patterns, electrospun materials exhibit various
other fascinating morphologies, such as helical, ribbon-like, beads-on-a-string, multi-channel tubular,
porous honeycomb, nanoporous, nanopillared, core-shell and hollow structures, many of which are
also observed in nature [82—86]. Much of the focus in generating nanofibers with hierarchical
structures is to impart new properties to the materials, such as superhydrophobicity, self-cleaning, or
unique optical properties. Figure 4 displays various natural hierarchical structures side-by-side with
bio-mimetic versions created from electrospun fibers. These particular bio-mimetic fibers possess the
unique property of superhydrophobicity, as observed in the natural lotus and silver ragwort leaves.

Figure 4. Examples of electrospun bio-mimics of natural hierarchical structures. (A) Lotus
leaf; (B) pillared poly(methyl methacrylate) (PMMA) electrospun fiber mimic; (C) silver
ragwort leaf; (D) electrospun fiber mimic made from nylon 6 and polystyrene (PS).
(Figure (A) reprinted with permission from Wang et al. [87]. Copyright 2009 American
Chemical Society; Figure (B) reprinted with permission from Chen et al. [88]. Copyright
2012 American Chemical Society; Figure (C) reprinted with permission from
Miyauchi et al. [89]. Copyright 2006 IOP Science; Figure (D) reprinted with permission
from Li et al. [90]. Copyright 2009 American Chemical Society).
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3.2. Internally Structured Fibers
3.2.1. Core Shell Fibers

Core-shell fibers typically are bi-component fibers consisting of a core of one material type and an
encapsulating shell of another material. These types of fibers can be very useful in the drug-delivery or
tissue engineering fields by allowing the controlled release of a drug or growth factors [91-94]. In
addition, a structurally supportive but non-biocompatible core can be encapsulated with a
biocompatible sheath [95,96]. Non-electrospinnable materials, such as low molecular weight or
conjugated polymers with limited solubility, can be fabricated into fibers via formation as the fiber
core and subsequent removal of the shell [24,97-100]. Core-shell fibers are traditionally made by
electrospinning of the core material, which serves as a template for the deposition of the shell layer via
chemical vapor, plasma or solution deposition, or through use of a co-annular needle [101-103].

Core-shell fibers, particularly with the core removed to make hollow tubes, also have many
applications in the sensing field. Choi et al. generated hollow ZnO fiber sensors by coating a sacrificial
electrospun fiber template with ZnO followed by calcination. The hollow ZnO fiber membrane showed
enhanced sensitivity for NO, compared to a ZnO thin film [104]. Gao et al. prepared polyaniline tubes
using electrospun PVA as a template. The nanotubes showed a higher selectivity and quicker response
to trimethylamine gas [105]. Park et al. made TiO,-ZnO core-shell fibers using a TiO, template and
atomic layer deposition. The core-shell fibers showed good oxygen sensing capability [106]. Zhan et al.
generated hollow TiO; fibers using a coaxial spinneret and machine oil as the core fluid. By adjusting
the sol and oil pressures, tunable wall thicknesses and inner diameters were achieved [107].

As mentioned above, core-shell fibers have many applications in the biological fields. Zhang et al.
prepared core-shell PCL-collagen fibers using a co-annular needle. The growth of human dermal
fibroblasts on core-shell fibers was compared to PCL fibers soaked in collagen. Cellular proliferation
was improved up to 200% on the core-shell fibers compared to the surface treated fibers [96].
Zhang et al. encapsulated the model protein fluorescein isothiocyanate-conjugated bovine serum
albumin (FITC-BSA) within a polyethylene glycol core and PCL shell. Variation of the inner and outer
flow rates controlled the loading of FITC-BSA and fiber diameter, respectively [108].
Townsend-Nicholson et al. used a coaxial spinneret to encapsulate living mammalian cells in
polydimethylsiloxane fibers. The post-cultured cells were viable and showed no evidence of evidence
cellular damage from the electrospinning process [109]. Klein et al. encapsulated three different strains
of bacteria into polyethylene oxide (PEO)/PCL core-shell fibers for bioremediation applications. The
encapsulated cells maintained some of their phosphatase, [-galactosidase and denitrification
activity [110].

