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Preface

With the rapid development of nanoscience and nanotechnology over the last decades,
great progress has been made not only in the preparation and characterization of
nanomaterials, but also in their functional applications. As an important one-
dimensional nanomaterial, nanofibers have extremely high specific surface area
because of their small diameters, and nanofiber membranes are highly porous with
excellent pore interconnectivity. These unique characteristics plus the functionalities
from the materials themselves impart nanofibers with a number of novel properties for
applications in areas as various as biomedical engineering, wound healing, drug
delivery and release control, catalyst and enzyme carriers, filtration, environment
protection, composite reinforcement, sensors, optics, energy harvest and storage, and
many others. More and more emphasis has recently been placed on large-scale
nanofiber production, the key technology to the wide usages of nanofibers in practice.
Tremendous efforts have been made on producing nanofibers from special materials.
Concerns have been raised to the safety issue of nanofibrous materials.

This book is a compilation of contributions made by experts who specialize in their
chosen field. It is grouped into three sections composed of twenty-one chapters,
providing an up-to-date coverage of nanofiber preparation, properties and functional
applications. I am deeply appreciative of all the authors and have no doubt that their
contribution will be a useful resource for anyone associated with the discipline of
nanofibers.

Dr. Tong Lin
Centre for Material and Fibre Innovation, Deakin University
Australia
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Industrial Production
Technology for Nanofibers

Stanislav Petrik
ELMARCO s.r.0.,
Czech Republic

1. Introduction

Electrospinning methods for creating nanofibers from polymer solutions have been known
for decades (Kirichenko et al., 2007, Ramakrishna et a., 2005). The nozzle-less (free liquid
surface) technology opened new economically viable possibilities to produce nanofiber
layers in a mass industrial scale, and was developed in the past decade (Jirsak et al., 2005).
Hundreds of laboratories are currently active in the research of electrospinning process,
nanofiber materials, and their applications. Nanofiber nonwoven-structured layers are ideal
for creating novel composite materials by combining them with usual nonwovens. The most
developed application of this kind of materials is air filtration (Jaroszczyk et al., 2009).
Liquid filters and separators are being developed intensively with very encouraging results.
Also well known are several bio-medical applications utilizing nanofiber materials, often
from biocompatible/degradable polymers like PLA, gelatine, collagen, chitosan. These
developing applications include wound care, skin-, vessel-, bone- scaffolds, drug delivery
systems and many others (Proceedings, 2009). Inorganic/ceramic nanofibers attract growing
interest as materials for energy generation and storage (solar and fuel cells, batteries), and
catalytic materials (Kavan & Gratzel, 2002, Duchoslav & Rubacek, 2008, Rubacek &
Duchoslav, 2008, Bognitzki et al., 2001, Guan et al., 2003). To fully explore the extraordinary
number of application opportunities of nanofibers, the availability of reliable industrial-level
production technology is essential. This chapter intends to demonstrate that the technology
has matured to this stage.

2. Theoretical background

The electrospinning process is an interesting and well-characterized physical phenomenon
and has been an attractive subject for theoretical investigations of several groups (Bognitzki
et al., 2001, Taylor & Van Dyke, 1969, Doshi & Reneker, 1995, Thompson et al., 2007, Shin et
al., 2001, Yu et al., 2006, Hohman et al., 2008). Most work concentrates on the essentials of
the process - the nanofiber formation from a liquid polymer jet in a (longitudinal) electric
field. It has been theoretically described and experimentally proven that the dominant
mechanism is whipping elongation occurring due to bending instability (Thompson et al.,
2007, Yu et al., 2006, Hohman et al., 2008). Secondary splitting of the liquid polymer streams
can occur also (Kirichenko et al., 2007 ), but the final thinning process is elongation.

In Figure 1, the schematic of bending mechanism derived from physical model (a) is
compared with a stroboscopic snapshot (b) (Reneker, 2009).
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First Electrical
Bending Instability

Second Bending

Third Bending Instability

Instability
d

(Courtesy of Darrell Reneker, University of Akron)

Fig. 1. The path of an electrospinning jet (a - schematic, b - stroboscopic photograph).

A comprehensive analysis (electrohydrodynamic model) of the fiber formation mechanisms
published by (Hohman et al., 2008) describes the regions of individual kinds of instability

observed during the process. It has predicted and experimentally proven that there is a
domain of the process variables where bending instability dominates, as illustrated in Figure 2.
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Fig. 2. Operating diagram for a PEO jet. The upper shaded region shows the onset of the

whipping instability, the lower one shows the onset of the varicose instability (Hohman et
al., 2008).
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The efforts to scale up the electrospinning technology to an industrial production level used to
be based on multiplication of the jets using multi-nozzle constructions (Kirichenko et al., 2007).
In Figure 3, the multi-nozzle spinning head developed by NanoStatics Company is shown.
The principle is based on an idea to feed multiple nozzles from a single source of the
polymer solution.

Flow distribution head

Nozzles

Nanofibers
Fibers thin as they spin

Moving surface

E Material flow
| —
—
/
a

b

Fig. 3. Schematic (a) and photograph (b) of a multi-nozzle spinning head by NanoStatics
(NanoStatics, 2007).

Figure 4 shows the multi-nozzle spinning part of the machine being commercialized by
TOPTEC Company. The device uses upwards direction of electrospinning in order to
eliminate polymer droplets eventually falling from conventional down-oriented
electrospinning elements.

Fig. 4. Schematic (a) and photograph (b) of a multi-nozzle spinning head by TOPTEC
(TOPTEC, 2011).

However, the number of jets needed to reach economically acceptable productivity is very
high, typically thousands. This brings into play many challenging task, generally related to
reliability, quality consistency, and machine maintenance (especially cleaning). The nozzle-
less electrospinning solves most of these problems due to its mechanical simplicity,
however, the process itself is more complex because of its spontaneous multi-jet nature. The
(Lukas et al., 2008) study focused on the process of multi-jet generation from a free liquid
surface in an electric field. They showed that the process can be analyzed using Euler’s
equations for liquid surface waves
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\‘(p% +p ) =0 (1)

where @ is the scalar velocity potential, p is the hydrostatic pressure, and p is the liquid
density. They derived the dispersion law for the waves in the form

) N
w = (pg+ vk - sEak); )

where Ej is electric field strength, y - surface tension.

The relationship between angular frequency o and wave number k is in Figure 5, electric
field is the parameter. When a critical electric field intensity is reached (E., curve 1), @? is
turned to be negative, » is then a purely imaginary value, and hence, the amplitude of the
liquid surface wave

&= Ae? exp(ikx) 3)

exponentially grows, which leads to an instability.
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Fig. 5. Relationship between the square of the angular frequency and the wave number for
distilled water, electric field is the parameter 1: E=E.=2.461 945 094x106 V/m, 2: E=2.4x10¢
V/m, and 3: E=2.5x106 V/m (Lukas et al., 2008).

Critical field strength can then be expressed

E.=4ypgle? )

From this equation, they derived the expression for the critical spatial period
(~wavelength”) - the average distance between individual jets emerging from the liquid
surface (Figure 6).
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Ne=2m/k.,=2ma ®)
and
A= 127y/[2eE2+ (28E2) - 12vpg] ©6)
a is the capillary length
a=\y/pg )

(Courtesy of David Lukas, Technical University of Liberec)
Fig. 6. Free liquid surface electrospinning of Polyvinyalcohol at 32 kV (a) and 43 kV (b).

3. Technical realization

3.1 Description of the nozzle-less technology

The simplest realization of the nozzle-less electrospinning head is in Figure 7a. A rotating
drum is dipped into a bath of liquid polymer. The thin layer of polymer is carried on the
drum surface and exposed to a high voltage electric field. If the voltage exceeds the critical

Fig. 7. Free liquid surface electrospinning from a rotating electrode (a) and various types of
spinning electrodes (b).
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value (4), a number of electrospinning jets are generated. The jets are distributed over the
electrode surface with periodicity given by equation (6). This is one of the main advantages
of nozzle-less electrospinning: the number and location of the jets is set up naturally in their
optimal positions. In the case of multi-needle spinning heads, the jet distribution is made
artificially. The mismatch between “natural” jet distribution and the real mechanical
structure leads to instabilities in the process, and to the production of nanofiber layers
which are not homogenous.

Several types of rotating electrodes for free liquid surface electrospinning for industrial
machines have been developed (Figure 7b). However, the drum type is still one of the most
productive.

Production Nozzle Nozzle-Less
variable
Mechanism Needle forces polymer downwards. Polymer is held in bath, even

Drips and issues deposited in web.  distribution is maintained on
electrode via rotation.

Hydrostatic Production variable - required to be None.
pressure kept level across all needles in

process.
Voltage 5-20kV 30 - 120 kV
Taylor cone Defined mechanically by needle Nature self-optimizes distance
separation distances. between Taylor cones (Eq. (6)).
Polymer Often 10% of solution. Often 20% or more of solution.
concentration

Fiber diameters 80, 100, 150, 200, 250 and higher. 80, 100, 150, 200, 250 and higher.
Standard deviation likely to vary Standard deviation of +/-30%.
over fiber length.

Table 1. Comparison of Nozzle vs. Nozzle-Less Electrospinning.

3.2 Alternative technologies for nanofibers

Research and development centers are very active in their efforts to further improve
productivity of the manufacturing process. Novel methods for the production of sub-micron
fibers are being developed. The most advanced methods (“Fine Hole” meltblown and
“Islets-in-the-sea”) are compared with the two current electrospinning approaches in Table
2. The individual methods can be considered to be complementary rather than competing.
This is especially true with respect to the fiber diameter distribution and fiber layer
uniformity.

Figure 8 shows the extrusion methods being developed by Hills Inc. (HILLS, 2011).
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e Islands-In-A-Sea- (Fiver within a Fiber)

e Meltblowing

e Nanotubing

Islands-In-A-Sea
(Fiber within a fiber)

Nano-Tubing

Fig. 8. Fibers made by extrusion methods (HILLS, 2011).

Centrifugal forces for elongation of liquid polymer into thin fibers are used in the approach
developed by (Dauner et al., 2008). The productivity of the process they claim is high (up to
1000 cm3/m.hr), however, the fiber diameter distribution and homogeneity of the deposited
nanofiber layer is not at the levels achieved by electrospinning.

Individual methods will likely find different areas of application. More productive Nano-
meltblown and Islets-in-the-sea technologies compromise fiber diameter and homogeneity
and will likely be used in cost sensitive applications like hygiene nonwovens, while high
quality electrospun technologies will be used in products where their high added value and
need for low amounts of the material can be easily implemented (air and liquid filtration,
biomedicine).
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b

Fig. 9. Centrifugal spinning head (a) and a pilot production line by Dienes/Reiter (b)
(Dauner et al., 2008).

Sub-type  Fine hole Islets-in-the-sea Nozzle Nozzle-Less

Description Fine fiber Polymer blends are Solvent polymers Electrostatic field is
meltblown extruded through  are forced used to form fibers
process, melted thicker holes, then through a needle but is formed
polymer is separated and formed without needles
forced through afterwards, often  through an using higher voltage
small holes hydro-entangled  electrostatic field on roller-electrodes

Voltage n/a n/a 5-20kV 30 - 120 kV

Fiber size 800 - 2,500 800 - 2,500 ?? - 500 80 - 500

(nm) s=+/-200%  s=+/-200% s = Varies s=+/-30%

Hydrostatic Yes Yes Yes No

pressure

Production Yes Yes No Yes

ready?

Table 2. Nanofiber Production Methods.
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The nozzle-less principle using rotating electrodes has been developed into a commercially
available industrial scale. A photograph of a modular Nanospider™ machine is in Figure 10.

Fig. 10. Nozzle-less production electrospinning line (Nanospider™).

3.3 Performance of the technology

In addition to productivity (or throughput) of the production line, individual industrial
applications require certain production consistency. Petrik & Maly illustrated the nozzle-less
electrospinning technology performance with the example of air filtration media composed
of a regular cellulose substrate and a thin nanofiber layer made from Polyamide 6 (Petrik &
Maly, 2009). The product can be characterized by a number of parameters, like fiber
diameter distribution (mean value and its standard deviation), basis weight of the nanofiber
layer, etc. For the particular application, functional product parameters are more important.
Typical values are the initial gravimetric filtration efficiency (IGE), differential filtration
efficiency, and pressure drop, measured according to the norms widely accepted within
industry.

The correlation between nanofiber diameter and basis weight of the nanofiber layer with
differential filtration efficiency is illustrated in Figure 11. To obtain various basis weights,
substrate speed was varied from 0.2 m/min to 4 m/min for each series of samples. Polymer
solution parameters (concentration, etc.) together with electric field intensity determine the
range of nanofiber diameter. Nanofiber diameter distribution has been measured using a
scanning electron microscope (SEM). Basis weight values were obtained either by using an
analytical scale Mettler (higher values), or by extrapolation from its known dependence on
substrate velocity (lower ones).
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Fig. 11. Filtration efficiency of nanofiber media samples.

Pressure drop for various coatings at 10 m/min face velocity

Substrate I/\B;Zf;z ; Di;\;ﬁz tor Filtration Efficiency Pressure Drop
at 0.35 micron D vs. D vs.

(g/m2) (nm) particle size | uncoated |(mm of H»0)| uncoated

(%) substrate substrate
Cellulose No coating [n/a 11 n/a 15.24 n/a
Cellulose 0.03 200 23 108% 17.53 15%
Cellulose 0.05 200 50 357% 19.30 27%
Cellulose 0.10 200 70 545% 2413 58%
Cellulose 0.03 100 44 298% 18.80 23%
Cellulose 0.05 100 81 644 % 22.61 48%
Cellulose 0.10 100 95 766 % 29.21 92%

Table 3. Properties of nanofiber filtration media samples shown in Figure 11.
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For production technology tests, pressure drop and initial gravimetric filtration efficiency
have been chosen as representative product parameters. They were measured using NaCl
aerosol at the following settings: air flow speed: 5 m/min, sample area 100 cm?, flow rate 50
1/ min.

In Figure 12, results of long-term stability and reproducibility of the IGE are presented. It
can be seen that the individual runs differ within the standard deviation of the process, and
the mean value of the filtration efficiency does not exhibit any significant shift after 16 hours
of machine run. Similar consistency exhibits the value of the basis weight of the nanofiber
layer, shown in Figure 13.

Stability of IGE (8 long-term tests)

100,0

90,0

80,0

70,0

60,0

50,0

IGE (%)

40,0

30,0

20,0

10,0

0,0
00:00 02:24 04:48 07:12 09:36 12:00 14:24 16:48

Process Time

Fig. 12. Stability of initial gravimetric filtration efficiency of the media produced at the
industrial nozzle-less electrospinning equipment.
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Basis weight stability
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Fig. 13. Consistency of nanofiber layer basis weight produced with industrial nozzle-less
electrospinning equipment.

The third important parameter of the filtration media is its homogeneity across the width of
the roll. The data for the 1.6 meter wide roll produced with the machine in Figure 6 are
shown in the graph in Figure 14. Pressure drop was measured in 10 evenly distributed
points at a cross section of the substrate belt.

Transversal homogenity

—o—test 1
© —=—test 2
-5 test 3
% - test4
—*—test5

1 2 3 4 5 6 7 8 9 10
left side .......... right side

Fig. 14. Transversal homogeneity of the filtration media (1.6 m width, dP = pressure drop).
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Production capacity of the industrial electrospinning line for Polyamide 6 is illustrated in
Figure 15.

Fig. 15. Production capacity of the nozzle-less electrospinning line with Polyamide 6.

4. Conclusion

High-quality low-cost production of nanofiber layers is essential to support the enormous
amount of research results being obtained at many universities and research centers. The
described nozzle-less electrospinning technology has matured to a level where large scale
production use is common, and can be modified for practically all known polymers soluble
in organic solvents and water, as well as for polymer melts. This opens commercial
opportunities for hundreds of ideas developed in the academic sphere.
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1. Introduction

Electrospinning technique has attracted a lot of interests recently, although it was invented
in as early as 1934 by Anton (Anton, 1934). A basic electrospinning setup normally
comprises a high voltage power supply, a syringe needle connected to power supply, and a
counter-electrode collector as shown in Fig. 1. During electrospinning, a high electric voltage
is applied to the polymer solution, which highly electrifies the solution droplet at the needle
tip (Li & Xia, 2004). As a result, the solution droplet at the needle tip receives electric forces,
drawing itself toward the opposite electrode, thus deforming into a conical shape (also
known as “Taylor cone” (Taylor, 1969)). When the electric force overcomes the surface
tension of the polymer solution, the polymer solution ejects off the tip of the “Taylor cone”
to form a polymer jet. The charged jet is stretched by the strong electric force into a fine
filament. Randomly deposited dry fibers can be obtained on the collector due to the
evaporation of solvent in the filament. There are many factors affecting the electrospinning
process and fiber properties, including polymer materials (e.g. polymer structure, molecular
weight, solubility), solvent (e.g. boiling point, dielectric properties), solution properties (e.g.
viscosity, concentration, conductivity, surface tension), operating conditions (e.g. applied
voltage, collecting distance, flow rate), and ambient environment (e.g. temperature, gas
environment, humidity).

Electrospun nanofibers exhibit many unique characteristics, such as high surface-to-mass
ratio, high porosity with excellent pore interconnectivity, flexibility with reasonable
strength, extensive selection of polymer materials, ability to incorporate other materials
(e.g. chemicals, polymers, biomaterials and nanoparticles) into nanofibers through
electrospinning, and ability to control secondary structures of nanofibers in order to
prepare nanofibers with core/sheath structure, side-by-side structure, hollow nanofibers
and nanofibers with porous structure (Chronakis, 2005). These characteristics enable
electrospun nanofibers to find applications in filtrations, affinity membranes, recovery of
metal ions, tissue engineering scaffolds, release control, catalyst and enzyme carriers,
sensors and energy storage (Fang et al., 2008). In spite of the wide applications,
electrospun nanofibers are produced at a low production rate when conventional needle
electrospinning setup is used, which hinders their commercialization. Electrospinning
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with large scale nanofiber production ability has been explored, and some inspiring
results have been achieved. This chapter summarizes the recent research progress in large
scale electrospinning technologies.
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Fig. 1. Schematic illustration of a basic electrospinning setup, the Taylor cone, and a SEM
image of electrospun nanofibers (Li & Xia, 2004).

2. Downward multi-jet electrospinning

A straightforward way to increase the electrospinning throughput is to use multi-jet
spinnerets as shown in Fig. 2a. The fiber productivity can be simply increased by increasing
the jet number (Varesano et al., 2009, 2010; Yang et al., 2010). However, multi-jet
electrospinning has shown strong repulsion among the jets and this may lead to reduced
fiber production rate and poor fiber quality, which is the main obstacle to practical
application. To reduce the jet repulsion, jets have to be set at an appropriate distance, and a
large space is required to accommodate the needles for the mass nanofiber production.

To stabilize and optimize the electrospinning process an extra-cylindrical electrode has
been used as an auxiliary electrode to cover the multi-jet spinneret (Kim et al., 2006). As
shown in Fig. 2b, the presence of the external electrode dramatically reduces the fiber
deposition area, thus improving the fiber production rate. Nevertheless, coarser fibers
were observed, because the auxiliary electrode shortened the chaotic motion of multi-jets
in electrospinning,.

five spinnerets

Fig. 2. (a) A multi-jet electrospinning setup (Theron et al., 2005), (b) multi-jet electrospinning
with a cylindrical auxiliary electrode (Kim et al., 2006).



Needleless Electrospinning: Developments and Performances 19

In electrospinning, the ejected solution jet carries a large amount of charges, which drive the
jet stretching and fiber deposition on the collector. According to the electrospinning
mechanism, it can be deduced that interferences in multi-jet electrospinning are unable to be
eliminated completely, which will be a barrier to the industrialization of multi-jet
electrospinning. Furthermore, the successful operation of multi-jet electrospinning requires
a regular cleaning system to avoid the blockage of the needle nozzles. Setting the cleaning
device for each needle makes it almost impossible to use multi-jet electrospinning for mass
production of nanofibers.

In addition to the multijet electrospinning, porous tubes have also been used as
electrospinning spinnerets to improve the fiber productivity. This system is herein still
classified into multi-jet electrospinning because the electrospinning process is based on
conveying solutions inside the tube channels. A porous polyethylene tube with a vertical
axis was used to electrospin nanofibers (Fig. 3a) (Dosunmu et al., 2006). The production rate
was reported to be 250 times greater than that of single needle electrospinning. However,
the SEM results of obtained nanofibers showed large variations in the fiber diameter.

In another example of tube electrospinning (horizontal tube), the polymer solution was
pushed through the tube wall with many holes at 1 ~ 2 kPa pressure (Fig. 3b) (Varabhas et
al., 2008). This setup can only produce 0.3 ~ 0.5 g/hr of nanofibers due to the small number
of holes (fiber generators) that can be drilled per unit area. Although it was mentioned that
the production rates can be easily scaled up by increasing the tube length and the number of
holes, the space between holes can’t be reduced much because of the electric field repulsion
between the jets. The strong jet interference in this setup can even result in nanofiber belt
instead of fiber web (Varabhas et al., 2008).

Fig. 3. (a) Electrospinning using a vertical tubular foam spinneret (Dosunmu et al., 2006), (b)
horizontal tube electrospinning (Varabhas et al., 2008).

Wang et al. reported a conical wire coil electrospinning spinneret, which can work at up to
70 kV without causing corona discharges (Wang et al., 2009). As shown in Fig. 4a~c, the
spinning solution was held in the wire cone without using any solution channels. Due to the
large surface tension and visco-elasticity, the polymer solution can be retained inside the
wire cone. When a high electric voltage was applied to the wire coil, solution was stretched
out from the wire surface and the gap between wires to form solution jets. Without using
defined solution channels, the fiber ejected independently, eliminating the limitation of jet
number that was formed in multi-jet electrospinning and tube electrospinning. In
comparison with conventional needle electrospinning, wire coil electrospinning can
improve the electrospinning throughput noticeably and produce nanofibers with smaller
fiber diameter (Fig. 4d). The results also indicated that fibers prepared by coil
electrospinning had a wider diameter distribution than those produced by the needle
electrospinning.
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Fig. 4. (a) Schematic illustration of conical wire coil electrospinning setup, (b) photograph of
the electrospinning process, (c) illustration of jet formation, (d) comparison between needle
electrospinning and coil electrospinning (PVA concentration = 9 wt%; collecting distance =
15 cm) (Wang et al., 2009).

An edge-plate electrospinning setup for improving the fiber productivity was reported by
Thoppey et al (Thoppey et al., 2010). A plate (Angle with respect to horizontal 0 = 40°) for
retaining solution was used as a spinneret to electrospin polyethylene oxide (PEO)
nanofibers (Fig. 5a). In this method an electrically insulated reservoir connected with one or
more plastic pipettes supplied solution to the charged plate, and each pipette supplied a
solution stream as jet initiation site. It was found that the production rate was increased by
over 5 times even using a single spinning site (one pipette) without getting coarser fibers
and wider diameter distribution (Fig. 5 b & c). The surface tension of polymer solution plays
a vital role, and the plate angle must be set appropriately according to the solution
properties, otherwise solution dripping may occur.

a Waterfall geometry

reservoir collector plate

i .
DC high voltage i ,-n

Fig. 5. (a) Schematic illustration of plate edge electrospinning, (b) & (c) SEM images of
nanofibers electrospun from (b) conventional needle electrospinning (collecting distance =
15 cm, applied voltage = 11 kV) and (c) edge-plate geometry (collecting distance = 35 cm,
applied voltage = 28 kV) (Thoppey et al., 2010).

In another electrospinning design, a solution reservoir was used to provide spinning
solution to a metal roller electrospinning spinneret (Fig. 6) (Tang et al., 2010). The polymer
solution droplets were splashed onto the surface of a metal roller by a solution distributor,
which had a hole at the bottom. When the voltage was applied, solution droplets adhering
on the surface of metal roller spinneret were ejected and stretched under the electric force to
form nanofibers. This setup was proposed to have the ability to perform electrospinning
with improved fiber production rate.
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Fig. 6. Schematic illustration of splashing electrospinning setup (Tang et al., 2010).

A rotary cone was used as electrospinning spinneret to perform electrospinning recently,
which used a glass pipe to supply the PVP solution to the cone to ensure enough solution
for continuous electrospinning (Fig. 7a) (Lu et al., 2010). The electrospinning throughput of
this setup was reported to be 1000 times larger than that of conventional needle
electrospinning. The morphologies of nanofibers prepared by the cone electrospinning were
nearly the same as those produced by conventional needle electrospinning (Fig. 7 b&c).
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Fig. 7. (a) Schematic illustration of the rotary cone electrospinning setup (inset: SEM image
of collected PVP nanofibers, rotational speed of cone = 100 rpm, applied voltage = 30 kV,
collecting distance = 20 cm, solution throughput = 10 g min), (b) fiber diameter distribution
of needle electrospinning, (c) fiber diameter distribution of rotary cone electrospinning (Lu
et al., 2010).

3. Upward needleless electrospinning

3.1 Electrospinning techniques

A good electrospinning method suitable for manufacturing nanofibers should have minimal
dependences on the fluidic channel numbers to improve the fiber productivity. It should be
universal for processing polymer solutions of different properties. Some upward needleless
electrospinning setups have good potential.

Yarin and Zussman (Yarin & Zussman, 2004) reported a two-layer-fluid electrospinning setup
(Fig. 8a) that could dispose of the problems related to multi-jet electrospinning. In this setup,
the lower fluid layer was a ferromagnetic suspension and the upper layer was the polymer
solution to be spun. During electrospinning, when a normal magnetic field was applied to the
system, steady vertical spikes were formed perturbing the interlayer interface. As a result of
applying a high voltage to the fluid at the same time, thousands of jetting ejected upward (Fig.
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8b). This upward electrospinning system required a complicated setup and the resultant
nanofibers had large fiber diameter and wide diameter distribution (Fig. 8c).
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Fig. 8. (a) A two-layer-fluid electrospinning setup, (b) multiple jets ejected toward the counter-
electrode, (c) an image of as-spun fibers (scale bar is 50 mm) (Yarin & Zussman, 2004).
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In another upward electrospinning work, bubbles or humps were generated on the free
surface of a polymer solution to initiate the electrospinning process (Liu et al., 2008). Unlike
the previous design, a high pressure gas was used by inserting a gas tube to the bottom of
the solution reservoir. A flat aluminum plate was used as collector above the solution.
When a high voltage was applied to the solution, Taylor cones were easily formed from the
humps. The fiber production rate was reported to depend on the gas pressure, the solution
properties and the applied voltage. However, fibers prepared by this method contained
large beads.

Jirsak et al (Jirsak et al., 2005) invented a needleless electrospinning setup by using a rotating
roller as the nanofiber generator. When the roller was partially immersed into a polymer
solution and slowly rotates, the polymer solution was loaded onto the upper roller surface.
Upon applying a high voltage to the electrospinning system, an enormous number of
solution jets can be generated from the roller surface upward (Fig. 9). This setup has been
commercialized by Elmarco Co with the brand name “Nanospider™”.

Fig. 9. Roller electrospinning process (left), and commercialized Nanospider™ (right) (Jirsak
et al., 2005).

Lukas et al (Lukas et al., 2008) developed a one-dimensional electrohydrodynamic theory to
describe the electrospinning of conductive liquids from an open flat surface based on the
phenomenon that nanofibers can be electrospun from linear clefts even without being aided
by a magnetic fluid underneath (Fig. 10). This work added a general approach toward
studying dynamics of surface waves. During electrospinning from a free liquid surface, due
to the electric force the amplitude of a characteristic wavelength boundlessly grew faster
than the others. The fastest growing stationary wave marked the onset of electrospinning
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from a free liquid surface with its jets originating from the wave crests. The proposed theory
predicated the critical values of the phenomenon, the critical field strength and
corresponding critical inter-jet distance, and the inter-jet distance for field strengths above
the critical value. The theory also predicted relaxation time necessary for spontaneous
jetting after a high voltage was applied, and explained the fundamental of upward
needleless electrospinning.

Fig. 10. Schematic illustration of a linear cleft electrospinning setup (left) and
electrospinning process (right) (Lukas et al., 2008).

Needleless electrospinning process with rotating spinneret can be summarized as that, the
rotation of spinneret loads a thin layer of polymer solution onto the spinneret surface. The
rotation and perturbance create conical spikes on the surface of this solution layer. When a
high voltage is applied to the spinneret, these spikes tend to concentrate charges and
amplify the perturbance and the fluid around the spikes is drawn to these spikes under high
electric force. Taylor cones are thus formed. Fine solution jets are then ejected from the tips
of these Taylor cones, when the electric force is large enough.

Using a similar design, Niu et al systematically compared the needleless electrospinning
using different rotary fiber-generators (disc, cylinder or ball) (Niu ef al., 2009) (Fig. 11).
When PVA solution was charged with a high electric voltage via a copper wire inside the
solution vessel, numerous jets/filaments were generated from the spinnerets, which
deposited on the collector (e.g. rotating drum). With the rotation of the spinneret, PVA
solution was loaded onto the spinneret surface constantly, leading to continuous generation
of polymer jets/filaments. They also used finite element method to analyze electric field and
examine the influence of spinneret shape on the electric field profile. They found that the
spinneret with a highly concentrated and evenly distributed electric field is the key to
efficient needleless electrospinning of uniform nanofibers.

Based on this understanding, a new needleless electrospinning system using a spiral coil
wire as fiber generator was invented (Lin et al., 2010). As shown in Fig. 11, when the applied
voltage exceeded a critical value, numerous polymer jets were generated from the wire
surface. It was also found that the spiral coil had higher fiber production rate than cylinder
spinneret of the same dimension, and the fiber diameter was finer with a narrower diameter
distribution (Wang et al., 2009 ).

High throughput production of nanofibers in the name of “Tip-less Electrospinning” (TLES)
has been demonstrated by Wu et al (Wu et al., 2010), using a circular cylinder as the fiber
generator. This is also an upward needleless electrospinning system using rotating
spinneret. The solution ejecting process from the generator surface is shown in Fig. 12.
Experimental results showed that the yield of poly(ethylene oxide) nanofibers can be more
than 260 times in weight compared to that of a single-jet electrospinning.
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Fig. 11. Schematic illustrations of needleless electrospinning setup, and cylinder, disc, ball,
and spiral coil electrospinning processes (Niu ef al., 2009; Lin et al., 2010).

Fig. 12. Fiber ejecting process of a cylinder electrospinning (applied voltage = 70 kV,
collecting distance = 15 cm, cylinder diameter = 3 cm) (Wu et al., 2010).

There are significant differences between the needle and upward needleless
electrospinning processes. In the upward needleless electrospinning, Taylor cones are
created on the surface of polymer solution. If the Taylor cone is stable, it will move
together with the surface of rotating roller and produces a solution jet under the strong
electric field. Therefore, there must be strong inter-molecular interactions among polymer
macromolecules in the solution to stabilize the Taylor cone given that Taylor cone is
stretched into a fine jet and deposited on the collector as solid fibers. Different to the
conventional needle electrospinning in which Taylor cone is generated and stabilized
through constantly feeding polymer solution through the needle, the upward needleless
electrospinning forms its Taylor cones by sucking up the solution covering the
surrounding fiber generator (Cengiz & Jirsak, 2009). It was observed that the base
diameter of Taylor cone in cylinder electrospinning reduced from 1.2 mm to 0.3 mm in the
beginning and the end of the electrospinning, respectively (initial polymer film thickness
=1 mm). If the film thickness is further reduced, no Taylor cones or nanofibers can be
generated (Wu et al., 2010). Therefore, the solution must have a suitable rheological
property. Furthermore, a higher electric voltage is required to initiate the needleless
electrospinning, because Taylor cone is formed due to the wave fluctuation.
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3.2 Parameters affecting needleless electrospinning

3.2.1 Applied voltage

Applied voltage is a very important parameter affecting both the electrospinning process
and fiber properties. A high applied voltage (usually over 40 kV) is usually required to
initiate an upward needleless electrospinning. The critical voltage required to initiate
electrospinning is closely related to the material properties, ambient environment (e.g.
humidity, temperature) and collecting distance. High critical voltages are required when
either the solution concentration or the collecting distance increases (Fig. 13 a & b). This can
be explained that at a high concentration solution, the increased viscosity requires a larger
electric force to create Taylor cones. Increasing the collecting distance reduces the electric
field strength in the electrospinning zone. It was also found that a solution film in the
thickness range of 0.5 mm ~ 2 mm was in favor of forming Taylor cones, and could reduce
the critical voltage (Fig. 13c) (Wu et al., 2010).

@ - ®) - (©)

The electrode-to-substrate distance (cm) Film thickness (mm)

The volage threshold (kV
The voltage threshold (kV)

Fig. 13. Critical voltage versus (a) solution concentration (film thickness = 1 mm, electrode-
to-substrate distance = 15 cm, (b) electrode-to-substrate distance (film thickness = 1 mm,
electrode-to-substrate distance = 15 cm, and polymer solution = 15 wt%), and (c) film
thickness (electrode-to-substrate distance = 15 cm and polymer solution = 15 wt%) (Wu et
al., 2010).

The spinneret geometry also affects the critical voltage. The spinneret that can generate an
intensified electric field (disc spinneret) requires a lower voltage to initiate electrospinning.
Niu et al found that disc spinneret and cylinder spinneret had different critical voltages for
initiating electrospinning, 42 kV and 47 kV, respectively. For the cylinder spinneret at a low
applied voltage, the jets were only generated from two end areas, and no jets/filaments
were produced from the middle cylinder surface until the applied voltage was above 57 kV.
Further increasing the applied voltage led to the generation of jets from the entire cylinder
surface. The disc can easily generate high intensity electric field. This was why the disc
generated nanofibers regardless of the applied voltage value, as long as the voltage was
above the critical value. The fiber morphology was mainly affected by polymer
concentration, but little by applied voltage.

Niu et al also found that increasing the applied voltage from 47 to 62 kV had little effect on
the average fiber diameter in both disc and cylinder electrospinning systems. For the disc
electrospinning, the fiber diameter distribution became narrower when the applied voltage
was increased (Fig. 14a). For the cylinder electrospinning, the average fiber diameter and
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diameter distribution showed a very small dependence on the applied voltage. The applied
voltage affected the fiber productivity significantly. The electrospinning throughput in both
electrospinning systems increased with the increase in applied voltage. When the applied
voltage was increased from 57 kV to 62 kV, the fiber productivities of the cylinder
electrospinning and disc electrospinning were very similar, indicating that disc spinneret is
a high efficiency fiber generator, although the cylinder spinneret is 100 times longer than the
disc spinneret (Fig. 14b).
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Fig. 14. Influences of applied voltage on (a) fiber diameter, and (b) fiber productivity
(collecting distance = 13 cm, PVA concentration = 9 wt%, cylinder diameter = 80 mm,
cylinder rim radius = 2 mm, disc diameter = 80 mm, disc thickness =2 mm) (Niu et al., 2009).

Using a spiral coil, the productivity of electrospun PVA nanofibers increased with the
applied voltage (45 kV ~ 60 kV) (Wang et al., 2009 ). The trends that the fiber diameter
decreased but the production rate increased with increasing applied voltage were also
reported by other researchers using different polymer systems (Wu et al., 2010). All these
results suggest that the applied voltage plays a key role in improving the fiber production
rate in the upward needleless electrospinning.

3.2.2 Collecting distance

Reducing the fiber collecting distance has a similar effect to increasing the applied voltage,
but the collecting distance can’t be reduced infinitely. To collect solid nanofibers, the
collecting distance must be large enough to ensure sufficient solvent evaporation from the
jet before deposition. The minimal collecting distance is dependent on the solution property
and the geometry of fiber generator. For example, the minimal collecting distance for the
PEO solution was 10 cm when humidity and temperature are 43% RH and 22 °C,
respectively (Wu et al., 2010), and 11 cm for the PVA solution (Niu et al., 2009). However,
the collecting distance should not be too large either, since a larger distance would require a
higher applied voltage to initiate electrospinning, which may cause corona discharge. A
good balance should be maintained between the applied voltage and the collecting distance
for successful upward needleless electrospinning.
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3.2.3 Rotating speed of fiber generator

The rotating speed of fiber generator in upward needleless electrospinning may be varied
over a wide range, which has an influence on electrospinning. A rotating speed of 40 rpm
was reported in two studies (Niu et al., 2009, Wang et al., 2009 ). Cengiz and Jirsak used
3.2~4 rpm for their designs (Cengiz & Jirsak, 2009, Jirsak et al., 2010). Cengiz et al (Cengiz et
al.,, 2009) found that the fiber diameter decreased when the rotating speed of a cylinder fiber
generator (8 cm in length and 2 cm in diameter) was increased. It is normally believed that
increasing rotating speed reduces the life span of the Taylor cone. Very fast spinneret
rotating speed is not good for improving the fiber productivity.

3.2.4 Polymer concentration

The polymer solution concentration plays a vital role in upward needleless electrospinning.
When the polymer solution concentration is too low, polymer beads rather than nanofibers
are usually produced. When the concentration is very high, the polymer solution becomes
too thick to be stretched into jets. As long as polymer solutions can be electrospun into
nanofibers successfully, the polymer concentration doesn’t affect the fiber diameter
significantly.

Niu et al have studied the effect of PVA concentration on needleless electrospinning. They
found that when PVA concentration changed from 8 wt% to 11 wt%, fiber diameter did not
change significantly. The nanofibers spun from the disc spinneret had a much narrower
diameter distribution than those from the cylinder spinneret. However, the electrospinning
throughput was highly dependent on the solution concentration. When the PVA
concentration was in the range of 8.0 ~ 11.0 wt%, the productivity of disc electrospinning
increased with increasing PVA concentration, while the cylinder electrospinning was highly
affected by the PVA concentration. When 9 wt% PVA solution was electrospun with an
applied voltage of 52 kV, nanofibers were generated from the whole cylinder surface. 9 wt%
PVA also gave the largest electrospinning throughput (Fig. 15). Higher PVA concentration
resulted in generation of nanofibers only from cylinder ends.
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Fig. 15. Influence of PVA concentration on (a) fiber diameter, and (b) fiber productivity
(collecting distance = 13 cm, applied voltage = 57 kV, cylinder diameter = 80 mm, cylinder
rim radius = 2 mm, disc diameter = 80 mm, disc thickness = 2 mm) (Niu et al., 2009).
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The upward needleless electrospinning has good capability of producing nanofibers from
different polymer solution systems. In addition to water solvent system, organic solvent
systems, e.g. dimethylformamide (DMF), have already been used to prepare nanofibers. The
polyimide precursor (polyamic acid) produced from 4, 4’-oxydiphthalic anhydride and 4, 4'-
oxydianiline in DMF has been electrospun into nanofibers, on a polypropylene spunbond
supporting web, with diameters in the range 143 ~ 470 nm using roller electrospinning
(Jirsak et al., 2010). Consequently, these polyamic acid fibers can be heated to convert to
polyimide nanofibers. Another example is the polyurethane (PU) nanofibers electrospun
using the roller electrospinning from PU/DMEF solution (Cengiz & Jirsak, 2009).

Chain entanglements and molecular weight are two important properties that can affect the
electrospinning process. Shenoy et al (Shenoy et al., 2005) reported that the macromolecule
chain entanglement characterized by the entanglement number in solution (#e)som can
ultimately determine the formation of beads or fibers. Beads are formed when (1¢)soln is
below 2 and fibers are produced when (1¢)soln is over 2.5. It was found that the PVA with a
molecular weight of 67.000 was not spinnable, while other solutions (molecular weight:
80.000 and 150.000) could be successfully electrospun into nanofibers (Cengiz et al., 2009a).
The electrospinning throughputs of both PVA solutions increased with increasing PVA
concentration (Fig. 16).
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Fig. 16. Influence of polymer solution on the electrospinning performance (cylinder length =
14 cm, cylinder diameter = 2 cm, cylinder rotating speed = 3.2 rpm, collecting distance = 11
cm, applied voltage = 81.2 kV) (Cengiz et al., 2009a).