Recently, superhydrophobic core-shell fibers have been fabricated. Han et al. used coaxial
electrospinning to generate superhydrophobic and oleophobic fibers for the first time. The
electrospinning of normally non-electrospinnable Teflon was facilitated with a PCL core using a
co-annular needle set-up. Water contact angles of 158° and dodecane contact angles of 130° were
reported [111].

There are several drawbacks using the main two methods, template deposition and a co-annular
needle, to form core-shell fibers. The former requires two or more steps and may result in a
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non-uniform shell coating. The latter method has parameters that must be carefully considered,
including solution viscosity, miscibility, and interfacial tension requirements between the two solutions
to obtain continuous entrainment of the core material within the shell [95]. Recently, core-shell fibers
have also been fabricated by electrospinning certain emulsions, a process that avoids many of the
drawbacks associated with the co-annular approach [112-114]. Figure 5 displays a schematic of a
co-annular needle as well as a single-nozzle emulsion electrospinning set-up and the formation of
core-shell fibers. Figure 6 displays a transmission electron microscopy (TEM) image of a core-shell
fiber formed from a polyacrylonitrile (PAN) and PMMA emulsion solution and the corresponding
fiber cross-section imaged using atomic force microscopy (AFM).

Figure 5. (A) Schematic of co-annular needle set-up to generate core-shell electrospun
fibers; (B) single-nozzle set-up to generate core-shell fibers from an emulsion solution.
Insets show a detailed schematic of the core-shell jet.
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Figure 6. Core-shell PMMA-PAN electrospun nanofibers prepared from an emulsion
solution. (A) TEM image of core-shell fibers; (B) AFM phase image of core-shell fiber
cross-section. (Reprinted with permission from Zander et al. [114]. Copyright 2011
American Chemical Society).
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Hollow fibers can be formed by removing the core material via heating or solvent extraction.
Sanders et al. used a two solvent single-nozzle electrospinning method to encapsulate the protein
bovine serum albumin in poly(ethylene co-vinyl acetate) (EVA) fibers. Rather than a continuous
core-shell structure as generated by certain emulsion solutions, the fibers contained microencapsulated
aqueous domains containing the protein in the surrounding EVA fibers [115]. A wide variety of
core-shell fibers have been generated, including PCL/gelatin, the conjugated polymer
polyhexylthiophene with a polypyrrolidone sheath, fibers with various encapsulated live cells, and
hollow ceramic fibers using oil as the core [98,102,103,116,117].

3.2.2. Fibers Formed from Block Copolymers

Block copolymers are known to self-assemble into a variety of nanoscale morphologies including
spheres, rods, micelles, lamella and cylinders [118]. Block copolymers are generally studied in the
bulk or in thin films, but recently there have been some studies of block copolymers in electrospun
fibers. The same domains as in the bulk have been observed, but they are generally not as well ordered
or as regular in shape due to the fast solvent evaporation and mechanical deformation during the
electrospinning process [118,119]. Ruotsalainen et al. observed lamellar-within-spherical structures for
a poly(styrene-b-vinylpyridine) system [119]. Rutledge et al. prepared electrospun block copolymers
using a co-annular needle system, with the copolymer confined within a shell with a high glass
transition temperature [120,121]. The shell served as a process aid for the core material during
electrospinning, poly(styrene-b-isoprene-b-styrene), and also confined the copolymer during the
subsequent annealing step [120]. Gyroid-type structures were formed when the block copolymer
poly(styrene-b-dimethyl siloxane) was used with a poly(methacrylic acid) shell [121]. Ma et al. reported
the formation of superhydrophobic fibers by the electrospinning poly(styrene-b-dimethylsiloxane). The
water contact angle of 163° was attributed to the combined effect of surface enrichment of siloxane
and increased surface roughness of the nanometer diameter fibers [122]. These internally structured
polymers have a wide variety of applications from advanced filters, optical materials, and templates for
nanoscale objects and to direct nanoparticle assembly [120,123].