The addition of salt to the solution can increase the charge density of the solution and
improve the electrospinning process. With low or no tetraethylammoniumbromide (TEAB)
salt, the PU solution can’t be electrospun into nanofibers. When a small amount of TEAB
was added into polyurethane solution, the electrospinning was significantly improved. Both
fiber diameter and productivity increased with the increase in the TEAB concentration
(Cengiz & Jirsak, 2009). The reason for this is that TEAB increases the electric conductivity
resulting in the improvement in electrospinning ability.

The upward needleless electrospinning possesses many advantages over the conventional
needle electrospinning process. The conglobation of dopants in the electrospinning solution
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can easily block the needle spinneret and cease the electrospinning process. In the absence of
capillary spinneret, there will be no nozzle blockage in the needleless electrospinning. PVA
nanofibers containing carbon nanotubes (CNTs) have been successfully prepared using a
roller electrospinning process (Kostakova et al., 2009).

It was also found that the spinneret geometry significantly affected the electrospinning
process and fiber property (Fig. 17). Under the same electrospinning conditions, the disc
produced the finest nanofibers with the narrowest fiber diameter distribution. Cylinders
produced coarse nanofibers with the largest fiber productivity. Compared to disc and
cylinder spinnerets, ball spinneret produced coarser nanofibers with lower productivity.
The spiral coil electrospinning combined the advantages of cylinder and disc spinnerets, by
producing fine and uniform nanofibers at a high productivity (Lin et al., 2010).
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Fig. 17. Comparisons among cylinder, disc and ball spinnerets in fiber diameter and
productivity (applied voltage = 57 kV, collecting distance = 13 cm, cylinder diameter = 80
mm, cylinder rim radius = 5 mm, disc diameter = 80 mm, disc thickness = 2 mm, ball
diameter = 80 mm).

4. Fiber collection in upward needleless electrospinning

The fiber collection in needleless electrospinning can generally be classified into three types:
grounded plate, rotating drum and moving substrate. The plate collector is normally used
for electrospinning at a moderately high production rate, e.g. multi-jet electrospinning and
wire coil electrospinning. However, these fiber collectors are not suitable for upward
needleless electrospinning systems, because the deposition of numerous nanofibers
accumulates a large amount of charges on the collector, which can finally disturb or even
stop the electrospinning process if they are not dissipated quickly. Moving collectors are
therefore necessary in these systems. There are two types of moving collectors: rotating
drum collector and moving substrate. The drum collector was used by Niu et al (Fig. 11).
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Drum collector can also collect aligned nanofiber mat. When the mat reaches a certain
thickness, it can be peeled off from the collector. Jirsak et al (Jirsak et al., 2010) used a
moving substrate to collect nanofibers in their systems. The advantage of this type of fiber
collection is that nanofibers can be collected continuously and the nanofiber web does not
have to be very strong; such a collection system also allows the incorporation of nanofibers
into the fiber collecting substrate itself, if required.

5. Electric field analysis

One of the vital conditions for initiating an electrospinning process is the high electric
field intensity and the strong interactions between electric field and polymer fluid. The
electric force has been identified as the driving force for electrospinning. Although the
driving force in all electrospinning is the same, the electrospinning process could be
influenced by the spinneret geometry. In needle electrospinning, only the polymer
solution at the needle tip is under electric force. Induced by a high electric voltage,
charges accumulate on a liquid surface, giving rise to electric forces. At a low applied
voltage, under the influences of electric force, the droplet reduces its size so that the force
balance is maintained. With an increase in the applied voltage, the shape of solution
droplet evolves from the hemi-sphere to a cone shape (Taylor cone) with a high electric
force concentrated at the tip of the Taylor cone. When the electric field reaches a critical
value, the droplet at the cone tip overcomes its surface tension, to eject into the electric
field formed between the tip and collector, and a solution jet is thus generated. Through
the above analysis, one can conclude that jet initiation is determined by the applied
voltage. In needle electrospinning, the critical applied voltage for electrospinning was
proposed in equation (1) (Taylor, 1969):

V2 = 4in (%) (13Ry)(0.09) (1)

where h is the distance from the needle tip to the collector, R denotes the needle outer
radius, and vy is the surface tension. The factor 0.09 was inserted to predict the voltage.
Ludas et al (Lukas et al., 2008) have explained the self-organization of jets happening on a
free liquid surface in needleless electrospinning process. The critical electric field intensity
for electrospinning nanofibers was proposed as:

E. = \/4ypg/e? )

where p is liquid mass density, g is gravity acceleration, y is surface tension, ¢ is the
permittivity. In both the models, electric force plays a crucial role in the jet initiation.

In a static electric field, it is well known that the relationship between voltage and electric
field intensity can be expressed as:

E=-VV 3)

Therefore, a surface with a higher curvature will have higher electric field intensity. In
needleless electrospinning, because the surface electric field is highly determined by the
spinneret shape, the electrospinning process is also influenced by the shape of the spinneret.
The region with higher surface curvature can generate high intensity electric field, and
electrospinning can therefore be initiated easily from this region.
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The electric field of needleless electrospinning spinneret is quite different from needle
spinneret. The electric fields of coil-wire and needle electrospinning spinnerets were
calculated and compared to examine the relationship between electric field intensity and
electrospinning performance (Wang et al., 2009). The intensified electric field is generated on
the wire surface (Fig. 18 a & b), the needle spinneret generates intensified electric field at its
tip, but with a lower intensity due to the lower applied voltage used (Fig. 18 ¢ & d). This
should be the reason as to why a coil-wire electrospinning can produce finer PVA
nanofibers than a needle electrospinning (Wang et al., 2009).
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Fig. 18. Cross-sectional view of electric field intensity profiles on (a) & (b) conical coil
spinneret (applied voltage = 60 kV), (c) needle spinneret (applied voltage = 22 kV), and (d)
electric field intensity profiles along the electrospinning direction. Spinneret (0, 0), collector
(0, 15) (Wang et al., 2009).

In the plate edge electrospinning, the sharp edge can generate strong electric field close to
the edge, which decays rapidly toward to the ground, while the electric field profile is
similar to that of a needle spinneret (Fig. 19 a & b). Many spinning sites can be formed along
the entire edge, generating much more solution jets than employing an array of needles
(Thoppey et al., 2010). In the plate stack spinneret, more spinning sites can still be formed
along these plate edges for generating more nanofibers, although the electric field intensity
gradient close to the plate edge is reduced (Fig. 19 c).

Our recent study indicated that the difference in geometry between the cylinder, disc,
ball, and coil spinnerets led to totally different electric field intensity profiles. As shown in
Fig. 20, much higher electric field intensity is formed at the cylinder top ends than the
middle top surface. As a result, the cylinder ends produced nanofibers more easily than
the middle area and the nanofibers produced from the whole cylinder had a wide
diameter distribution. If the rim radius of the cylinder ends was reduced, stronger electric
field tended to be generated. However the electric field in the cylinder middle area was
little affected by the rim radius. When the rim radius was 5 mm, the cylinder spinneret
resulted in the highest production rate, while the cylinder length and diameter remained
unchanged.
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Fig. 19. Electric field intensity distribution of different electrospinning setups (collecting
distance = 15 cm, applied voltage = 15 kV, insets are the magnifications of the indicated
square areas in each figure), (a) conventional needle electrospinning, (b) edge-plate
electrospinning, and (c) waterfall electrospinning (Thoppey et al., 2010).

When the cylinder length and the rim radius were kept unchanged, the area with high
electric field intensity shrank with reducing cylinder diameter, and the electric field
intensity in the middle surface increased with a decrease in the cylinder diameter (Fig. 20a).
Reducing cylinder diameter can contribute to the improvement in electrospinning
throughput. It was also reported that when cylinder diameter increased from 1 cm to 6 cm,
the critical voltage for electrospinning a PEO solution increased from about 25 kV to 61 kV
(Wu et al., 2010).

Cylinders can produce nanofibers from the whole surface, but only when the applied
voltage is high enough. This makes the cylinders less efficient compared with other
spinnerets such as disc and spring coil, in terms of power consumption. The electric field is
narrowly distributed on the disc top edge in Fig. 20b, and the intensity around the disc
surface shows a high dependence on the disc thickness. Thinner disc produced higher
electric field intensity around the disc circumference. Compared with the cylinders, discs
required a lower critical voltage to initiate the electrospinning and produced fibers with a
narrower fiber diameter distribution. The thinnest disc showed the largest fiber
productivity.

High electric field intensity is mainly generated on the top half of the ball spinneret (Fig.
20c). The generated electric field was more evenly distributed along the ball surface
compared to the cylinder spinnerets but had lower intensity. The experimental results also
verified the theoretical calculation results that ball spinneret had low production rate and
required a higher voltage to initiate electrospinning (Fig. 20c).

The coil spinneret can generate intensified electric field on each spiral. The coil length, coil
distance, coil diameter, and wire diameter all showed significant influence on the generated
electric field and electrospinning throughput. The electric field intensity decreased with the
increase in coil length, thus less polymer jets were produced on each spiral. When the coil
distance decreased from 8 cm to 1 cm, the productivity on each spiral decreased gradually
since the electric field intensity decreased evidently. The spirals interfered each other when
the pitch was too small (e.g. 2 cm), very strong electric field was formed on the side area of
the coil but much weaker field in the center. The electric field intensity increased with
increasing coil diameter, which increased the fiber productivity. The electric intensity
increased with the decrease in wire diameter, and the productivity increased slightly. When
wire diameter was higher than 6.35 mm, very low electric field intensity was formed,
resulting in an evident drop in fiber productivity.
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Fig. 20. Electric field intensity profile of (a) cylinder, (b) disc, (c) ball, and (d) coil spinnerets

(Lin et al., 2010).

6. Issues associated with needleless electrospinning

The upward needleless electrospinning has been proven to be the most successful needleless
electrospinning system. The solution bath is normally open to air. The evaporation of
solvent from solution can increase the solution viscosity and decrease the solution
uniformity. To ensure good electrospinning ability, the solution in the bath must be

calculated precisely.

Due to the formation of a large number of solution jets in a small space (from the spinneret
to the collector), the concentration of organic solvent in the electrospinning zone could reach
a high value during electrospinning. How to recycle the organic solvent efficiently has
became a major issue in designing an upward needleless electrospinning system. An air

ventilating system has been used to address this issue in the Nanospider™ (Fig. 21).
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7. Concluding remarks

Electrospun nanofibers have numerous applications in various fields. Developing an
electrospinning technique for large-scale nanofiber production has become more and more
important, as the conventional needle electrospinning has limited productivity and is only
suitable for research purpose. Upward needleless electrospinning has been shown the
ability to mass produce nanofibers and it is also the most successful design for practical
applications. It is expected that the solvent can be recycled effectively so that the fibers are
produced with minimal impact on the environment. An efficient needleless electrospinning
system to produce nanofibers from thermoplastic polymers is yet to be developed.
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1. Introduction

The world is turning into a vast technological jungle and the amount of pollution has
increased proportionally to the number of industries and world population. The majority of
the pollution is created by anthropogenic activities that include burning of fossil fuels, exhaust
of automobiles and other combustion processes. Beginning with the 1940s, some urban cities
started experiencing air pollution because of the increasing number of automobiles (Haagen-
Smit, 1970). By the 1960s, cars had been manufactured in large quantities and had become
popular in providing personal mobility to an increasing range of people. But in automobiles,
the process of combustion of gasoline in the engine to carbon dioxide (CO,) and water was not
a very efficient process (Twigg, 2007). The byproducts of combustion include residual
uncombusted hydrocarbons (HCs), partial combustion product carbon monoxide (CO), nitric
oxides (NOx) formed from atmospheric nitrogen during combustion, and particulate matter
(PM), especially carbonaceous particulate formed in diesel engines (Shelef & McCabe, 2000). In
the engine exhausts the CO level ranged from 1 to 2 vol. % while unburnt HCs ranged
between 500- 1000 vppm. During the process of combustion, very high temperatures are
produced by the burning of gasoline droplets that result in the thermal fixation of Ny in the air
to form NOx with concentrations in the range of 100-300 vppm (Patterson& Henein,1972;
Armor, 1994; Heck & Farrauto, 1995; Silver et al., 1992). NO, (where 1<x<2), consisting mainly
of nitrogen monoxide (NO) and nitrogen dioxide (NO; ) are one among many toxic pollutants
in air. NO is the most abundant nitrogen derivative present in the atmosphere, and represents
95% of the total NOx emissions (Degobert & Marshall, 1995). The total nitrogen oxides emitted
in the world from automotive exhausts was 6.4 million in 2005 (EPA,2005). NO, undergoes
photochemical reactions leading to the generation of smog. It has been proven to cause serious
health impacts such as respiratory troubles, circulation problems, and premature death
(Patterson& Henein,1972; Meulenbelt, 2007). Another major pollutant is carbon monoxide. CO
poisoning is the most common type of fatal poisoning in many countries. CO adversely effects
human health leading to cardiovascular and neurobehavioral problems, developmental
disorders and in some cases even death (Raub et al., 2000). CO primarily occurs in urban traffic
where gasoline engines often idle resulting in high concentration levels of up to 100 mg/m3
(Degobert & Marshall, 1995).

To prevent environmental pollution, it is essential to eliminate these toxic air pollutants by
converting them into less harmful substances. Hence their abatement using catalysts is a
very important topic of research and application. Noble metals are most commonly used as
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catalysts for reducing these air pollutants and to meet the stringent federal regulations
(Patterson & Henein, 1972) The global market for energy and environmental catalysts was
worth $12.2 billion in 2006, $13.0 billion in 2009 and an estimated $18.5 billion in 2012 at a
compound annual growth rate (CAGR) of 7.4 % from 2007 to 2012 (BCC Research, 2007).
Noble metals can be used as nanocatalysts to eliminate these toxic substances from the
various exhausts. Nanosize materials possess high surface energy which result in specific
catalytic activity and selectivity (Zhou et al., 2004). The catalytic activity of supported metal
particle catalysts is strongly dependent on the size and shape of the particles. Hence, on a
mass basis nanocatalysts are very active due to their high surface areas and high specific
catalytic activity (Gai et al., 2002). Nanocatalysts also optimize the use of precious metals
thus minimizing the specific cost per function.

Due to high surface area to volume ratio, noble metal nanoscale metals differ in their
properties from bulk materials (Narayanan & El-Sayed, 2005). These materials have
potential applications in catalysis and as sensors (Takashi et al.2005). Supported
nanoparticles have been used for a variety of heterogeneous catalysis reactions such as
acylation, alkane isomerisation, benzene hydrogenation, Suzuki-Miayura reaction and
Heck’s reaction. Nanoparticles have properties in between bulk materials and molecules
and are potentially useful for new generations of chemical, optical, magnetic, and electronic
devices. Well distributed nano sized noble metal particles show better potential as catalysts
than bulk materials [Gniewek et al., 2008; Luo et al., 2005; . Tribolet & Kiwi-Minsker, 2005).
Metal oxide nanofibers are potential candidates as catalyst supports for heterogeneous
catalytic reactions (Patel et al., 2007; Park et al., 1998; Park et al.,2008). Nanofibers can be
produced by electrospinning. Electrospinning is a process in which fibers of nanoscale or
submicron scale are generated, as the electrified jet (composed of a highly viscous polymer
solution) is continuously stretched due to electrostatic repulsions between the surface
charges. The jet continues to stretch until it either encounters a grounded surface or enough
of the solvent has evaporated that the jet is no longer fluid enough to stretch (Li & Xia,
2004). The fiber diameter can be controlled by varying the process parameters such as
polymer concentration, viscosity, electric field, solvent composition, flow rate, diameter and
angle of spinneret (Doshi & Reneker, 1995). As catalyst supports, nanofibers can provide a
means of constructing catalytic systems that have large surface area, are lightweight, are
thermally and chemically stable, and result in optimization of precious metals (Takashi et
al., 2005). The formation of nanoscale diameter fibers from electrospinning have been
explored for high-performance filters, wound dressing materials, and biomaterial scaffolds
for tissue engineering (Wei & Ma, 2004; Filatov, 2007). The structures thus produced have a
high surface area to volume ratio, high length to diameter ratio, high porosity and
interconnected pores, good surface functionalities, and superior mechanical performance
(e.g. stiffness and tensile strength) (Doshi & Reneker, 1995; Sukigara et al., 2003; Huang et
al.,, 2003). Figure 1 shows the schematic diagram of an electrospinning setup.

Traditionally, the catalysts are coated onto commercial monolithic supports by the wetness
impregnation technique. In this method, the catalyst precursor salt is dispersed on the
support surface by the impregnation of the solution of the precursor. The precursor particles
are formed in the drying process, calcined to form metal-oxides and subsequently reduced
to form fine supported metal particles (Zhou et al., 2004).

In the present work, an alternative approach has been developed wherein the noble metal
nanocatalysts are incorporated into a ceramic nanofiber. The catalysts on ceramic nanofibers
increase the overall exposed catalyst area and simultaneously immobilize the catalyst to
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Fig. 1. Electrospinning setup.

minimize catalyst loss. A small amount of the catalyst incorporated ceramic nanofibers are
mixed with microfibers to fabricate a filter disk by a vacuum molding technique. This filter
disk, termed as ‘catalytic filter’, is a combination of catalytic elements and filter. The
catalyzed ceramic nanofiber augmented microfiber filter media can be used for two
applications: reduction of NO and oxidation of CO and for enhanced particulate removal.
This chapter describes the process of fabrication of the catalytic filters and its applications in
reducing NO, and CO emissions.

The combination of two operations, catalysis and filtration, in one operation improves
performance and reduces processing, investment and maintenance costs (Heidenreich et al.,
2008). The individual nanoparticles are dispersed throughout the entire fiber and firmly
anchored to the walls of the pores of the alumina support; hence their tendency to sinter and
coalesce is minimized. In addition, there is free diffusional access of reactants and exit of
products from the nanocatalyst, thereby facilitating the catalytic turnover of bulky organic
molecules such as unburnt hydrocarbons (Hermans et al., 2001; Raja et al., 2001; Thomas et
al., 2001). Nanomaterials are more effective than the monolithic support structures for two
reasons. First, their extremely small size yields a tremendous surface area-to-volume ratio.
Second, when materials are fabricated on the nanoscale, they achieve properties not found
within their macroscopic counterparts. Both of these reasons account for the versatility and
effectiveness of nanocatalysts. They also help in reducing the cost of processes which are
indispensable without them (Schlogl & Hamid, 2004).

Fibrous materials in filter media have advantages which include high filtration efficiency
and low air resistance (Tsai et al.,, 2002). One method to develop highly effective and
efficient filters is by the addition of nanofibers. When the channels and structural elements
of a filter are matched to the size of the particles or droplets to be captured, the capture
efficiency improves considerably (Graham et al., 2002). Nanofibrous media have low basis
weight, high permeability and small pore size that make them appropriate for a wide range
of filtration applications. Nanofibers offer unique properties of high specific surface area,
high porosity and good interconnectivity of pores, potential to incorporate active chemistry
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or functionality on nanoscale and high permeability for gases (Barhate & Ramakrishna,
2007; Ahn et al., 2006). The nanofibrous media have advantages over mesoporous media by
avoiding the mass transfer limitation of substrates due to reduced thickness and intrafiber
porosity. In particular, they are highly successful for the development of high-performance
air filters. The electrospinning process in particular can be used to tailor the porosity, fiber
diameter, and pore size to achieve the desired structural configuration (Barhate &
Ramakrishna, 2007).

From filtration theory, submicron fibers have better filter efficiency than larger fibers at the
same pressure drop in the interception and inertial impaction regimes. The interception and
inertial impaction efficiencies will increase faster, more than compensating for the pressure
drop increase (Graham et al., 2002). A second factor for submicron fibers is the effect of slip
flow on the fiber surface. One assumption in filtration theory is that of continuous flow
around the fiber with no-slip condition at the fiber surface. But, when the scale of the fiber
becomes small enough that the molecular movements of the air molecules are significant in
relation to the size of the fibers and the flow field, this assumption becomes invalid and slip-
flow model is added to extend the filtration theory.

2. Experimental: fabrication of catalytic filters

The manufacture of the catalytic filter media involves the steps shown in Fig.2. The active

ingredient in the catalytic filter is the ceramic nanofibers i.e. metal incorporated alumina

nanofibers which is responsible for the conversion of NOx and CO into safer products.

Over the years, ceramic nanofibers have evolved with a multitude of applications which can

be categorized primarily in four ways (Ramaseshan et al., 2007):

1. Chemistry based applications: catalysis, storage batteries, membranes, fuel cells,
sensors,

2. Physical change based applications: optical communications, data and magnetic
storage,

3. Materials based applications: filtration, paints, packaging, aerospace, and

4. Biomedical applications: biosensors, bone and tissue engineering, biomechanical
devices

Hence, in this research the immense potential of ceramic nanofibers is exploited for catalysis

and filtration applications.

The main steps in the fabrication of a catalytic filter are:

1. Preparation of the electrospinning solution,

2. Electrospinning to form metal oxide incorporated alumina nanofibers,

3.  Vacuum molding to form fibrous filter, and

4. Reduction to convert the catalyst metal oxides in the alumina nanofibers to their
catalytic metal state.

The synthesis of ceramic nanofibers involves three main steps:

1. Preparation of sol with suitable inorganic precursor and carrier polymer with suitable
concentration, mixing and temperature conditions,

2. Electrospinning the sol by adjusting and optimizing conditions such as viscosity,
electric field, concentration, flow rate etc. to obtain composite fibers, and

3. Calcination of the composite mat to decompose the polymer template and to convert
the metal precursors to their respective oxides.
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Fig. 2. Process flow diagram for the manufacture of catalytic filter.

The purposes of a carrier polymer are to assist with the electrospinning process and to form
uniform colloidal dispersions of catalyst salt particles (Esumi et al., 1994). In this case,
polyvinylpyrrolidone (PVP) was chosen as the carrier polymer because PVP can form a
complex with the metal ions or metal particles, which can prevent the agglomeration of the
cluster, and synthesis monodisperse nanoparticles with uniform size (Qian et al., 2001). PVP
also plays an important role in protecting and stabilizing the colloidal dispersions of noble
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metals. Since soluble polymers can cover the whole surface of the catalyst, the effect of the
supporting polymer may be promoted in the case of the polymer- protected colloidal metals
compared with that by inorganic supports (Hirai et al., 1985). The precursor for alumina is
basic aluminum acetate. The oxidation of basic aluminum acetate produces alumina.
Aluminum acetate is calcined in air at 600 °C to form alumina. At this temperature, the
carrier polymer degrades primarily to CO, and H>O. The stepwise conversion is as follows:
From 170 to 220 °C, condensation of the OH groups on the basic acetate occurs by the
reaction (Ayral & Droguet, 1989).

2 Al (OH) (OAc), — ALO(OACc); + H;0

From, 220 to 475 °C the two carboxylates groups decompose to form amorphous alumina.
Other phases of the alumina can be obtained by calcining at higher temperatures (Ayral &
Droguet, 1989). This is described by the reaction

800°C 1200°C
Amorphous A1,03 —» yALO; —» 6A1,0; —» 0ALO; —» a ALO:s.

2.1 Electrospinning of palladium doped alumina nanofibers

To optimize the electrospinning process, combinations of several parameters have to be
considered. 9 wt. % solution of polyvinylpyrrolidone (PVP, Aldrich, Mw 1,300,000) in
ethanol (Pharmco-AAPER alcohol) was prepared. This molecular weight of PVP was used
because low concentrations of PVP could be used for electrospinning when diluted with
ceramic precursor solution to obtain nanofibers with small diameters. Since the carrier
polymer is generally sacrificed in the end to obtain ceramic nanofibers, lower concentrations
of the polymer are preferred to increase the yield of ceramic nanofibers. Aluminum acetate
precursor solution (AA solution) was prepared by mixing aluminum acetate (Alfa Aesar,
Basic hydrate), water and formic acid in the weight ratio of 1:2.5:1, respectively. The PVP
solution and AA solution were mixed in the weight ratio of 1:2, respectively. Palladium
chloride (Sigma-Aldrich, 60 % Pd) was mixed in the resulting mixture in the ratio of 5 wt%
PdCl, with respect to aluminum acetate and stirred overnight at 40 °C using a magnetic
stirrer. The solution was further diluted with ethanol. The solution was electrospun with a
flow rate of 2 pl/min and an electric field of 1 kV/cm. The sample was placed in a vacuum
oven at room temperature for 5 hours to remove trapped solvents. The electrospun
nanofibers were calcined to 600 °C to degrade the polymer and convert the metal precursors
to metal oxides. From Thermogravimetric Analysis (TGA) there was significant mass loss as
the temperature was ramped up to 500 °C. Above 500°C, the sample mass became constant,
indicating that the organic materials (PVP, ethanol, acetate group) had degraded and the
volatiles had evaporated (Figure 3). Hence, the fibers calcined to 600 °C were relatively pure
metal oxide and free of PVP and residual solvent.

To obtain the fiber diameter distribution, the diameters of 100 fibers were measured from 10
Scanning Electron Microscope (SEM) images similar to those in Figure 4. The distribution
was calculated using Equations (1) and (2) (Dosunmu et al., 2006; Varabhas et al., 2008):

In(x;) = - Liln(x) (1)

T(Li(n(x)-In(xy5)?)
in(oy) = (EECOTED o
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where, L; is the length of the fiber segments with diameter x; and L =) L;. The distributions
are asymmetric and may be fitted with a log-normal distribution.
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Fig. 3. TGA of PdCl,/ Aluminum Acetate/PVP nanofibers.

Fig. 4. SEM images of (a) PdCly/ Aluminum Acetate/PVP nanofibers and (b) PdO/ALLOs
nanofibers.

The frequency distributions are determined from Equation (3)

) — %)) 2
£ = di L exp (_ (n(x)-In(%y)) ) ®)

Ingy 2w 2 (In ag)z

and plotted in Figure 5. The average fiber diameter was X; = 54.59 nm and standard
deviation was g, = 1.28 for the log-normal distribution.
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Fig. 5. Length weighted log-normal frequency distribution of PdO/ Al,O; fiber diameters.

From Transmission Electron Microscope (TEM) images (Figure 6) the average particle size of
50 measurements of the PAO nanoparticles on the Al,O3 nanofiber was 2.43+0.70 nm.

Fig. 6. Transmission electron micrographs of PAO/ Al;O3 nanofibers.
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2.2 Electrospinning of platinum incorporated alumina nanofibers

The 9 wt. % PVP solution and AA solution was mixed in the ratio of 1:3 by weight,
respectively. Platinum chloride (PtCly, 99.9 %, Sigma Aldrich) was dissolved in a mixture of
water and ethanol. This solution contained 3.8 wt. % of platinum chloride with respect to
aluminum acetate. The solution was mixed overnight at 50 °C. Then the solution was
electrospun at a flow rate of 2 ul/min and an electric field of 1 kV/cm. The sample was
placed in a vacuum oven at room temperature for 5 hours to remove trapped solvents. The
electrospun nanofibers were calcined to 600 °C for 4 hours to obtain PtO/Al;,O; Similar to
Figure 3 for PdO/AlLOs, the TGA analysis of PtO/Al,O3 showed significant mass loss
occurred as the temperature was ramped up to 450 °C. Above 450 °C the sample mass
became constant, indicating that the organic materials (PVP, ethanol, acetate group) had
degraded and the volatile components had evaporated. Hence, the fibers calcined to 600 °C
were relatively pure PtO/AlOz and free of PVP and residual solvents.

Figure 7a shows scanning electron micrographs of PtCly/Aluminum Acetate/ PVP
composite nanofibers. From Figure 7b, the average fiber diameters of PtO/Al,O3 were in the
range of 35-65 nm. After these composite nanofibers were calcined to 600 °C, they were
converted to PtO/AlLOs. Figure 8 shows a sample TEM image of PtO/ALO; of PtO
nanoparticles on the alumina nanofiber. From the TEM images the average particle size of
100 measurements of the PtO nanoparticles on the ALOs; nanofiber was calculated to be
about 2.87+0.82 nm.

The length weighted log-normal frequency fiber diameter distributions for PtO/ALO; are
shown in Figure 11 with average fiber diameter of X; = 53.05 nm and standard deviation of
a4 = 1.53 for the log-normal distribution.

Fig. 7. Scanning electron micrographs of (a) PtCl,/ Aluminum Acetate/ PVP composite
nanofibers (b) PtO/ Al,O; nanofibers.



46 Nanofibers — Production, Properties and Functional Applications

500 nm

Fig. 8. Transmission electron micrographs of PtO/ Al,O3 nanofibers.
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Fig. 9. Length weighted log-normal frequency distribution of PtO/Al,O; fiber diameters.
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2.3 Electrospinning of rhodium incorporated alumina nanofibers

9 wt % PVP solution and AA precursor were added in the ratio of 1:4 by weight,
respectively. Rhodium chloride (RhClz, 99.9 %, Sigma Aldrich) was dissolved in ethanol in
the ratio of 3.7 wt % of rhodium chloride respect to the aluminum acetate. This solution was
mixed overnight at the 50 °C. Using the rotating drum collector electrospinning setup,
nanofiber mat was produced with a flow rate flow rate of 2 pl/min and an electric field of 1
kV/cm. The nanofibers were calcined at 600°C for 4 hrs to form Rh,O3/ Al,O3 nanofibers.
The TGA analysis of RhyO3/AlLO; precursor fibers, similar to the TGA analysis of
PdO/ AL,O;3 in Figure 3, showed significant mass loss as the temperature ramped up to 450
°C. Above 450 °C, the sample mass became constant, indicating degradation of the PVP and
evaporation of volatiles.

Figure 10(a) shows SEM images of RhCl3/ Aluminum Acetate/ PVP composite nanofibers.
After these composite nanofibers were calcined to 600 °C, they were converted to
RhyO3/ AL,O;5 (Figure 10b). Figure 11 shows an example TEM image of Al,Oj3 fibers with the
RhyO3 nanoparticles on the nanofiber. The average particle size of the RhoO3 nanoparticles
was 1.16+0.35 nm.

The length weighted log-normal frequency fiber diameter distribution for RhoOs3/ALOs is
shown in Figure 12. The average fiber diameter is X; = 61.57 nm and the standard deviation
is g5 = 1.33 for the log-normal distribution.

Fig. 10. (a) Scanning electron micrographs of of RhCls/ Aluminum Acetate/ PVP composite
nanofibers (b) RhoOs/ Al,O3 nanofibers.
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Fig. 11. Transmission electron micrograph of Rh,O3/ Al,O3 nanofibers.
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Fig. 12. Length weighted log-normal fiber diameter frequency distribution of of
Rh,03/ Al,O3 nanofibers.
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2.4 Formation of nanofiber based filter media

Filter media were prepared by vacuum molding an aqueous slurries of fibers and binder.
The vacuum molding apparatus consists of a mixing tank, filter mold, collection tank and
vacuum pump. The slurry was prepared using a mixture of microfibers, ceramic nanofibers,
corn starch and alumina binder in water. Diluted acid was added to maintain the slurry at a
pH ~ 6.0 and starch was added to enhance the binding capability of the binder and fibers.
The slurry was mixed overnight using a stirrer to obtain a uniform dispersion of materials. It
was poured into the mixing tank and agitated by bubbling into the bottom of the tank. The
Plexiglas mold was located at the bottom of the mixing tank. The mold had an internal
diameter of 2.3 cm, equal to the diameter of the filter. The bottom of the mold had a fine
steel wire mesh to capture the fibers. A vacuum was applied to the collection tank. A hose
from the collection tank to the underside of the mold transferred the vacuum pressure to the
mold to pull the slurry from the mixing tank through the steel mesh. The fibers were
retained on the steel mesh forming a wet fibrous filter cake. The wet cake was heated to dry
the cake and to thermally set the binder.

The slurry in the mixing tank consisted of 4 L of water, 0.5 g of alumina microfibers (SAFFIL
HA, Thermal Ceramics), 0.05 g catalytic fibers, 0.02 g corn starch, 1 mL alumina binder
(alumina rigidizer, Zircar Ceramics) and about 20 drops of dilute HSO4 acid. The slurry
was stirred for 8 hours before it was vacuum molded at 5 psi to form a filter wet filter cake.
The wet cake was dried at 120 °C for 2 hours to remove moisture and calcined to 600 C for 4
hours to set the binder. The filter disk was heated at 400 °C with hydrogen gas (20 % H, 80
% N32) for 4 hours to convert the precious metal oxides to their native metal form.

Figure 13 is a sample SEM image of the alumina microfibers. The average fiber diameter
range determined by log-normal frequency distribution (Figure 14) was calculated to be ¥, =
3.20 pm and the standard deviation was og = 1.29 for the log-normal distribution. Alumina
microfibers were used to structurally and functionally support the catalytic fibers because
they can withstand high temperatures and they have a similar coefficient of expansion in
comparison to the catalytic nanofibers.

Fig. 13. Scanning electron micrographs of A,O3 microfibers.
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Figure 15 (a) shows picture of a catalytic filter having diameter of 2.3 cm and height of 1.5
cm. The filter can be molded to the desired shape and dimensions using molds and meshes
with the desired diameter. Figure 15 (b) are scanning electron micrographs of sections of
catalytic filters. The nanofibers are entrapped by the large microfibers. This structure results
in higher capture efficiencies and quality factor for a very small increase in pressure drop in
comparison to a filter with only microfibers (Srinivasan, 2005).
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Fig. 14. Length weighted log-normal frequency of fiber diameter of Al,O3 microfibers.

Fig. 15. (a) Disk shaped catalytic filter approximately 2.3 cm in diameter and 1.2 cm thick. (b)
SEM image of nanofibers mixed among microfibers in the catalytic filter.
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2.5 Characterization of filter media
The catalytic filters were characterized for porosity, permeability and hardness.

2.5.1 Porosity

Porosity is a 3-dimensional measurement of the void volume of a filter material. Porosity is
defined as the ratio of the volume of all of the pores of a material to the volume of the filter
and is one of the parameters that describes the structure of the filter material. A special
made pycnometer was used to measure the bulk porosity of the filter media by a gas
expansion method. The pycnometer consists of two chambers, one (with a removable gas-
tight lid) and the second chamber of a fixed, known internal volume - referred to as the
reference volume or added volume. The device also comprises a valve to admit a gas under
pressure to the second chamber, a pressure measuring device and a valved vent from the
second chamber.

The porosities of three of the disk shaped catalytic filters are listed in Table 1. Each listed
porosity is the average of three filters of the same type. The accuracy of the special made
pycnometer is at best +0.01.

Type of catalytic filter Porosity+0.01
Pd/AlO; 0.97
Pt/ AlLOs 0.97
Rh/ALOs 0.96

Table 1. Porosity of the catalytic filters.

2.5.2 Permeability

Permeability is defined as the volume of a fluid that will move across a known area of filter
media at a constant pressure drop. It is used to describe how easily a fluid flows through a
material and is measured by a Frazier Air Permeability tester (Frazier Precision Instrument
Co.) modified to hold the disk shaped filters. The Frazier test is based on Darcy’s law which
relates the pressure drop to flow through a packed bed with the permeability coefficient as
given by Equation (4):

L () =% @

kS

where k= Permeability in m?

P,= Initial pressure, in Pa

PL= Final pressure, in Pa

L=Thickness of media, in m

Q=Volumetric flow rate, in m3/s

p=Kinematic viscosity, in Ns/m?

A=Area, in m?
Table 2 lists the permeabilities of the catalytic filters for measurements done in triplicate for
each type of catalytic filter.
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Type of catalytic filter Permeability (m?2)
Pd/ALOs; 1.25+0.05*10-11
Pt/ Al,Os 1.15+0.08*10-11
Rh/ALOs 1.4+0.1¥10-11

Table 2. Permeability of the catalytic filters.

2.5.3 Hardness

A durometer (Rex Gauge Co. Model 1600 Type O) was used to measure the hardness of
the filter. Type O durometers are used for very soft elastomers, textile windings, soft
granular materials (Rex Durometers, 2006) and is suitable for measuring the hardness of
fibrous filters. In this durometer, the load deflection curve is a straight line where 100
durometer O points equals 822 grams and zero durometer O points equals 56 g. The
durometer was pressed down and held in a vertical position till the entire foot was in
contact with the filter. The dial hand gave the durometer reading. The reading after 15
seconds was also noted while maintaining firm contact of the durometer foot against the
filter to make sure that the value was consistent and there was no creep or cold-flow of
the filter. The hardness values of the catalytic filters are given in Table 3, as the average of
triplicate measurements.

Type of catalytic filter Durometer O Points Load(g)
Pd/AlLOs 10 £2 110
Pt/ ALOs 1441 140
Rh/ALLOs 13+1 120

Table 3. Hardness of the catalytic filters

2.6 Reaction test setup

The reaction test setup was constructed to test the activity of the catalytic filter when
challenged with NO and CO gases. He, CO and NO were forced through the catalytic filter
cell with controlled flow rates using mass flow controllers. To increase the velocity and to
maintain the stoichiometry of NO and CO, He was used as the carrier gas. In the
construction of the filter cell, two stainless steel cylindrical blocks were machined with a
central hole of diameter 2.3 cm and three holes in the corners for screwing the two parts
together. These two parts were bolted together. A gasket made of ceramic fibers was used
for sealing the reactor. Bottom and top parts of the reactor were connected with 1/8”
stainless steel tubing to the rest of the setup (Figure 16). To control the reactor temperature,
the reactor was wrapped with heating tape connected to a temperature controller and
insulated.
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The pressure drop across the reactor was measured using a pressure transducer. The
concentration of the inlet and the outlet gases were measured using a gas chromatograph
(GC). The GC was connected to a computer where the peaks of the gases were displayed
and their respective concentrations were calculated. Figure 17 shows the flow diagram of
the reactor setup.

Fig. 16. (a) Reactor (b) Internal view of the reactor and screws.

The ceramic filter medium was positioned in the filter holder for measuring its activity. The
gases were continuously flowed from the bottom of the reactor and exhausted from the top.
The inlet concentration and the exhaust concentration were monitored by the GC. The
temperature of the reactor was gradually increased to observe the light-off temperature of
the NO and CO gases. The concentration profile of the inlet and outlet gases was obtained
with respect to different temperatures. The maximum temperature the setup was taken to
was 450 °C.

For the Pd/AlOs (Figure 18) catalytic filter which contained 0.05g of the PdO/ALOs
nanofibers the decomposition temperature of NO was 350 °C. In the case of Pt/ A,Os (Figure
19) the filter contained 0.05g of PtO/ Al,O3; nanofibers and the decomposition temperature of
NO was 325 °C. The Rh/ALO;3 (Figure 20) filter decomposed NO at a much lower
temperature of 250 °C. This is because NO readily dissociates on Rh {111} and N is
adsorbed from the Rh surfaces from 200 to 300 C (Lambert & Bridge, 1984; Hendrickx &
Nieuwenhuys, 1986). On the other hand, Pt and Pd are good for oxidation reactions and but
are less able to dissociate NO than Rh (Thomas & Thomas, 1997).
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Fig. 17. Flow diagram of the reactor setup.
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Fig. 20. Concentration vs. temperature for the reaction over 0.05g of Rh/Al,Os.
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3. Conclusion

In this research, the noble metals (palladium, platinum and rhodium) have been
incorporated into alumina nanofiber support by sol gel processing and electrospinning
techniques. The diameter of the nanofibers and the particle sizes of the noble metals are
summarized in Table 4.

Material Fiber Diameter (nm) Catalyst Particle Diameter (nm)
PdO/ALO; 40-70 2.43+0.70
PtO/ALOs 35-65 2.87+0.82
RhyO3/ AL O3 50-80 1.16£0.35

Table 4. Diameter of the nanofibers and catalyst particles.