3.3. Helical

Inspired by the structure of proteins and DNA, nanofibers with nano- and micro-scale helical
structures exhibit some unique properties, such as higher porosity, elasticity, and toughness, which
make them good candidates for surgical fibers, textiles, filters, and components in
microelectromechanical systems (MEMs). Helical nanofibers made from conjugated polymers have
unique electronic and optical properties. They are expected to be used as building blocks in novel
organic nanophotonic and electronic devices, as well as field-effect transistors, energy storage units
and sensors [124—128]. Nanoscale helices have been made from the contraction of a manganese oxide
sol gel upon solvent evaporation, as well as from zinc oxide and silicon dioxide using vapor processing
methods [129-131]. Recently, researchers have found that electrospinning is an efficient and facile
method to fabricate such helical nanofibers. Usually, two polymers with different properties, such as
conductivity or elasticity, are electrospun, either as a blend or as a core-shell or side-by-side system, to
generate bi-component fibers. Some examples of these type of bicomponent fibers are
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poly(p-phenylene vinylene) (PPV)/PVP fibers or PEO and the conductive polymer poly(aniline
sulfonic acid). The authors suggest that the helical micro-coils observed were formed spontaneously
upon contact with a conducting substrate due to the viscoelastic contraction of the fiber upon partial
charge neutralization [132,133]. Lin et al. developed a microfluidic electrospinning nozzle for the
side-by-side deposition of two polymers to make a bi-component fiber [134]. Bi-component fibers
with helical morphology were fabricated using this nozzle with equal flow rates from an elastomeric
(polyurethane) and thermoplastic (polyacrylonitrile) polymer solution. Adjusting the flow rate of the
two polymer solutions influenced the fiber morphology. Higher flow rates of the thermoplastic
polymer reduced the helical nature of the resulting fibers, whereas increased flow rates for the
polyurethane resulted in curly and beaded fibers. Chen et al. electrospun core-shell fibers of a
thermoplastic polyurethane and the stiff polymer Nomex®, and observed helices with the addition of
LiCl to increase the solution conductivity [135]. The relative amount of the stiff polymer in the core
was varied, and the most homogenous nanosprings were formed when the relative ratio of the core and
shell polymers was near 50:50.

Other researchers have shown the formation of helical nanofibers from a pure single-component
fiber. Shin et al. reported the formation of helices from poly(2-acrylamido-2-methyl-1-propanesulfonic
acid) dissolved in a mixture of water and ethanol [136]. The helical fibers were able to be linearly
oriented when collected on parallel electrodes. In the aforementioned work, the formation of helical
structures was more heavily influenced by the physical forces caused by the bending instability of the
jet compared to the effects of electrical charge or difference in polymer elastic modulus and
differential shrinkage [134]. Canejo et al. observed the spontaneous twisting of cellulose fibers in the
liquid crystalline phase. They attributed the helical formation to the native chirality of the polymer and
the high solution concentration used in the study [137]. Several researchers have focused on using a
Near Field Electrospinning approach in which the helical patterns are formed in the region before the
jet experiences electrical instability. According to the Han et al. model, the straight electrospinning jet
spontaneously forms a coil in response to the positive changes carried by the jet upon impingement on
the collector [138]. A combination of solution concentration, voltage and frequency of the applied
voltage (e.g., sinusoidal) varies the pitch length and radii of the coils. A wide variety of
buckling/coiled patterns, including sinusoidal trajectories, coiled structures, and figure-of-eights, can
be achieved. Figure 7 displays a selection of coiled fiber patterns generated using the electrospinning
approach. Using this technique, researchers have fabricated PS, PEO, polylactic acid (PLLA) and
nylon fibers with helical morphology [138]. In many cases, the addition of salt to the polymer solution
increased the conductivity of the solution, although the exact mechanism of how this increases coil
formation remains unknown [135,139]. Both stationary collectors, such as water, and laterally moving
collectors have been used to collect coiled fibers, with slower collector speeds generating more
uniform coils [140,141].

Yu et al. fabricated helical PCL fibers, and controlled the coil size based on solution concentration.
A tilted glass slide was used as the collector and it was found that tilt angles greater than 45° did not
result in helical fibers [142]. Helical light-emitting conjugated polymers in which the polymer
molecular weight affects the loop size and corresponding color shift have also been fabricated using
the electrospinning technique [143]. The fibers with the most stretched helical geometries were formed
from polymer solutions with the highest molecular weights. Xin et al. electrospun PPV blended with
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PEO. By varying the PEO composition, the range of fluorescence could be tuned from yellow-green to
blue, making these fibers ideal for micro- and nano-optoelectronic devices [144].