These nanofibers were mixed with alumina microfibers to form a filter using vacuum molding.
The catalytic filter was reduced under flowing hydrogen to reduce the noble metal oxide into
their native metal form. This filter was tested in a stream of NO and CO. The NO gas was
completely decomposed in the temperature range 225 ~ 400 °C depending on the type and
amount of catalyst and reaction conditions. Nitrogen, carbon dioxide, and nitrous oxide gases
were detected as reaction products. The electrospinning solutions for fabricating the catalyst
supporting nanofibers were optimized by varying the ratio of aluminum acetate precursor
solution and carrier polymer solutions to obtain maximum yield of ceramic nanofibers.
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1. Introduction

Nanofibers have been paid much attention in research community due to the recent
developments in nanotechnology. Generally, nanotechnology deals with structures sized
1-100 nm in at least one dimension. Nanotechnology may create many new materials and
devices with a vast range of applications such as in medicine, electronics, biomaterials
and energy production. As described in some reports, the fabrication of nanofibers is the
subject of much attention because of their unique characteristics such as a very large
surface area to mass ratio and other properties, which allow many promising properties
for advanced applications. Nanofibers have been produced by a variety of methods. Most
nanofibers are artificially prepared by electrospinning process, which produces fibers
from polymer solution using interactions between fluid dynamics, electrically charged
surfaces and electrically charged liquids. However, the processability, biocompatibility,
and biodegradability of the obtained composites are limited compared to those of natural
polymers.

There is a growing interest in producing nanofibers from natural polymers, since they
introduce additional functionalities such as biodegrability, biocompability, renewability and
availability. A variety of nanofibers are produced in nature, such as collagen fibrils, fibroin
in silk, deoxyribonucleic acid (DNA) with double helix, and so on.

Among the variety of nanofibers, cellulose microfibrils are the most abundant natural
nanofiber in nature. Recently, Abe et al. succeeded in isolating cellulose nanofibers with a
uniform width of approximately 15 nm from wood (Abe et al., 2007). Wood cell walls
consist of stiff cellulose microfibrils, embedded in soft matrix substances such as
hemicelluloses and lignin which behave just as adhesive between microfibrils. Due to the
extended crystalline structure, the microfibrils have efficient physical properties; their
Young's modulus is 138 GPa (Nishino et al., 1995), their tensile strength is at least 2 GPa,
based on experimental results for kraft pulp, and their thermal-expansion coefficient in the
axial direction is as small as 0.1 ppm/K (Nishino et al., 2004) . These structural features of
wood cell walls make the wood stiff and tough, and are helpful in supporting the huge body
of a tree. Since cellulose nanofibers are embedded in the matrix phase, they can be isolated
by first removing the matrix and subsequently extracted as nanofibers by a very simple
grinding treatment.
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After cellulose, chitin is the second most abundant biomacromolecule in nature, existing
mainly in exoskeletons of crabs, shrimps, and insects, and is synthesized in the amount 1010
to 1011 tons every year (Gopalan & Dufresne, 2003). Owing to its linear (1—4)-/N-acetyl
glycosaminoglycan structure with two reactive hydroxyl groups and an acetamide group
per anhydro-N-acetylglucosamine unit, chitin has broad potential in the design of advanced
polymeric biomaterials (Figure 1). However, most of chitin is discarded as industrial food
residue without effective utilization. Thus, it is important to develop efficient use of chitin as
a natural and eco-friendly material.

OH OH OH OH
Q Q 0} Q
HO:. %O (?-10 QiO
R R R R

Cellulose: R = OH
Chitin: R = NHAC

Fig. 1. Chemical structure of cellulose and chitin.

Native chitin in crab shells has highly crystalline structure, arranged as o-chitin in an
antiparallel fashion forming microfibrils strongly connected by hydrogen bonds. The chitin
microfibrils consist of nanofibers about 2-5 nm in diameter and about 300 nm in length
embedded in several protein matrices (Raabe et al., 2006, Chen et al., 2008). Since chitin
nanofibers are considered to have great potential, various methods have been employed for
their preparation, such as acid hydrolysis (Gopalan & Dufresne, 2003; Revol &
Marchessault, 1993), ultrasonication (Zhao et al., 2007), and electrospinning (Min et al.,
2004). However, the nanofibers obtained by these processes were different from the native
chitin nanofibers in terms of width, aspect ratio, crystallinity, chemical structure, and/or
width distribution. Recently, Isogai et al, have developed an efficient method to prepare
completely individualized cellulose nanofibers by 2,2,6,6-tetramethylpiperidine-1-oxy
radical (TEMPO) mediated oxidation of native cellulose, followed by ultrasonic treatment.
Although TEMPO mediated oxidation was applicable to crab shell o~chitin, the average
nanocrystal length was considerably low (Fan et al., 2008a). In addition, the nanocrystals are
actually chitin derivatives. They reported a procedure for preparing chitin nanofibers 3-4
nm in width from squid pen S-chitin by ultrasonication treatment under acidic conditions,
however, the crystallinity of the nanofibers from the squid pen is relatively low (Fan et al.,
2008b). Moreover, the biomass quantity of the pen is considerably lower than those of crab
shells.

Similar to wood cell walls, the exoskeletons of crab and prawn have a strictly hierarchical
structure consisting of crystalline o~chitin nanofibers and various types of proteins and
minerals (mainly calcium carbonate) (Chen et al, 2008; Raabe et al, 2006; Giraud-guille,
1984). Thus, just like cellulose nanofibers, chitin nanofibers are embedded in matrix
components. As Abe et al. described a preparation method can be used to isolate cellulose
nanofibers from any natural plant containing lignin and hemicellulose, we considered that
this isolation procedure would be applicable to any natural nanofiber source consisting of
bionanofibers and other embedding matrixes. Accordingly, we here studied the extraction
of natural o~chitin nanofibers with a uniform width of 10-20 nm from crab shells.
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2. Preparation of chitin nanofibers

2.1 Chitin nanofibers from crab shell

In general, the crab shell has a strictly hierarchical organization which reveals various
structural levels, as shown in Figure 2 (Chen et al., 2008; Giraud-guille, 1984; Raabe et al.,
2005, 2006). Chitin molecules are aligned in an antiparallel manner that gives rise to a~chitin
crystals in the form of thinner nanofibers. These nanofibers are wrapped in protein layers.
The next level in the scale consists in the clustering of some of these nanofibers into
chitin/ protein fibers of about 50-300 nm in diameter. The next step is the formation of a
planar woven and branched network of such chitin-protein fibers with a variety of
thicknesses. These strands are embedded in a variety of proteins and minerals. The minerals
mainly consist of crystalline calcium carbonate. The thickness of strands vary widely among
crustaceans. Furthermore, these woven and networked planes form a twisted plywood
pattern. This structure is formed by the helicoidal stacking sequences of the fibrous chitin-
protein layers. The thickness of the twisted plywood layer corresponds to a certain stacking
density of planes, which are gradually rotated about their normal axis.

crab shell

fiber

chitin nano

Fig. 2. Schematic presentation of the exoskeleton structure of crab shell.

To extract chitin nanofibers from crab shell, the samples were purified by a series of
chemical treatments according to the flowchart shown in Figure 3. Dried crab shell flakes of
Paralithodes camtschaticus (Red king crab), which is commercially available as a fertilizer at
low cost were used for this study as the starting material. Crab shell powder was purified
according to the general method. First, crab shell flakes were treated with 2 N HCI for 2
days at room temperature to remove the mineral salts. The suspension was filtered and
washed thoroughly with distilled water. The sample was refluxed in 2 N NaOH for 2 days
to remove the various proteins (Gopalan & Dufresne, 2003; BeMiller & Whistler, 1962,
Shimahara & Takiguchi, 1998 ).
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Fig. 3. Preparation procedure of chitin nanofibers from crab and prawn shell.

After filtration and rinsing with distilled water, the pigments and lipids in the sample were
extracted by ethanol followed by filtration and rinsing with water (Shimahara & Takiguchi,
1998). It is known that almost all proteins and minerals (mainly calcium carbonate) can be
removed by treatment with NaOH and HCI solutions each <0.1%. On the other hand, since
complete removal of hemicelluloses from wood fiber is difficult, considerable amount of
hemicelluloses remain in cellulose by alkali treatment. The yield of chitin from the crab
shells was estimated to be 12.1 wt %. Since the process of drying chitin nanofibers generates
strong hydrogen bonding between the nanofiber bundles, making difficult to obtain thin
and uniform nanofibers, the material was kept wet after the removal of the matrix. Figure 4
shows field emission scanning electron microscope (FE-SEM) images of the crab shell
surface after the removal of the matrix. The image represents the endocuticle, which makes
up approximately 90 vol.% of the crab exoskeleton. We could observe that the chitin was
made up of regularly structured chitin fiber networks, and the networks were found to be
comprised of bundles of chitin nanofibers.

The purified wet chitin from dry crab shells was dispersed in distilled water at 1 wt %, and
the slurry was passed through a grinder (MKCA®6-3; Masuko Sangyo Co., Ltd.) under a
neutral pH condition, with a careful adjustment of the clearance between the grinding
stones. In principle, there is no direct contact between the grinding stones due to the
presence of chitin suspension. The suspension of chitin fibrils was subjected to oven-drying
after replacement of water by ethanol, and the obtained sheets were coated with an
approximately 2 nm layer of platinum by an ion sputter coater and observed with FE-SEM.
The widths of the fibers derived from crab shell after grinder treatment were widely
distributed over a range 10 to 100 nm (Figure 5a). The chitin fiber network structure seems
to have been broken completely by the grinder treatment after removal of the matrix
substances. However the thicker fibrils of approximately 100 nm, which were bundles of
nanofibers of 10-20 nm in width, still remained after grinder treatment even though the
protein layers were removed under a never-dried condition.
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Fig. 4. FE-SEM image of crab shell surface after the removal of matrix. The length of scale
bar is 300 nm.

Fan et al. reported a preparation method of chitin nanofibers from squid pen Achitin in
water at pH 3-4 (Fan et al., 2008a). Cationization of C2 amino groups in f-chitin under an
acidic condition is important to maintain the stable dispersion state by electrostatic
repulsions. Therefore, we considered that the purified a~chitin from crab shell would also be
well dispersed under an acidic condition by the cationization of the amino groups on the
fiber surface, which would facilitate fibrillation into 10-20 nm chitin nanofibers. Thus, the
pH value of the purified chitin suspension was adjusted to approximately 3 by the addition
of AcOH, and then the chitin was subjected to a grinder treatment. It should be emphasized
that the chitin slurry thus obtained formed a gel after a single pass through the grinder, as
the extremely large surface area leads to high dispersion property in water, suggesting that
fibrillation was successfully accomplished, (Abe et al., 2007). Figure 5b and 5c show FE-SEM
micrographs of the dried chitin gel. The isolated chitins were highly uniform nanofibers
with a width of 10-20 nm, suggesting that the fibrillation process was facilitated in acidic
solution as expected. Since broken fibers are not observed even over a wide observation
area, the aspect ratios of the nanofibers are very high. These results indicate that chitin
nanofibers were successfully isolated from crab shells without altering their natural shape.
Thus, the never-dried process that has previously been used to extract the cellulose
nanofibers from wood cell walls was here proven applicable for the preparation of 10-20 nm
chitin nanofibers from crab shells by mechanical grinding at pH 3-4 condition.

2.2 Characterization of chitin nanofibers

The degree of N-acetylation of the obtained chitin nanofibers were calculated from the C
and N contents from the elemental analysis data by using an elemental analyzer, and was
found to be 95%. Thus, the degree of substitution of amino group was just 5%, indicating
that deacetylation hardly occurred after the removal of proteins with 2N NaOH, and chitin
nanofibers were obtained as natural fibers. Thus, even though the ratio of amino group was
only 5%, cationization of amino groups facilitated the fibrillation of chitin fibers into
nanofibers and maintained the stable dispersion state in the water by electrostatic repulsions
between the chitin nanofibers with cationic surface charges.
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Fig. 5. SEM images of chitin nanofibers from crab shell after one pass through the grinder
(a): under neutral pH condition, (b and c): under acidic condition at pH 3. The length of the
scale bar is (a) 400 nm, (b) 400 nm, and (c) 200 nm, respectively.

Infrared spectra (FT-IR) recorded using potassium bromide pellets of (a) commercially
available pure chitin, (b) newly prepared chitin nanofibers from crab shell, and (c) dried
crab shell flakes without purification are shown in Figure 6. The spectrum of the dried crab
shell flakes is very different from the other two spectra because of the matrix components
included in the shell. On the other hand, the spectrum of newly prepared chitin nanofibers
is in excellent agreement with the spectrum of commercial pure o~chitin, indicating that the
matrix, protein and minerals were well removed by a series of processing steps. In
particular, the absorption band at 1420 cm? derived from protein has completely
disappeared, suggesting that these treatments were sufficient to eliminate all the proteins.
Moreover, the OH stretching band at 3482 cm-!, NH stretching band at 3270 cm-1, amide I
bands at 1661 and 1622 cm-!, and amide II band at 1559 cm-! of the chitin nanofibers are
observed. These characteristic absorption peaks in the carbonyl region corresponds to
anhydrous o~chitin (Gopalan & Dufresne, 2003).
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Fig. 6. FT-IR spectra of (a) commercially available chitin powder, (b) chitin nanofibers, and
(c) crab shell flakes.
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X-ray diffraction profiles obtained with Ni-filtered Cu Ko of (a) commercially available pure
ochitin, (b) newly prepared chitin nanofibers from crab shell, and (c) dried crab shell flakes
derived from red king crab are shown in Figure 7. The diffraction peak at 29.6°, which is
typical of calcium carbonate, completely disappeared from the profile of chitin nanofibers,
indicating that the mineral component was entirely removed from the newly prepared
chitin nanofibers. The four diffraction peaks of chitin nanofibers observed at 9.5°, 19.5°, 20.9°,
and 23.4°, which corresponds to 020, 110, 120, and 130 planes, respectively, are typical
crystal patterns of c~chitin, and are closely coincident with commercial o~chitin (Minke &
Blackwell, 1978). Thus, the chitin nanofibers were extracted from the crab shell, and the
original molecular structure and cchitin crystalline structure were maintained even after
the removal of the matrix and the grinder treatments.
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Fig. 7. X-ray diffraction profiles of a) commercially available chitin powder, (b) chitin
nanofibers, and (c) crab shell flakes.

2.3 Chitin nanofibers from prawn shell

We succeeded in preparing o-chitin nanofibers from crab shells with a uniform width of
approximately 10-20 nm (Ifuku et al., 2009). The grinder treatment under acidic conditions
is the key to preparing chitin nanofibers. Cationization of amino groups in the chitin by the
addition of an acid is important to maintain a stable dispersion state by electrostatic
repulsions, which facilitate nano-fibrillation into chitin nanofibers. However, in some cases,
the acidic condition may cause significant problems for application of chitin nanofibers such
as in biomedical materials, nanocomposites, electronics devices, and so on, because in
general, these materials are sensitive to acid. Indeed, it is difficult to remove acidic
chemicals from chitin nanofiber suspension, since chitin nanofibers are homogeneously
dispersed in water to give high viscosity. Therfore preparation of chitin nanofibers under a
neutral pH condition is required to expand the application of nanofibers. Here, we show the
extraction of chitin nanofibers from prawn shells under neutral conditions without using
any acid.
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Fresh shells of Penaeus monodon (black tiger prawn) was purified to prepare the chitin
nanofibers. It is a widely cultured prawn species in the world and some of its shell is thrown
away as industrial waste without effective utilization. Proteins and minerals were removed
according to the conventional method using aqueous NaOH and HCI, respectively to extract
the chitin component from the prawn shell (Shimahara & Takiguchi, 1998). The pigment
component in the sample was then removed using ethanol. The yield of dry chitin from the
wet prawn shells was approximately 16.7%. The degree of deacetylation (DDA) of the
samples determined by the C and N content in the elemental analysis data was 7%. The SEM
micrograph of the black tiger prawn shell surface after removal of the matrix components
(without grinding treatment) is shown in Figure 8. This image is from the exocuticle, which
is the main part of the prawn shell. Although the appearance of the prawn shell is still intact
after removal of the matrix, we could observe uniform chitin nanofibers with an elaborate

design.

Fig. 8. FE-SEM image of the surface of the black tiger prawn after removing matrix
components.

The purified chitin suspension with a concentration of 1 wt% was crushed by a domestic
blender, and passed through a grinder for nano-fibrillation without using any acid. The
chitin slurry thus obtained was viscous after a single grinding treatment similar to the chitin
nanofibers from crab shell. The obtained chitin slurry was observed using FE-SEM (Fig. 9).
In the case of crab shell, the widths of the fibers were widely distributed over a range from
10 to 100 nm by grinder treatment under a neutral condition as described above (Fig. 5a,
Ifuku et al., 2009). On the other hand, in the case of prawn shell, we could see a uniform
shape of chitin nanofibers using the same extraction treatment. The chitin nanofibers were
highly uniform over an extensive area (Fig. 9a), and the width of the nanofibers was
approximately 10 - 20 nm, including a 2 nm thick platinum coating layer (Fig. 9b). The fiber
thickness of 10 - 20nm was similar to nanofibers from crab shell fibrillated under an acidic
condition (Ifuku et al., 2009). Thus, chitin nanofibers were successfully prepared from
prawn shell with a uniform width under a neutral pH condition.
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The plausible explanation of successful fibrillation is following. The exoskeleton of crab and
prawn is made up of mainly two parts, the exocuticle and the endocuticle. Although the
exocuticle has a very fine twisted plywood-type structure, the endocuticle has a much
coarser structure with a thicker fiber diameter (Fig. 4). In general, approximately 90% of a
crab shell is made of endocuticle (Chen et al., 2008). In contrast, the exoskeleton of Natantia,
which has a semitransparent soft shell, including the black tiger prawn, is made up
primarily of a fine exocuticle, as shown in Figure 8 (Yano, 1972, 1975 & 1977). As a result,
due to the differences in the cuticle structure, fibrillation of prawn shell is easier than that of
crab shell.

The preparation method for chitin nanofibers from prawn shells under a neutral pH
condition was applicable to other prawn shells. Figure 10 shows SEM images of the chitin
nanofibers derived from (a) Marsupenaeus japonicus (Japanese tiger prawn) and (b) Pandalus
eous (Alaskan pink shrimp), both of which are important food sources. These chitin
nanofibers were prepared by the same preparation procedure, that is, removal of matrix
components and subsequent grinding treatment under a neutral pH condition. Both chitins
are also observed as uniform nanofibers with a width of 10-20 nm, which is similar to the
nanofibers from black tiger prawn. This result suggests that chitin nanofibers can be
obtained from other prawn species having a very fine exocuticle structure by nano-
fibrillation under neutral pH conditions. Since many materials are sensitive to acid
chemicals, this study will expand the application of chitin nanofibers.

Fig. 9. FE-SEM images of chitin nanofibers from black tiger prawn shell after one pass
through the grinder.

2.4 Facile preparation of chitin nanofiber from dry chitin

We have succeeded in isolating o~chitin nanofibers from crab and shrimp shells with a
uniform width of 10-20 nm and a high aspect ratio (Ifuku et al., 2009). In general, the drying
process of chitin and cellulose fibers generates strong hydrogen bonding between these
fibers after removal of the matrix, which makes it difficult to fibrillate them into nanofibers.
Therefore, chitin and cellulose must be kept wet after removal of the matrix for nanofiber
preparation (Abe et al, 2007; Fan et al, 2009; Ifuku et al, 2009; Iwamoto et al., 2008; Saito et
al., 2006). However, this requirement causes a strong disadvantage in the commercial
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Fig. 10. FE-SEM images of chitin nanofibers (a) from Japanese tiger prawn shell, and (b)
from Alaskan pink shrimp shell.

production of nanofibers. If chitin nanofibers could be obtained from dry chitin, we could
prepare nanofibers easily and immediately whenever required. Therefore, preparation of
nanofibers from a dried pure chitin is an important goal for expanding the use of chitin
nanofiber. As described above, for the preparation of nanofibers, grinder treatment under an
acidic condition is the key to fibrillating the chitin effectively (Fan et al., 2008b). A small
number of amino groups in the chitin are cationized by the addition of an acid, which
promotes the fibrillation of chitin into nanofibers by electrostatic repulsion. Indeed,
electrostatic repulsion force is applied for the fibrillation of cellulose to obtain nanofibers
through TEMPO-catalyzed oxidation too (Saito et al., 2006). If the electrostatic repulsion
force of amino cations can break the strong hydrogen bonds between the chitin bundles,
chitin nanofibers could be obtained from pure dry chitin aggregate. Accordingly, we here
show the fibrillation of dried chitin into nanofibers by a grinding method under acidic
conditions (Ifuku 2010b).

First, we tried to prepare cellulose nanofibers from dry pulp fibers, as a preliminary
experiment. Figure 11 shows FE-SEM micrographs of cellulose fiber (a, b) before and (c)
after single pass through the grinder with a concentration of 1 wt % for fibrillation of pulp
fibers into cellulose nanofibers. In Figs. 11a and 11b, it can be seen that pulp fibers consist of
a bundle of cellulose nanofibers. Figure 11c shows that the pulp fibers were not fibrillated
into nanofibers at all after the grinder treatment. This is obviously because the drying
process causes strong hydrogen bonding between the cellulose nanofibers after the removal
of matrix substances hemicelluloses and lignin, thus making it difficult to obtain cellulose
nanofibers. Thus, in general, the sample should never dry out for bionanofiber preparation
after the removal of matrix (Abe et al., 2007; Iwamoto et al., 2008).

Next, we tried to fibrillate dried chitin into nanofibers. Dried chitin was prepared from crab
shell flakes with an o~chitin crystal structure. The chitin was purified by the removal of
matrix components of proteins and calcium carbonate according to the conventional method
(Shimahara & Takiguchi, 1998), followed by drying in an oven to promote hydrogen
bonding interaction between chitin nanofibers. Figure 4 is FE-SEM image of a crab shell after



Chitin Nanofibers with a Uniform Width of
10 to 20 nm and Their Transparent Nanocomposite Films 69

Fig. 11. FE-SEM images of cellulose fibers from wood pulp (a and b) before and (c) after one
pass through grinder. The length of the scale bar is (a) 30,000 nm, and (b, c) 1000 nm,
respectively.

removing matrices, followed by drying. It can be observed that the chitin was made up of
structurally well organized bundles of nanofibers, as mentioned above. The slurry of
purified dry chitin was passed through a grinder with a concentration of 1 wt % with and
without acetic acid to fibrillate the bundles of chitin nanofibers. In the case of treatment
under an acidic condition, the obtained chitin slurry had high viscosity, similar to the
chitin nanofibers prepared by the previous method, suggesting that dried chitin was
successfully fibrillated and homogeneously dispersed in acidic water with a very high
surface ratio (Ifuku et al., 2009). Figure 12 shows FE-SEM images of chitin fibers after one
pass through the grinder treated (a) without and (b, c) with acetic acid. In the case of
grinder treatment under neutral pH condition, dried chitin could not be fibrillated at all,
and aggregates of chitin nanofibers were observed (Fig. 12a). This lack of fibrillation also
occurred because the drying process of purified chitin causes strong hydrogen bonding
between hydroxyl, acetamide, and amino groups with strong dipole moments on the
chitin fiber surface, which make it hard to fibrillate bundles of chitin nanofibers, as in the
case of dry pulp fibers. On the other hand, chitin slurry treated at pH 3 was completely
fibrillated into nanofibers (Fig. 12b and c).
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Fig. 12. FE-SEM images of chitin fibers after one pass through the grinder treated (a) without
and (b, c) with acetic acid. The length of the scale bar is (a, b) 300 nm, and (c) 100 nm
respectively.

The fibrillated chitin has a very fine nanofiber network; the structure is highly uniform with
a width of 10 to 20 nm and a high aspect ratio, and we cannot see thicker fibers within the
extensive area. The appearance of the fibers was very similar to nanofibers prepared with
the never-dry process (Figs. 5b and c). The success of this new method is obviously owing to
the electrostatic repulsions between the nanofibers. A few C2 amino groups on the chitin
fiber surface were cationized under acidic conditions, which facilitated the fibrillation into
nanofibers by electrostatic repulsions. Even though the degree of substitution of the amino
groups calculated from the elemental analysis data was only 3.9 %, the electrostatic
repulsion force caused from the cationic surface charges was enough to break the strong
hydrogen bonds between the nanofibers. Thus, grinder treatment under acidic condition
allowed us to obtain chitin nanofibers with a uniform width of 10-20 nm from purified dry
chitin easily and immediately. This method could provide a significant advantage for
industrial production of nanofibers from the viewpoints of stable supply, storage stability,
transportation costs, storage space, and so on, since chitin nanofibers can be prepared by a
simple method from light, low-volume, and nonperishable dried chitin. Use of the chitin
nanofibers could be quite different from that of cellulose, which does not have ionic
functional group to cause electrostatic repulsions. Since other acidic chemicals are also
available to facilitate fibrillation, including ascorbic acid, lactic acid, citric acid, and so forth,
several acidic additives are available for number of application.
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The preparation method for chitin nanofibers was also found to be applicable to dry chitin
powder purchased from a chemical reagent company. In Figure 13a, we can see well that
commercially available dry chitin powder from crab shell is also made up of nanofibers (Chen
et al., 2008; Raabe et al., 2005). Figure 13 shows FE-SEM micrographs of chitin fibers after one
pass through the grinder (b) without and (c) with acetic acid, respectively. In Figure 13b, it can
be seen that the chitin powder was not fibrillated at all because of the strong interfibrillar
hydrogen bonding. On the other hand, in Figure 13c, the aggregates have clearly been
fibrillated into homogeneous nanofibers with a width of 10 to 20 nm by grinder treatment at
pH 3, even though the degree of substitution (DS) of amino groups was only 3.9 % and the
slurry formed a gel. This is also owing to the electrostatic repulsion caused by cationic charges
on the chitin fiber surface. In this way, since commercially available dry chitin powder is also
made up of bundles of nanofibers, chitin nanofibers could easily be prepared from the dry
chitin powder by applying electrostatic repulsion to break hydrogen bonds between chitin
fibers” bundles. Chitin nanofibers from commercial prepurified dry chitin is advantageous for
laboratory-scale investigations and commercial production because a large amount of chitin
could be easily obtained within few hours by a simple fibrillation process under acidic
conditions without any purification processes (removal of proteins, minerals, lipids, and
pigments), which generally require at least 5 days (Shimahara & Takiguchi, 1998).

Fig. 13. FE-SEM images of (a) commercially available dry chitin powder, and chitin fibers
after one pass through the grinder (b) without and (c) with acetic acid. The length of the
scale bar is (a) 1000 nm and (b and c) 300 nm, respectively.
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3. Preparation of optically transparent nanocomposites

3.1 Chitin nanofiber/acrylic resin composites

Since the chitin nanofiber consists of an antiparallel extended crystalline structure, the
nanofiber has excellent mechanical properties: high Young’s modulus and fracture strength,
and low thermal expansion (Vincent & Wegst, 2004; Wada & Saito, 2001). Given the
characteristic nano-form and efficient physical properties, the chitin nanofibers could be
strong candidates for a reinforcement agent to create high-performance nanocomposites.
Ahead of the chitin nanofibers, cellulose nanofibers have attracted much attention in recent
years as a reinforcement agent to make high performance nanocomposite (Nakagaito &
Yano, 2008; Nakagaito et al., 2009). In particular, Yano et al. have fabricated a unique
cellulose nanofiber composite film (Yano et al., 2005). Due to the nano-size effect, the
nanocomposite film was optically transparent. This finding is applicable for chitin
nanofibers to obtain optically transparent nanocomposite with acrylic resin as well (Ifuku, et
al., 2010; Shams et al., 2011). We expect that the transparent chitin nanofiber/acrylic
nanocomposite with improved mechanical and optical properties encourages the
development of an optical device such as a flexible display. Additionally, chitin has different
characteristics from cellulose such as biocompatibility (Tokura et al., 1983), wound healing
activity (Okamoto et al, 1995), high purity (Shimahara & Takiguchi, 1998), and
hydrophobicity (Shams et al., 2011), which strongly distinguish it from cellulose nanofiber
reinforced composite film. In this study, we prepared chitin nanofiber composite with two
different types of acrylic resins, and characterized their transparency, Young’s modulus,
mechanical strength, and thermal expansion. Specific characterization of the effects of chitin
nanofibers on a variety of resins would be especially valuable for designing advanced
nanocomposite materials.

Chitin nanofibers were prepared from commercially available dry chitin powder by
fibrillation using a grinding apparatus. The fibrillated chitin samples were found to have a
fine nanofiber network. The structure was highly uniform with a width of 10-20 nm and a
high aspect ratio. Fibrillated chitin nanofibers were dispersed in water at a fiber content of
0.1 wt%. The suspension was vacuum-filtrated using a hydrophilic polytetrafluoroethylene
membrane filter. The obtained chitin nanofiber sheets were hot-pressed to obtain a dried
sheet. The chitin nanofiber sheets were cut into 3 cm x 4 cm sheets with approximately 45
um thickness and a weight of 40 mg. The sheets were impregnated with bi-functional acrylic
resins with 2 wt% of 2-hydroxy-2-methylpropiophenone photoinitiator under reduced
pressure  for 24 hours. Poly(propylene glycol) diacrylate (A-600) and
tricyclodecanedimethanol dimethacrylate (DCP) were used in this study as acrylic resins
(Fig. 14). The resin-impregnated sheets were polymerized using UV curing equipment. The
chitin nanofiber composite films thus obtained were approximately 60 pm thick, and the
fiber contents were approximately 40%.
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Fig. 14. Chemical structures of A-600 and DCP.
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Both nanocomposite films were optically transparent despite the high fiber content of 40
wt%, due to the nanofiber size effect (Fig. 15, Yano et al., 2005). Figure 16 shows the regular
light transmittance spectra of nanocomposites reinforced with chitin nanofibers.
Transmittance of DCP nanocomposite was higher than that of A-600. This transparency is
attributed to the difference in the refractive index (RI) of the resins. The RI of chitin
nanofiber was reported to be 1.56 (Vigneron et al., 2005), which was closer to the RI of DCP
than that of A-600, as shown in Table 1. The gap in the RI between chitin nanofiber and

resins resulted in transparency difference.

Fig. 15. Appearance of DCP films reinforced with chitin nanofibers.
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Fig. 16. Regular light transmittance spectra of neat acrylic resins (solid lines) and their

nanocomposites (dashed lines).
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A-600 DCP
- - - - chitin nanofiber sheet
neatresin composite neatresin composite
refractive index 1.468 - 1.500 - -
transmittance (%) 91.8 721 89.8 87.6 0.4

Table 1. Regular light transmittance of neat acrylic resins and their nanocomposites at 600 nm.

Generally, thermal expansion has an inverse relationship with Young’s modulus. Since the
Young’s modulus of chitin crystal is estimated to be at least 150 GPa (Vincent et al., 2005), the
coefficient of thermal expansion (CTE) of chitin nanofiber sheet is only 10 ppm K-1. Although
the CTEs of A-600 and DCP were very high (184 and 100 ppm K1), the CTEs of their
nanocompsites decreased drastically to 19 and 24 ppm K-, which corresponded to 90 and 76%
decrease (Fig. 17 and Table 2). Thus, chitin nanofibers with low CTE and high Young’s
modulus could effectively decrease the CTE of acrylic resins by a reinforcement effect.

Since chitin nanofiber has high fracture stress and Young’s modulus due to the antiparallel
extended crystalline structure, it could be available as a reinforcing element to improve
mechanical properties of a resin. The stress-strain curves of A-600 and DCP resin, and their
nanocomposites are shown in Figure 18, and their mechanical properties are listed in Table
2. The Young’'s moduli of both resins effectively increased. Especially, Young’s modulus of
soft A-600 resin increased hundredfold, obviously due to the reinforcement with 40 wt% of
chitin nanofiber. The tensile strengths of the two nanocomposites also successfully
increased. These outstanding enhancements of mechanical properties strongly support the
fact that chitin nanofiber with high Young’s modulus and high tensile strength works
effectively as a reinforcing element. Furthermore, chitin nanofiber can make a fragile resin
ductile. That is, the DCP resin was extremely brittle due to its higher crosslinking density.
However, the fracture strain of the DCP nanocomposite increased from 0.6 to 1.2%.

In conclusion, two types of acrylic resins reinforced with chitin nanofibers were highly
transparent and flexible, and had low CTE, high Young’s modulus, and high tensile
strength, owing to the unique nano-size structure and excellent mechanical properties of
chitin nanofiber.
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Fig. 17. Coefficients of thermal expansion of acrylic resins (solid lines) and their
nanocomposites (dashed lines).
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A-600 DCP chitin
t resi it t resi it nanofiber
neat resin composite neat resin composite sheet
Young's modulus 0.02 2.03 2.30 534 2.50
(GPa) . . . . .
fracture stress
(MPa) 4 41 11 56 45
fract11(1;/e)stra1n 165 90 06 12 78
CTE
184 19 100 24 10
(ppm/K)

Table 2. Mechanical properties and CTEs of neat acrylic resins and their nanocomposites.
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Fig. 18. Stress-strain curves of neat acrylic resins and their nanocomposites.

3.2 Acetylation of chitin nanofibers

We expect that chitin nanofibers with a uniform width and very high surface area will be
developed into novel green nanomaterials. To expand the applications of chitin nanofibers,
chemical modification of the chitin nanofiber surface is very important. By the introduction
of hydrophobic functional groups into hydrophilic hydroxyl groups on chitin fibers, it is
expected that dispersibility in nonpolar solvents, hygroscopicity, adhesion properties with
hydrophobic matrices for fiber-reinforced composite materials are improved (Glasser et al.,
1994). In chemical modification, acetylation is considered to be a simple, popular, and
inexpensive approach to change the surface property (Kim et al., 2002; Ifuku et al., 2007).
However, there have been no reports regarding acetylation of chitin nanofibers. Hence, the
reaction behavior of highly crystalline chitin nanofibers, and the relationships between
acetyl DS values and the various properties of the nanofibers remain unclear. We have
showed that chitin nanofibers have very promising characteristics as a reinforcing material.
The nanocomposites are optically transparent even with a high fiber content. We consider
that acetylated chitin nanofiber would also be available as a filler to reinforce plastics. It is
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therefore desirable to investigate acetyl DS dependency on the properties of chitin nanofiber
composites, including transparency and hygroscopicity. We here prepared chitin nanofibers
with different acetyl DS values and their nano-composites, and characterized them.

For acetylation of chitin nanofibers, the suspension of chitin nanofibers was vacuum-filtered
using a membrane filter. The obtained chitin nanofiber sheets were dried and were cut into
3 x 4 cm sheets 60 um thick, with a weight of 55 mg. The sheets were placed in a Petri dish
containing a mixture of acetic anhydride and perchloric acid. The mixture was stirred for the
desired time at room temperature. After acetylation, the chitin sheets were washed by
Soxhlet extraction with methanol overnight Figure 19 shows the effects of reaction time on
the DS of acetyl groups.
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Fig. 19. Effect of reaction time on the acetyl DS.

The DS values were estimated by C and N content in the elemental analysis data. In general,
since chitin has poor solubility in typical solvents, the reaction rate of acetylation of chitin is
very small. However, in the case of chitin nanofibers, the acetyl DS ranged from 0.99 to 2.96
after 50 minutes reaction time, indicating an almost complete substitution of acetyl groups
in the chitin nanofibers. The graph shows that the DS reached 1.51 from 0.99 after only 1
minute of acetylation. The high reaction rate is obviously due to the very high surface area,
which works effectively for the liquid-solid phase reaction. The acetyl DS values then
increased slowly and almost proportionally up to DS 2.96. The observed nonlinearity may
have been caused by a heterogeneous reaction. That is, first, the chitin nanofiber surfaces
were acetylated, and then the insides of the nanofibers were acetylated more gradually, as
we describe later. Thus, the DS appears to be strictly adjustable by changing the acetylation
time. This result could be applicable to other esterifications of chitin nanofibers using the
corresponding acid anhydride.

The FT-IR spectra of acetylated chitin nanofibers with DS values of 0.99, 1.81, and 2.96
recorded using potassium bromide pellets are shown in Figure 20. As the DS of acetyl
groups increased, two major bands at 1231 cm! and 1748 cm! increased, corresponding to
the C-O and C=O0 stretching vibration modes of the acetyl group, respectively. In contrast,
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the O-H stretching band at 3972 cm decreased with increasing acetyl DS and almost
disappeared with a DS of 2.96, indicating a complete substitution of acetyl groups in the
chitin nanofibers.

Cc=0 C-O

O-H

4000 3500 3000 2500 2000 1500 1000 500

Wave numbers (cm-")

Fig. 20. FT-IR spectra of acetylated chitin nanofibers of (a) DS 0.99, (b) DS 1.81, and (c) DS
2.96.

Figure 21 shows the X-ray diffraction profiles of a series of acetylated chitin nanofibers. In
original chitin nanofiber (DS 0.99), the four diffraction peaks of chitin nanofibers observed at
9.5, 19.4, 20.9, and 23.4°, which corresponds to 020, 110, 120, and 130 planes, respectively,
show the typical antiparallel crystal pattern of orchitin (Minke, 1978). At DS 2.96, the
diffraction pattern from c~chitin had completely disappeared, and the sample showed a
well-defined uniform pattern of di-O-acetylated chitin (chitin diacetate) at 26=7.4 and 17.7°.
On the other hand, the diffraction from o~chitin still remained even at DS 1.81, which
indicates that approximately 50% of OH groups were substituted. Moreover, diffraction
from chitin diacetate was also observed at 7.4°, and a small shoulder peak was also observed
at 17.7°. This profile clearly shows that chitin nanofibers are acetylated heterogeneously
from the surface to the core (Kim et al., 2002; Ifuku et al., 2007).

Figure 22 shows the FE-SEM images of acetylated chitin nanofibers with a series of DS
values. Nanofiber shapes remain even in the DS 2.96 sample, which indicates that chitin
diacetate is insoluble in the reaction mixture (mainly acetic anhydride), although cellulose
triacetate is soluble in acetic anhydride. In all the images of the chitin nanofiber sheets,
individual nanofibers seem to exist separately without aggregation, and as the DS values
increase, the thickness of the nanofibers is increased. The average thicknesses of
nanofibers with DS: 0.99, 1.81, and 2.96 were 21.6, 28.9, and 32.1 nm, respectively. This
change in thickness is obviously due to the introduction of bulky acetyl groups into chitin
nanofibers.
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Fig. 21. X-ray diffraction profiles of acetylated chitin nanofibers of (a) DS 0.99, (b) DS 1.81,
and (c) DS 2.96.

Fig. 22. FE-SEM micrographs of acetylated chitin nanofiber samples of (a) DS 0.99, (b) DS
1.81, and (c) DS 2.96 .The length of scale bar is 200 nm.
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Thermogravimetric analysis (TGA) of a series of acetylated chitin nanofibers was carried out
under nitrogen atmosphere to evaluate their degradation profiles and thermal stability.
Figure 23 shows the derivative TGA curves of acetylated chitin nanofibers with DS 0.99,
1.81, and 2.96. The thermal degradation temperature of the original fibers (DS 0.99) was 388
°C according to the derivative curves. The derivative TGA curves drastically changed in the
DS 2.96 sample, with no evidence of the peak derived from the original chitin nanofibers,
and there were two peaks at 242 and 326 °C, which are attributed to the thermal
decomposition of chitin diacetate. Interestingly, at DS 1.81, the TGA curve showed two
kinds of thermal decomposition behaviors derived from chitin and chitin diacetate. This
result obviously also indicates that acetyl groups were introduced from the surface to the
core of the nanofibers.
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Fig. 23. Derivative TGA curves of acetylated chitin nanofibers of (a) DS 0.99, (b) DS 1.81, and
(c) DS 2.96.

3.3 Characterization of acetylated chitin nanofiber composites

Acetylated chitin nanofiber composites were fabricated with acrylic resin DCP. The chitin
nanofiber composite films thus obtained were approximately 150 um thick, and the fiber
content was approximately 25%. Since the diameters of the chitin nanofibers are sufficiently
smaller than the visible light wavelength, all nanocomposites have high transparency
despite a variety of acetyl DS values ranging from 0.99 to 2.96. Figure 24 shows the regular
transmittance of a series of acetylated chitin nanofiber composites at 700 nm wavelength. At
0.99, the transparency of the nanocomposite was 77%. However, as the acetyl DS values
increased, the transmittance decreased slightly and proportionally up to 73% at DS 2.96.
This decrease can likely be attributed to the change in the refractive index of the nanofibers.
The optimum refractive index of resin to obtain the highest transparency nanocomposite
with chitin nanofibers is known to be approximately 1.56, which is close to that of the DCP
resin (1.532, Vigneron, 2006). However, since acetylation decreases the refractive index, the
gap in the refractive index between chitin nanofiber and resin became wider with
acetylation, resulting in a reduction in transparency. The transparency of chitin nanofiber
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composite was less sensitive to acetylation than that of bacterial cellulose (BC) nanofiber
composite (Ifuku et al., 2006). The optical loss of the acetylated BC nanocomposite was
approximately 20% with changes in the acetyl DS from 0.74 to 1.76. The difference of the
optical loss is obviously due to the size effect. Since thickness of the chitin nanofiber is
approximately 20 nm, which is considerably smaller than that of BC nanofibers (50 nm
width), the chitin nanofibers are freer from light scattering than BC nanofibers (Nogi et al.,
2005).
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Fig. 24. Regular light transmittance of a series of acetylated chitin nanocomposites.

Although the chitin nanofiber reinforced composite seems to have promising characteristics
as an optically functional composite, it is quite hygroscopic. Absorption of moisture causes
deformation of the composite. Acetylation seems to reduce the moisture content of the
nanocomposite. We therefore investigated the effects of acetylation on the hygroscopicity of
the nanocomposites. Figure 25 shows the moisture content of a series of acetylated chitin
nanofiber sheets and their composites. Moisture content was evaluated by exposing samples
under a constant relative humidity. After measuring the sample weight equilibrated at
75.1% RH and 30 °C with a saturated aqueous solution of NaCl, the sample was oven-dried
at 105 °C for 24 h, and the moisture content was then determined on the basis of the
ovendried weight. Three samples were used to determine the moisture content.
Interestingly, acetylation of chitin nanofiber sheet decreased its moisture content just
slightly. The slight difference from 7.8% to 7.3% may be due to the nano-size effect. Since
chitin nanofiber sheet with very high surface area was exposed to the air, water molecules
were easily adsorbed onto the large nanofibers” surface. In the case of their composites, the
moisture content of the original sample with DS 0.99 was 4.0%, which is considerably higher
than the 0.33% of acrylic resin due to the hygroscopic chitin nanofiber filler. However, the
moisture absorption of the nanocomposite with DS 1.30 drastically decreased to 2.2%.
Clearly, this can be attributed to the introduction of hydrophobic acetyl groups into the
hydrophilic hydroxyl moiety of chitin molecules. Acetylation of the nanofibers improved
the compatibility with the acrylic resin, and improvement of miscibility at the filler/matrix
interface decreased water adsorption onto the interface. However, with further acetylation,
the moisture content showed little change, with a range of 2.0-2.5%. This result suggests that
most hydroxyl groups on the chitin nanofiber surface were acetylated after 1 minute
reaction time, as mentioned above.
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Fig. 25. Moisture contents of a series of acetylated chitin nanofiber sheets (squares) and their
nanocomposites (circles).

Since chitin nanofibers have an extended antiparallel crystalline structure, the CTE of the
nanofibers is small. We therefore thought that the chitin nanofibers act as a reinforcement
agent to reduce the thermal expansion of a resin. However, the CTE of nanofibers and its
composites will be changed by the acetylation. Figure 26 shows the CTE of chitin nanofiber
sheets and DCP resin nanocomposites. The measurements were carried out from 30 to 165
°C by elevating the temperature at a rate of 5 °C min! in a nitrogen atmosphere in tensile
mode. Although the CTE of the DCP resin was 64 ppm K<, the CTE of the chitin
nanofiber/DCP composite was measured to be 23 ppm K- It is easy to see that the chitin
nanofibers with a low thermal expansion of 92 ppm K- drastically reduced the CTE of the
DCP by reinforcement, with a fiber content of 25%. On the other hand, the CTE of chitin
nanofiber samples and their composites increased proportionally and gradually with
increases in the acetyl DS. This increase is due to the acetylation reducing the degree of
crystallinity of the chitin nanofibers, as shown in Figure 21, which increases the CTE of
chitin nanofibers and the nanocomposites.
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Fig. 26. Coefficient of thermal expansion of a series of acetylated chitin nanofibers (circles)
and their nanocomposites (squares).
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4. Conclusion

Chitin nanofibers were prepared from dried-crab shell which has a complex hierarchical
structure with a uniform width of approximately 10-20 nm by conventional chemical
treatment followed by mechanical treatment. This study demonstrates that the grinding
treatment in a never-dried state after the removal of the matrix is applicable to not only
wood but also crab shell to isolate nanofibers. Chitin nanofibers could be prepared from
dried chitin as well. Mechanical treatment under acidic conditions is the key to fibrillating
dried chitin. The cationization of amino groups on the chitin fiber surface breaks the strong
hydrogen bonds between the nanofibers by electrostatic repulsion. These results indicate
that the never-dried process is not necessary for chitin nanofiber preparation; this finding is
quite different than that for cellulose nanofibers, since cellulose does not have ionic charges.
Nanofibers from dry chitin are advantageous for commercial production in terms of storage,
supply, transportation. This method allows us to effectively obtain homogeneous chitin
nanofibers with a high surface-to-volume ratio. Moreover, chitin nanofibers could be
prepared from a variety of prawn shells too. Since prawn shell has a finer structure than
crab shell, chitin nanofibers were isolated without any acid.

Two different types of acrylic resins reinforced with chitin nanofibers were prepared. Due to
nano-sized structure and excellent mechanical properties of chitin nanofiber, the composites
were highly transparent and flexible, and had low thermal expansion, high Young's
modulus, and high tensile strength. This study will expand the application of chitin
nanofiber as a novel nanofiber reinforcement and encourage the use of chitin, most of which
is thrown away as industrial waste, as a natural and environmentally friendly material.
Chitin nanofibers were chemically modified by acetyl groups. Acetylated chitin nanofibers
with a variety of DS values were obtained by adjusting the reaction time. Acetyl groups
were heterogeneously introduced inside the nanofibers after the surface reaction. X-ray
diffraction profiles, SEM images, and TGA curves show that the acetylation of chitin
nanofibers changes their crystal structure, fiber thickness, and thermal degradation
temperature, respectively. Chitin nanofiber-reinforced plastics have high transparency with
a variety of acetyl DS values. Acetylation reduced the moisture absorption of chitin
nanocomposite by the introduction of hydrophobic acetyl groups.

As the thermal expansion is a property intrinsic to the material itself, its restriction depends
on the reinforcing elements incorporated to the matrix. These reinforcements must not
interfere with light transmittance in the case of transparent polymers. The use of natural
nanofibers like chitin has proved to be a viable way to reduce the high thermal expansion of
polymers without significant losses in transparency. These nanofibers are obtained from
sustainable resources through environmentally friendly processes, and development of new
extraction methods is attaining progressive cost reduction. As a result of this research,
flexible transparent polymers with very low CTEs, low moisture adsorption, high Young's
moduli, and high tensile strengths are emerging as potential candidates for optical
functional devices.
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1. Introduction

The first detailed description of the technique known nowadays as electrospinning dates
from 1930’s when Anton Formbhals filed a patent entitled “Process and Apparatus for Preparing
Artificial Threads”. His patent described the formation of artificial filaments when a polymer
solution or melt is submitted to a high strength electric field. Recently, with the emerging of
nanotechnology, electrospinning was rediscovered and became an important method for
producing ultrathin polymer fibers with diameters down to the nanometer scale. Many
classes of polymers have been electrospun, opening up new promising applications such as
in filtration, protective clothing, scaffolds for tissue engineering and a myriad of other
possibilities.

Contrasting with the most common fiber processing techniques like melt spinning, dry
spinning, wet spinning and extrusion; electrospinning is able to produce ultrathin fibers
with very high surface area. This is of particular interest in sensors, actuators and other
electroactive devices, especially when conducting polymers are used. Many kinds of
conducting polymers have been used to produce electroactive polymer devices based on
nanosized electrospun fibers as polyaniline, polypyrrol, polythyiophene, among others.
Although the available literature on electrospinning of polymer mats is extensive, there are
few reports on electrospinning of electroactive polymers and their related applications.

In this chapter, special topics involving the production of electroactive nanofibers by
electrospinning and their use in electroactive devices such as sensors, actuators,
electroluminescent devices, conductive membranes and others are reviewed. Especial
attention to processing parameters and effects of electroactive polymer structure and
properties in solution will be given. Finally, some perspectives on electrospinning of
electroactive nanofibers obtained by electrospinning and their uses will be considered.
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1.1 Historical background and current technologies

Electrospinning has emerged as one of the techniques that can be successfully used to produce
polymeric fibers, mats and scaffolds down to the nanometer scale. Besides, electrospinning has
been currently cited in an enormous amount of scientific papers and reports that show how it
can be used to produce a vast number of morphologies with many potential applications. The
development of this technique started with the studies of William Gilbert in the late 1600’s,
with the attempt to describe the deformation of water droplets under magnetic and electric
fields. Later, in the 1880’s, Lord Rayleigh was the first to estimate theoretically the pressure
resulting from a charge g on a droplet of spherical radius r and surface tension 6. When the
amount of charge g overcomes the Rayleigh limit g, the natural quadrupolar oscillation
becomes unstable and the liquid spread out in fine jets [1]. The Rayleigh limit can also be
reached by the liquid evaporation. The ejecting event is frequently called Rayleigh discharge
or Coulomb fission and more commonly electrospray [2].

00 )00

Fig. 1. The droplet (radius, 24 micron) is imaged on a vertical charge-coupled-device array to
determine and control its vertical position in the levitator, and on a photomultiplier that
detects instability-onset, quadrupole-shaped oscillations of the droplet. These oscillations
trigger a signal to a flashlamp that fires after a predefined delay, At [1].

Later in 1914, John Zeleny described that electrical discharge of liquid points consisted of
acidulated water placed in a metal bar [3]. By the use of a refined experimental technique,
Zeleny was able to measure the electric intensity at the surface of liquid droplets before and
during the electrical discharge, leading to a better understanding of liquids surface
instabilities due to the presence of electrical charges. In a paper published in 1917, Zeleny
also observed that when electrification is increased to a certain limit value, depending on
liquid surface tension and the curvature of its surface, the liquid surface becomes unstable,
due to the inside pressure becomes equals to the outside pressure, and any slight accidental
displacement may result in a rapid and intense deformation of liquid surface. Above this
critical condition, in case of further increase in electric density, the liquid is ejected under
forms of fine threads which can eventually be broken into small drops [3].

At that time, some speculations on applying electrospray for viscous fluids arose. Later, this
process became known as electrospinning and the process of spinning fine threads by the
use of electrical charges was firstly patented by J. F. Cooley in February 1902 (U.S. Patent
692,631) and by W. J. Morton in July of the same year (U.S. Patent 0,705,691). In fact,
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the patent filed in 1934 by Anton Formhals (U.S. Patent 1,975,504) entitled “Process and
Apparatus for Preparing Artificial Threads” is widely known as the first document which
effectively consider the production of fiber threads by means of electric fields. This work
was succeed by a sequence of patents from 1934 to 1944 (U.S. Patent 2,349,950) and
Formbhals established a very precise experimental setup for producing electrospun fibers.

It is worth noting the fabulous work of Sir Geoffrey Taylor, from 1964 to 1969, who
published various papers detailing the theoretical underling on disintegration of water
drops under electric fields, including electrical force calculation on fine jets under strong
electric fields and the deformation of liquid surfaces by an electrical field into a
characteristic shape that is currently known as Taylor cone [4].

The term electrospinning was mainly popularized by Dr. Darrell H. Reneker in early 1990 in
demonstrating that many types of polymers can be spun by means of electrostatic forces
into fine threads known as micro or nanofibers depending of their diameters. Today,
thousands of scientific papers and patents have been published on electrospinning. Besides
fascinating many scientists around the world, this topic involves both scientific and
technologic developments and includes many fields of the human knowledge such as
physics, chemistry, material science and engineering, biology, biochemistry.

2. Nanofibers of conducting polymers

2.1 Introduction to conducting polymers

Conducting polymers have been used in a variety of applications. These materials exhibit
the ability to allow the passage of electric current, store charge or display redox activities.
Common polymers are mostly dielectric and can be modified in order to conduct electric
current by the addition of conducting fillers, as metal powders, carbon black and other
conductive materials. These filled polymers are commonly called Extrinsic Conducting
Polymers - ECP’s and can be used as, pressure sensors, actuators, electromagnetic
interference (EMI) shielding etc. [5]

On the other hand, polymers formed by chains that contain conjugated chemical double bond,
with a minimal molecular size able to produce electrical conductivity, are usually called
Intrinsically Conducting Polymers - ICP’s or simply conducting polymers. These materials
formed by organic molecules containing conjugated chemical bonds such as aromatic rings
and (or) conjugated oligomeric (or) polymeric conjugated oligomeric/polymeric chains have
attracted enormous attention from scientists because of the possibility of their utilization in the
development of electronic devices. Depending on the size of the molecule and its conjugation
extension, interesting physical and chemical properties may arise - electrical conductivity,
electroluminescence, electrochromism - which may be used in several practical applications,
such as static charge dissipation, diodes and light emitters, memory storage, rechargeable
batteries, chemical and biological sensors [6-9].

The first attempt in obtaining polymers with conjugate chemical bonds (polyenes) dates
from 1958 through the polymerization of acetylene by Natta and coworkers[10]. The
obtained polyene was widely accepted as consisted of a long conjugated polymer chain.
Theoretical speculations on electrical properties of Polyacetylene - PAc, indicated a metallic
conducting behavior in an alternate double bonded linear chain. However, at that time there
was no clear idea if a long polyene chain would be energetically more stable than that with
bonds of equal lengths (delocalization).

Using an adapted synthetic route proposed by Natta, Shirakawa and coworkers [10]
synthesized polyacetylene in the 1970’s. This polymer was obtained as a smooth film with
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metallic brightness and relatively low conductivity, ranging from 10-8 to 107 S.cm-, for cis-
polyacetylene, to 10-3-102S.cm-l, for trans-polyacetylene. Simultaneously, MacDiarmid and
Heeger [11] were investigating an inorganic polymer, poly(sulfur nitride) - SNx, which has
exhibited electrical conductivity between 10 and 1,700 S cm at room temperature and
superconductivity at low temperatures (~0.26K). Later, in 1977, Shirakawa, MacDiarmid and
Heeger [12] performed a modification in the previous preparation procedure of trans-
polyacetylene, introducing small amounts of iodine, which is known for its high oxidizing
strength. The polymer obtained through this new procedure exhibited high electrical
conductivity, 10® S.cm-, that was attributed to the presence of charge carriers formed upon
oxidation of the conjugated chemical bonds of the polymer backbone. The oxidation was
called “doping” in analogy to semiconductors.

Conjugate polymers are considered one of the most innovative materials and different types
are available nowadays, since a great number of compounds is used as monomers and
different synthetic routes can be adopted for this purpose [13,14]. All the synthetic routes
developed so far can be grouped into two main types: chemical and electrochemical
synthesis. Enzymatic [15] and plasma synthesis [16] of conjugated polymers have also been
reported. Processing in conducting polymers is another important issue that needs to be
considered. Such materials can mostly be obtained in an easy and controllable way. They are
chemically and thermally stable even in the conducting state, and exhibit high electrical
conductivity which can be controlled according to different doping methods [13,17]. Since
the discovery of conducting polymers, this research area has witnessed the increasing
number of conjugated polymers with improved solubility that can be processed by different
techniques. Table 1 shows some examples of these polymers.
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Table 1. Examples of the most common intrinsically conducting polymers (ICP’s).
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Techniques used for processing conjugated polymers should take advantage of their
physical and chemical properties in order to produce structures with elevated organization
and transparency depending on the method of fabrication and end use.

2.2 Electrical conduction and doping in conjugated polymers

Electrical conductivity is a physical property that can vary several orders of magnitude,
ranging from 102 S cm? for the best insulators up to 1010 S cm? at 1K for the best
conductors. Semiconductors exhibit intermediary conductivity, between 107 and 102 S cm1,
once the energy gap between conduction and valence band is of the order of few electrons
volt (eV). Depending on the type of polymer, doping level and dopant, conductivity of
conjugated polymers varies over a broad range of conductivity as can be seen in Figure 2.
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Fig. 2. Schematic illustration of conductivity range of conjugated polymers compared with
most common materials. (source: The Nobel Prize in Chemistry, 2000, www.nobelprize.org)

As already mentioned, conjugated polymers are formed by a main backbone containing
alternating single and double chemical bonds known as conjugation. Whereas a single bond
(or sigma bond, o) is strong and contains strongly localized electrons under a sp3 orbital
symmetry, a double bond (or pi bond, «) is weaker and electrons are less localized following
a sp? orbital symmetry. This means that m electrons may exhibit higher mobility when
compared to ¢ electrons and can move along the backbone since the conjugation leads to the
formation of extended delocalized orbitals.

One can imagine that because of this conjugated configuration polymers are electrical
conductors. However, for conjugated polymers to become conducting, an extra electron
needs to be removed from the backbone in order to create a vacancy, through a redox
process called doping. In fact, the first results obtained by Shirakawa’s group [5] showed
that pristine polyacetilene had conductivity values around 103 S cm-1, a semiconductor. The
vacancy or “hole” is a position where an electron is missing in the valence band. If a
neighboring electron jumps into the hole a new hole is generated from where the electron
jumped and this process perpetuates allowing charge to migrate a long the polymer
backbone, which is in fact the electrical conduction [18].

Many different theoretical models [19] have been already proposed to address the electrical
conduction exhibited by conjugated polymers after doping. However, a band model is
usually referred to because it is able to explain many of the phenomena related in such
systems. According to the band model, it was initially believed that during doping valence
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electrons were removed from the valence band (the highest occupied molecular orbitals -
HOMO) and added to the conduction band (the lowest unoccupied molecular orbitals -
LUMO) like in a HOMO-LUMO transition. Nevertheless, this hypothesis did not predict the
existence of charge carriers with a null spin and it had to be reformulated.

In the case of polyacetylene, structural defects (or free radicals, in a chemistry terminology)
are generated during the synthesis of the polymer due to oxidation/reduction reactions.
Such defects were called solitons, but they are still unable to perform the electrical
conduction due to the energy associated to its transition to conduction band to be around 1.4
eV and, therefore, thermal energy is not enough to promote electrons to the conduction
band. After the doping process, which is basically a process where electrons are removed
from or added to the polymer, charged solitons are generated; these are the carriers
responsible for the electrical conduction. Charged solitons are species with a null spin and,
hence, one concludes that the electrical conduction in polyacetylene is based on fully
occupied bands in the ground state [18,19]. Figure 3 represents band energy levels of
possible solitons configuration, i.e., positive, neutral and negative soliton according to their
spin properties. In fact, solitons are not created separately. A soliton / anti-soliton pair is
always created after redox process in a conjugated polymer chain. Figure 4 illustrates the
soliton soliton / anti-soliton separation process when polymer chains are submitted to an
external electric field.
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Fig. 3. Positive (a), neutral (b) and negative (c) solitons. Solitons are located in an energy
level equivalent to the half of the gap size. Positive and negative solitons are formed
through p-doping and n-doping process, respectively. Both are null spin entities [5].

The proposed theoretical model for polyacetylene is, however, unable to explain the
electrical conduction in aromatic and heteroaromatic conjugated polymers, mainly due to
the existence of other types of carriers in such polymers. The removal of an electron from
these polymers is accompanied by a local distortion in the crystal lattice, which may be
represented by a conversion of the aromatic rings from the benzenoid to the quinoid form.
As the quantized states of crystal structures can be expressed in terms of phonons, this
electron-phonon coupling is called polaron and represents a different type of charge carrier
in conjugated polymers. The quinoid form has a lower formation energy and higher electron
affinity than the benzenoid form. Therefore, during the doping, the charge accommodation
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Fig. 4. Schematic representation of soliton - anti-soliton separation and electrical conduction
in Polyacetilene chain. (source: http:/ /electrons.wikidot.com).

in the polymeric chain is energetically favored by a combination of oxidation reaction and
chain distortion [20].

As mentioned before, a polaron is considered as a positive charge carrier formed by the
electron-phonon coupling and, in a chemistry definition, is a radical-cation with %2 spin
moment and two electronic states. Both states are located around the Fermi level of the
polymer with the lower energy state being occupied by one electron. When the doping level
increases such states are broadened forming semi-filled conduction bands. The removal of a
second electron can be performed and leads to the formation of a bipolaron which is defined
as a pair of positive charges associated to a stronger lattice distortion. Bipolarons also form
two bands but both are empty resulting in a Fermi level close to the maximum of the
valence band [18-21]. Figure 5 represents the energy levels of doped polypirrol with
respective levels of polaron and bipolaron charge carriers.
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Fig. 5. Scheme of energy levels of doped polypirrol with polarons and bipolarons [21].
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Assuming those models to explain the electrical conduction in conjugated polymers, doping
methods have been developed in order to produce conjugated polymers with high
conductivity. Although there is still a current search for doping methods able to produce
polymers with elevated conductivity, many of the technological applications proposed for
conjugated polymers do not demand highly conducting materials and hence, the
semiconducting behavior of these polymers has been more often exploited [13,22].

Doping is the term used to define the process where a material, insulator or semiconducting,
is converted into an electrical conductor. In a general sense, the doping process is based
upon the removal or addition of electrons from/to a material which can be carried out in
different ways. In the case of inorganic semiconductors, doping is represented by the
addition of small amounts (10-5-10-8 atoms of dopant per atoms of the material) of a doping
agent or dopant, which replaces atoms from the original material. Differently from that,
doping of conjugated polymers demands larger amounts of dopants (102-101 moles of
dopant per moles of monomer) but there is no replacement of atoms. The doping process in
conjugated polymers is based on chemical reactions between the dopant and the polymer,
usually oxidation/reduction reactions in which the initially neutral polymer is converted
into a charged macromolecule whose charge is compensated by a counter-ion original from
the dopant. According to MacDiarmid [13] there are three main types of doping process that
can be applied to conjugated polymers: (a) redox doping; (b) doping without dopant ions
and (c) non-redox doping.

In the first type, redox doping, the m bonds in a conjugated polymer undergo chemical or
electrochemical oxidation/reduction reactions in which the number of electrons is changed.
All conjugated polymers can be doped by this type of doping. If we consider the oxidation
of the m bonds, electrons are removed and therefore the polymer backbone exhibits a
positive net charge which is balanced by the presence of a counter-ion of opposite charge
(negative). Usually, this type of doping is referred as p-doping in analogy to inorganic
semiconductors. This process can be carried out by a chemical dopant, such as iodine and
other halogen compounds (Figure 6), or electrochemically by anodic oxidation of the
polymer in a medium containing a salt, for instance LiClO;. The counter-ions are,
respectively, the reduced iodine (I') and the perchlorate ion (ClO4-). In the n-doping, the
polymer backbone is reduced and electrons are incorporated either chemically or
electrochemically. The n-doping was first achieved in trans-polyacetylene by treating it with
sodium amalgam or sodium naphthalide. The electrochemical reduction can be performed
in the presence of LiClO4 where Li* is the counter-ion [13].
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Fig. 6. Representation of charged solitons trapped by dopant counterions. (source: "Synthetic
Metals": A Novel Role for Organic Polymers; A. G. MacDiarmid (Nobel Lecture, 2000);
www.nobelprize.org).

In a second type of doping, counter-ions are not incorporated into the polymer matrix where
photo-doping and charge-injection doping may be considered. In the photo-doping
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conjugated polymer is exposed to a radiation source with energy greater than its band-gap
and as consequence, electrons are promoted across the gap. If the polymer is kept under
radiation and an electrical potential is applied, electrons and holes generated during photo-
doping separate from each other and photoconductivity is observed. In order to succeed the
charge-injection doping, a film of conjugated polymer is assembled onto the surface of a
metal with a separating layer made of a dielectric material. When an appropriate electrical
potential is applied to this configuration, a surface charge layer is formed on top of the
polymeric film which induces the formation of charges on it, however, without the presence
of a dopant ion [13].

The third type of doping, called protonation, is based on non-redox process what means that
the number of electrons associated with the polymer backbone remains unchanged. This
mechanism is based on acid-basic reactions and is observed exclusively in polyaniline and
its derivatives. Briefly, the emeraldine oxidation state of polyaniline can undergo an acid-
base reaction where the imine nitrogen atoms are protonated by a protonic acid, or Lewis
acids, generating positively charge carriers, or polarons, without changing its oxidation state
[13, 22-27].

2.3 Processing of electroactive polymers

When dealing with conjugated polymers, processing becomes a very important issue. For
many years, these materials were considered intractable, since they often degrade before
melting and show poor solubility in many common solvents, mostly due to their elevated
aromaticity, high hydrogen bond density and low flexibility of polymer chains [28]. Many
efforts have been concentrated to improve conjugated polymer processability [29]. Monomer
functionalization is one of the approaches used to obtain processable conducting polymers
[30]. In order to be used in practical applications, a conjugated polymer must be cost-
effective to be synthesized and purified, have good chemical and electrical stability, and
easily processed from either solution or melt. The latter is the most problematic aspect of
conjugated polymers.

Solubility in conjugated polymers has been improved with the synthesis of derivatives and
also by using different combinations of dopants and solvents. For example, poly(o-
ethoxyaniline (POEA) is a polyaniline derivative with improved solunility and
processability due to addition of an ethoxy group at the ortho position of polyaniline
aromatic ring. These two approaches have enabled, for example, the fabrication of thin films
of conjugated polymers by different techniques. In the form of thin films, conjugated
polymers are very adequate to be employed as sensitive layers, transducers and support for
immobilization of different molecules in different device systems configurations [31].
Moreover, their performance might be enhanced to unimaginable levels when films with
thickness around hundreds of nanometers are fabricated.

Many efforts have started to be made in order to produce materials at very low physical
dimensions since many properties can be enhanced or even new properties can arise at the
nanoscale level [32]. Some of the methods used to obtain these structures are Lanmguir-
Blodgett, layer-by-layer (LbL) deposition and spinning techniques.

2.3.1 Langmuir-blodgett
One of the most used techniques to produce nanostructures based on conducting polymers
is the Langmuir-Blodgett approach. Langmuir-Blodgett technique (LB) was developed in
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1935 by I. Langmuir and K. Blodgett pointing the production of monomolecular layers of
fatty acids onto solid supports from an aqueous subphase [9,33]. Lately, this technique has
been employed to fabricate films of many different materials, including conjugated
polymers [34-36]. Among interesting features presented by the LB technique one can cite its
ability in constructing ultra-thin films (of the order of nanometers) with structures whose
molecular architecture could be manipulated and appropriately designed. Mono and
multilayer films can be produced with a high degree of control of the film thickness and
may even provide a high degree of orientational order [33-35]. In LB technique, generally, a
solution of an amphiphilic molecule is spread over an aquous subphase allowing the solvent
evaporation. Thus, the molecules are self-organized with their hydrophilic parts pointing to
the water surface. After, a moveable barrier is able to compress the molecules in a solid
phase oriented film. Figure 7 represents Langmuir film orientation and Langmuir-Blodgett
film deposition [37].

(b)

Fig. 7. (a) a schematic of a Langmuir Blodgett trough: 1. Amphiphile monolayer 2. Liquid
subphase 3. LB Trough 4. Solid substrate 5. Dipping mechanism 6. Wilhelmy Plate 7.
Electrobalance 8. Barrier 9. Barrier Mechanism 10. Vibration reduction system 11. Clean
room enclosure; (b) monolayer transfer onto a substrate after film compression (source:
http:/ /en.wikipedia.org/).

For the reasons exemplified above, several approaches have been used to process
conjugated polymers in the form of LB films since they can be produced only in specific
conditions. Among these approaches, mixing the conjugated polymer with a surface-active
compound, use of polymer derivatives and polymerization in the Langmuir trough are the
most investigated for conjugated polymer processing [34,35].

In the first approach, mixing, the conjugated polymer is mixed with a surface-active
compound such as a fatty acid or a plasticizer. The resulting film is characterized by
polymer molecules embedded into a well-organized matrix of fatty acid molecules (or
plasticizer). Poly(alkyl thiophenes) and PAni derivatives, whose monolayers were too rigid
to be transferred, have been processed by mixing [34,35].

Conjugated polymer derivatives are usually more soluble in common organic solvents and
hence can be spread over an aqueous subphase. Good quality LB films from poly(o-
alkoxyanilines) and pure poly(3,4-dibutoxythiophene) have been fabricated with no need
for addition of surface-active compounds or processing aids [34-36].

In a third approach, Langmuir monolayers from the monomer are deposited followed by a
subsequent in situ polymerization. Often, amphiphilic derivatives monomers are spread
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over the subphase which contains the polymerizing agent. Polymerization then occurs by
interaction between the agent in the subphase and the film forming molecules. The
polymeric monolayer would be subsequently transferred onto a solid support. LB films
from PAni and PPy derivatives have been fabricated in this way. This approach can be
further modified where the polymerization is carried out after the LB film deposition. The
LB film containing monolayers of a specific monomer is polymerized by thermal treatment,
as in the case of poly(p-phenylenevinylenes) and polyacetylenes, electrochemical oxidation
for films of pyrrole derivatives or exposure to UV light [34,35].

2.3.2 Layer-by-layer (LBL)

There are other interesting and promising approaches in producing nanometrically
organized structures with conjugated polymers, one of them is called layer-by-layer
technique or self-assembly. The layer-by-layer (LBL) deposition technique was originally
proposed by Iler in 1966 [38] when dealing with the adsorption of colloidal particles.
However, this technique was reformulated in the 80’s by Sagiv [39] and extended to
polyelectrolytes by Decher [40] in 1990. Although the LB technique is a promising and
elegant way of producing thin films, its elevated cost and experimental procedure represent
disadvantageous concerning the fabrication of films in large scale. In this sense, the LBL
represents an alternative to the LB method mainly due to its low cost and easier
experimental procedure.

LBL films are formed by the spontaneous adsorption of molecules from their solutions onto
a solid support through different kinds of adsorption mechanisms. Basically, a chosen
support is immersed into the deposition solution containing the material of interest for a
pre-determined period of time and the molecules adsorb forming a layer. This layer has a
thickness ranging from 10 to 100 A. Later, the support is removed, washed and dried and, in
a next step can be immersed again in the same solution or in a different one, if multilayer
films are desired (see Figure 8). The solution is kept in a beaker and there is no need of a
clean room. Any type of material like metals, glass or plastics and in different shapes such as
spheres, slides or rods can be used as support to film deposition [41,42].

LBL films from different types of conjugated polymers have been fabricated and examples
include PAni and its alkoxy derivatives [43-47], sulfonated-PAni [44], Polypyrrole [43],
poly(thiophene acetic acid) [44] and poly(p-phenylene vinylene) [44]. In general, the
adsorption of each layer contributes with the same amount of material to the film, which
means that the film thickness can be controlled by the number of deposited layers.
Moreover, the layer thickness can be varied by manipulating the polymeric solution
parameters, such as pH, ionic strength and polymeric concentration. LBL films of
conjugated polymers exhibit low roughness and their morphology can be controlled by the
addition of different polyanions, such as sulfonated polystyrene, sulfonated lignin,
poly(vinyl pyrrolidinone) and poly(allylamine hydrochloride). The polyanion presence can
also play an important role in the stability of the conjugated polymer in the conducting
state, since polyelectrolyte complexes are formed between them, which stabilize their charge
and prevent proton loss in the case of PAni and its derivatives [48].

2.3.3 Spin coating
Spin coating and casting techniques have also been employed, mainly for soluble
conjugated polymers and for their blends with conventional polymers. Spin coating
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Fig. 8. Schematic of the film deposition by the LBL process according to Decher [41].

can be considered as an improvement of casting film technique where a polymer solution is
spread over an appropriate substrate and solvent is allowed to evaporate. A typical process
involves deposition of small droplets of a polymer solution onto the center of a substrate
and then spinning the substance at high speed. Thus, centripetal force will cause the spread
of the substance over the substrate in the form of thin film. Evidently, the final thickness and
other film properties will depend of the physical properties of the solution and process
parameters. Spin coated, films can usually be obtained with thickness range around 0.1-200
um [49]. Figure 9 exemplifies the basic steps in spin coating process.

\
TN

Fig. 9. Schematic illustration of spin coating process; (a) solution deposition, (b) substrate
acceleration, (c) constant spinning rate (d) drying.
(http:/ /www.freephotos.biz/images/science/chemistry/solgel_spincoating.jpg).
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Many studies have been done by using spin coating to produce thin films of conducting
polymers, mainly for electroluminescent materials and devices [50-52]. Meier and coworkers
reported the influence of film thickness on the phase separation mechanism in
poly[(1-methoxy)-4-(2-ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV) and
poly(Nvinylcarbazole) (PVK) spin coated films [53]. According to the authors, films with
thickness from 16 to 61 nm where obtained by spin coating solutions with concentrations
from 1 to 9 g L1 at 2000 rpm.

Spin coating is relatively simple and cost-effective and, furthermore, thin films with highly
molecular orientations can be readily produced. Furthermore, the thickness of spin coated
films are still greater than that obtained by LB and LBL, and the constant presence of
solvents used for processing must be considered. Films with very low thickness, around
hundreds of nanometers, are usually preferred in recent technological applications in order
to assure new and unrelated properties due to size reduction [54].

2.3.4 Fiber production

Another very interesting and useful way to produce nanostructures of conducting polymers
is the production nanofibers. Conductive materials in fibrillar shape may be advantageous
comparing to films due to their inherent properties as anisotropy, high surface area and
mechanical strength. Fibrous conductive materials are, for example, of particular interest in
electroactive composites.

Fine metal wires, carbon fibers and carbon nanotubes have been efficiently distributed in an
insulating polymer matrix in order to improve both electrical and mechanical properties [5].
Combination of electrical properties with good mechanical performance is of particular
interest in ECP’s technology. Fibers have intrinsically high structure factor which results in
lower percolation threshold values avoiding material facture with low filler content. Also,
the use of mechanically stronger fibers will result in stronger composites.

Some authors compare the electrical performance of conducting fiber composites to gelation
process in a polymer after crosslinking, where the conductive network corresponds to the
gel fraction. If a fiber segment is able to conduct it must be connected to the gel in both ends.
In the case of low filler concentration, there is no conductive network. When the fiber
content is increased until a three-dimensional network is firstly formed, the gel point is
achieved and conductivity increases by a large factor [5]. If some processing technique is
able to spatially orient the fibers, the conductive network will be formed at even lower
concentrations, and the ECP will have good electrical performance associated to the plastic
mechanical properties of the matrix.

Currently, there are many techniques able to produce polymeric nanofibers as, drawing,
template synthesis, phase separation, self-assembly, solution blow spinning and
electrospinning [55,56]. Ondarcuchu and Joachim demonstrated the possibility of drawing
polymer fibers down to the nanometer scale with the tip of a micropipette and a
microdroplet of a polymer solution. The authors compared this process to dry-spinning at
molecular level and nanofibers with dimensions comparable to carbon nanotubes can be
drawn by this easy and inexpensive fashion [57]. Obviously, the drawing process requires a
polymer with appropriate viscoelastic properties which are able to being deformed and kept
connected by cohesive forces. Besides being simple and inexpensive, this technique is very
limited for conjugate polymers, once most of them have lower solubility and form solutions
with small viscous modulus.
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In phase separation approach, a polymer is solubilized and then undergoes to gelation
process. Due to the physical incompatibility of the gel and solvent, this is able to be removed
and the left structure, after freezing, is obtained in nanofibrilar structures [55]. Template
synthesis basically implies in the use of a template or mold to obtain a desired structure.
Commonly metal oxide membranes with nanoporous are used, where a polymer solution is
forced to pass through to a non-solvent bath originating nanofibers depending of the pores
diameter [55].

A similar method was developed to obtain polyaniline nanofibrils in such way that growing
polymer chains separate from solution according to their molecular size. According to
Huang and Kaner [58], polyaniline nanofibers are observed to be formed spontaneously
during the chemical oxidative polymerization of aniline. The authors observed that the key
of the nanofibril formation is the suppression of the secondary chain growth that leads to
agglomerated particles. Depending of the doping acid nanofibers with diameters values
between 30 and 120 nm can be obtained by this aproach. These nanofibrils can be used in as
a template to grow inorganic/polyaniline nanocomposites that lead to exciting properties
such as electrical bistability that can be used for nonvolatile memory devices [59].

Medeiros and coworkers successfully produced nanostructured films of poly(o-
ethoxyaniline) (POEA) alternated with cellulose nanofibrils (CnF) by layer-by-layer
assembly (LBL) at different pH values. According to the authors it was possible to build up
films by alternating POEA and CnF layers with relatively precise architectural control by
controlling the number of layers and pH. Film thickness had a dependence on pH which is a
combination of the effects of the deposited amount for each POEA layer and the pH at
which the absorption of the cellulose nanofibrils was carried out [60].

The same authors also produced conductive nanofibrils by in situ coating cellulose
nanowhiskers with different thickness of polyaniline. One of the advantages of using these
coated whiskers instead of pristine conjugated polymers is the inherent strong nature of
cellulose allied with the conductive nature of polyaniline [61].

2.3.5 Solution blow spinning

A new technique called solution blow spinning has been developed as an alternative
method for making non-woven webs of micro- and nanofibers with down to the nanometer
scale with the advantage of having a fiber production rate several times higher [56]. This
solution blow spinning method is based on the use of a syringe pump to deliver a polymer
solution connected to an apparatus consisting of concentric nozzles whereby the polymer
solution is pumped through the inner nozzle while a constant, high velocity gas flow is
sustained through the outer nozzle (See Figure 10). The aerodynamic forces are able to
stretch the solution exiting the inner nozzle to produce long filaments with diameter down
to the nanoscale.

With this technique the authors have been able to produce a variety of morphologies such as
smooth and porous fibers as well as beaded fibers. Moreover, polymers such as PLA,
PMMA, PEO, PS and PVC have been successfully used to produce micro and nanosized
fibers with diameters as low as 40 nm [56, 62].

2.3.6 Electrospinning
A very innovative and promising technique to obtain electroactive fibers is through the
application of a static electric field on a polymer solution or melt. This technique known as
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Fig. 10. Schematic illustration of the Solution Blow Spinning technique [56].

electrospinning can be used to produce polymer fibers down to the nanometer. Contrasting
with the most common fiber processing techniques as melt spinning, dry spinning, wet
spinning and extrusion, electrospinning is able to produce ultrathin fibers with low cost and
elevated surface area. This point is of particular interest for producing sensors, actuators
and other electroactive devices, especially possible when conducting polymers are used in
electrospinnnig. MacDiarmid and his group firstly verified the possibility to electrospun
fibers of conducting polymers once no chain degradation was observed after electrical field
application [63, 64]. Since then, many conducting polymers such as polyaniline, polypyrrol
and polythyiophene have been used to produce nanosized electrospun fibers [65-68].
Although the available literature on electrospinning of polymer mats is extensive, there are
still few reports on electrospinning of electroactive polymers and its related applications’.
Details of the electrospinning process will be given in the next section.

3. Electrospinning process

3.1 Basics of electrospinning

Electrospinning has emerged as an experimental technique based on the application of a
static electric field on a polymer solution or melt through a spinneret. The electrostatic
spinning of polymer fibers matches both basic science and technological development
pointing the development of new materials with unrelated properties that will cause
revolution in the way of producing polymer materials [2].

On a first approach, electrospinning appears to be a simple and easily controllable technique
able to produce polymeric nanofibers. A typical experimental setup is based on a capillary
injection tip, a high voltage source able to apply electric fields of 100-500 KVm! and a
metallic collector, or counter-electrode. Electric current in electrospinning experiments are
usually in the order of few miliamperes [2]. A typical apparatus for electrospinning of
polymers consists of an injection pump with hypodermic syringe to pump solution though

" A total of 98 scientific papers and patents were found at SciFinder and 56 at Web of Science until May,
2011 under the key words: "conjugated polymer electrospinning".
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the needle/nozzle, a grounded collector that can be either stationary or rotating, and a high
voltage supply. Experiments can also be carried out in a box in order to precisely control
environmental conditions such as temperature and relative humidity (see Figure 11).