Figure 7. Buckled patterns created from electrified jets of polyethylene oxide collected on
glass slides (Reprinted with permission from Han et al. [138]. Copyright 2007 Polymer).

Helical or curled fibers have also been observed on special collectors such as a nail tip, which
concentrates the electric field [145]. The mechanism for the observed fiber morphology has been
proposed to be contraction or uniform mechanical buckling of the fiber jet upon contact with the
collector [133,134,136,138,146,147]. The converging electrical field drags the front part of the
electrospinning jet toward the collector tip by increasing the bending instabilities of the charged jet.
Thus, first- and higher-order bending instabilities will be more likely to occur, increasing the
proportion of helical fibers. An increase in the applied voltage increases the speed with which the jet
moves toward the collector, making the jet buckling effect more dominant.

The cross-sectional shape of most electrospun fibers, including helical fibers, is circular. However,
in some cases ribbon-like cross-sections are formed because of the formation of a skin on the
polymeric jet that collapses into a ribbon upon solvent evaporation [141,148]. The electrospinning of
nylon-6/clay composites, polycarbonates, polyvinyl alcohol, elastin and hemoglobin have generated
ribbon-like fibers [149].

3.4. Beads-on-a-String

As discussed briefly in the introduction, beads-on-a-string structures can be fabricated using
electrospinning by controlling the solution concentration/viscosity. In general, dilute solutions or
solutions made from polymers of low molecular weights aid in the formation of beads-on-a-string-type
fibers. However, if chain entanglements are too low, only beads or electrospray will form. The shape
and morphology of the beads, from spherical to highly stretched ellipses, can also be tailored by
changing the solvent compositions [47,48]. Jiang et al. fabricated PS nanofibers with beads in the 3 to
7 um range in order to mimic lotus leaves [150]. The morphology of the fibers was controlled by
adjusting the concentration of PS in the spinning solution. The resulting porous microbeads greatly
enhanced the surface roughness and hydrophobicity of the fiber mats. The resulting fibers were
superhydrophobic with a water contact angle up to 160°. Ma et al. formed superhydrophobic PCL
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fibers by varying electrospinning parameters to control bead size and density. Fiber mats were then
coated with a thin layer of a polymerized perfluoroalkyl ethyl methacrylate to increase the
hydrophobicity. Contact angle increased with increasing bead density and decreasing bead size, due to
increased surface roughness. Water contact angles as high as 139° for native PCL and 175° for coated
PCL fibers were observed [151].

3.5. Nanonets or Honeycomb Structure

Honeycomb-like fiber mats or “nanonets” with fiber diameters less than 50 nm were first reported
by Deng et al. from nylon 6 and poly(acrylic acid) [152]. The mechanism for the net formation was
reported to be due to the formation and distortion of micro-sized droplets by various forces such as the
electrostatic force, gravity, Coulombic repulsion, surface tension and viscoelastic forces. Rapid phase
separation of the distorted droplet and energy minimization may lead to the formation of the
spider-web-like structure of the fiber mats [153—156]. These nanonets are expected to make excellent
filters for the removal of nanometer-sized particles and viruses.

4. Hierarchical Secondary Structures
4.1. Introduction

A variety of interesting secondary structures such as nanopores, nanopillars and nanorods can be
prepared using the electrospinning process. These structures may require a two-step process, such as
growing carbon nanotubes from nanoparticles doped in electrospun fibers, or single-step processes in
which the humidity and solvent parameters are carefully controlled to generate nanometer sized pores
along the fiber axis [157,158]. These hierarchical secondary structures, as opposed to smooth fibers
traditionally generated by the electrospinning process, impart a variety of properties to the fibers,
including superhydrophobicity or superhydrophilicity, improved catalytic, sensing, and ultra-filtration
capabilities [159].