(c)

:

Fig. 11. A typical setup used to produce nanofibers by electrospinning. (a) Injection pump
with hypodermic syringe; (b) grounded collector; (c) high voltage supply; and (d) working
distance.

The electric potential causes the deformation of the fluid drop and, when the applied voltage
develops enough force and balances with the fluid surface tension of the polymer solution, the
drop is deformed under a cone shape with a semi-vertical angle of approximately 30°.
Recently, Reneker and cowoerkers [69] demonstrated that beyond this critical value (Raylegh
limit), the electrostatic forces generated by the charge carriers present in fluid (which move
toward the surface of the polymer solution) overcome the surface tension and the deformed
droplet undergoes to a transition zone just before the fiber jet is initiated to the collector screen
[69-72]. At this moment, fluid is submitted to an expressive stretching, but inside tension is still
small and the authors proposed a Newtonian flux behavior in this transition zone.
Experimental measurements have shown that typical stretching rates in transition zone are
around 100 - 1000 s [69]. Thus, any change in jet format will imply a dynamic redistribution
of charges on its surface, leading to instability due to bending caused by this redistribution of
electric charges. After, a linear segment takes place and the pre-stretched jet is submitted to
rates of 20 s1. In linear segment, the flow is basically controlled by effects of electrical field and
the longitudinal tension of the viscoelastic fluid. Due to the high electric fields commonly used
in electrospinning, fluid jet is kept stable under small distances (around 2-4 cm) before reach
the scattering region, where longitudinal instabilities take place [73-77]. Polymer jets can be
ejected at velocities up to 40 m.s? [2], Figure 12 represents the different regions of a polymer jet
in electrospinning process.

A closer look to the electrospinning process reveals its intricate complexity. Recent studies
compare the electrical instability on electrospinning process to aerodynamic instabilities [77]
where partial differential equations of the aerodynamics of the fluid jet with electric field
equations are used to detailed describe the phenomenon [78,77,79]. Many theoretical models
have been used to describe the combination of a viscoelastic fluid driven by an electrical
field.
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Fig. 12. Representation of fluid deformation in electrospinning process.

Based on Taylor studies and with the use of high velocity cameras, Baumgarten proposed
that the electrospinning process occurs in two moments: (1) geometry deformation of the
fluid droplet by the electric field and (2) the formation of a continuous jet from the top of
deformed droplet [80]. A one dimensional model was proposed by Hohman e Gafian based
on numerical calculations of fluid atomization in a steady state. Based on this approach, the
authors were able to reasonably describe the intermediate region between the cone and
scattering region of electrified jets [81,82]. Later, Holman and coworkers studied the fluid jet
stability under an electric field [70, 83]. The studies searched for evidences of the
experimental parameters on the beginning of electrospinning process. The authors proposed
that the nanofiber formation is governed by the scattering region, where the surface of
charged jets interacts to the electric field leading to the scattering region (Figure 9). Many
others theoretical models have been proposed to electrospinning. Recently, Doshi and
Reneker considered the electrospinning jet as a mass-spring system divided into four
distinct regions containing beads of electrical charge (e) and mass (m) connected by
viscoelastic elements [71,85-87].

For many applications a precise diameter control is required. Fiber dimensions and
morphology depend strongly on process parameters as, for example, polymer properties:
molar mass, molar mass distribution, glass transition temperature, solubility; solution
properties as viscosity, viscoelasticity, concentration, surface tension, electrical conductivity,
dielectric constant, vapor pressure and ambient conditions as humidity and temperature.
Basically, electrospinning process parameters can be classified into three different topics;
solution parameters, process parameters and ambient parameters.

Solution parameters as viscosity, electrical conductivity, and surface tension affect directly
the fiber dimensions and morphology. Viscosity is one of the most important solution
parameters. Beadless fibers are commonly obtained when the polymer solution develops a
minimum polymeric chain network, the entanglement concentration. In fact, both solution
viscosity and concentration are related by Berry Number (Be). Experimental findings show
that the diameter of electrospun fibers is dependent of solution concentration and polymer
chain conformation in solution. Thus, the Berry Number is defined by equation 1;

Be=n]*C 1)
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where, [n] is intrinsic polymer viscosity and C is the polymer solution concentration. As the
degree of polymer chain entanglements can be represented by the Be number, one can say
that Be values determines the electrospun fiber diameter. When Be < 1, polymer molecules in
solution are sparsely distributed and there is a low probability of an individual molecule to
bind with another. As a result, only beads and beaded fibers are formed. Figure 13,
compares typically beaded and beadless fibers.
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Fig. 13. (a) Poly(lactic acid) electrospun fibers with beaded morphology, (b) beadless
Poly(lactic acid) electrospun fibers.

At 1 < Be < 2.7, entanglement probability increases and favorable conditions for fiber
production takes place. This Be number range is convenient for nanofiber production. At Be
> 2.7, polymer chain entanglements probability increases and the average fiber diameter
goes above the micrometer range [88, 89].

Surface tension is directly related to the Taylor cone formation and this is related to the
electric field strength applied over the fluid droplet able to deform its shape. This tension
value is called critical tension and polymer solutions with different solvents will have
different the critical values. Also, it was observed that the decrease in surface tension values
will favor a beadless morphology [90, 91].

The electrical conductivity of solution also plays an important role on fiber morphology.
Higher solution electrical conductivity is associated to a greater number of charges in
solution, which favors the electrospinning process. Generally, both electrical conductivity of
solvents and polymers are small and in some cases, inorganic salts are added to solution in
order to favor the spinning process. This methodology is successfully used in production of
nanofibers with uniform diameter values with beadless morphology [92,93]. Moghe and
coworkers [94] produced bead-free ultrafine fibers with narrow fiber diameter distribution
from poly(e-caprolactone) (PCL) via electrospinning. The high quality product was achieved
with the use of a new solvent system that involves an acid-base reaction to produce weak
salt complexes, which serve to increase the conductivity of the polymer solution.

In electrospinning, process parameters are typically considered as the applied electric field,
working distance, flow rate and, in some cases, rotor (collector) velocity.

According to Doshi e Reneker [71], there is a range of applied voltage values where a stable
jet is obtained for poly(ethylene oxide) solutions. For example, solutions at 6 wt.%, a stable
jet is formed between 5 and 15 KV, with a working distance of 12.5 cm. The authors also
concluded that the diameter of the jet decreases as it moves away from the needle tip until it
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reaches a minimum value dependant of the Taylor cone initiated. These values were also
corroborated by Medeiros and collaborators for poly(vinyl alcohol) [95]. Also, according to
Deitzel and coworkers [96], applied voltage values are directly related to beads formation
and the monitoring of electric current during the process is able to indicate the electric field
values where beads density significantly increases.

Carroll and Joo [97] reported a study considering axisymmetric instabilities of highly
conducting viscoeleastic solutions of poly(ethylene oxide). In this theoretical study, a linear
stability analysis combined with a model for stable electrospun jet was used to calculate the
expected bead grow rate and the wave number for a given electrospinning conditions.
According to the authors, the analysis reveals that the unstable axisymmetric mode for
electrically driven, highly conducting jets is not a capillary mode, but is mainly driven by
electrical forces due to the interaction of charges on the jet. The authors observed that both
experiments and stability analysis elucidated that the axisymmetric instability with a high
growth rate can be seen in practice when the electrical force is effectively coupled with
viscoelastic forces.

Unlike the applied electric field, the working distance, i.e., distance between needle tip and
the collector, seems less important in the formation and morphology of fibers. However, a
value of minimum working distance is needed to ensure complete solvent evaporation, and
a maximum value for the electric field is effective in forming the Taylor cone and
consequently the formation of nanofibers [92]. As observed by Gomes and coworkers [93],
fiber diameter decreases when the working distance increase from 2 to 14 cm. Further
increase in distance, from 14 to 20 cm, has no effect on fiber diameter. Also, in small
working distance condition, solvent is not completely evaporated when fibers reach the
collector and porous morphologies are obtained.

The environmental parameters, temperature, humidity and air composition, can affect the
formation and morphology of nanofibers [98]. Medeiros and coworkers [99] also found that
electrospun fibers of PVA, PLA, PVC and PS had their morphology strongly dependent on
the relative humidity surrounding the spinning process. Depending on the relative
humidity used, fibers with different sizes and porosities were obtained. With the same aim,
Vrieze and coworkers [99] studied the effect of humidity and temperature in the nanofibers
of cellulose acetate and PVP (polyvinyl pyrrolidone). They found that for PVP increased
humidity resulted in a decrease in the average fiber diameter, while for cellulose acetate
fiber diameter increased. The authors attributed this behavior to the chemical nature of the
polymer. However, the dependence of the diameter with temperature was not linear for
both polymers, since for lower temperatures, 283 and 293K, initially there was an increase in
diameter and with increasing temperature, 303K, there was a decrease in diameter [99].
Chuangchote and coworkers [100] promoted an extensive study on the effect of different
solvents on the electrospinnability of PVP fibers. The authors confirmed that dielectric
constant, viscosity, and surface tension of the solvents affect the electrospinnability,
morphological appearance, and fiber size. The authors also observed that small and uniform
PVP fibers can be obtained using solvents with high dielectric constants, low surface
tension, and low viscosity. Furthermore, diameters of PVP fibers decreased with the
dielectric constant, dipole moment, and density of the solvents.

3.2 Processing parameters of electroactive polymers
Electroactive polymers have a very specific chemistry which may limit the obtention of
purely conjugated polymers. Because of limitations on molecular weight and solvents
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suitable for electrospinning, only a few conjugated polymers such as polyaniline,
poly(dodecylthiophene), and poly[2-methoxy-5-(2"-ethylhexyloxy)-p-phenylene vinylene]
have been electrospun [101]. Thus, electrospinning of conjugated polymers is very limited
due to the absence of chain entanglement (conjugated backbones are stiffer and offer low or
almost no entanglements), which is considered a prerequisite in electrospinning technique.
Some authors have proposed several modified process approaches to obtain electroactive
electrospun nanofibers [102]. One first practical and easy way is to spin a nonconductive
polymeric web and after, polymerize conductive polymers onto fiber surface. For example,
conductive Polyamide-6 (PA-6) nanofibers were prepared by polymerizing pyrrole
molecules directly on the fiber surface of PA-6. Firstly, a solution of PA-6 added with ferric
chloride in formic acid was electrospun with average diameter values around 260 nm.
Secondly, fibers were then exposed to pyrrole vapor and a compact coating of polypyrrole
was formed on the fiber surface. According to the authors, polypyrrole coating on the fibers
turned out to be conductive with a pure resistive characteristic [102].

A similar approach was used by Ketpang and Park [103] to electrospin PVDF/PPy composites
which were prepared by spinning a nowoven web from a solution of PVDF and CuCL2HO in
DMAc and then exposing the spun fibers to pyrrole vapors in order to produce the conductive
composites. According to authors, the electrical conductivity of the PPy composites was
affected by the fabrication method and oxidant content in the non-woven web.

Lee and coworkers [104], produced uniform poly(3-hexylthiophene), PBHT nanofibers by
electrospinning. As the solubility of P3HT is limited in chloroform the authors adapted the
nozzle for being clogged by using a coaxial electrospinning setup where polymer solution is
fed through the inner nozzle and pure chloroform is provided through the outer nozzle in
order to retard solvent evaporation. According to the authors, this continuous method can
be employed to produce organic-based devices on a massive scale.

A very interesting adaptation on electrospinning methodology was developed by
Sundarrajan and coworkers for producing a P3HT/PCBM electroactive solar cloth [105]. As
noted by the authors, electrospinning of pure conjugated polymers is not possible due to the
absence of polymer chain entanglements. Since, they proposed the co-electrospinning of
poly(3-hexyl thiophene) (P3HT) (a conducting polymer) or P3BHT/PCBM as the core and
poly(vinyl pyrrolidone) (PVP) as the shell. This approach reveled successful once the PVP
shell could be washed giving rise to conductive P3HT or P3HT/PCBM cloth.

On the other hand, MacDiarmid’s group was the first to report the production of pure
polyaniline (PAni) fibers by electrospinning [63]. According to the authors, 100% PAni fibers
with average diameter of 139 nm and conductivity value of a single fiber ~0.1 S/cm were
produced placing a 20 -wt% solution of polyaniline in a 98% sulfuric acid in a glass pipette
above a copper cathode immersed in pure water at 5000 V potential difference. Later,
Chronakis and coworkers produced pure PPy electrospun fibers with diameters of ~ 70 nm
by dissolving [(PPy3)*(DEHS)-]x in DMF, where the doping agent (DEHS)- derives from
di(2-ethylhexyl) sulfosuccinate sodium salt (NaDEHS) [106].

In order to improve polyaniline processability, a first approach to obtain PAni. HCSA doped
nanofibers blended with usual polymers by electrospinning was done by MacDiarmid’s
group [64]. In this study a non-woven mat was obtained by using a polyaniline/
polyethylene oxide PEO solution dissolved in chloroform. By controlling the ratio of
polyaniline to PEO in the blend, fibers with conductivity values comparable to that of
PAn.HCSA /PEO cast films were produced.

Another study on production of PAni(CSA) nanofibers dispersed in poly(methyl
methacrylate) (PMMA) solution in chloroform were produced by Veluru and coworkers
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[107]. According to the authors very good aligned fibers with diameters in the range of
500nm to 5pm were obtained and dc conductivity was estimated to be around 0.28 S/m.
Gizdavic-Nikolaidis and coworkers [108] used a mixture of dimethyl sulfoxide/
tetrahydrofuran in order to obtain homogeneous blended nanofibers of HCl-doped
poly(aniline-co-3-aminobenzoic acid) (3ABAPANI) copolymer and poly(lactic acid) (PLA)
for tissue engineering. Once solvent system DMSO/THF (50:50) is quite difficult to be
removed from the nonwoven mats, the authors used a heated collector to facilitate the
solvent removal. This procedure can be considered essential in cases where nonwoven fiber
mats will be used in cell growth. Besides composite electroactive fibers achieve lower
conductivity values comparing to pure conjugated polymer fibers, this lower conductivity is
quite appropriate to tissue engineering.

As observed earlier, the addition of ions in electrospinning solution can improve fiber
spinnability due to the increase of charge carriers in solution. It is also known that
conjugated polymers may have high density of charge carriers and this can also affect the
electrospinning process. It was recently observed that the addition of PAni. TSA to PLA
solution in HFP caused similar effect of inorganic salts addition [65]. According to the
authors, the average fiber diameter reduced around 400 nm after addition of 0.2 -wt% of
PAni.TSA. Also, diameter distribution narrowed and a beadless morphology was observed.
Furthermore, electrorheological effects can be observed in polymer solution with high
density of charge carriers [66].

Composite nanofibers of Poly(vinylidene fluoride-trifluoroethylene)/polyaniline-
polystyrene sulfonic acid with diameters of ~ 6 nm were reported by Abreu and coworkers
[109]. As observed before, the addition of the conjugated polymer PANIi-PSSA also
increased the charge density of the solution and assisted the fabrication of homogeneous
nanofibers at lower than normal PVDF concentrations in DMF.

Attout and coworkers used a very interesting experimental setup to produce aligned
polyaniline based nanowires and nanotubes based on electrostatic steering [110]. As
demonstrated by the authors, electrospun nanofibers can be aligned on a substrate using an
alternative electrostatic field generated between two collectors. This technique suggests
promising strategies to achieve fiber alignment and counting with an “immobile”
experimental setup (Figure 14).

Metallic needle

Fibers in formation —

Fig. 14. (Continued)

T @®




106 Nanofibers — Production, Properties and Functional Applications

100{pm

Fig. 14. (a) Electrospun fibers alignment set up developed by Attout and coworkers and
optical pictures of PMMA aligned fibers [110].

3.3 Electrospun electroactive polymer fibers: novel properties due to the size
reduction, uses and devices

Nanofibers of electroactive polymers have received great attention recently because of their
unique and useful properties [63]. New and unrelated properties may arise from size
confinement which may be important for several applications in electronic devices, optics
and biomedical materials [111-113], protective clothing [114], filtration media [115], charge
storage devices [116,117], sensors and actuators [118-120].

Recently Shin and coworkers fabricated conducting nanofibers by blending multiwalled
carbon nanotubes (MWNTs) and polyaniline (PAni)/poly(ethylene oxide) (PEO) using
electrospinning. The authors observed an unexpected transition in the electrical
conductivity of the conducting composite while measuring the I-V characteristics of the
nanofibers aligned on an electrode when they were exposed to an applied high voltage. This
unexpected transition in the electrical conductivity was attributed to the interactions
between the MWNTs and the conducting polymer inside the fiber due to an annealing effect
of the PANi/PEO matrix from the thermal dissipation of the CNTs. The authors also related
this unusual transition to the self-heating effect of the MWNTs incorporated into the
conducting polymer which will be very helpful in enhancing the electrical properties of
nanoscale conducting composite fibers [121]. Figure 15 represents the interactions between
carbon nanotubes and polymer chain.

Jeong and coworkers [122] prepared a conductive composite based on multiwall carbon
nanotubes and nylon 6,6 by electrospinning. In this work a methodology was developed in
order to produce stable dispersions of MWNT’s functionalized with -NH> terminations in
formic acid. After, nylon 6,6 solution in formic acid was electrospun with different filler
concentration. According to the authors, the I-V characteristics were found to be non-ohmic
and improved with increasing filler concentration in the nylon nanofiber. This increase was
attributed by the authors to the enhancement of the electron conduction process by the
increase of MWNT content. Figure 16 shows the nylon 6,6/MWNT’s composite electrospun
fiber followed by its I-V characteristics [122].
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Fig. 15. Schematic representation illustrating the self-heating phenomena between a CNT
and a polymer chain inside a conducting composite electrospun nanofiber [121].
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Fig. 16. TEM image of the MWNTs/nylon composite nanofibers with 10 wt.% and its I-V
characteristics plot [122].

Babel and coworkers electrospun nanofibers of two series of binary blends of poly[2-
methoxy-5-(2-ethylhexoxy)-1,4-phenylenevinylene] (MEH-PPV) with regioregular poly(3-
hexylthiophene) (PHT) and (MEH-PPV) with poly(9,9-dioctylfluorene) (PFO) aiming the
production of fibers with tunable, composition dependent, optical, and charge transport
properties that could be exploited in nanoscale devices.The authors were able to produce
fibers with diameters ranging from 100 to 500 nm. It was observed phase-separated
morphology by SEM images. However, because of confinement of the liquid jets during
electrospinning, the length scales of the phase separation in these blend fibers are much
smaller than those of the MEH-PPV/PHT blend thin films prepared by spin coating where
the length scales of the phase-separated domains were on the order of 100-150 nm [100].
Furthermore, the red shift in electronic absorption peaks suggests that the polymer chains in
the fibers are more extended, which may lead to the increase of m-conjugation length.
Moreover, the extended polymer chains should be oriented along the fiber axis due to the
strong stretching of the liquid jet during electrospinning better m-electron delocalization. An
interesting feature in the absorption spectra of MEH-PPV/PFO blend nanofibers is a 20- 30
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nm red shift of the PFO absorption band to 400- 410 nm, suggesting that the PFO chains are
also extended and oriented along the fiber axis.

PAni.TSA/PLA blended electrospun nanofibers have been recently produced [67]. The
authors observed no phase segregation of PAni in PLA matrix in electrospun fibers while
phase segregation was observed in cast films with the same composition. According to the
obtained results, the authors concluded that due to rapid solvent evaporation in
electrospinning process, no crystalline structures in fiber mats were formed compared to
cast films. Highly homogeneous electroactive fibers can be useful in construction of
electronic devices and sensors. Similar behavior was observed to the (PVDF-TrFE/PANi-
PSSA) electrospun nanofibers [123].

Laforgue reported the production of flexible supercapacitors using electroactive fibers
obtained by electrospinning [124]. In this work the author demonstrated that
Polyvinylpyrrolidone (PVP) fibers covered with poly(3,4-ethylenedioxythiophene) (EDOT)
by vapor phase polymerization. The conductive mats presented elevated electrical
conductivity (60£10 S cm-1) and were separated by a layer of PAN in order to assembly an
all flexible capacitor device. Figure 17 represents the assembly process of capacitor device
using electrospun electroactive fibers.
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Fig. 17. Assembly of a textile supercapacitor. (a) Schematic representation of the stacked
textile layers; (b) photographs of a 3cm? all- textlle flexible supercapacitor; (c) SEM image of
the active materials (PEDOT nanofibers); (d) SEM image of the separator (PAN nanofibers)
[124].

According to the authors, the electrochemical performances of the solid-state supercapacitors
were very similar to the ones obtained in liquid electrolyte. Owing to the nanostructure nature
of the active materials, an effective wetability by the electrolyte and a limited diffusion length
of the doping ions within the polymer structure were observed [124].
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A similar approach was used by Sundarrajan and coworkers to produce a solar cloth by
electrospinning technique as presented previously in this chapter [105], as represented in
Figure 18. The authors have found an efficiency of fiber cloth around 8.7x10-8, however
environmental parameters and fiber diameter reduction can be improved in order to
produce more efficient materials.
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Fig. 18. Jsc-V graph of the P3BHT/PCBM solar cloth measured under 1 Sun conditions. Inset
shows a picture of the solar cloth fabricated using electrospinning [105].

Electrospun conducting fibers are also used in production of biocompative systems for
tissue engineering and biosensors. Lee and coworkers produced PLGA electrospun
nanofibers coated with polypyrrole for neural tissue applications [125]. The authors used
PPy-PLGA electrospun meshes to support the growth and differentiation of rat
pheochromocytoma 12 (PC12) cells and hippocampal neurons comparing to non-coated
PLGA meshes. It was suggested that PPy-PLGA may be suitable as conductive nanofibers
for neuronal tissue scaffolds.

Also, conductive polymers can be blended with other polymers to provide an electrical
current to increase cell attachment, proliferation, and migration. McKeon and coworkers
[126] electrospun several polyaniline and poly(D,L-lactide) (PANi/PDLA) mixtures at
different weight percents. Interestingly only the 75/25 electrospun scaffold was able to
conduct a current of 5 mA with a calculated electrical conductivity of 0.0437 S cm-!. Later,
primary rat muscle cells were cultured on scaffolds and on tissue culture polystyrene as a
positive control. The authors observed that, although the scaffolds degraded during this
process, cells were still able to attach and proliferate on each of the different scaffolds. The
cellular proliferation measurements showed no significant difference between the four
groups measured and the conductivity and cellular behavior demonstrate the feasibility of
fabricating a biocompatible, biodegradable, and electrically conductive PDLA/PANi
scaffold.

As cited before, HCl-doped poly(aniline-co-3-aminobenzoic acid) (3BABAPANI) copolymer
and poly(lactic acid) (PLA) blend were electrospun in the form of three-dimensional
networks with a high degree of connectivity, onto glass substrates [108]. The authors
evaluated the ability to promote proliferation of COS-1 fibroblast cells over this conductive
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scaffold. According to the authors, this new class of nanofibrous blends can potentially be
used as tissue engineering scaffolds and showed promise as the basis of a new generation of
functional wound dressings that may eliminate deficiencies of currently available
antimicrobial dressings.

Li and coworkers investigated the potential applications of polyaniline containing gelatin
nanofibers for producing conductive scaffolds for tissue engineering purposes [127]. The
authors have found that the polyaniline addition affects the physicochemistry of PAni-gelatin
blend fibers and that this kind of substrate is biocompatible and support the cells (H9c2 rat
cardiac myoblast) attachment, proliferation and growth. Similar work was developed by
Borriello and coworkers on testing PAni and polycaprolactone (PCL) electrospun membranes
as platforms for to mimic either the morphological and functional features of the cardiac
muscle tissue regeneration [128]. The authors observed that development of PANi/PCL
membranes by electrospinning with controlled texture can create an electrically conductive
environment and this environment can stimulate the cell differentiation to cardiomyocites,
and can successful be used in the myocardium muscle regeneration.

Aussawasathien and coworkers produced composite fibers of Poly(o-anisidine)-polystyrene
via electrospinning for chemical vapor sensing [129]. Sensibility of the composite fibers were
tested under water and ethanol vapor (being that) the sensors elements responded better to
the high polarity of the solvent. The CSA doped POA/PS composition seems to be stable
under the submitted ambient one to ethanol. The sensor could be reused several times
without any change in sensing behavior and/or damage to the sensing materials.

A flexible nanotube membrane of Poly(3,4-ethylenedioxythiophene) (PEDOT) was produced
by Kwon and coworkers electrospinning mediated for ammonia gas detection [130]. Initially,
Poly(vinyl alcohol) (PVA) solution was electrospun and further treated with FeCls solution to
adsorb Fe ions on the nanofibers surface. Later, EDOT monomer was evaporated and
polymerized on the PVA surface leading to coaxial PVA/PEDOT fibers which were after
washed with distillated water giving 140 nm PEDOT tubes. According to the authors, PEDOT
nanotubes achieved electrical conductivity values of 61 S cm-1, higher than the usual PEDOT
nanomaterials produced with FeCls. PEDOT nanotubes revealed owing faster recovery times
than PVA/PEDOT coaxial fibers due to the elevated surface area, demonstrating the
possibility of this methodology to produce 1D nanomaterials for sensors applications.

Pinto and coworkers evaluated the electric response of isolated polyaniline fibers to vapors
of aliphatic alcohols [131]. According to the authors, the large surface to volume ratio, the
uniform diameter and small quantity of active material used in the sensor construction are
comparable to or faster than those prepared from nanofiber mats of the same polymer. Also,
the sensors made from individual fibers exhibit larger responses, especially for bigger
alcohol molecules, and also show true saturation upon exposure and removal of the alcohol
vapor. As observed by the authors, the response of sensors made from electrospun
nanofibers to small alcohol molecules is opposite to that observed for nanofiber mats. This
effect was related by the authors to the doping process used in the preparation of the
polymer in either case [135].

4. Conclusions and perspectives

Nanotechnology has recently emerged as a unique and fruitful area in modern science that
basically encompasses all aspects of the human knowledge. Nevertheless, the use of
nanostructured materials dates back to ancient Rome, where artifacts such as wine glasses
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that changed their color according to the incidence of light were made with gold
nanoparticles. Obviously, the knowledge about atomic and molecular manipulation did not
exist in those ancient times and only recently with the perception of Richard Feynman and
the work of many scientists, nanotechnology has become such a broad field of science with
enormous implications and advancements. In fact, emergence of nanotechnology began in
the 1980°s caused by the convergence of experimental advances such as the development of
the scanning tunneling microscope in 1981 by Gerd Binnig and Heinrich Rohrer at IBM
Zurich Research Laboratory, and the discovery of fullerenes in 1985 by Harry Kroto, Richard
Smalley, and Robert Curl, and others discoveries of materials and techniques. Furthermore,
the elucidation and popularization of the conceptual framework of nanotechnoloy began in
1986 with the publication of the book “Engines of Creation: The Coming Era of
Nanotechnology” by K. Eric Drexler.

One of the greatest objectives in current research in nanotechnology is based on
observations that a number of physical phenomena may become more pronounced as the
size of the system decreases. These effects are more significant in case of statistical
mechanics and quantum effects usually, especially in case of electronic and optical
properties of some solids. Quantum effects become more pronounced, for example, when
the nanometer size range is reached, typically at distances of 100 nanometers or less.
Another important effect when dealing with nanosized materials is the increase in surface
area to volume ratio which is able to produce significant changes in mechanical, thermal and
catalytic properties of many materials, including polymers and polymer composites.
Various effects can be considered regarding to the research in nanoscience and
nanotechnology of electroactive polymers, especially with regard to electronic conduction in
disordered materials of low-dimensional conductors and also with respect to the significant
increase in surface area. The latter is considered of especial interest in research and
development of sensors based on electroactive polymers.

Electrospinning technique allows us to obtain electroactive polymeric structures of high
surface area and organization at the nanoscale. As we have seen before, electrospinning is easy
to operate, relatively low cost, and is capable to produce a wide range of electroactive polymer
nanofibers and nanomats that can be uses in many applications, ranging from sensors and
actuators to solar clothes, supercapacitors and bioactive materials. However, there is only a
limited number of papers published in this field and there is still need for further
investigations, particularly with the regard to understanding the electrospinning process
within a single theoretical framework, capable of accurately predict fiber dimensions and
morphologies experimentally obtained. This point can be considered of fundamental
importance for the development of electrospinning and its applications at larger scales.

In fact, this is a topic that deserves most attention from researchers in electrospinning.
Despite the ease of obtaining and operating, fibers productivity by electrospinning is
considered very small when compared with other techniques for producing fibers. In this
regard, considerable efforts should be made to increase the productivity of spun fibers while
precisely controlling dimensions and morphology of the fibers. Some efforts have already
been done towards this direction indeed since the time of Formhals, but to date there are no
records of large-scale production of electroactive polymer fibers by electrospinning despite
the fact that this technique has given its first steps towards mass production of micro and
nanofibrous mats. In addition, the emergence of new effects and phenomena related to
electronic and ionic transport in conductive nanofibers can be studied in depth which
certainly will lead to materials and devices with unknown properties.
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1. Introduction

The development of high value added one-dimensional (1D) electrospun nanofibers and
structures (such as wires, belts and tubes) have tremendously increased over the last decade.
Today, a wide variety of nano-objects (such as metal nanoparticles,[1-3] clays,[4] carbon
nanotubes,[5, 6] ceramics,[7] etc.) can be immobilized onto nanofibers, which bring new
materials” properties and potential applications in a broad range of areas such as electronics,
medicine, sensor, and controlled release technology. As a result, a tremendous amount of
effort has been devoted to the synthesis, characterization and utilization of nanofibers
composites with well-controlled dimensions and properties. Indeed, extensive research and
development in the 21st century is directed towards the development of novel hybrid
nanomaterials with tunable properties. The purpose of such formulations is to achieve
unique and superior properties that can not be achieved using only a single component of
the hybrids. In this way, one can combine the properties of an organic component
(polymers, biomolecules) such as mechanical toughness and flexibility with the hardness
and thermal stability of the inorganic component (carbon, metals, ceramics, and glass) into a
single system.[8,9] The new nanofibrous products based on the immobilization of functional
nanomaterials onto electrospun nanofibers have recently attracted significant attention from
both the academic and industrial sectors.[10-12] The main strategies for developing new
nanostructured nanofibers were mostly carried out by direct electrostatic spinning of
various polymers with molecular building blocks or polymer solutions (or polymer melts)
with well-dispersed nano-objects,[1-7] and by co-electrospinning core-shell polymer
nanofiber using a single-nozzle technique,[13,14] and by mimicking natural self-assembled
process to produce hierarchically ordered self-assembled nanofibers.[15]

This chapter concentrates on metallized nanofibers which can be serving as the necessary
functional components in building nanoelectronics. Nanofibers with uniform diameters
represent an ideal model system to fabricate metal nanofibers. Long polymer fibers with
sub-micrometer diameters down to a few nanometers can be prepared by electrospinning,
which is a process where polymer solutions or polymer melts are processed in an electrical
field.[16, 17] Electrospun nanofiber has a history of more than 70 years. In 1934, Formhals
patented his first invention relating to the process and the apparatus for producing artificial
filaments using electric charge.[18] This technique involves the use of a high voltage to
charge the surface of a polymer solution (or melt) droplet and thus to induce the ejection of
a liquid jet through a capillary spinneret. From then, this technique had gradually received
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more and more attention to prepare nanosized polymer fibers. Nanofibers produced by
electrospinning are of industrial and scientific interest due to their long lengths, small
diameters and pores, and high surface area per unit volume which enable them have
enormous applications in tissue scaffolds, protective clothing, filtration, and sensors, etc.
Numerous polymer systems, including homopolymers, various kinds of copolymers,
blends, and composites were successfully electrospun.[16, 19-21] Besides lots of efforts for
developing these new nanofibers, tailoring the surface chemistry and function of
electrospun nanofibers is also of utmost importance for the application of these materials:
for example, modification of surface properties such as chemical composition, functionality,
and charge as well as biocompatibility is essential for the utilization of the resulting
nanofibers in specific applications. Recent studies by several groups have demonstrated the
potential use of metal nanofibers as active components in fabricating nanoscale devices. For
instance, Yang et al.[22] reported the electrospinning of ultrafine poly(acrylonitrile) (PAN)
fibers containing Ag nanoparticles. Then many other metal nanoparticles such as gold,
titanium, copper have been successfully dispersed on into a variety of polymer nanofibers
via electrospinning. Kumar and co-workers[23] reported the fabrication of novel metal
oxide-coated polymeric nanofibers using the electrospinning and solution dipping
technique. Greiner and co-workers[24] reported that the coating of the template and the
formation of the walls of the tubes could be achieved by chemical vapor deposition (CVD)
with poly (p-xylylene) (PPX) via a template route. Parsons and co-workers[25] recently
employed atomic layer deposition (ALD) on electrospun polymer fibers as a direct means by
which to construct inorganic microtubes with well-defined nanoscale walls composed of
ALO;s after the removal of the templating polymer. In addition, noble metal nanofibers (such
as Ag and Au) exhibit strong absorption in the visible and near infrared regions, an optical
feature substantially different from those of planar metal surface or bulk materials.
However, most of the methods are very time-consuming. To overcome these disadvantages,
it is necessary to find a reliable and straightforward method to produce a variety of the
nanostructured nanofibers with controlled morphologies and microstructures. The
conductive surface is often required for applications such as anti-static, conductive shield,
packing, and protective materials. The metallic nanostructured nanofibers have a great
potential for a wide range of applications in many industries. In this chapter, we introduce a
straight forward combined technology of electrostatic spinning and metallization for
producing the conductive nanostructured hybrid nanofiber webs. Such metalizing
technology can be widely used to deposit very thin films on various substrates for
commercial and scientific purposes. The morphologies, microstructures and mechanical
properties of the resulting metallized nanofibers were characterized by field emission
scanning electron microscopy (FE-SEM), X-ray diffraction (XRD) and tensile tester,
respectively. The ability to deposit well-controlled coatings onto the nanofibers would
expand the application of nanofibers, for instance electromagnetic interference shielding
effectiveness (EMI SE), based on changes to both the physical and chemical properties of the
nanofibers.

2. Experimental procedure

2.1 Materials
The polyurethane (PU, ca. 14 wt%) stock solution, which is currently used for mass production
electrospinning, was kindly provided by TECHNOS Co., Ltd., Japan and used for
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electrospinning.[26,27] Poly(vinyl alcohol) (PVA) (degree of hydrolysis = 88%, degree of
polymerization (DP) = 1,700) was obtained from Kuraray Co. Ltd., Japan. High purity
aluminum (99.5%, grains 3-5 mm), tin (99.99%, grains 2-3 mm), copper (99.99%, wire-cut) and
nickel (99.9% up, grains 2-5 mm) were purchased from Kojundo Chemical Laboratory Co.,
Ltd., Japan. All chemicals were of analytical grade and used without further purification.

2.2 Electrospinning

In order to produce electrospun nanofibers,[28-30] a high-voltage power supply (Har-100*12,
Matsusada, Co., Japan) was used as the source of the electric field. The PVA was dissolved in
distilled water, and the concentration of PVA solution was 12 wt%. Each polymer (PU and
PVA) solution was supplied through a plastic syringe attached to a capillary tip with an inner
diameter of 0.6 mm. The copper wire connected to a positive electrode (anode) was inserted
into the polymer solution, and a negative electrode (cathode) was attached to a metallic
collector (Fig. 1a). The voltage was controlled at the range of 8-12 kV. The distance between the
capillary tip and the collector was fixed to be 15 cm. All solutions were electrospun onto a
rotating metallic collector at room temperature under identical conditions.

2.3 Metallization

A system UEP-6000 (ULVAC, Inc., Japan) was used to deposit a metallic layer onto the
organic nanofibers. A high-purity target metal was mounted on the vapor plate (Fig. 1b),
and the nanofiber webs were fixed on the rotating holder with a side facing the target. The
vacuum pressure was set at 2.0x10-3 Pa, the power was set at 10 kV, 270 mA. The deposition
rate of the metallic layer was controlled to be about 1.0 A/s (copper, thin deposition) and 0.2
A/s (nickel deposition), respectively. The distance between the target and substrates was
400 mm. The thicknesses of metal layers were scanned by a coated thickness measurement
with X-ray spectrometers (Fischerscope X-RAY XDL-B, Fischer Technology Inc., Germany).

/Syringe S ANy
Power Supply . Tarseted
Nanofiber webs
Polymer Solution I I—
Positive Metal
Electrode ;'apor
. I
Metal
------ i—‘ Crucible
1 Resistive
W— Instahility Aeater e
Zone
p—
Negative Electrode Vacuum
= Pump
(@) (b)

Fig. 1. Schematic of (a) electrospinning apparatus and (b) metallization.
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2.4 Annealing process

After the Cu/Ni metal depositions, in order to produce the alloy nanofibers, the obtained
Cu/Ni metal-deposited nanofibers were placed into the alundum crucible, and annealed in
the electric furnace under N>. Annealing process was conducted at various annealing
temperatures and times, which were varied at the ranges of 250 ~ 600 °C and 6 ~ 24 hr,
respectively. The heating rate was 5.0 °C/min.

2.5 Characterization

The morphologies of metallized nanofibers were characterized by field emission scanning
electron microscope (FE-SEM) (Hitachi model S-5000). Wide angle X-ray diffraction
(WAXD) experiments were carried out with a fixed anode X-ray generator operating at 40
kV and 150 mA (Rotaflex RTP300, Rigaku Co., Japan). The mechanical behaviors of
metallized hybrid nanofiber webs were determined by a universal testing machine
(TENSILON RTC1250A, A&D Company Ltd, Japan) under a crosshead speed 10mm/min at
room temperature. In accordance with ASTM D-638, samples were prepared in the form of a
dumbbell-shape and, then, at least five specimens were tested for tensile behavior and the
averaged values were reported. For determining the tensile strength of metal deposited
single nanofibers, we specially developed the test machine (FITRON NFR-1000, RHESCA
Co., Japan). Three parameters were determined from each stress-strain curve: Young’
modulus, tensile strength, and elongation at break. Elastic modulus or Young’s modulus is
the initial slope of the stress-strain curve. Tensile strength is the stress at failure and the
strain corresponding to the tensile strength is the failure strain. The electrical volume
resistivity p of the metallized hybrid nanofiber webs was measured using a standard four-
point probe method at ambient conditions. The electrical volume resistivity p was calculated
by Ohm’s law, p = (V/I)(wt/]), where V is voltage, I is current, [ is distance between inside
electrodes, w,t is width and thickness of the specimen, respectively. The shielding effect (SE)
of the metalized nanofiber webs was analyzed using near-field antenna measurement
systems, which consisted of a vector network analyzer (37169A Anritsu Co., Ltd.) and a
near-field antenna measurement instrument (Tokai-techno Co., Ltd.) with a transmitting
horn antenna and a receiving waveguide probe. The horn antenna and waveguide probe
will be changed according to the frequency range to be measured.

3. Morphologies and microstructures of metallized nanofibers

3.1 Morphologies of metallized PU nanofibers

Fig. 2 shows typical FE-SEM micrographs of the pure PU and the metallized hybrid PU
nanofiber webs with different thicknesses of the copper layer. As expected, electrospun
nanofibers are deposited as a randomly oriented nanofiber web, forming a highly porous
structure, which is held together by connecting sites such as crossing and bonding between
the fibers. [31-33] The image at higher magnification (inset in Fig. 2a) shows that the surface
morphology of pure PU nanofiber is smooth and uniform, with an average diameter of ca.
500 nm. On the other hand, after metallizing of pure PU nanofiber webs, the surface of
metalized hybrid PU nanofibers becomes slightly coarse and looks rough (inset in Fig. 2b).
When the thickness of the copper layer increases to 50 nm, it can be clearly seen that the tiny
copper nanoparticles are formed through the surface of the nanofibers (inset in Fig. 2c); such
nanoparticle becomes evident gradually with increase in the thickness of the copper layer
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(inset in Fig. 2d). The results suggest that the metallic coppers are well deposited on the
surface of nanofibers. In addition, the fibrous morphologies were satisfactorily conserved
even after removal of the nanofiber template (by heat treatment at 400 °C for 24 hr. The
complete removal of the organic components was confirmed by FT-IR analysis) in the
metallized hybrid PU nanofiber webs, indicating the successful deposition of metals on the
surface of the nanofiber template. Furthermore, in the case of FE-SEM images in Fig. 2d
(inset), nearly spherical copper nanoparticles were observed, with an average diameter of
ca. 23 nm. This result is also well coincident with the results of WXAD, which will be
explained below. The shape of copper nanoparticles is irregular and non-spherical, which
may be attributed to the massive copper migration and aggregation. The migration and
aggregation of copper nanoparticles are probably driven mostly by the instability of copper
atoms due to their high surface free energy. [34] Therefore, the aggregation would produce
thermodynamically stable particles with bigger sizes.

Fig. 2. FE-SEM photographs of pure PU (a) and metallized hybrid PU nanofiber webs with
different copper layers of 10 nm (b), 50 nm (c), and 100 nm (d). Insets show FE-SEM images
of each nanofibrous webs at higher magnification.

Fig. 3 shows the WAXD patterns of pure PU and metallized PU nanofibers. As seen in Fig.
3a, it was observed that the PU nanofibers have an amorphous structure. Moreover, the
metallized PU nanofibers with the copper layer of 10 nm are also amorphous (Fig. 3b),
suggesting that there is no formation of clear copper nanocrystals on the PU nanofibers,
while the metallized PU nanofibers with the copper layer of 50 and 100 nm shows clearly
typical crystalline peaks (Figs. 3c and 3d). The three peaks are observed at 20=43.5°,
50.0°and 73.5°, corresponding to the XRD peaks of crystalline copper and show that the
copper crystals are in the form of (111), (200), and (220) reflections, [35] respectively.
Furthermore, the full width at half-maximum (FWHM) of the strongest characteristic peak
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(111) is used to estimate the average crystallite size by applying the following Debye -
Scherrer equation, D=x\/Bcost, where X-ray wavelength A is 1.5402, x is the shape factor
which is often assigned a value of 0.89 if the shape is unknown, D is the average diameter of
the crystals in angstroms, 6 is the Bragg angle in degrees, and B is the full width at half-
maximum of the strongest characteristic peak in radians. It was found that the averaged
sizes of copper nanoparticles deposited on the PU nanofibers are ca. 12 and 23 nm for the
metallized PU nanofibers with the copper layers of 50 and 100 nm, respectively. These
results also agree well with FE-SEM data (FE-SEM images in Figs. 2c and 2d), indicating that
spherical copper nanoparticles are observed.
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Fig. 3. X-ray diffraction patterns of pure PU nanofiber (a) and metalized hybrid PU
nanofibers with different copper layers of 10 nm (b), 50 nm (c), and 100 nm (d).

3.2 Morphologies of metallic nanotubes

Fig. 4 shows typical FE-SEM micrographs of pure metallic nanotubes and nanofibers (a: 200
nm Cu-coated onto the nanofiber with the diameter of 200 - 250 nm, b: 200 nm Cu-coated
onto the nanofiber with the diameter of 150 - 200 nm, c: 50 nm Cu-coated onto both side of
the nanofiber with the diameter of 200 - 250 nm) after calcination at 400 °C for 24h,
respectively. As seen in Fig. 4, pure metallic nanotubes exhibited a rough surface
morphology compared to the metallized PV A nanofibers before calcination. The diameter of
nanopores were found to be about 100 - 150 nm. On the other hand, the long metallic
nanotubes were not obtained presumably due to incomplete coating of the metal layers onto
the nanofiber template, but rather broken metallic nanotubes were observed (Fig. 4a).
Therefore, in order to achieve complete metallic coverage of the nanofibers, the metallic
coating onto both sides of the nanofibers were performed, and followed the removal of the
nanofiber template to produce the long metallic nanotubes. The result is shown in Fig. 4c.
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Clearly, it was observed that the long metallic nanotubes were successfully achieved
without any breakages in pure metallic nanotubes. The formation of metallic nanotubes was
also confirmed by transmission electron microscopy (TEM) analysis (data not shown). In
addition, in order to investigate the diameter effect of the nanofibers on metallization, the
electrospun PVA nanofibers with the smaller diameter ranging from 150 to 200 nm (PVA
polymer solution: 8 - 10 wt%) were used and explored. Fig. 4b shows typical SEM images of
pure metallic nanofibers. Interestingly, unusual pearl-necklace-like morphology was
observed, which is not clear yet and at present. As a result, we could successfully prepare
the pure metallic nanotubes or nanofibers depending on the diameter of the nanofibers and
the thickness of deposited metal layer by using the combined technology of electrospinning
and metallization.

g
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Fig. 4. FE-SEM micrographs of pure metallic nanotubes and nanofibers after calcination at
400 °C for 24h, respectively (a: 200 nm Cu-coated onto the nanofiber with the diameter of
200 - 250 nm, b: 200 nm Cu-coated onto the nanofiber with the diameter of 150 - 200 nm, c:
50 nm Cu-coated onto both side of the nanofiber with the diameter of 200 - 250 nm).

3.3 Metal alloy nanofibers

Metal alloy has been attracted considerable attention to metallurgists, materials engineers,
and materials scientists in four major areas: (i) development of new alloys for specific
applications; (ii) fabrication of these alloys into useful configurations; (iii) design and control
of heat treatment procedures for specific alloys that will produce the required mechanical,
physical, and chemical properties; and (iv) solving problems that arise with specific alloys in
their performance in commercial applications, thus improving product predictability. In
general, the use of phase diagrams is useful and allows research, development, and
production to be done more efficiently and cost effectively. In the area of alloy development,
phase diagrams have proved invaluable for tailoring existing alloys to avoid overdesign in
current applications, designing improved alloys for existing and new applications,
designing special alloys for special applications, and developing alternative alloys or alloys
with substitute alloying elements to replace those containing scarce, expensive, hazardous,
or “critical” alloying elements.[36] For instance, copper and nickel are completely soluble in
all proportions in the solid state. Here, we attempt to study the annealing conditions for
achieving the Cu/Ni metallized nanofibers from metal-deposited electrospun nanofibers
prepared by electrospinning and metallization. Various annealing conditions, such as
annealing temperature and time, and composition ratio of two metals (Cu and Ni) are
investigated in order to find out optimum annealing process for the formation of alloy
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nanofibers. We chose two different conditions with composition ratio of Cu/Ni 90:10 and
40:60 in deposited thickness, and investigated the morphologies and crystal structures of
metal-deposited nanofibers before and after annealing. The annealing conditions, such as
annealing temperatures and times were varied to find out optimum annealing process for
the formation of alloy nanofibers.

Fig. 5. FE-SEM images of Cu/Ni metallized (9:1, in deposition thickness) nanofibers before
annealing (a) and after annealing at 250 °C (b), 400 °C (c), and 600 °C (d) for 12 h.

Fig. 5 shows FE-SEM images of Cu/Ni metallized (9:1, in deposition thickness) nanofibers
before annealing (a) and after annealing at 250 °C (b), 400 °C (c), and 600 °C (d) for 12 h. It
was found that the fibrous morphologies were satisfactorily conserved even after removal of
the nanofiber template through an annealing process,[37] suggesting the successful
deposition of metallic layers onto the surface of nanofiber template. As seen in Fig. 5, before
annealing the surface of metal-deposited nanofibers exhibited a rough surface morphology
due to the formation of the metallic granular nanoparticles (ca. 23 nm), whereas the surface
roughness of the pure nanofibers was smooth (not shown). Moreover, the surface roughness
of the metallized nanofibers annealed above 400 °C showed larger and irregular-shaped
metal particles during annealing at higher temperature. On the other hand, the metallized
nanofibers annealed at 250 °C exhibited the similar morphologies to the metal-deposited
nanofibers before annealing, but irregular diameter with a node-structure, probably due to
the partly flowing and deterioration of the viscoelastic polymer nanofiber around 250 °C.
Fig. 6 shows FE-SEM images of Cu/Ni metallized (4:6, in deposition thickness) nanofibers
before annealing (a) and after annealing at 250 °C (b), 400 °C (c), and 600 °C (d) for 12 h. The
similar annealing behavior was also observed at the composition ratio of Cu/Ni.40:60. That
is, the surface roughness of Cu/Ni metallized nanofibers annealed at various temperatures
for 12 h became coarse and rough as increasing the aging temperature.
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Fig. 6. FE-SEM images of Cu/Ni metallized (4:6, in deposition thickness) nanofibers before
annealing (a) and after annealing at 250 °C (b), 400 °C (c), and 600 °C (d) for 12 h.

Fig. 7 shows FE-SEM images of Cu/Ni metallized (9:1, in deposition thickness) nanofibers
annealed at 400 °C for (a, b) 6 h, (c, d) 12 h, and (e, f) 24 h, respectively. As seen in FE-SEM
images at higher magnification (Figs. 7b, 7d and 7f), the irregular-shaped and different sized
metal nanoparticles were observed. Moreover, it seemed that the irregular-shaped
nanoparticles were converged gradually and its size became larger as increasing the
annealing time, which may be attributed to the massive copper migration and aggregation
during annealing at higher temperature. The migration and aggregation of metal
nanoparticles are probably driven mostly by the instability of metal atoms due to their high
surface free energy, and therefore would produce thermodynamically stable particles with
bigger sizes.[20] As a result, these micrographs showed that sintering was occurred as
increasing the annealing time at 400 °C, which was demonstrated by the variation in
crystallite size during annealing, as confirmed by FE-SEM analysis. The result is well in
accordance with the previously reported paper.[37]

3.4 Microstructures of Cu/Ni metallized nanofibers

Fig. 8 shows WAXD patterns of Cu/Ni metallized (9:1, in deposited thickness) nanofibers
before annealing (a) and after annealing at 250 °C (b), 400 °C (c), and 600 °C (d) for 12 h. It
was observed that the PU nanofibers had an amorphous structure, whereas the Cu/Ni
deposited nanofibers before annealing clearly showed typical crystalline peaks of each pure
metal, as seen in Fig. 8a. The typical crystalline peaks of both Cu and Ni metals were
observed at 20 = 43.6, 50.1, and 73.7, corresponding to the (111), (200), and (220) reflections,
for pure Cu crystals[38] and at 20 = 44.5, 51.9, and 76.6, corresponding to the (111), (200),
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Fig. 7. FE-SEM images of Cu/Ni metallized (9:1, in deposition thickness) nanofibers
annealed at 400 °C for (a, b) 6 h, (c, d) 12 h, and (e, f) 24 h.

and (220) reflections, for pure Ni crystals,[39] respectively. On the other hand, after
annealing of Cu/Ni deposited nanofibers at higher temperature, such as 400 and 600 °C
(Figs. 8c and 8d), new crystalline peaks were observed at 20 = 32.5, 35.5, 38.7, 48.7, 53.4, and
58.5, corresponding to the (110), (002), (111), (202), (020), and (202) reflections, for CuO cubic
crystals,[40] and 20 = 37.3, 43.4, 63.0, 75.5, and 79.6, corresponding to the (111), (200), (220),
(311), and (222) reflections, for NiO cubic crystals, respectively.[41, 42] The results suggested
the transformation of pure metals to metallic oxides (CuO, NiO) during annealing
processing. Specifically, in case of annealing temperature at 250 °C, different crystalline
peaks were observed presumably due to the formation of intermediate metal oxide crystals
(Cux0), which is however not clear at present. Fig. 9 shows WAXD patterns of Cu/Ni
metallized (4:6, in deposited thickness) nanofibers before annealing (a) and after annealing
at 250 °C (b), 400 °C (c), and 600 °C (d) for 12 h. The similar microstructures corresponding to
metallic oxides (CuO, NiO) were also observed at the composition ratio of Cu/Ni=4:6 in
deposited thickness.
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Fig. 8. WAXD patterns of Cu/Ni metallized (9:1, in deposited thickness) nanofibers before

annealing and after annealing at 250 °C (b), 400 °C (c), and 600 °C (d) for 12 h.
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Fig. 9. WAXD patterns of Cu/Ni metallized (4:6, in deposited thickness) nanofibers before

annealing (a) and after annealing at 250 °C (b), 400 °C (c), and 600 °C (d) for 12 h.
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4. Mechanical properties of metallized nanofibers

4.1 Mechanical properties of metallized PU nanofiber webs

Stress-strain curves of pure PU nanofiber and metallized hybrid PU nanofiber webs are
shown in Fig. 10. For all curves, stress-strain behavior shows a typical characteristic of
thermoplastic elastomers, in that the stress-strain behaviors show a linear elasticity as their
intrinsic materials’ properties. Compared with pure PU nanofiber webs (Young’s modulus
3.59 MPa), Young's modulus of metallized nanofiber webs was increased to 3.74 and 5.97
MPa for the metallized hybrid PU nanofiber webs with different copper layers of 10 and 100
nm, attributed to the metal hard-coating layers deposited on the nanofibers, which makes it
a solid metal fiber resulting in an enhanced stiffness as well as conductivity. This result is
crucial from an industrial point of view. Accordingly, the elongation of metallized
nanofibers’ webs decreases as the thickness of copper layer increases, suggesting that the
elasticity of metallized hybrid nanofibers was reinforced by metallization: breaking
elongation of metallized hybrid PU nanofiber webs decreased from 286% for pure PU
nanofiber webs up to 131% for metallized hybrid PU nanofiber webs with the copper layer
of 100 nm. On the other hand, the tensile strength of metallized nanofiber webs slightly
decreased to 7.75 MPa for metallized hybrid PU nanofiber webs with the copper layer of 100
nm, compared with pure PU nanofiber webs (9.11 MPa).
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Fig. 10. Stress-strain curves of pure PU nanofiber web (I) and metalized PU nanofiber webs
with different copper layers of 10 nm (II), 50 nm (III), and 100 nm (IV) at room temperature.

The detailed data are shown in Table 1. It can be, therefore, considered that the strength and
ductility of electrospun nanofiber webs after metallization are greatly modified. The
toughness, defined as the energy absorbed by the electrospun nanofiber webs until
breaking, for metalized hybrid PU nanofiber webs with the copper layer of 100nm has the
lower value (~0.010 J) than that of pure PU nanofiber webs (~0.026 ]), suggesting that the
higher amounts of the deposited copper layer onto PU nanofiber webs resulted in higher
stiffness of metallized PU nanofiber webs. Although the decreased tensile strength
behaviors of metallized hybrid nanofiber webs specifically with the copper layer of 100 nm
are not fully understood, it could be considered that non-uniformly deposited thicker
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copper layer may result in an easier deformation via small cracks or other imperfects in the
metallized hybrid PU nanofibers, and thereby give rise to a poor tensile strength.

Tensile modulus (MPa) Tensile strength (MPa) Elongation at break (%)
Pure PU 3.59 9.11 286
10 nm 3.74 9.64 256
50 nm 4.35 9.49 226
100 nm 5.97 7.75 131

Table 1. Mechanical properties of pure and Cu-deposited PU nanofibers with different
thickness of the metal layers webs.

4.2 Mechanical properties of single metallized nanofibers

The mechanical properties of single metallized nanofibers were investigated by using recently
developed tensile test machine [37, 43-44]. Evaluating the mechanical properties for the single
nanofiber had remained lots of problems to be figured out. Limited reports have been made so
far with special methods. The development of a novel method is required to study the
mechanical properties of single nanofibers. For determining the tensile properties of single
nanofibers, we specially developed the test machine (FITRON NFR-1000, RHESCA Co., Japan,
[43], Fig. 11). It was demonstrated that the test machine is well operated for measurement of
mechanical properties of nano/micro-sized fibers. Sample frame for collecting a single
nanofiber is shown in Fig. 12. Oriented nanofibers between two parallel metal templates were
collected while several single fibers were also collected on paper cutting sheet (as show in Fig.
12a), the nanofibers which cross over each other were eliminated under microscope (Fig. 12b).
The cutting sheet with chosen single nanofiber was fixed on the holder (Fig. 12c). After a
suitable fiber is selected and pasted with adhesive on a sample holder, the fiber axis is
precisely set to align the stress axis of the holder using an optical microscopy. The main
specifications of the developed system are as follows: the maximum loading capacity; 500 mN,
the stroke; 20 mm, the loading speed; 5 - 20 pm/s, the displacement sensitivity; 1.0 pm,
loading sensitivity; 1.0 uN, etc. Three parameters were determined from each stress-strain
curve: Young’s modulus, tensile strength, and elongation at break.
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Fig. 11. Specially developed tensile test machine.
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Fig. 12. Sample preparation, (a) Sample frame for collecting a single nanofibers, (b) single
nanofibers preparation, (c) cutting sheet holder.

The tensile strength of pure PU, 30 and 50 nm Cu-deposited single PU nanofibers were also
carried out at room temperature and the result was shown in Fig. 13. As seen in Fig. 13, the
tensile strength of the Cu-deposited PU single nanofibers were increased with increasing the
thickness of deposited copper layer. Compared to pure PU nanofibers, Young’s modulus for
the Cu-deposited PU nanofibers with the copper layers of 30 and 50 nm were increased to
610 and 750 MPa, respectively, due to the formation of metallic hard-coating layers onto the
surface of PU nanofibers.[37] The detailed data were summarized in Table 2.
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Fig. 13. Stress-strain curves of pure PU (solid line), 30 nm Cu-deposited (dotted line), and 50
nm deposited (dash-dot-dot line) single nanofibers (load: 10 mN, loading speed: 10 mm s-1).
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Tensile modulus (MPa) Tensile strength (MPa) Elongation at break (%)
Pure PU 0.17 0.11 65.2
30 nm 0.61 0.54 82.0
50 nm 0.75 0.48 68.4

Table 2. Mechanical properties of pure PU single nanofiber and Cu-deposited PU single
nanofiber with different thickness of the metal layers.

Here, we also report the tensile strength of various metals (for instance, Cu, Ni, Sn, and Al)-
deposited PU nanofibers and various polymeric nanofibers measured by this recently
developed tensile test machine. As previous said, we found that the tensile strength of
metal-deposited PU single nanofibers was increased with increasing the thickness of
deposited Cu layer.[37] Fig. 14 shows typical stress-strain curves of Cu-deposited (dash-dot
line), Ni-deposited (medium dash line), Sn-deposited (solid line), Al-deposited (dotted line),
and pure (dash-dot-dot line) single PU nanofibers (load: 10 mN, loading speed: 15 pm s). In
this work, the thickness of each metal layer was controlled and fixed to be about 50 nm. As
seen in Fig. 14, compared with pure PU nanofibers (Young’s modulus 170 MPa), mechanical
properties of metal-deposited PU nanofibers were significantly increased and affected by
the types of metals used for metallization. For instance, Young’s modulus (8.81 GPa) of the
Ni-deposited PU nanofibers was higher than those (Al-deposited, 1.0 GPa; Sn-deposited, 0.5
GPa; Cu-deposited, 1.9 GPa) of Al-, Sn-, and Cu-deposited PU nanofibers. On the other
hand, among the metal-deposited PU nanofibers, Cu-deposited PU nanofibers showed the
highest tensile strength and higher elongation at break, which resembles strong and tough
thermoplastic properties. Although this is not fully understood, this can be considered due
to the formation of polymer-metal nanocomposite layer in the interface areas of organic
nanofibers and metallic layers.
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Fig. 14. Stress-strain curves of Cu-deposited (dash-dot line), Ni-deposited (medium dash
line), Sn-deposited (solid line), Al-deposited (dotted line), and pure (dash-dot-dot line)
single PU nanofibers (load: 10 mN, loading speed: 15 mm s-).
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4.3 Electromagnetic interference (EMI) shield effects of metallized nanofiber webs
Shielding effectiveness (SE) is the ratio or impinging energy to the residual energy. When an
electromagnetic wave pass through a shielding material, absorption and reflection takes
place. Residual energy is part of the remaining energy that is neither absorbed nor reflected
by the shielding material but it is emerged out from the shielding material. All
electromagnetic waves consist of two essential components, a magnetic field (H) and electric
field (E). These two fields are perpendicular to each other and the direction of wave
propagation is at right angles to the plane containing the two components. The shielding
should be in high conductance, thus metals, such as steel, copper, aluminum, etc., are the
most common materials used for EMI shielding. However, metal shields have the
inconvenience of poor mechanical flexibility, exceedingly high weight, propensity to
corrosion, and limited tuning of the SE, while polymers offer lightness, low cost, easy
shaping, etc [45]. Thus, polymer composites with discontinuous conducting fillers, such as
metal particles, carbon particles, carbon fiber, are extensively employed in EMI shielding
[46,47]. Among them, it is expected that the fiber with the high aspect ratio enables the
formation of a conductive pathway through the resin matrix at low concentration. Fig. 15
shows the EMI SE (a) and the volume resistivity (b) of metal (Cu)-deposited nanofiber webs
as a function of the thickness of metal layer. As can be seen in Fig. 15a, the EMI SE of metal-
deposited nanofibers increased with increase in the thickness of deposited metal layer. The
increase in EMI SE can be ascribed to the decrease in the electrical resistivity of metal-
deposited nanofibers.[48]
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Fig. 15. EMI SE (a) and volume resistivity (b) of copper-deposited nanofiber webs as a
function of the thickness of deposited Cu layer.

5. Summary

The design and development of electrospun fibers with sub-micrometer diameters from
various kinds of materials has gained significant attention due to their large potential for
manifold applications in electronics, optics, medicine, sensors, separation, storage, and so
forth [49, 50]. The polymer fibers with sub-micrometer diameters down to a few nanometers
can be prepared by electrospinning, which is a quick and facile technique to create high-
surface-area fiber membranes where the fibers are several orders of magnitude smaller than
those produced by conventional spinning techniques [51]. In this chapter, we have shown
that the metallized nanofibers could be successfully prepared by using a combined
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technology of electrostatic spinning and metallization. The electrospun nanofibers were
metallized with different thicknesses of metal layer via a metallization. The tensile strength
of the metal-deposited single nanofibers was investigated by recently developed tensile test
machine. As a result, it was found that the tensile strength of 50 nm metal-deposited single
nanofibers was dramatically improved, and was higher than that of pure polymer single
nanofibers, which is attributed to the formation of metallic hard-coating layers onto the
surface of single nanofibers. Moreover, the tensile strength of the metal-deposited single
nanofibers was also depended on the types of metals (Cu, Ni, Sn, and Al) used for
metallization. We have furthermore investigated the annealing behavior of Cu/Ni
deposited nanofibers to find out optimum conditions enabling to prepare the metal alloy
nanofibers. Certainly, based on the combined technology of electrospinning and
metallization, the broad organic and metallic components should be adjustable, which will
accelerate new applications, such as EMI SE, of these interesting conductive nanofiber webs.
Furthermore, the procedures and costs could be reduced, which is, therefore, a promising
straightforward technique for a large-scale production of novel metallized hybrid nanofiber
webs.

6. References

[1] A.C.Patel, S. Li, C. Wang, W. Zhang, Y. Wei, Chem. Mater. 19, 1231 (2007).

[2] M. K. Shin, S. S. Kim, S. J. Kim, S. K. Kim, H. Kee, Appl. Phys. Lett. 88, 193901 (2006).

[3] D. Christopher, L. Xin, Z. David,W. Xianyan, F. B. Ferdinando,W. James, A. S. Lynne, K.
Jayant, Nano Lett. 3, 143 (2003).

[4] Y.Ji, B.Li, S. Ge, J. C. Sokolov, M. H. Rafailovich, Langmuir 22, 1321 (2006).

[5] S. D. McCullen, D. R. Stevens, W. A. Roberts, S. S. Ojha, L. I. Clarke, R. E. Gorga,
Macromolecules 40, 997 (2007).

[6] K.Wei,]. H. Xia, B. S. Kim, I. S. Kim, J. Polym. Res. DOI: 10.1007 /s10965-010-9451-z.

[7] C. K. Kim, B. S. Kim, F. A. Sheikh, U. S. Lee, M. S. Khil, H. Y. Kim, Macromolecules 40,
4823 (2007).

[8] S.R. Davis, A. R. Brough, A.]. Atkinson, J. Non-Cryst. Solids 315, 197 (2003).

[9] D. K. Chattopadhyay, K. V. SN. Raju, Prog. Polym. Sci. 32, 352 (2007).

[10] [10] R. A. Caruso, J. H. Schattka, A. Greiner, Adv. Mater. 13, 1577 (2001).

[11] [11] H. Hou, ]. J. Ge, J. Zeng, Q. Li, D. H. Reneker, A. Greiner, S. Z. D. Cheng, Chem.
Mater. 17, 967 (2005).

[12] A.C.Patel, S. Li, J. M. Yuan, Y. Wei, Nano Lett. 6, 1042 (2006).

[13] Z.Sun, E. Zussman, A. L. Yarin, J. H. Wendorff, A. Greiner, Adv. Mater. 15, 1929 (2003).

[14] A.V.Bazilevsky, A. L. Yarin, C. M. Megaridis, Langmuir 23, 2311 (2007).

[15] H. W. Jun, V. Yuwono, S. E. Paramonov, ]J. D. Hartgerink, Adv. Mater. 17, 2612 (2005).

[16] Z. M. Huang, Y. Z. Zhang, M. Kotaki, S. Ramakrishna, Compos. Sci. Technol. 63, 2223
(2003).

[17] D.Li, Y. Xia, Adv. Mater. 16, 1151 (2004).

[18] A. Formbhals, US Patent 1975504, 1934.

[19] K. O. Kim, Y. A Seo, B. S. Kim, K. J. Yoon, M. S. Khil, H. Y. Kim, 1. S. Kim, Colloid &
Polymer Science 289, 863 (2011).

[20] N. Kimura, H. K. Kim, B. S. Kim, K. H. Lee, 1. S. Kim, Macromol. Mater. & Eng. 295, 1090
(2010).



134 Nanofibers — Production, Properties and Functional Applications

[21] H. Sato, K. O. Kim, H. K. Kim, B. S. Kim, Y. Enomoto, I. S. Kim, Fibers and Polymers 11,
1123 (2010).

[22] Q. B. Yang, D. M. Li, Y. L. Hong, Z. Y. Li, C. Wang, S. L. Qiu, Y. Wei, Synth. Met. 137,
973 (2003).

[23] M. F. Ottaviani, R. Valluzzi, L. Balogh, Macromolecules 35, 5105 - 5115 (2002).

[24] M. Bognitzki, H. Hou, M. Ishaque, T. Frese, M. Hellwig, C. Schwarte, A. Schaper, J. H.
Wendorff, A. Greiner, Adv. Mater. 12, 637 (2000).

[25] Q. Peng, X. Y. Sun, J. C. Spagnola, G. K. Hyde, R. J. Spontak, G. N. Parsons, Nano Lett.
3, 719 (2003).

[26] K. Wei, T. Ohta, B. S. Kim, K. W. Kim, K. H. Lee, M. S. Khil, H. Y. Kim, L. S. Kim, Polym.
Adv. Technol. 21, 746 (2010).

[27] H.R. Kim, T. Ito, B. S. Kim, Y. Watanabe, 1. S. Kim, Adv. Eng. Mater. 13, 376 (2011).

[28] J. C. Park, T. Ito, K. O. Kim, K. W. Kim, B. S. Kim, M. S. Khil, H. Y. Kim, I. S. Kim,
Polym. |. 42, 273 (2010).

[29] I.S. Kim, K. Wei, T. Ohta, B. S. Kim, Y. Watanabe, Materials Science Forum 638-642, 1719
(2010).

[30] O.Ohsawa, K. H. Lee, B. S. Kim, S. Lee, I. S. Kim, Polymer 51, 2007 (2010).

[31] K. Kim, M. Yu, X. Zong, J. Chiu, D. Fang, Y. S. Seo, B. S. Hsiao, B. Chu, M.
Hadjiargyrou, Biomaterials 24, 4977 (2003).

[32] S.H. Tan, R. Inai, M. Kotaki, S. Ramakrishna, Polymer 46, 6128 (2005).

[33] J. H. Park, B. S. Kim, Y. C. Yoo, M. S. Khil, H. Y. Kim, J. Appl. Polym. Sci. 107, 2211
(2008).

[34] G. Carotenuto, Appl. Organomet. Chem. 15, 344 (2001).

[35] Z.Li, H. Huang, C. Wang, Macromol. Rapid Commun. 27,152 (2001).

[36] ASM Handbook, ASM International, Metals Park, OH 1992, p. 5.

[37] H. R. Kim, N. Kimura, H. S. Bang, B. S. Kim, Y. Watanabe, I. S. Kim, Mater. Sci. Forum
654-656, 2463 (2010).

[38] Z.Li, H. Huang, C. Wang, Macromol. Rapid Commun. 27, 152 (2006).

[39] N. A. M. Barakat, B. S. Kim, H. Y. Kim, J. Phys. Chem. C 113, 531 (2009).

[40] S. Asbrink, A. Waskowska, J. Phys. : Condens. Matter. 3, 8173 (1991).

[41] 1. Hotovy, J. Huran, L. Spiess, |. Mater. Sci. 39, 2609 (2004).

[42] H. Qiao, Z. Wei, H. Yang, L. Zhu, X. Yan, J. Nanomater. 2009, 1 (2009).

[43] L S.Kim, Y. Enomoto, T. Takahashi, Sen’i Gakkaishi 65, 325 (2009).

[44] K. Wei, J. H. Xia, Z. ]. Pan, G. Q. Chen, B. S. Kim, L. S. Kim, Advanced Materials Research
175-176, 294 (2011).

[45] J. M. Thomassin, C. Pagnoulle, L. Bednarz, I. Huynen, R. Jerome, C. Detrembleur, ].
Mater. Chem. 18, 792 (2008).

[46] M. S. P. Shaffer, A. H. Windle, Adv. Mater. 11, 937 (1999).

[47] T.Makela, J. Sten, A. Hujanen, H. Isotalo, Synth. Met. 101, 707 (1999).

[48] M. H. Al-Saleh, U. Sundararaj, Carbon 47, 1738 (2009).

[49] M. Bognitzki, M. Becker, M. Graeser, W. Massa, ].H. Wendorff, A. Schaper, D. Weber,
A. Beyer, A. Golzhauser, A. Greiner, Adv. Mater. 18, 2384 (2006).

[50] R. Dersch, M. Steinhart, U. Boudriot, A. Greiner, ].H. Wendorff, Polym. Adv. Tech. 15,
276 (2005).

[51] C. Drew, X. Liu, D. Ziegler, X. Wang, F.F. Bruno, J. Whitten, L.A. Samuelson, J. Kumar,
Nano Lett. 3, 143 (2003).



7

Preparation and Characterization and
Reducing Properties of MoO; Nano-Fibers

Zhao Peng
Applied Materials Research Lab of Chang’an University,
China

1. Introduction

New methods of making new or existing inorganic materials are always interesting and
challenging for materials scientists(Tenne 2006). Development of one-dimensional (1D)
materials has become a focal area in nanostructured materials research, owing to their
special characteristics which differ from those of respective bulk crystals(Romo-Herrera,
2007). These highly anisotropic 1D materials include elemental carbon, metals,
semiconductor, alloys, sulfides, oxides, hydroxides, and so forth (Dmitruk, 2007). Among
the important layered transition metal oxides and chalcogenides have been extensively
investigated (Shabaev 2004).

In the course of the exploration of novel approaches for the preparation of metastable oxide
materials, the main interest is focused on soft-chemical routes. Both, topochemical reactions
involving ion exchange, intercalation, and pillaring as well as sol-gel, and hydrothermal
reactions belong to these low-temperature methods. Especially host-guest compounds
realized by the intercalation of different guest species into layered inorganic frameworks
represent a new and promising class of material that can be used for the controlled
preparation of complex organized structures in the nanoscale regime(Markus 2001, Xiong
2003).

MoOs and its derivatives are widely used in industry as catalysts, display devices, sensors,
smart windows, lubricants, battery electrodes(Zhao D.W.2008, Kim Youn-Su 2007, Ghorai
T.K.2007, Dillon A.C.2008) . In particular, MoOj3 has been prepared into the forms of carbon-
metal-oxide nanocomposites, nanotubes, and nanorods using carbon nanotubes (CNTs) as a
host material or template. The MoO3 nanofibers obtained with this novel method are up to
15um long with their diameters ranging from 50 to 150 nm (Ajayan 1995, Satishkumar,
2000).

An efficient method to produce nanoscopic molybdenum oxide fibers was reported. The
procedure is based on the intercalation of primary amines into the layered structure of
molybdic acid and subsequent transformation of the lamellar molybdenum oxide-amine
intermediate into the fibrous product. Standard synthesis: In a typical procedure, molybdic
acid MoOs 2H;O (10 mmol) was mixed with the amine in 5 ml ethanol (molar ratio 2:1).
After the addition of 15 ml distilled water, the yellow suspension was stirred at room
temperature for 48 hours until a white precipitate was formed. The hydrothermal reaction of
this composite was performed in an autoclave at 120°C for 3 to 5 days and, after filtering
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and washing with ethanol and diethyl ether, a white powder resulted. The molybdenum
oxide-amine composite (2.5g) was stirred in 10 ml 33% nitric acid for 24 hours at room
temperature and thereby the fibrous material was formed. The product was filtered, washed
with ethanol and diethyl ether and then dried at 80°C under vacuum (10-3 mbar),
(Markus,2001).

One-dimensional nanostructures of orthorhombic molybdenum trioxide (a-MoO;) have
been synthesized in the forms of ribbons or rods via acidification under hydrothermal
conditions at 140-200°C. The reaction path has been revealed with kinetic investigations,
which shows the following sequence: (i) from the starting compound (NH4)sMo7O24 4H,O to
(ii) formation of intermediate compound ((NHj4)20)0.0866 M0Os5 0.231H20O, and then to (iii)
final a-MoOs; nanoribbons or nanorods in 100% phase purity. The optimal growth
temperature is in the range of 170-180°C under the current experimental settings. At higher
reaction temperatures, this transformation can be accelerated, but with poorer crystal
morphological homogeneity. It has been found that the dimensions of these rectangular
nanorods are about 50 nm in thickness, 150-300 nm (mean value at 200 nm) in width, and a
few tens of micrometers in length. The crystal morphology can be further altered with
inorganic salts such as NaNOs, KNO3, Mg(NO3),, and Al(NOs)s. Using an H>S/H, stream,
the above-prepared a-MoOs nanorods can be converted completely to 2H-MoS; nanorods at
600°C. The original rodlike morphology is well-retained, although the aspect ratio of the
oxide template is reduced upon the sulfidation treatment,(Xiong Wen Lou 2002).

A new whisker, a-MoO3, was fabricated via molybdenum thread oxidation at 973,1023, and
1173K. Various morphologies of the whiskers, such as flakelike, platelike, and needlelike,
were observed under different fabrication conditions. The lateral surfaces of the whiskers
were close-packed (010) plane, and the growth direction was [001], which related to the
unique layered structure of the a-MoO; crystal. Growth of the MoOs whisker was attributed
to a vapor-liquid-solid (VLS) mechanism at 1023 and 1173K, whereas, at 973K, growth was
attributed to a vapor-liquid(VL) mechanism (Jiangiang Li 2004).

But, for nano Mo metal powders prepared from MoOj3 nanorods or nanofibers have not been
reported in the literatures, the principle of preparation of MoO3; nanofiber prepared by
hydrothermal process is not clearly, and the cross-section shape of MoO3 nanofiber never
characterized by electro microscopy.

Here we report the process of MoO3 nanofiber prepared by hydrothermal method, and, the
morphology of MoOs nanofiber was studied under different reaction conditions, and nano
Mo metal powder indeed can be reduced from the resultant MoO; nanofibers through
reduction conversion by using H» stream.

2. Experimental

2.1 Materials preparation

The a-MoOs nanofibers were synthesized by a hydrothermal route. Ammonium
heptamolybdate tetrahydrate (AHM; (NHj)sMoyO244H>0) and nitric acid were the two
starting reagents. A saturated solution of precursor compound AHM was prepared at room
temperature. For each run of experiment 30.0 ml of the saturated solution was diluted with
deionized water (30.0 ml) and then further acidified using the 2.2M nitric acid to a total of
70-85.0 ml in volume. The resultant solution was transparent and transferred to a Teflon-
lined stainless steel autoclave and heated at 170-180°C for 40 h. The product precipitate was
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filtered and rinsed with deionized water, followed by drying at 62°C for 5h. The dried
sample was fibrous and pale yellowish.

The above as-grown a-MoO; crystals were further used as metal oxide precursors for
reduction investigation. The reactions were carried out in a tubular quartz reactor at 400-
600°C using H» stream under normal atmospheric pressure.

2.2 Materials characterization

Crystallographic information of samples including reduced ones was investigated with X-
ray diffraction (XRD; Shimadzu XRD-6000, Cu KaA=1.5406 A). Crystal sizes and the
morphology of crystal samples was examined before and after the reduction reactions with
scanning electron microscopy (SEM, JSM-5600LV, 15 kV).

High-resolution analytical transmission electron microscopy (TEM, JEM-2010, 200 kV) was
also used to examine crystalline o-MoO; and its reduced products. The specimens for TEM
imaging study were prepared by suspending solid samples in acetone.

3. Results and discussion

3.1 Preparation of polymorphous molybdenum trioxide by hydrothermal process

In order to get molybdenum trioxide powder with different morphologies, especially to get
molybdenum trioxide nanofiber, using saturated solution of ammonium paramolybdate and
nitric acid as raw materials, molybdenum trioxide powders with different micro-
morphology were successfully synthesized through changing synthetic parameters of
hydrothermal synthetic process in a hydrothermal reactor.

Synthesized molybdenum trioxide powders were characteristiced by XRD, SEM, and
HRTEM. Results showed that molybdenum trioxide nanofibers could be got which were
more than 20pm in length, 50~200 nm in diameter when the heat treatment temperature
was more than 150°C, acidity coefficient (acidity coefficient is defined as ratio of number
of moles of acid added in the solution with number of moles of Ammonium
heptamolybdate tetrahydrate) of precursor solution was more than 15, and heat treatment
time more than 20 h.

Crystal growth direction of molybdenum trioxide nanofibers was (001). Deviating of
synthetic process parameters mentioned above,molybdenum trioxide powders with rodlike,
platelike, and flakelike micro morphologies could be synthesized.

3.1.1 Synthesized at low acidity conditions

Low acidy conditions indicated that acidity coefficient in the reaction solution was less than
10, and the template often used in the synthesis process of nano fibers was not used in this
research.

For the 25ml of AHM with 63% (wt) concentration, mixed with 2.2M HNO; solution 50ml,
then, appropriate amount of milk like mixture got was put in the teflon-lined stainless steel
autoclave and heated at 170°C for 20 h,the acidity coefficient is 8.6, the hexagonal short
prismatic MoOs was obtained (Figl.).

In the Fig2, the 25ml of AHM with 25% (wt) concentration, mixed with 2.2M HNOj3 solution
10ml, then, appropriate amount of milk like mixture got was put in the teflon-lined stainless
steel autoclave and heated at 170°C for 20 h,the acidity coefficient is 4.3, the square flake
MoQO; was obtained.
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Fig. 1. MoO; powder morphology synthesized at low acidity conditions (acidity coefficient
is 8.6).

From Fig2, the morphology of MoOs crystal is square flake crystal,the width and length are
less than 10 micrometer, the thickness of crystal is less than 1 micrometer.

Fig. 2. MoO; powder morphology synthesized at low acidity conditions (acidity coefficient
is 4.3).

In Fig 3, the 30ml of AHM with 27% (wt) concentration, mixed with 2.2M HNO; solution
10ml, then, appropriate amount of milk like mixture got was put in the teflon-lined stainless
steel autoclave and heated at 170°C for 20 h,the acidity coefficient is 3.0, the hexagonal long
prismatic MoOs was obtained.
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Fig. 3. MoO; powder morphology synthesized at low acidity conditions (acidity coefficient
is 3.0).