4.2. Nanopores

The formation of hierarchically-ordered arrays in polymer fibers is of interest because of potential
applications in photonic band-gap materials, sensors, and patterned light-emitting diodes [160—164].
These patterned arrays also increase the roughness of the material, which, according to the
Cassie-Baxter law, affects the wettability or water contact angle of the surface because it is governed
by both the surface energy and roughness [165]. Thus, roughened hydrophobic surfaces are rendered
more hydrophobic and roughened hydrophilic surfaces become more hydrophilic [166].

Nanopores on electrospun fibers have been formed using thermally induced phase separation,
selective removal of polymer blends and the breath figure process [167—171]. Breath figures are
nano- to micron-sized patterned arrays of defects formed when water droplets condense onto a
polymer solution surface during drying. This process is driven by the evaporation of the solvent under
humid conditions, which leads to a decrease in the temperature at the air-liquid interface. The resulting
water condensation begins with the nucleation of droplets in random positions followed by coalescence
and potentially organization to minimize thermodynamic energy [172]. Water droplets then sink into
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the film or cause indentations (depending on solution density) and evaporate, leaving behind a
hexagonally-patterned array of pores [161,173].

Figure 8 displays pores formed on electrospun PS fibers. Casper et al. reported controlled pore
formation on PS and PMMA fibers by varying the solvent composition and solution
concentration [158]. Bognitzki et al. have reported the formation of nanoscale structures on
electrospun PLLA, polycarbonate and poly(vinylcarbazole) electrospun from solutions in
dichloromethane [174]. The pores were elliptical in shape and in the range of 200 nm, with the longer
dimension oriented with the fiber axis. The cause of pore formation was postulated to be due to the
rapid phase separation of the polymer and solvent during the electrospinning process. The use of
solvents with lower vapor pressures reduced pore formation. Han et al. reported pore formation on
cellulose triacetate fibers [175]. Pores in the range of 200 to 500 nm were observed for the
90/10 solvent ratio of dichloromethane to ethanol. However, little or no pore formation was observed
when the ethanol content was increased. Miyauchi et al. mimicked silver ragwort leaves by preparing
PS fibers with high water contact angles from solvent mixtures of tetrahydrofuran (THF) and DMF.
Oval-shaped pores were created along the fiber axis with a 1:1 weight ratio of the solvents. When the
composition of DMF was increased to 75 wt %, short groves appeared [89]. The change in surface
morphology was attributed to rapid phase separation during the electrospinning process [176]. Ma
reported the formation of superhydrophobic PMMA fibers formed in a humid environment. The
increased surface roughness from the nanometer sized pores and a thin coating of poly(perfluoroalkyl
ethyl methacrylate) resulted in water contact angles up to 163° [177]. Cao et al. fabricated
hydrophobic PLLA nanofibers with nanopores by varying the solvent ratios of DMF and
dichloromethane. The resulting water contact angle depended on the pore size, with the 150 nm
diameter pores having contact angles of 146.6° [178]. Zhang et al. used oxygen etching of PVA/SnCly
to generate highly porous tin oxide fibers for ethanol sensing. Detection limits of less than 1 ppb were
achieved for the porous fibers [179].

Figure 8. Scanning electron microscopy image of electrospun PS in THF at 50% relative
humidity. (Reprinted with permission from Casper et al. [158]. Copyright 2004 American
Chemical Society).
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4.3. Nanoprotrusions

The addition of nanoparticles is another way to increase the surface area and roughness of a
material and alter its properties. Lin et al. prepared superhydrophobic nanofibers containing both
nanoprotrusions and nanogrooves by electrospinning PS solutions with silica nanoparticles [180].
Fiber mats containing 14.3 wt % silica exhibited the highest water contact angles (157.2°),
approaching that of the lotus leaf (160°). Fang et al. applied a surface coating of silica nanoparticles
and a fluorinated alkyl silane to electrospun PAN fibers. The loading of the nanoparticles and resulting
surface roughness was found to be critical in generating a superhydrophobic surface [181]. Asmatulu
et al. incorporated Ti0, and graphene nanoparticles into PS and polyvinyl chloride nanofibers in order
to generate self-cleaning photoelectrodes for dye-sensitized solar cells [182]. Wen et al. incorporated
Si0O; nanoparticles into Si0, fibers. The specific surface area increased substantially upon addition of
the nanoparticles from 4.14 m?/g to 345 m*/g with 4.29% loading. These materials are expected to find
important applications in dental composites [183].

Several researchers have used two-step processes to generate nanoprotrusions on electrospun fibers.
Chen et al. created nanofiber “shish kebabs” by electrospinning polycaprolactone followed by a
solution crystallization of PCL or a copolymer of PCL and PEO [184]. They observed a series of
nanoprotrusions from spikes to blocks oriented perpendicular to the fiber axis. The mechanism for this
process was similar to the crystallization mechanism of carbon nanotube growth from a surface.
Reneker et al. and Lai et al. grew carbon nanostructures from electrospun carbon nanofibers with iron
and palladium nanoparticles, respectively [157,185]. In the latter work, the type of carbon dictated the
morphology of the resulting nanostructure. Toluene as the carbon source yielded straight nanotubes;
pyridine gave coiled and y-shaped nanotubes; and chlorobenzene formed nanoribbons. Figure 9
displays a variety of carbon nanostructures from rods to y-shaped protrusions.

Figure 9. TEM images of carbon nanostructures grown on carbon nanofibers. (A) Short
carbon nanotubes; (B) densely packed carbon nanotubes; (C) carbon nanoribbons;
(D) Y-shaped carbon nanotubes. (Reprinted with permission from Lai et al. [157].
Copyright 2008 IOP Publishing).
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He et al. grew polyaniline nanowires on electrospun carbon nanofibers via in situ polymerization of
aniline. These materials had a high specific capacitance of 976.5 F g ' at a current density of 0.4 A g
and are expected to serve as electrodes for supercapacitors [186]. Ostermann et al. grew V,0s
nanorods on V;0s/TiO, nanofibers. The size of the resulting nanorods was controlled by the
calcination temperature and electrospinning conditions [187]. Wang et al. grew ZnO nanostructures on
TiO, fibers. Both ZnO nanorods and nanoplates were observed [188]. Liu et al. grew ZnO nanoneedles
on ZnO nanofibers using an aqueous solution process. These needle structures were over 500 nm long
and had quite high aspect ratios [189]. A possible application for these materials is in
high-performance field emission devices. Chen et al. used anodic aluminum oxide templates to create
nanopillars on PMMA and PS electrospun fibers. The formed fibers were annealed above their
glass transition temperature on the templates, cooled and removed to create ordered arrays of
nanorods [88].

5. Conclusions and Outlook

Although most of the research in the electrospinning field has focused on the use of smooth
1-D nanofibers and the control of their gross morphology (fiber diameter, alignment and quality, and
mat porosity), there is an ever-increasing interest in unique primary and secondary structures of
nanofibers. Through control of electrospinning processing parameters such as polymer chemistry,
solvent, humidity, electric field strength and collector type, a variety of hierarchical structures (helices,
beads-on-a-string, core-shell or hollow fibers, and nanoporous or fibers with nanoprotrusions) can be
made. These hierarchical fibers greatly expand and enhance the possible applications of electrospun
fibers in the fields of nanoelectronics, sensors, MEMs devices, tissue engineering, energy harvesting
and storage, meta-materials and photonics, nano/micro-fluidics, catalysis and filtration. It is expected
that the range of hierarchical structures and controlled nanofiber organization/patterning will continue
to grow, along with the applications of such materials. Many future advances will also most likely be
driven by the applications.

Electrospinning offers many advantages for the fabrication of nanomaterials, because it is generally
an inexpensive, straightforward facile process to manipulate the alignment and morphology of
electrospun fibers via changes in processing conditions. Yet many challenges still remain, including
the formation of sub-100-nm-sized fibers, electrospinning of materials with limited solubility, such as
conjugated organic polymers, and scale-up of the electrospinning process, especially in the generation
of patterned nanofibers or those with hierarchical structures [190]. In addition, more studies need to be
done to better correlate processing parameters and the resulting primary and secondary hierarchical
structures. Finally, the diversity and scope of electrospun materials still needs to be expanded. More
reproducible methods to generate fibers into well-defined arrays with hierarchical structures are
needed [191]. As these electrospinning techniques are perfected, and through interdisciplinary
collaborations, electrospinning is expected to become more significant in the fields of nanotechnology
and bioengineering [143].
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