3.1.2 Synthesized with template at 170°C for 40h

To study the adding template on the morphology of molybdenum trioxide through
hydrothermal process, the first use of cetyltrimethylammonium bromide(CTAB) as template
agent. Because of CTAB is cationic surfactant, the particles in the AHM solution are negatively
charged, so as different amount of CTAB was added, the emulsion solution easy to be
formed,the heatreatment temperature is 170°C, the time is 40h, after hydrothermal reaction, the
different morphologies of molybdenum trioxide crystal were obtaned (see in the Fig4-Fig5).

Fig. 4. MoO; morphology synthesized at different moles ratio of CTAB with AHM (CTAB /
AHM =0.1).



140 Nanofibers — Production, Properties and Functional Applications

16.8um

Fig. 5. MoO; morphology synthesized at different moles ratio of CTAB with AHM (CTAB /
AHM =04).

3.1.3 Synthesized with template at 180°C for 40h

Increasing heattreatmeng temperature to 180°C, and increasing ratio of CTAB with AHM in
the solution, a series of strip like MoOjs crystals were obtained (in the Fig.6-Fig.8).

From Fig.6 to Fig.8, the results indicated that the size of MoOs decreaseed when moles ratio
of CTAB with AHM increased, the shapes of samples were nearly strip fiber.

Fig. 6. MoO; morphology synthesized at 0.5 moles ratio of CTAB with AHM under 180°C
for 40h.
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Fig. 7. MoO; morphology synthesized at 0.7 moles ratio of CTAB with AHM under 180°C
for 40h.

Fig. 8. MoO; morphology synthesized at 1.0 moles ratio of CTAB with AHM under 180°C
for 40h.

3.1.4 Synthesized at high acidity without template at 170°C for 40h
High acidy conditions indicated that acidity coefficient in the reaction solution was more
than 15, and the template CTAB was not used in this research.
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For different concentration of AHM(wt%), 25 %, 12.5%, 26% respectively with different
acidity coefficient 15, 20, 22, the precursor solutions were all transparent, after heattreatment
at 170°C for 40h, fibers of MoOs were obtained (see in the Fig.9- Fig.11).

Fig. 10. MoOs morphology of precursor of 12.5% AHM at acidity coefficient 20(180°C for
40h).
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Fig. 11. MoOs morphology of precursor of 26% AHM at acidity coefficient 22 (180°C for 40h).

3.1.5 Optimization of synthesis process parameters

A SEM image of a typical product showed the sample as an entirely fiber-like structure after
optimized synthesis process parameters(Fig.12),the nanofiber length is more than several
tens of microns.

§-3400 10.0kV 9.6mm x3 /1512006 14.06 10.0um

Fig. 12. Typical morphology of MoOj3 nano fibers synthesized under optimized conditions.
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3.2 Characterization of MoO; nano-fibers

3.2.1 Characterized by HRTEM and FSEM

The result of typical MoO; nanofibers characterized by HRTEM is shown in fig.13, the
nanofiber cross- section is not round, some nanofibers is not single fiber, combined by two
single fiber. Most fibers are with width of about 50 to 200 nm, and length of about a few tens
microns.

Nearly rectangle-like cross section of the nanofibers could be seen from the image of Fig.14.
HRTEM image of an individual nanofiber (Fig.15) provided further insight into the structure
of these products. HRTEM images recorded perpendicular to the growth axis of the single
nanofibers could be attributed to the [010] of orthorhombic MoO;, and suggested that the
nanofibers grew along the [001] direction.

Fig. 13. Typical image of MoOs nano fibers characterized by HRTEM.

SEI 10.0kv X170,000 100nm WD 8.6mm

Fig. 14. Typical image of cross-section of MoO3 nano fibers characterized by FSEM.
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0.694nm
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Fig. 15. HRTEM image of an individual nanofiber combined by two single fiber(a); and the
lattice image of MoO; nanofiber crystal (b).

3.2.2 Characterized by XRD

X-ray diffraction showed that samples consisted only strongly oriented orthorhombic a-
MoOs (a = 1.385 nm, b = 0.3696 nm, ¢ = 0.3966 nm, JCPDS 89-7112). It can be observed in
Fig.16., that(020) - (040) - (060) are strong peak respectivily, that means all the strong
diffraction peaks correspond to (0hQ) reflections. (110),(021),(002) are weak peaks, which
shows that crystal growth is slow in these direction, causing the crystal diffraction line
intensity decreased.
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Fig. 16. The XRD patterns of MoOs nano fibers.
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3.3 Principle of MoO; nano-fibers crystal growth

The crystal growth process of MoO3 under hydrothermal conditions could be explained
according literatures, and the MoO; nanofiber crystal growth modle is shown in the Fig.17.
(Xiao Lin Li 2002).

(a)

- 001

Fig. 17. The atom structure of MoO;3 (a), and schematic diagram of the crystal growth
direction(b).

From Fig.17(a), It can be seen, that molybdenum trioxide is a typical orthogonal layered
structure. Layered structure constitutes the smallest unit is MoO6 octahedron. Fig.17 (a)
shows that the crystal chemistry cell of molybdenum trioxide is selected in three layers of
MoO6 octahedron, where a, ¢ values are relatively small, namely 3.966 and 3.693A, while the
b value is relatively large 13.858A (JCPDS05-0508).

Each layer of molybdenum trioxide crystal is formed by MoO6 octahedrals twist to share angle
connectivity in the a axis direction, and in the c-axis direction, MoO®6 octahedrals connect by a
sharing edge way, this sharing edge way twists and turns along acording the Z-shaped.

From Figure 17 (b) , It can be seen, along the [100] direction and [001] direction ,the same
chemical environment is not same, which led to the [001] and [100] direction connection
requires different chemical activation energy. If along the [001] direction is necessary to form
two Mo-O bond, while along the [100] only the formation of one Mo-O bond, so MoO6
octahedron cenection along [001] will release more energy, so the crystal growth along [001]
preferred orientation, especially in the presence of H*, the occurrence of the following reaction:

Mo70,46- + 3H* — (H-O)3-M070233'

(H—O)3~M070213' + 3H+— (H~O)6~MO7018*>7MOO3 + 3H,O

As can be seen from the above reaction, increased the concentration of AHM and nitric acid,
were very favorable reaction towards the right, which is the main reason to synthesis of
nano-fibers with high concentration of molybdenum trioxide.

Secondly, in order to ensure that the oxygen ions prolapse from AHM to form water
molecules, excessive acid concentration to be necessary, the minimum theoretical acidity
coefficent is of 7, the actual value in the this research increases to 15 or more,so synthesized
the MoOs nano fibrous structures, that the high acidity is also needed.
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Molybdenum trioxide crystal is the vertex connected along the [100] direction, the combination
of atoms along [010] direction is van der Waals force, resulting in fiber diameter direction, the
atoms combination is not close, so the double-fiber structure is formed.

3.4 Reducing of MoO3 nano-fibers

Molybdenum and molybdenum alloys have good electrical conductivity, thermal
conductivity, high temperature strength and high temperature hardness, corrosion
resistance and good performance, therefore, widely used in chemical engineering,
metallurgy and aerospace industry and other fields. With the rapid development of high-
tech, material properties of molybdenum and its alloys in many aspects of the request
beyond the traditional performance. For getting high performance molybdenum metal
materials, ultra-fine powders of molybdenum is its first step (Tuominen 1980).

The methods of ultrafine Mo powder preparation are traditional MoOs reduction method,
hydroxyl thermal decomposition method, molybdenum chloride vapor method,
molybdenum chloride pyrolysis method, laser flash method, and microwave plasma
method, etc.(Malikov 1997, Futaki Shoj 1992, Chow 1991, Liu Binghai 1999, Gonzalez 2001)).
However, all of these methods, to achieve large-scale industrial production of fine metal
powders of molybdenum, the traditional reduction method still has a certain appeal. It is
possible that ultrafine Mo powder could be produced by reducing industrialized nano
molybdenum oxide.

3.4.1 MoO3 nanofibers microstructure before H; reduction

The purpose of reduction test of nano-fibers of molybdenum trioxide synthesized by
hydrothermal process, is to prepare ultrafine Mo powder. Reduction experiment of
molybdenum trioxide nanofibers was performed in the hydrogen reduction furnace by
using of the traditional hydrogen reduction method.

The XRD pattern of molybdenum oxide nanofibers befor reduction is shown in Fig.16,and
nanofibers of molybdenum trioxide SEM photograph is shown in Fig.18.

NONE SEI 100KV X5000  fum

Fig. 18. FSEM image of MoOj3 nanofiber before reduction.
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In fig.18 FSEM photo, the nano-fiber length ranging is 10-30 microns, width of it is about 50-
200 nm. The MoO; nano-fibers has better dispersion and smooth surface. The nano-fiber size
is uniform befor hydrogen reduction.

3.4.2 Reduction result of MoO3 nanofibers

The MoOj3 nanofibers were reduced at different temperature under H, stream atmosphere.
From fig19, the XRD patterns indicated that MoOs nano fibers could be reduced as MoO: at
530°C for 1 hour, the materials had a pure phase of MoO,. That means the MoOj3 nanofibers
have been reduced as MoO, completely at 530°C. Corresponding to the fig 18, the
morphology of the MoO; nanofibers have been changed, the fibers-like morphology was
partial retained in the MoO. sample (Fig.20).

Fig.19 showed that the MoO; nanofibers had been reduced as Mo powders completely when
the reduced temperature was increased to 600°C, corresponding to the fig21, the
morphology of Mo powders is not fibers-like, most of metal Mo powders are irregular
shape, neither the ball-like, nor fibers-like.

[ J
® - Mo
v MOOZ
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Intensity/(cps)
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Fig. 19. The XRD patterns of MoOs nano fibers reduced at different temperatures by using
Ho.
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NONE SEI 10.0kV

Fig. 21. SEM images of Mo powder reduced at 600°C(a), and (b) is enlargement of the white
circle in (a).

But in some case, the nanofibers-like shape of MoO3 was retained, the result could be seen in
the fig21. From fig.21(b), it could be found that needle-like metal Mo powder was formed.
The reason of forming needle-like metal Mo powder could be explained that the MoOs
nanofiber was restricted in a free space, no other MoOj3 nanofiber contact with each other,
although orthorhombic crystal structure of MoOj; changed as FCC crystal structure of metal
Mo, no other metal Mo particles to combine with, so the nanofibers-like shape was retained.

3.4.3 Optimization of reduction result of MoO3 nanofibers
According to the reason mentioned above, we using small bulk (about 2-3mm) MoO;
nanofiber as raw materials instead of the MoOs nanofibers powders. The small bulk MoOs
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was reduced at 600°C for 1h, XRD indicated that MoOs had been completely changed as
metal Mo powder. SEM result shown in fig22. Much more needle-like metal Mo powders
were formed. It means nanofiber-like MoO; could be reduced as needle-like metal Mo
powder in some special case.
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Fig. 22. SEM image of needle-like metal Mo powder.

3.5 Principle of MoO3 nano-fibers reduced by using H;

Through analysis the reduction process of nanofibers molybdenum trioxide, in general, the
fibrous structure of molybdenum trioxide is difficult to maintain or inherited. Just because
of molybdenum trioxide is orthogonal layered structure, and molybdenum dioxide is rutile
structure.As we know, the reduction process of nanofibers molybdenum trioxide is a very
complicated local chemical processes, including following steps (Tuominen 1980, Thorsten
2001):

1. adsorption of reduction gas

2. the chemical reaction between molybdenum oxide with the hydrogen molecules

3. changes in crystal chemistry and the desorption of gas in the reaction products

The first step of reduction process of molybdenum trioxide is mainly broken of crystal at
450°C or more, because of the molybdenum dioxide is gradually began to be formed on the
surface of molybdenum trioxide and the layer of molybdenum dioxide could be peeled off,
and the crystal of molybdenum trioxide could be broken or cracked.

As the reaction further, the layer thickness of molybdenum dioxide is more than half the
thickness of the crystal of molybdenum trioxide, molybdenum dioxide peeling process
could be stopped, the molybdenum trioxide completely transformed into molybdenum
dioxide, the shape of crystal was changed generally.

Delamination of molybdenum dioxide should be occurred in the weak place of crystal
surface of molybdenum trioxide, due to anisotropy of chemical bonding strength, so it is
broken easily in the [001] direction of molybdenum trioxide. Therefore, when molybdenum
trioxide nanofiber is reduced as molybdenum oxide, the crystal size is shorter (Fig.23).
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Fig. 23. Schematic diagram of the reduced process of MoOj3 to MoO;.

4. Conclusion

One-dimensional nanostructures of orthorhombic molybdenum trioxide have been
synthesized in the forms of fibers under hydrothermal conditions. The dimensions of the
fibers are about 50nm in thickness, 100-200nm in width and a few tens of micrometers in
length under our experimental settings.

The MoO:; fibers prepared can be converted completely to Mo metal powders at 600°C by
ussing H» stream. The original fiber-like morphology is not well-retained, but in some
specials cases, fiber-like morphology can be partial retained, although the aspect ratio of the
oxied fibers is reduced upon the reduction treatment.
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Bundles and Twisted Nanofiber Yarns
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1. Introduction

Spinning is a prehistoric technology in which endless filaments, shorter fibers or twisted
fibers are put together to produce yarns that serve as key element to assemble multifarious
structural designs for diverse functions. Electrospinning has been regarded as the most
effective and versatile technology to produce nanofibers with controlled fiber morphology,
dimension and functional components from various polymeric materials (Dersch et al., 2007,
Frenot and Chronakis, 2003, Schreuder-Gibson et al., 2002). However, most electrospun
fibers are produced in the form of randomly-oriented nonwoven fiber mats (Doshi and
Reneker, 1995, Madhavamoorthi, 2005). The relatively low mechanical strength and
difficulty in tailoring the fibrous structure have restricted their applications. With the rapid
development in nanoscience and nanotechnology, yarns composed of nanofibers may
uncover new opportunities for development of well-defined three dimensional nano fibrous
architectures. This chapter focuses on recent research and advancement in electrospinning
of nanofiber bundles and nanofiber yarns. The preparation, morphology, mechanical
properties and potential applications of these fibrous materials are discussed in details.

2. Nanofibers and yarns

Nanofibers are defined as one dimensional nanomaterials with diameters less than 1 um
(1000 nm), and an aspect ratio (length/diameter) larger than 100:1. They are also named
superfine or ultrathin fibers in some literatures (Supaphol et al., 2005, Alborzi et al.). When
the fibers are in the range of 100-1000 nm, they are also referred to as submicron fibers
(Bellan et al., 2006, Keun Kwon et al., 2005, Givens et al., 2007). This intrinsic feature offers
them drastically increased surface to volume ratio and high aspect ratio. There are several
methods to prepare nanofibers, encompassing top-down (melt-blown (Ellison et al., 2007),
melt electrospinning (Dalton et al., 2007, Lyons et al., 2004), islands-in-the-sea (Nakata et al.,
2007), and electrospinning (Bhardwaj and Kundu)), and bottom-up (interfacial
polymerization (Xing et al., 2008), self-assembly (Viney, 2004), and phase separation (Zhao
et al.)) approaches. Nanofibers produced from electrospinning have a naturally formed
porous structure with excellent pore interconnectivity and the pores are in the range
between tens of nanometers to a few micrometers. The open pore structure and high
permeability to gas, along with the high surface area make them ideal porous membranes.
Compared with other one-dimensional nanostructures (e.g. nanotubes or nano-rods),



154 Nanofibers — Production, Properties and Functional Applications

continuous nanofibers are advantageous in terms of fabrication cost and the possibility of
being integrated into other desired assembly in one-step.

Ascribed to the high surface area, porous structure, and the ability to adopt functional
molecules and nanomaterials (e.g. nanoparticles, nanotubes), nanofiber nonwoven webs
have been used in areas as diverse as batteries (Norris et al., 2000), biomedical (Liang et al.,
2007, Agarwal et al., 2008, Yoshimoto et al., 2003, Cao et al., 2009, Xu et al., 2004), filtrations
(Gibson et al., 2001, F. DOTTI and MAZZUCHETTI*, October 2007), medical prostheses
(Buchko et al., 1999, Buchko et al., 2001), sensors (Wang et al., 2002b, Wang et al., 2002a),
fuel cells (Shabani et al., Li et al.), nanocomposites (Huang et al., 2003, Chronakis, 2005), and
protective clothing (Lee and Obendorf, 2007, Ramakrishna et al., 2006).

Electrospun nanofibers are generally collected as nonwoven or randomly arranged
structures, due to the “whipping instability” of the electrospinning jet. Early studies on fiber
deposition and its assemblies were focused on controlling the fiber alignment. A few typical
ways to electrospun-aligned nanofibers are shown in Figure 1. Aligned nanofibers can be
collected using a dynamic mechanical collector such as cylindrical drum (Ding et al., 2002, Li
and Xia, 2004), wired drum (Katta et al., 2004) or a tapered wheel (Xu et al., 2004) , either
grounded or negatively charged (Theron et al., 2001). When the collector rotates at a high
surface speed, such as 8 m/s, fibers start to align along the rotating axis. However, it is yet
difficult to obtain perfect fiber alignment with this method, because the residual charge
accumulation on the deposited fibers interferes with the incoming ones.
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Fig. 1. Basic methods for controlling the alignment of electrospun nanofibers. (a) High speed
rotating drum collector, b) a tapered wheel, c) stationary gap collector.
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Since the electrostatic forces dominate the electrospinning process, it is also possible to
obtain aligned nanofibers through the manipulation of the electric field. Electric field was
manipulated by using two split parallel flat plates (Gap Collector) connected with grounded
electrode (Li et al., 2004, Liu and Dzenis, 2008, Dan Li, June 20, 2003, Bazbouz and Stylios,
2008a, Kameoka et al., 2004, Ishii et al.,, 2008), or a frame-shaped collector (Dersch et al.,
2003). The distance between two conductive electrodes is up to centimeters. A high degree
of fiber alignment can be achieved with this method, and the produced fibers can be easily
transferred to other substrates for device fabrication. However, the fibers thus produced are
of limited length and thickness.

Yarns can be assembled or interlaced into many fibrous structures by the process of
weaving, knitting or embroidery (P. ] Denton and Daniels, 2002). Single nanofibers are too
fragile and too thin for such processes, and it also requires sophisticated equipment for
precise handling of these fibers (Tan et al., 2005). Attempts to produce nanofiber yarns from
electrospun nanofibers were reported by Formhals as early as in 1934. In a series of patents
(Anton, 1934, Anton, 1938b, Anton, 1944, Anton, 1938a), he described the experimental
setups to produce polymer filaments by using electrostatic forces. Most of the early works
on electrospinning of nanofiber yarns were actually focused on non-twisted nanofiber
bundles. Although twist can be inserted by a post-electrospinning treatment, it is now
highly preferred that twists can be added to continuous nanofiber yarns directly from an
electrospinning process.

3. Discontinuous nanofiber bundles and twisted yarns

Generally, electrospinning produces random nanofiber mats, if a planar stationary plate is
used as a collector. However, by manipulating the electric field or using moving collecting
or spinneret systems, one can collect non-continuous nanofiber bundles or twisted yarns
rather than mats.

3.1 Short nanofiber bundles

In 2001, Deitzel et al (Deitzel et al., Deitzel et al., 2001) demonstrated the deposition of
nanofibers in a more targeted fashion by a series of charged rings in the electrospinning
zone, as shown in Table 1A. The charged rings had the same polarity as the surface charge
on the jet, which increased the downward force on the jet. This method resulted in nanofiber
deposition in a narrow strip (0.6 cm wide) when the target was a rotating drum. The average
diameter of fibers was 300 nm. The prepared short bundles of polyethylene oxide were
analyzed using wide angle X-ray diffraction (WAXD) technique and some molecular
orientation but poor crystalline microstructure was found in the fibers.

Theron et al (Theron et al., 2001) described an electrostatic field-assisted assembly technique
in combination with the dynamic rotating collector to position and align individual
nanofibers. Bundles of nanofibers were collected on a tapered wheel-like disc as shown in
Table 1B. The disc was made of aluminum with a diameter of 200 mm, a thickness of 5 mm
and a tapered angle of 26.6°. The tapered edge of the wheel collector had a strong
converging electric field, thus enabling the jet emerged from the droplet to form an envelope
cone at the start and then shrink and form an inverted cone, once it approached the sharp
edge. As a result, nanofibers of polyethylene oxide (PEO) with a diameter varying within
100-300 nm would preferentially deposit on the wheel edges, which were assembled in a
parallel array due to the rotation of the wheel.
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Teo and Ramakrishna (Teo and Ramakrishna, 2005) demonstrated the fabrication of
nanofiber bundles by collecting them across two negatively charged steel blades (3 cm
apart) as shown in Table 1C, and then dipping them in water. During electrospinning, the
fibers were preferentially deposited between the blades due to the concentration of
electrostatic charges on the sharp edges. The fibers were first deposited on one blade, and
then stretched to the other with the aid of electrostatic forces acting on the fibers. As a result,
fibers were deposited across the gap. However, “stray” fibers could not be eliminated
during the electrospinning process. A further step of dipping fibers in water was thus
required to cluster the fibers together, by the force of water surface tension. The resulting
fiber bundles had two fixed ends, which were of limited length, but they were free to be
transferred to other substrates, and to be twisted or braided manually.

Year Author Setup Morphology Fiber Bundling/Polymer

A.

2001 Deitzel et al. Jet was stabilized by placing a
series of charged rings in the
electrospinning zone and the
rings were charged to have the
same polarity to the spinneret;
PEO

B.

2001 Theron et al. Electric field is concentrated on
the tapered wheel which
rotates for fiber alignment. The
collector has a limited fiber

deposition area; PEO
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2005 Teo et al. l

Gap collector using sharp
blades for concentration of
electric field; PCL

e L Steel biatle

Table 1. Short Nanofiber Bundles.

Short nanofiber bundles with parallel orientated short fibers can also be prepared by cutting
an aligned nanofiber membrane into narrow strips. In this case, preparing aligned nanofiber
membranes is the focus. Different fiber alignment techniques have been used, such as using
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a rapidly oscillating frame (Fong et al.,, 2002, Dersch et al.,, 2003), and a copper comb
collector in needleless electrospinning (Jiri Chvojka and Lukas, 2009).

3.2 Short nanofiber yarns

High-speed rotating drum has been recognized as the easiest way to get highly aligned
nanofibers. Fennessey et al (Fennessey and Farris, 2004) prepared short nanofiber yarns
using aligned PAN nanofiber membranes. The nanofiber membrane was cut into short tows
(approximately 32 cm x 2 m) and then linked together. An electric spinner was used to
insert twist and the action of twist on yarn tensile strength and modulus was studied. They
found that increasing the twist angles led to increased yarn ultimate strength and modulus.
Liu et al (Liu et al., 2008) also used a high speed annual shaped collector to prepare aligned
nanofiber membrane, and the membrane was cut and twisted in a similar way into short
yarns. Later on, PAN nanofibers reinforced by carbon nanotubes (CNTs) were also prepared
into short nanofiber yarn by Farouk et al (Farouk et al., 2009) who used a high speed
rotating drum collector. They found that well dispersed CNTs in the polymer solution for
electrospinning led to high yarn mechanical properties. Recently, Moon et al (Moon and
Farris, 2009) prepared short PAN nanofiber yarns using a similar method for making carbon
nanofiber yarns. They reported that the carbon nanofiber yarns had a tensile strength as
high as 1 GPa.

Researchers have also paid attention to directly getting short twisted nanofiber yarns. For
instance, Dalton et al (Dalton et al., 2005) used two parallel grounded rings to get aligned
nanofibers (Table 2A). Nanofibers were first deposited at the lower part of the rings, which
then proceeded upward to the ring top, aligning across the gap. By rotating one of the rings
the suspended fibers were converted into a multi-filament yarn with a diameter of less than
5 pm and a length of 4 ~ 10 cm. The yarn length was limited by the distance between the
two electrodes. Later on Liu et al (Liu et al., 2007) prepared nanofiber-based composite ropes
of poly(methyl methacrylate) (PMMA)/MWCNT by using a gap collector (Table 2B).
Nanofibers were electrospun vertically downward and bridged between the two electrodes.
By rotating the point electrode, the as-spun PMMA /MWNT nanofibers were converted into
yarns of 30 ~ 40 cm in length and 13 ~ 23 pm in diameter. This method was difficult to spin
yarns longer than 40 cm, as the constant distance between two collectors had to be
maintained so that nanofibers can be continuously deposited.

Gu et al (Gu et al., 2007) described a method of directly fabricating single twisted nanofibers
by controlling the electric field around an auxiliary electrode (Table 2C). A polygon with
several faces was placed in between the needle and the collecting plate. Each face of the
polygon was subjected to an applied voltage. By switching the voltage rapidly, a rotated
electric field was created, changing the direction of the electrostatic force which led to the
twisted nanofibers.

Lotus et al (Lotus et al., 2008) also adopted the concept of rotating an electrode in the gap
collector to produce twisted nanofiber yarns. The set-up consists of a rotating hollow
hemisphere and a non-rotating but translating tapered metal rod. The tapered end of the rod
and the edge of the hemisphere are conductive so fibers would preferentially deposit on
their edges, and form a conical cone with its apex lying on the rod tip, as shown in Table 2D.
by rotating the hollow the hollow hemisphere, and translating the metal rod away, 10cm
long zinc oxide and nickel oxide yarns can be fabricated. The yarns are 5~30 um in diameter
and consist of nanofibers 60~100nm in diameter.
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Fiber

Year Author Setup Morphology Twisting/Polymer

Aligned nanofibers
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| the electrodes (gap
collector) and twisted
by rotating one
electrodes; PCL

2005 Dalton et al.
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needle electrode;
PMMA/MWNTs
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polygon electrode;
PEO

2007 Gu etal.
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2010 Chang et al. ..ukvﬁ
< %
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Collector needle
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Table 2. Short Nanofiber Yarns.

Recently Chang et al (Chang and Shen) prepared helical ropes of polyvinyl pyrrolidone
(PVP) by using two needle electrospinning spinneret and a rotating needle collector (Table
2E). The diameter of the needle collector plays a key role in determining the formation of the
ropes. A stable fiber bundle was formed when the diameter of the needle was smaller than
0.5 mm. The pitch of the ropes could be adjusted through the distance between the two
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spinnerets. When a needle collector of the diameter greater than 5 mm was used, fibers
travelled randomly and deposited as a mat on the collector.

4. Continuous nanofiber bundles

Continuous nanofiber bundles are defined as a group of loosely assembled nanofibers,
which have no twist. The main techniques to get continuous nanofiber bundles are
described in Table 3.

A liquid medium was used separately by Khil et al (Khil et al., 2005) and Smit et al(Smit et
al., 2005)to collect nanofibers and subsequently wind into continuous nanofiber bundles
(Table 3A). Nanofibers initially formed a random web on the liquid surface, which were
drawn and lifted off with a rotating mandrel to form a fiber bundle. Under the action of
liquid surface tension, the bundle was elongated and collapsed into a round cross-section.
By continuously depositing nanofibers into the liquid, while at the same time collecting
them with the winder, a continuous nanofiber bundle was obtained. The fiber bundles could
be drawn at a rate of 0.05 m/s ~ 0.5 m/s. To make the fiber suspend on the liquid surface
could help the collection, and a liquid having a high density or high surface tension was
normally selected as the collecting medium.

To obtain continuous nanofiber bundles, Pan et al (Pan et al., 2006) used a special
electrospinning setup consisting of a pair of spinnerets with opposite polarities and a
rotating shaft collector (Table 3B). In the process, the nanofibers from the two spinnerets
carried opposite charges. They attracted to each other to form a fiber bundle and the fibers
aligned within the bundle. The fiber bundle production rate was dependent on the rotating
speed of the collector, the polymer material used and the fiber diameter produced. The yarn
diameter can be controlled by the number of spinneret pairs. For PVP nanofibers with an
average diameter of 670 nm, the maximum production speed was 14.9 m/s. Later, Li et al
(Li et al., 2008) and Yao et al (Yao et al., 2009) respectively prepared nanocomposite yarns of
poly(L-lactide)(PLLA)/nanotricalium phosphate and PLLA /Zein using this electrospinning
setup. Li et al also studied the effect of electrospinning distance and found that nanofibers
bonded tightly to each other at an electrospinning distance of 20 cm, however longer
electrospinning distance resulted in loosely packed nanofiber bundles.

Okuzaki et al (Okuzaki et al., 2008) observed the formation of poly(p-phenylenevinylene)
(PPV) precursor fiber bundles using just a conventional electrospinning setup (Table 3C).
The spinneret was placed vertically on top of the grounded flat collector. The unusual
bundle formation was explained by the conductive nature of the PPV precursor. The
deposited fibers discharged through polyelectrolyte chains to the grounded target, which
preferred the gravitated deposition so as to decrease the gap between the fibers and the
needle. Centimeter-long nanofiber bundles were formed spontaneously between the
spinneret and the grounded plate within a minute. Subsequent thermal conversion led to
bundles of PPV nanofibers.

In 2008, Wang et al (Wang et al., 2008b) reported a method to self assemble continuous
nanofiber bundles (Table 3D). A grounded needle tip was incorporated into the collecting
system to induce self-bundling of nanofibers. It was observed that the liquid jet was a
straight line initially, and then whipped around until it got close to the tip of the needle
collector, splaying fibers to converge on the needle collector due to the large electrostatic
attraction. By pulling back the bundle and winding it on a grounded rotating collector,
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Year Author Setup Yarn Bundling/Polymer

A.

2005 Khil et al.
Flexible fiber web in liquid

2005 Smitetal. was withdrawn into fiber
bundles; PCL, PVDF, PAN,
PVAc
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2006 Panetal.
Nanofibers electrospun

2007 Lietal from opposite charged
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imaging

Collector .
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Table 3. Continuous Nanofiber Bundles.
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continuous nanofiber bundle was generated, provided that the surface velocity of the rotating
drum matched the velocity of the bundle growth. The self-bundling became easier when
increasing the conductivity of polymer solution. When the solution conductivity was larger
than 400 pS/cm, self-bundling occurred automatically without the induction of a needle
collector. Greater fiber alignment was observed with the increase in the solution conductivity.
Another approach to prepare electrospun nanofiber yarn was introduced by Mondal et al
(Mondal et al., 2008). In their design, the electric field was manipulated by attaching a ring
to the spinning nozzle just above the orifice to self-assemble the fibers for yarn formation
(Table 3E). To initiate the yarn formation, a glass rod was introduced to attract yarn on the
glass rod end. By moving the glass rod away from the spinning zone, a continuous
nanofiber yarn was prepared manually. The formation of nanofiber yarn was controlled by
temperature, polymer concentration and applied voltage.

Maheshwari et al (Maheshwari and Chang, 2009) reported an assembly of multi-stranded
nanofiber threads via AC electrospinning (Table 3F). Nanofibers with both positive and
negative segments were electrospun because of polarity switching during electrospinning.
The fibers experienced an alternation of attractive and repulsive forces, resulting in
increased alignment. A visible thread was observed emerging downstream from the
spinneret. The thread could be easily deflected away and collected because of the small
attraction toward the counter electrode. The authors also showed how the AC voltage and
frequency affected the fiber collection. Increasing the frequency suppressed the jet whipping
instability, thus giving smaller thread width (thread with lower fiber density), but more
beaded fibers. An opposite effect was seen with the increase in the voltage.

5. Continuous nanofiber yarns

A nanofiber yarn can be formed by twisting a thin strand of nanofibers around the axis. The
fibers after twisting show a helical configuration. Twist functions to increase the fiber to
fiber cohesion and strength of the yarn. In electrospinning research, considerable effort has
gone into making continuous twisted nanofiber yarns in recent time. Table 4 summarizes
the main techniques that have been developed to electrospin continuous nanofiber yarns.

Year Author Setup Morphology Yarn Twisting/Polymer
A. Saltion_Tavlor e "5 Twisting of nanofibers
2003 Ko et al. ‘ ke (.\\D\Venmanumcannl!lurllng with a special setup;
‘ﬁv S"imi:; & Orientation PAN,PLA
® Drum 4
_@Ammuatien

m Twisting

@  Takeup
B.
2005 Kim et al. .

Manually drawing and

twisting nanofibers
electrospun from a multi-
needle setup; Poly
urethane
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Year Author Setup Morphology Yarn Twisting/Polymer
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D
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etal. polymer (Helix angel
19.76°)
E.
2007 Dabirian
etal.
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redirected and twisted by a
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F.
2007 Bazbouz
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disk; Nylon6/ MWNT
G

2008 Lee etal.

Nanofiber web directly
twisted by rotating the
disk collector; PAI

2009 Dabirian

etal. Nanofibers produced from

two oppositely charged
spinneret and twisted by
using a electronic twister;
PAN
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Year Author Setup Morphology Yarn Twisting/Polymer

L.
2009 Kim et al.

Single and multi nozzles
are arranged along the
circumferential direction.
Nanofibers are drawn and
twisted; Nylon6, Nylon66

(Helix angle up to15°)
I8 ,
2010 Afifi et al. T
Nozzle,
ey t Fiber web was twisted by
Twisted yam
e, q/r\”"""““’“"‘“ an earthed rotating funnel;
- i PLLA
eallector,
Grounded
2011 Al et al. & Q“j“ Nanofiber yarns were
N directly produced from an
W
v - A un-earthed fibrous cone
j‘:l - g formed on a rotating
! 3 funnel; PVDF-HFP, PCL,
‘ d"lmlu . PAN, PS (twist angle up to
J/ / 0-61°)

Table 4. Continuous Nanofiber Yarns.

The concept of using nanofiber yarns to make complex fibrous structures for a new
generation of composites was firstly presented by Frank Ko (Ko et al., 2003). Continuous
poly(latic acid) (PLA) and PAN nanofiber yarns filled with carbon nanotubes in the
fibers were produced by applying a yarn twisting and subsequent winding method
(Table 4A). However, no details were presented to explain how the yarns were twisted
and continuously wound, considering in particular that the twisting arrangement
resembles a false twist texturing process rather than one that inserts any real twist into
the yarn.

Kim et al (Kim, 2010a, Kim, 2009a, Kim, 2008b, Kim, 2009b, Kim, 2010b, Kim, 2005) claimed
a series of patents to electrospin continuous filament composed of nanofibers. In one of
these techniques, a multiple needle electrospinning system was used to produce nonwoven
web on a rotating belt which was then stretched and collected on single winding roller
(Table 4B) (Kim, 2008b). The nonwoven web was also prepared by a needleless
electrospinning setup using a rotating cylinder spinneret before splitting it into several
strips (Table 4C). Later on, the group also prepared continuous nanofiber bundles by
collecting nanofibers on the circumference of a disc collector (Kim, 2008a) (Table 4I). By
using 16,000 nozzles, the group has achieved a maximum speed of 490 m/min with an
average fiber diameter of 480 nm.

Teo et al (Teo et al., 2007) demonstrated a technique for continuous formation of nanofiber
bundles using the water vortex. Different from previous fiber bundling techniques (Table
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3A), the nanofiber bundles were formed inside a liquid (e.g. water), as shown in Table 4D. A
take-up rate of 1.05 m/s could be reached in this experiment. The nanofiber yarn had a
maximum twist angle of 19.76° (Yousefzadeh et al.).

Dabirian et al (Dabirian et al., 2007) reported a method of continuous nanofiber yarn
formation through the manipulation of the electric field. A negative bar and a negative
surface were placed within the electric field to direct the electrospinning jet. A spinning
triangle was formed as a result (Table 4E). Nanofibers were collected and twisted with a
three-phase motor. The twist level and the take-up speed were inter-related. To increase the
twist level, the take-up speed has to be compromised. The yarn production rate was about
14 m/hr, whereas the yarn diameter was in the range of 160~170 um. Later on in 2009,
Dabirian et al (Dabirian and Hosseini, 2009) also produced nanofiber yarns by using two
oppositely charged nozzles placed on either side of an uncharged collector (Table 4H), and
the yarn take-up velocity was 5.76 m/hr.

Bazbouz et al (Bazbouz and Stylios, 2008b) improved the gap collector by using two
perpendicularly disks placed 4 cm apart. One disk was rotated to twist the nanofibers, and
the other was for continuous yarn winding and both disks rotated at a constant rate (Table
4F). Different twist rates could be applied to provide fiber bundles with different degrees of
lateral cohesion and friction. The yarn diameter was 5 ~ 10 pm and dependent on the
number of fibers generated at the spinneret, as well as the twist and take-up speeds. The
limitation of the method is the fiber sticking, due to the short spinning distance and the low
evaporation rate of the solvent.

Lee’s group (Lee, 2009, Lee, 2010b, Lee, 2010a, Lee, 2008) prepared a long filament
consisting of nanofibers by using a multi-collector technique (Table 4G). They indicated that
the first earthed collector should be made of a conductive metal plate or a metal mesh and
the second collector a material capable of generating static electricity. The shape of the first
collector was not fixed but the second collector must have a round shape like a tube.
Different from previous methods based on gap collection, the glass rod is extendable,
making the yarn collection continuous. However, due to its non-conductive nature, the fiber
alignment could not be matched with the ones prepared by gap collector, where two
electrodes are both conductive and grounded.

Afifi et al (Afifi et al.) used a slowly rotating grounded “funnel” to collect PLLA
electrospun fiber yarns (Table 4]). The charged jet was ejected toward the grounded
funnel target from a diagonal direction, forming a web on the mouth plane. The web was
twisted as it was formed, and pulled upward to the winder. Continuous yarns were
fabricated thereby, with diameters of around 164 pm. However, the authors only
demonstrated that micro-sized fibers with diameters around 6 pm were electrospun for
this yarn production.

Recently, Ali et al (Ali et al.) developed a method to directly electrospin highly twisted
continuous nanofiber yarns. The setup combined a rotary funnel collector and two
oppositely charged spinnerets, as shown in Table 4K. The funnel collector was not earthed.
The deposition of nanofibers onto the funnel was largely due to the electrostatic attractions.
Nanofibers mainly deposited to cover the funnel forming a fibrous membrane on its mouth.
To initiate a twisted yarn, a plastic rod was first placed near the central area of the rotary
membrane. When the rod was withdrawn from the funnel, the membrane formed a “fibrous
cone” with its apex attaching to the rod, and its edges connecting to the funnel end. Further
withdrawing of the cone apex induced the formation of continuous yarns as shown in
Figure 2.



Electrospinning of Continuous Nanofiber Bundles and Twisted Nanofiber Yarns 165

Fig. 2. a) Frames of a video showing the formation of nanofiber cone with the aid of a plastic
rod, b) hollow nanofiber cone taken up by continuous drawing with a winder,

¢) a photograph of as-electrospun nanofiber yarn, d) SEM images of a nanofiber yarn
section.

The yarn could be collected and wound incessantly as far as the fibrous cone was
maintained dynamically. Kilometers of nanofiber yarns have been drawn from the fibrous
cone, with up to 7400 tpm of twist inserted through the rotation of the funnel. The average
yarn diameter can be adjusted in the range of 30 ~ 450 pm through the overall solution
feeding rate and the twist rate, while the constituent fiber diameter can be changed over a
wide range (between 480 - 1500 nm in the study).

,%‘ LHE N 3
AL LR

Fig. 3. SEM images of nanofiber yarns produced from different polymers.

Poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP), PAN, polycaprolactone (PCL)
and polystyrene (PS) have been successfully electrospun into yarns using this setup. The
SEM images of the yarns are shown in Figure 3. This electrospinning mode increased not
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only the stability of yarn formation but also the yarn spinning rate. In addition, the two
spinnerets provide opportunities for fabrication of hybrid nanofiber yarns.

6. Morphology and mechanical properties

A lot of yarn manufacturing technologies have been explored (Zhou and Gong, 2008). It has
been generally recognized that both the structure of fibers and their macroscopic
arrangement play key roles in yarn mechanics.

Teo et al (Teo et al., 2007) reported the morphology of individual fibers in the yarns and the
control through adjusting the electrospinning parameters, such as solution concentration,
flow rate, spinning distance and applied voltage. They also reported that the average
diameter of nanofiber yarn increased linearly with increasing the feed rate of polymer
solution. Ali et al (Ali et al.) study the effect of applied voltage, solution concentration and
flow rate on the morphology of nanofiber yarns in detail and indicated that with an increase
in the applied voltage the individual fiber diameter decreased but the overall diameter of
yarn increased linearly. Not only the individual fiber but also the yarn increased their
diameters linearly with polymer concentration and flow rate. The morphology of nanofiber
yarns also depended on the winding rate. It was demonstrated that with increasing the
winding rate, the diameters of both the individual fiber and the nanofiber yarn decreased
linearly (Ali et al.).

It is well known that the strength of conventional yarns increases with increasing the twist
level in the yarn, up to a limit. Ali et al (Ali et al.) systematically studied the effect of twist
on the mechanical properties of nanofiber yarns. They found that when the twist level was
420 tpm, the yarn tensile strength and elongation at break were 42.0 MPa and 250%,
respectively. However the tensile strength started decreasing when the twist level reached
3500 tpm, as shown in Figure 4a. The maximum average tensile strength of PVDF-HFP
nanofiber yarn produced from their method was 60.4 MPa. Figure 4b shows a comparison of
stress-strain curves for the aligned twisted nanofiber strip, twisted nanofiber yarn and a
yarn braid. It shows that when the nanofiber yarn is braided the tensile strength is improved
considerably (Fig. 4b).

Electrospun fibers normally possess poorly developed crystalline structure owing to the
quick solidification of the spinning jet. Post-treatment such as drawing and annealing used
for improving crystalline structure and mechanical strength of conventional fibers has also
been applied to increase the crystallinity and yarn tensile strength. By uniaxial drawing
PAN nanofiber yarns in boiling water under tension and annealing, higher molecular
orientation and increased degree of crystallinity were observed (Wang et al., 2008a). It was
indicated that drawing plus annealing was an effective way to improve the strength of
nanofiber yarns, approaching the value equivalent to conventional fibers.

Jalili et al (Jalili et al., 2006) also studied the mechanical properties after carrying out a post
treatment in boiling water under tension. They found that fiber bundles became stronger
but relatively low elongation after the post-treatment. The average values of E-Modulus and
tensile strength before the treatment were 2786 + 200 MPa, 99 £ 12% and after the post-
treatments were 4575 + 220 MPa and 178 + 15%, respectively.

Apart from twisting, immersing nanofiber yarns in some solvents can also improve yarn
strength. For example, when electrospun MWNT/PMMA rope was immersed in methanol
overnight and then dried for 8 hours at 40 °C (Liu et al., 2007), the yarn strength was much
improved, approaching that of the bulk material. This was attributed to the increased
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Fig. 4. (a)Influence of twist level on the tensile properties of nanofiber yarns, (b) Typical
stress-strain curves of a nanofiber yarn (twist level 3500 tpm), a nanofiber yarn braid (four-
ply).

packing density within yarns by reducing the repulsive interactions from the residual
surface charge.

Carbon nanotube has been extensively used as a filler material to reinforce polymer
nanofibers, as demonstrated and reviewed by many groups. Ko et al (Ko et al., 2003) used
CNTs to improve the strength and toughness of nanofiber yarns. A two-fold increase in the
modulus was observed in SWNT/PAN yarns. It was explained that polymer matrix was
stiffened as a result of interaction with SWNTs. The structural changes of the polymer
caused by nanotubes could also be seen from the improved thermal stability. Farouk et al
(Farouk et al., 2009)reported that yarn tensile strength increased by about 35% due to
MWCNT reinforcement in the PAN polymer with surfactant-aided CNT dispersion. Also
the mechanical properties of the well-dispersed sample were improved relative to those of
the poorly dispersed samples. Similar effects were also observed with MWNT/PMMA
composite ropes (Liu et al., 2007).

7. Potential applications

Through weaving, knitting, or other embroidery processes, nanofiber yarns can be
assembled into many new fibrous structures, which may find uses in high performance
clothing, filters and composites. Nanofiber yarns have been shown their potential for carbon
fiber production, electronic devices, and tissue engineering. Many attempts have been
devoted to making high quality PAN nanofiber yarns to produce super-strong carbon
nanofibers (Moon and Farris, 2009). By twisting yarns composed of metal oxide nanofibers,
which displays semi-conducting behavior, a novel p-n junction can be fabricated (Lotus et
al., 2009). The typical rectifying current-voltage characteristics of the yarn have potential for
constructing sensors and transistor devices. A plain woven fabric of PCL nanofibers has
been shown successful for cell cultures, and used as a woven tissue scaffold (Khil et al.,
2005).

Another application for yarns is composite reinforcement, to enhance the fracture toughness
and damage tolerance. Yarns composed of nanofibers are also envisioned to have such
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potential, as nanofibers possess much greater surface area and stiffness. Besides these,
nanofibers with diameters smaller than the wavelength of visible light should reinforce
composite without changing the composite color. However, electrospun nanofibers haven’t
been used much in composite reinforcement so far.
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1. Introduction

Electrospinning provides a straightforward and cost-effective approach to produce fibers
from polymer solutions or melts having the diameters ranging from sub-microns to
nanometers (Reneker & Chun 1996; Dzenis 2004; Hammel et al. 2004; Greine & Wendorff
2007). The nanofiber fabrication by the electrospinning technique can also provides high
orientation of the polymer chains by some special colleting accessories due to the high
elongation forces that developed during the electrospinning process. This process is
accompanied by massive solvent evaporation which leads to fibers with high packaging
density (Doshi & Reneker 1995). The carbon fibers possess high mechanical strengths and
moduli, superior stiffness, excellent thermal and electrical conductivities, as well as strong
fatigue and corrosion resistance; therefore carbon nanofibers have recently received
increased attention for their potential applications as composite reinforcing fillers, heat-
management materials, high-temperature catalysts, membrane-based separation media, and
components in nanoelectronics and photonics etc. (Chand 2000). There are several
precursors for the production of carbon fiber, such as polyacrylonitrile (PAN), pitch and
cellulose (Edie 1998; Basova et al. 2004) etc. But PAN is the most widely used precursor for
manufacturing high-performance fibers due to its combination of tensile and compressive
properties as well as its high carbon yield (Sutasinpromprae et al. 2006). Usually, the PAN
or PAN-based carbon fiber is produced by the following steps: (1) first, spinning the
precursor under different drawing ratio, (2) then, the precursor fiber is stabilized at 200 to
ca. 300°C in an oxidation atmosphere; (3) finally, the stabilized fiber is heated at
temperatures from 1200 to ca. 3000 °C in an inert atmosphere to wipe off nearly all of the
non-carbon element to obtain the final carbon fibers. There are two critical factors in these
manufacturing processes of PAN carbon fibers which one is to control the suitable
orientation and crystallization of the precursors and the other is the post-treatment steps
such as pre-oxidization, stabilization and carbonization. Conventional PAN-based carbon
fibers typically have diameters ranging from 5 to 10 um (Morgan 2005). However, the
electrospun PAN nanofibers are uniform with the diameters of approximately 300 nm
(Chun et al. 1999; MacDiarmid et al. 2001), which is more than 30 times smaller than their
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conventional counterparts. The high specific surface area of electrospun polymer and carbon
nanofibers leads to the enhanced properties in various applications such as electrodes in fuel
cells and supercapacitors. The subsequent thermal treatments, including pre-oxidization,
stabilization and carbonization, convert the PAN precursor nanofibers into carbon
nanofibers that are very long (continuous) probably with desired microstructural, electrical,
mechanical, and other properties. However, the mechanical properties of electrospun
nanofibers need to be improved because of the limited crystallinity and orientation during
the electrospinning (Li et al. 2003). The microstructures and the related mechanical and/or
electrical properties of the electrospun carbon nanofibers are still largely unknown.

Carbon nanotubes (CNTs) have achieved a momentous research and application interest
due to their unique properties, such as high tensile modulus, good heat and electrical
conduction, unique optical and electronic properties, and so forth. It is found that
reinforcement of polymers by CNTs may significantly improve their mechanical properties,
thermal stability, electric conductivity, and other functional properties. For enhancing the
properties of the nanofibers, the carbon nanotubes (CNTs) have also tried to introduce in the
PAN-based composites due to their appealing mechanical (Wong et al. 1997; Yu et al. 2000),
electrical (Javey et al. 2003), and thermal conductivity properties (Miaudet et al. 2007). Both
single-walled carbon nanotubes (SWNTs) and multiwalled carbon nanotubes (MWNTs) are
of scientific interest in nanotechnology and nanodevices because of their superior structural,
mechanical, chemical, thermal, and electrical performance (lijima 1991; Baughman et al.
2002; Collins et al. 2001). The SWNT reinforced pitch-based carbon microfibers(Andrews et
al. 1999) and PAN/CNTs microfibers (Sreekumar et al. 2004) exhibited a significant
improvement in mechanical properties and thermal stability. It has been shown that
significant interactions exist between PAN chains and CNTs, which lead to higher
orientation of PAN chains during the heating process (Rilutsky et al. 2010). It is also shown
that CNTs embeds in electrospun PAN nanofiber serve as nucleation centers for graphitic
structure formation during the carbonization process leading to a more ordered and
oriented structure. For pre-oxidization, stabilization and carbonization, it is noteworthy that
applying tension during thermal treatments, particularly during stabilization, is crucial for
the development of carbon fibers with high mechanical strength; i.e., if the stabilization is
carried out without tension, the resulting carbon fibers are mechanically weak (Donnet et al.
1998; Morgan 2005). However, before full realization of their reinforcing improvement, the
following two crucial issues have to be solved: (i) dispersion and orientation of CNTs in the
nanofiber (Chandrasekar et al. 2009; Hao et al. 2006), good interfacial bonding is required to
achieve load transfer across the CNTs-matrix interface (Chen et al. 2006); (ii) the
macroscopic alignment in the nanofibers (Na et al. 2009) and the orientation and
crystallinity of polymer chains. Therefore, in this chapter, the manufacturing process and
characterization methods for the microstructures and mechanical properties of PAN and
PAN-based nanofibers has been reviewed.

2. Manufacturing and characterization of the PAN and CNTs/PAN composites
nanofibers

2.1 Manufacturing of the PAN and PAN-based nanofibers

The PAN and PAN-based nanofibers can be made by electrospinning with the nominal
electric field on the order of 1 kV/cm. Fig.1 is the schematic diagram of the electrospinning
technique. In the process the PAN or CNTs/PAN solution is held by its surface tension at
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the end of a capillary, such as a stainless steel needle. As the intensity of the electric field is
increased, usually by increasing the voltage, the hemispherical surface of the solution at the
tip of the capillary tube elongates to form a structure named as a Taylor cone (Taylor 1969).
At a certain voltage the electrical forces overcome the surface tension and a jet ejects from
the Taylor cone. The jet travels some distance and then a whipping instability begins to
further attenuate the jet into nanofibers. The fibers are collected onto a counter electrode,
such as a screen, drum, plate, or the edge of a rotating disk. Coupled with the usual
observations the fact that fibers can be electrospun using an Ac field indicates that a portion
of the attenuation occurs in the stable jet region. The Dc electrospun fibers are smaller than
Ac spun fibers indicates further drawing occurs in the instability region. The voltage
between the electrode and the counter electrode could be controlled by the high voltage
power supply such as setting at 14-16 kV. The collector rotated at some surface speed such
as 6.6m/s, which the high speed rotating collector could align the nanofibers into the
nanofiber sheets.

[ ]
® Syringe pump
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®
Polymer solution o
High-voltage |: Jets
power supply T

+
Polymer nanofibers
' ¥
E Rotating drum
collector

Collected M

nanofiber sheet Rotating direction

Fig. 1. Schematic diagram of the electrospinning technique.

Since N,N-dimethylformamide(DMF) is the common solvent of PAN-based carbon fibers
manufacturing process which can easily evaporate during the electrospinning, the DMF can
be selected as solvent and are through mild bath sonication to have a completely
dissolution. Usually the suitable weight concentration of PAN/DMEF can be selected higher
than 10% with the PAN average molecular weight of 100,000 g/mol. Fig. 2 shows the SEM
micrographs of different concentrations of electrospinning PAN/DMEF solutions of 8 wt %,
10 wt % and 12 wt % respectively. At the 8 wt% PAN/DMEF ratio (Fig. 2A), viscous forces
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within the jet are insufficient to stabilize disturbances, leading to capillary breakup. At 10
wt% and 12 wt% PAN/DMEF ratios, irregular and regular beads formed, respectively (Fig.
2B,C). Therefore it can be said as the PAN/DMF ratio increases higher than 10wt%, viscous
forces stabilize disturbances at the jet surface, leading to a beads-onstring configuration.
However, if the concentration was too high, controlling and maintaining a stable flow rate
becomes very difficult because the viscosity of the polymer solution is high.

‘§

Ul

=
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Fig. 2. SEM micrographs of PAN/DMEF different concentrations of electrospinning
nanofibers with the solutions of (A)8 wt %; (B)10 wt %; (C)12 wt %.

To uniformly disperse the CNTs in the organic polymer matrix, the CNTs are modified to
form an individually polymer-wrapped structure (Waclawik et al. 2006). As is well known,
polymer wrapped greatly inhibits the Van der Waals attraction between the polymer with
solvent and the interactional polymer chains which normally observed between separate
SWNTs with small ropes of SWNTs, such as the SWNTs can be wrapped by regioregular
poly(3-hexyl thiophene(rrP3HT). These effects caused the wrapped nanotubes to be much
more readily suspended in concentrated SWNTs solutions and suspensions, which in turn
substantially enabled manipulation of SWNTs into various bulk materials, including films,
fibers, solids, and composites of all kinds (Smalley et al. 2007).

For example, a 0.75 wt% SWNTs based PAN composite solution is prepared as follows; (1)
first, a given weight of SWNTs is first dispersed for 2 h in DMF through mild bath sonication,
which is followed by the addition of PAN (128.91 mg per milliliter of SWNTs/DMEF solution);
(2) then, the mixture is mechanically stirred overnight at 40 °C using a magnetic stirrer to yield
a homogeneous solution. Fig.3 SEM shows the micrographs of PAN and PAN/SWNTs
nanofibers by electrospinning with different SWNTSs concentrations.

The relatively aligned PAN nanofibers and PAN/SWNTs composite nanofibers can be
obtained by electrospinnin by the set-up of a rotating instrument. Thus, for collection of the
large area aligned nanofibers, a parallel rotating drum can be adopted. Such as in our study,
the 0.16 m perimeter collector rotated at a surface speed about 6.6 m/s, that the high speed
rotating collector could align the nanofibers into the nanofiber sheets. Fig. 4 shows the
schematic diagram of the frame to prepare the aligned nanofibers films with (a) the
16cmx12cm paper frame with the hollow of 16cmx4cm wrapping around (b) the rotating
drum and (c) the sheet after electrospinning. And the SEM photographs of different speeds
of rotation are shown in Fig. 5, which indicates the higher rotating speed leads to higher
alignment of the nanofibers.
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Fig. 3. SEM rmcrographs of PAN and PAN/SWNTs nanofibers with different SWNTs
concentration (a)0wt% (b)0.25wt% (c)0.5wt% (d)0.75wt% (e)1wt%.

Fig. 4. Schematic diagram of the frame to prepare the aligned nanofibers films (a) the
16cmx12cm paper frame with the hollow of 16cmx4cm (b) on the rotating drum (c) after
electrospinning.

During the electrospinning process, however, the whirlpool jet from the pinhead to the
collector still made it difficult to get the unidirectional alignment in a large-area sheet
(Huang et al. 2003), making the subsequent hot-stretched procedure particularly useful,
which is also the key process during the manufacturing of carbon fibers. Therefore, the
electrospun nanofibers needed a subsequent hot-stretch to improve the fiber alignment. The
PAN nanofibers and PAN/SWNTs composite nanofibers can be hot-stretched according to
the method proposed by Phillip and Johnson (Johnson 1965; 1966). Some methods have been
tried, such as the both ends of the nanofiber sheet (size of 4 cm width x 10 cm length with 17
pm thickness) can be clamped with the pieces of graphite plates. Then, one end was fixed to
the ceiling of the oven and the other end can be weighted by some of metal poise (75g) to
give a desired tension and elongation in the temperature-controlled oven at 135 + 2°C for 5
min. The schematic diagram of hot-stretching of nanofiber sheet is shown in Fig. 6.
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19KV

Fig. 5. SEM photographs of different speed of rotation (a) non-woven fabrics, (b) 6.28 m/s,
(c) 10.47 m/s, and(d) 14.65m/s.

The stretching ratio, A, can be calculated from A = L/L,, where L and L, are the lengths of
nanofiber sheet after and before the hot-stretching, respectively. Fig. 7 is the SEM
micrographs of as-spun and hot-stretched PAN nanofibers, and the cross sectional views of
as-spun and hot-stretched one respectively. It can be seen that the high alignment and
density can be achieved by hot-stretched process.

Oven

Supporting plate

Graphite sheets

Nanofiber mats

Stretching force

Fig. 6. The schematic representation of the experimental setup for hot-stretching process.
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Fig. 7. SEM micrographs: (a) as-spun nanofibers, (b) hot-stretched nanofibers, (c) cross
sectional views of as-spun nanofibers and (d) hot-stretched nanofibers.

2.2 Characterization of microstructures and mechanical properties

2.2.1 Morphology of PAN and PAN-based composite nanofibers

The optical micrograph (OM) images of electrospinning composites nanofibers mats are
shown in Fig. 8 which the color becomes dark consequently. This is due to the different
concentrations of the CNTs. Since the cross-sectional area of spinning nanofibers is very
small, these nanofibers can be potentially used as optics transparency materials such as the
optical filter etc.

T

Fig. 8. OM images of PAN and PAN/SWNTs nanofibers using (a)0wt% (b)0.25wt%
(c)0.5wt% (d)0.75wt% (e)1wt% SWNTSs concentrations.

The diameters of the PAN nanofibers which are directly electrospun on a TEM-copper-grid
can be observed by scanning electron microscopy (SEM), which the diameters of electrospun
nanofibers can be analyzed with image analyzer software (Image ]). The results of the
diameter distribution of PAN and PAN/SWNTs nanofibers with different SWNTs
concentration Owt%, 0.25wt%, 0.5wt%, 0.75wt% and 1wt% are shown in Fig. 9. The diameter
locates between 100 to 500nm which is just the range of nano-scale.
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Fig. 9. The diameter distribution of PAN and PAN/SWNTs nanofibers with different

SWNTs concentration (a)0wt% (b)0.25wt% (c)0.5wt% (d)0.75wt% (e)1wt%.

Fig. 10 compares the SEM micrographs of as-spun and hot-stretched PAN nanofibers and
as-spun PAN/SWNTs composite nanofibers. It can be seen that there is no obvious
conglutination in the nanofibers after the introduction of SWNTs. And Fig. 10(c) shows the
hot-stretched PAN nanofibers, documenting the good alignment along the sheet axis after
the hot-stretched process. It can further be found that the alignment of the fibers became
closer to parallel after being hot-stretched. Also, the average diameters of the original as-

spun fibers are significantly reduced from 200 nm to 120 nm after hot-stretching.

In order to demonstrate that the prepared nanofibers do contain some oriented SWNTs,
transmission electron microscopy (TEM) can be utilized to view the alignment and orientation
of SWNTs within the nanofibers manufacturing process. As seen by TEM in Fig. 11, the
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Fig. 10. SEM mlcrographs (a) as-spun pure partially ahgned PAN nanoflbers, (b)
PAN/SWNTSs composite nanofibers with SWNTSs concentration 1 wt%; (c) hot-stretched
pure PAN nanofibers.

surface morphology of PAN nanofibers is smooth (Fig. 11(a)), but that of the PAN/SWNTs
nanofibers is much rougher (Fig. 11(b)). Since the SWNTSs possess a high electron density
compared with the PAN polymer matrix, SWNTs appear as darker tubular structures
embedded in the PAN/SWNTs composite nanofibers. It can be seen that the SWNTs are
completely wrapped by the PAN matrix. TEM images reveals that in some regions
nanotubes oriented well along the fiber axis but the nanotube distribution (number and
orientation of the tubes) within a fiber may vary quite significantly (Fig. 11(b) and 11(c)).
The nanotube distribution within a given fiber is usually quite different from the
distribution in others. Topological defects such as entanglements, twisted sections, and
knots can at times be observed (Fig. 11(d)). It is plausible that the extremely fast
electrospinning process, by which carbon nanotubes cannot fully stretch within a
millisecond range, leads to such defects.

pan-4 200KV X100000 70.000m an-2 200KV X100000 170.00nm:

Fig. 11. TEM images: (a) PAN nanoflbers, (b d) PAN/SWNTs nanofibers with SWNTs
concentration 1 wt%.

2.2.2 The alignment or the orientation of the as-spun, hot-stretched PAN and PAN-
based nanofibers

The key determining the properties of the carbon fiber is the orientation of the polymer
chain in the precursors. Usually the high degree of preferential orientation along the fiber
axis of the layer planes is mainly responsible for the extraordinarily high Young’s modulus
of the fibers. Researchers now realize that understanding and controlling the orientation
structure during the precursor formation step is critical if the properties of the carbon fibers
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are to be optimized (Ruland 1990). Therefore, the research on the microstructure of the
precursors under different processing conditions is important in the study of the final
mechanical properties of the carbon fibers (Ko et al. 1989). However, due to the complicated
process in the manufacture of carbon fibers, it is not easy and fast to determine the
orientation factor for PAN precursors, especially the less theoretical studies on PAN
precursors.

There are several methods to determine the alignment or orientation of the fibers, which are
polarizing microscope, infrared dichroism, sound velocity method, X-ray diffraction (XRD)
and pole figures ect.(Xu et al. 2005). For electrospinning nanofibers, since these are not really
fibers from macroscopic point of view, usually only infrared dichroism, X-ray diffraction
(XRD) and pole figures are suitable. Fig. 12(A), (B) and (C) show the XRD patterns from the
as-spun and hot-stretched PAN nanofibers, and the pole figures of the electrospun PAN
nanofibers as-spun and hot-stretched nanofibers respectively. The operation conditions are
the 40 kV and 200 mA with produce CuKa radiation (A = 1.54 A). There are two diffraction
peaks at 17 and 29° which are corresponding to the d=~5.3A from the (100) and the d~3.03A
from the (110) reflections(Ra et al. 2005). The ratio of the d-spacing calculated by Bragg
equation of these two peaks (1.74) is very close to V3:1, indicating hexagonal packing of the
rod-like PAN chains (Zussman et al. 2005). The diffraction pattern of the as-spun nanofiber
show one weak peak with a value of 20 at 17°. And it also can be found that the peak at 20 =
29.5° became much bigger after the process of hot-stretched. This indicates that
electrospinning of the nanofibers onto a rotating drum generates limited crystallinity. In
contrast, the oriented nanofibers after hot-stretching also show two diffraction peaks
indexed with values of 20 of 17 and 29°. From Fig. 13(A), noted that the X-ray beam is
directed perpendicular to normal of the nanofibers, and thus the beam is also parallel to the
winding direction of the nanofibers. The pole figures also show the same results with the
elliptical shape after hot-stretching. It means the nanofibers are highly oriented along the
winding direction of the rotating drum collector. The orientation coefficient after hot-
stretching increased about 21.5% in comparison with those of as-spun nanofiber.

Measured PF 100 Measured PF 100

(A)

Intensity (cps)

r T T T T ® 1.00 @ 400 ® 1.00 ® 4.00
0 20 40 60 80 © 200 @ 5.00 ® 200 @5.00
26(degree) ® 3.00 @ 6.00 @300 @6.00

Fig. 12. (A) X-ray diffraction patterns for the nanofibers: (a) as-spun; (b) hot-stretched and
the pole figures of the electrospun PAN nanofibers (B) as-spun nanofibers and (C) hot-
stretched nanofibers.

The degree of orientation is usually expressed by orientation coefficient, which can be
calculated from the half-width of the corresponding peak in the XRD curve. And the
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Herman'’s orientation factor, f, can be determined from the fully corrected azimuthal intensity
distribution diffracted from the (100) reflection at d = 5.30 A by equation (1).

j% (Bcos’p-1) cos’p—1) Isinpdg
f=t—t M
J.O Isinpdp

Where, ¢ is the azimuthal angle between the axis of the molecular segment and the fiber
alignment, and I is the scattering intensity of the (100) reflection at that angle(Fennessey &
Farris 2004). The orientation factor f, which can be calculated from equation (1), increased
from 0.22 to 0.76 after the hot-stretched process correspondingly.

The electrospun fiber bundles can be examined using the infrared spectrometer (FTIR) with
a polarized wire-grid to measure the dichroism of the nitrile-stretching (-CN) group
vibration at 2240 cm~! (Bashir et al. 1994). Spectra are acquired with the draw direction of
the electrospun fibers positioned both parallel and perpendicular to the electric vector
direction of the polarizer, which the results before and after hot-stretching show in Fig. 13.
The spectra are recorded over the range of 700-4000 cm™ with typically 64 scans. The
dichroic ratio, D, and the chain orientation factor, f, can be calculated from Egs. (2), (3) and
(4) using the transition moment angle a of 70° (or 73°), which « is the angle between the
direction of the nitrile group's dipole moment change and the chain axis.

D=A /A, )
D,=2cot’a 3)

(D-1)(D, +1)

S= 0,10+ 2)

)
where A, is the absorbance when the electric vector direction of the polarizer is oriented
parallel to the fiber draw direction and A, is the absorbance when the electric vector is
oriented perpendicular to the fiber draw direction, Dy is the dichroic ratio of an ideally
oriented polymer, «is the transition moment angle.
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Fig. 13. Polarized FTIR spectra of PAN nanofiber: (A) before and (B) after hot-stretching,
absorbent spectra at the perpendicular (a) and parallel (b) directions respectively.



188 Nanofibers — Production, Properties and Functional Applications

In Fig. 13, the 2240 or 2242cm! is the characteristic peak of PAN corresponding with the
stretching vibration of -C=N group, and the 1732cm1, 1448 or 1452cm! are the stretching
vibration of C=O and bending vibration of C-H. It shows that no much change of the
microstructure by hot-stretching process. The chain orientation factor, f, calculated from Eq.
(4) is 0.46 and 0.65 before and after hot-stretching respectively, which shows the hot-
stretching can enhance the chain orientation by the applied stretching force.

2.2.3 Crystallinities of the as-spun and hot-stretched PAN and PAN-based nanofibers
The crystallinities of the as-spun and hot-stretched PAN nanofiber can be also investigated
with X-ray diffractometer (XRD). The percent crystallinity can be obtained by extrapolation
of the crystalline and amorphous parts of the diffraction pattern. The crystallite size is
calculated by using the formula as following equation:

Lo = kA/ (feos) ©)
where k = 0.89, 1 = 1.54 A, f is the full width Half maximum (FWHM), and 0 is Bragg angle
(Norman et al. 1998).

Table 1 presents values of the percent crystallinity and the orientation coefficient for these
two types of nanofibers. The percent crystallinity of the hot-stretched nanofiber increased
about 3-times in comparison with those of as-spun nanofiber. The crystallite size also
increased about 162%, indicating highly oriented PAN nanofibers, which was in agreement
with the results of the orientation factor. Fibers with larger PAN crystals and higher
polymer molecular orientation are expected to lead to a more perfect and higher orientation
carbon fiber with improved mechanical properties (Chae et al. 2005).

Nanofiber Crystallinity (%) Crystallite size(nm)
As-spun 11.27 4.14
Hot-stretched 38.34 10.83

Table 1. Percent crystallinity and crystallite size obtained from X-ray diffraction curves.

The T, of the PAN nanofiber and PAN/SWNTs nanofiber can be examined using
Differential scanning calorimetry (DSC) method. To obtain the DSC curve in Fig. 14, the
samples can be heated at a scanning rate of 20 °C/min under nitrogen atmosphere in order
to diminish oxidation. The value of T, is found by differentiating the heat flow curve with
the temperature.

Fig. 14(A) shows the DSC curves to determine the glass transition temperature (T,) of
PAN and PAN/SWNTs nanofibers. It can be seen that, compares with PAN nanofiber (T,
=102.3°C), the T, is increased by about 3°C by incorporating only 0.75 wt% SWNTs into
the PAN matrix (T, = 105.4°C). Increase in the glass transition temperature as compared to
the PAN fiber provides the evidence of interaction between PAN and SWNTs. The
improvement in the T, stemmed from a stronger interfacial interaction and possible
covalent bonding between PAN and the SWNTs. Fig. 14(B) shows the DSC thermograms
which the peak of PAN/SWNTs is higher than the one of PAN nanofibers. All these
results suggests that the mobility of PAN chains is reduced due to the constraint effect of
SWNTs (Chou et al. 2008).
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Fig. 14. (A) Tg from DSC of electrospun nanofibers: (a) PAN nanofibers; (b) PAN/SWNTs

composite nanofibers; (B) DSC thermograms of electrospun PAN and PAN/SWNTs
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Fig. 15. DSC thermograms of PAN nanofiber sheets (a)before and (b)after hot-stretched.

Fig. 15 showed the DSC thermograms of PAN nanofiber sheets before and after hot-
stretched process respectively. It can be seen that after hot-stretching, the peak and the peak
area all increased. It means the cyclization heat of reaction enhances (from 510.53 J/g to
530.42 J/g) and the degree of cyclization increases correspondingly which is better for the
manufacturing of the final carbon fibers.

2.2.4 Pre-oxidation treatment

The material, the process and the conditions used to form the precursor fiber, are the critical
factors that define the final properties of the carbon fibers. Post-treatment steps such as pre-
oxidation, stabilization and carbonization merely refine the as-spun structure (Paiva et al.
2001). The fundamental fiber structure needs to develop high properties must be created
during the initial fiber formation step. However, this is not to say that fiber properties
cannot be dramatically altered during the post-treatment (Edie 1998).

As infrared spectroscopy in Fig. 16(A) shows, with the pre-oxidation temperature
increasing, -C=N characteristic absorption band at 2,243 cm is decreasing. And the
absorption peaks of -C = N- band characteristics at 1,591 cm! and C - H features in the
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band at 1,371 cm? increase significantly with the increasing pre-oxidation temperature,
which indicates that cyclization and dehydrogenation reaction has occurred in the pre-
oxidation process of PAN nanofibers [9]. A new peak appears in the band at 810 cm™. It
indicates that -C = C- has come into being in the molecules during pre-oxidation process,
which shows that aromatic structure and heat-resistant structure have formed. Fig. 16(B)
shows the XRD curves under different pre-oxidization temperatures. It has been known that
two diffraction peaks indexed with values of 2 6 of 17 and 29° are corresponding with the
(100) and (101) crystal planes. With the pre-oxidation temperature increased to 230°C, there
is a new diffraction peak at 25.2° which is corresponding to the characteristic cyclization and
aromatization structures of the (002) planes in graphite. It presented the dehydrogenation
process in manufacturing of carbon fibers and the structure of linear PAN chain began to
form the ladder structures which are corresponding to the decrease of the -C=N
characteristic peaks at 2 0 of 17 and 29° and increase of the aromatization diffraction peak at
25.2°.
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Fig. 16. (A) Infrared spectroscopy and (B) XRD curves under different pre-oxidization

temperatures (a) 135 °C(b) 210 °C(c) 230 °C (d) 250 C (e) 270 °C (f) 290 °C.

The aromatization index (AI) can be calculated with the following equation (Koganemaru et
al. 2004):

AI=1./ (I+1,) (6)

where Ip and Ic are the intensity of PAN at 17° and aromatization structure at 25.2°
respectively. It can be calculated that the extent of aromatization increasing from 21.86% to
41.98% at pre-oxidization temperatures of 230 and 270°C respectively. And if the
temperature increased to 270 °C, the characteristic diffraction peak of -C=N at 17°
disappeared completely, which means that the higher pre-oxidation temperature is good for
aromatization reaction.

2.2.5 Mechanical properties and electrical conductivities

A Dbetter representation of the nanocomposites characteristics is attempted by measuring the
macroscopic nanofiber sheets. Stretching a piece of the nanofiber sheet gives an assessment
of the average mechanical properties of the nanofibers rather than measuring an individual
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segment of a nanofiber composite (Moniruzzaman & Winey 2006). Mechanical property
testing can be performed by the normal Instron tensile tests such as a LR30K
Electromechanical Universal Testing Machine. The aligned nanofibers films taken down
from the 16cmx12cm paper frame with the hollow of 16cmx4cm in Fig. 3 can be used for
further tests which usually there are eight specimens used for each nanofiber sample in the
tensile test. The samples can be cut into the size of 5mm width and 20mm length. The tensile
speed in the mechanical test is selected as normal one such as 20 mm/min. The cross section
areas of the samples are calculated via the weights of the samples and the densities of PAN
and SWNTs.

The stress-strain curves of PAN nanofibers, before and after hot-stretched respectively, are
presented in Fig. 17(A). Hot-stretched improved tensile strength and the modulus of PAN
nanofibers. The tensile strength and tensile modulus increased by 55.32% and 156.48%
respectively. Table 2 lists the tensile strength, tensile modulus, and elongation at break can
be obtained from the stress-strain curves.

Sample Tensile Imoro. (% Tensile Impro. (% Elongation

P strength(MPa) pro-(%) modulus(GPa) pro.(%) at break(%)
As-spun 51.84 1.08 22.05
hot-stretched 80.52 55.32 2.77 156.48 11.61

Table 2. Mechanical properties of PAN nanofiber sheets.

It can be concluded that the hot-stretched method can improve the mechanical properties of
PAN nanofibers. During the process of hot-stretched, the PAN molecular chain moves and
arranges again along the fiber axis, the orientation and crystallinity are also improved.
Therefore the mechanical properties of PAN nanofibers are improved due to the
improvement of orientation and crystallinity. The improvement of crystallite size results in
the elongation at break decreased obviously. The increased polymer orientation and crystal
size point to the potential of PAN/SWNTs composite nanofibers as the precursor for the
next generation carbon fiber. The stress-strain curves of PAN/SWNTs nanofibers, before
and after being hot-stretched, are presented in Fig. 17(B). Hot-stretched also improves the
tensile strength and the modulus of PAN/SWNTs nanofibers, which the tensile strength
and tensile modulus increased by 54.70% and 125.40% respectively. It can be concluded that
the hot-stretching can notably improve the mechanical properties of PAN/SWNTs
nanofibers.

Fig. 18 shows the stress-strain curves of the PAN nanofibers and PAN/SWNTs nanofiber
composites with different concentrations (hot-stretching). It shows that the SWNTs
improves the modulus and tensile strength of the nanofiber. The tensile strength 128.76MPa
of the nanocomposites at about 0.75% SWNTs by weight is increased with 58.9%. Also the
tensile modulus shows a peak value of 4.62GPa with 66.8% improvement. The (e) curve in
Fig. 18 deviates from the trend, which might be the non-uniform dispersion of SWNTs in
high concentration. The significant improvement in strength and modulus is likely related
to the good dispersion and orientation of SWNTs within the polymer matrix, and the strong
interfacial adhesion due to the SWNTs surface modification (Chou et al. 2008). It can be
concluded that both hot-stretching and the introduction of SWNTs can improve the
mechanical properties of PAN-based nanofibers significantly.
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Fig. 17. Stress-strain curves of (A) PAN nanofiber sheets (a) before and (b) after hot-
stretched and (B) PAN/SWNTs nanofiber sheets with SWNTs concentration 1 wt% (a)
before and (b) after being hot-stretched.
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Fig. 18. Stress-strain curves for PAN and PAN/SWNTs Nanofiber: (a) pure PAN; (b) 0.25%
SWNTs; (c) 0.5% SWNTs; (d) 0.75% SWNTs; (e) 1% SWNTs.

The electrical conductivities of electrospun PAN/SWNTs nanofiber composites can also be
measured using the ultra-high resistance measuring machine at room temperature and
ambient condition. The electrical conductivities can be obtained according to the formula as
following;:

po=REE 7)
where p, is volume resistivity, R, is resistance, and t is the thickness of the nanofiber films.

The electrical conductivity of the pure PAN nanofiber is 0.2-0.5 S/cm (Ge et al. 2004). Due to
the superb electrical properties of SWNTs, a better electrical conductivity in PAN/SWNTs
nanofiber composites is expected. Since electrical conductivity requires a percolating
network be formed by the SWNTs, it can be concluded that the composite nanofibers, at a
concentration of 0.75wt.% SWNTs, has formed the percolating network so that the
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PAN/SWNTs nanofiber composites could possess electrical conductivity of up to 2.5S/cm.
Therefore these conductive PAN/SWNTs nanofiber sheets have potential applications in
conductive nanoelectrodes, supercapacitors and nanosensors etc.

3. Conclusions

PAN nanofibers and PAN/SWNTs nanofiber composites can be prepared by
electrospinning from PAN-based solution. An additional centrifugal field applied to an
electrostatic field can produce a strong stretching force in electrospinning processes. Hot-
stretched method and the incorporated CNTs are the key processes used to increase the
degree of crystallinity and molecular orientation of PAN nanofibers and PAN/SWNTs
nanofiber composites. The strong hot-stretching force can change the molecular orientation
and an addition of only 0.75wt% SWNTs to PAN increases the polymer mechanical
properties significantly. SEM and TEM results show that SWNTs has a high orientation in
PAN/SWNTs composite nanofibers. The crystallinity of the stretched sheet confirmed by X-
ray diffraction has enhanced about 3 times in comparison with those of as-spun sheets and
the chain orientation factor, f, is 0.46 and 0.65 before and after hot-stretching respective.
Compared to pure PAN nanofibers, tensile strength and Young’s modulus of the hot-
stretched nanofibers exhibit considerable improvement. Thus, the improvement of
orientation and crystallinity, the better PAN nanofibers alignment, are all contributed to the
obvious increases of mechanical properties of the nanofibers. Incorporation of SWNTs into
the nanofibers also increases the electrical conductivity to 2.5 S/cm for PAN/0.75% SWNTs
nanofiber composites. Such PAN-based composite nanofiber sheets represent an important
step toward utilizing carbon nanotubes in materials to achieve remarkably enhanced
physical properties. Thus, the composite nanofibers with the component of SWNTs and the
hot-stretched process can be used as the potential precursor to produce high-performance
carbon nanofibers. The mechanical properties of the PAN nanofibers and PAN/SWNTs
composite nanofibers can be improved more by extensive studies of electrospinning and the
hot-stretching conditions. Thus, this novel electrospinning technique creates aligned and
molecularly oriented PAN and PAN-based nanofibers that can be used to prepare carbon
nanofibers with superior mechanical properties.

4. Acknowledgment

The authors gratefully acknowledge the financial support sponsored by the NSF of
China(50973007) and the Program for Changjiang Scholars and Innovative Research Team in
University (PCSIRT IRT0807).

5. References

Andrews, R; Jacques, D.; Rao, A.M.; Rantell, T.; Derbyshire F.; Chen, Y.; Chen, J.; Haddon,
R.C. (1999). Nanotube composite carbon fibers, Appl. Phys. Lett., Vol.75, pp.1329-
1331

Bashir, Z.; Church, S.; and Waldron, D. (1994). Interaction of water and hydrated
crystallization in water-plasticized polyacrylonitrile films, Polymer, Vol.35, pp.967-
97



194 Nanofibers — Production, Properties and Functional Applications

Basova, Y.V.; Edie, D.D.; Lee, Y.S.; Reid, L.K. (2004). Effect of precursor composition on the
activation of pitch-based carbon fibers, Carbon, Vol.42, pp.485-495

Baughman, R.H.; Zakhidov, A.A.; de Heer, W.A. (2002). Carbon nanotubes-the route toward
applications, Science, Vol.297, pp.787-792

Chae, H.G,; Sreekumar, T.V.; Uchida, T; Kumar, S. (2005). A comparison of reinforcement
efficiency of various types of carbon nanotubes in polyacrylonitrile fiber. Polymer,
Vol.46, pp.10925-10935

Chand, S. (2000). Carbon fibers for composites, J. Mater. Sci. Vol.35, pp.1303-1313

Chandrasekar, R.; Zhang, L.F.; Howe, ].Y,; Hedin, N.E; Zhang, Y.; Fong, H. (2009).
Fabrication and characterization of electrospun titania nanofibers. J. Mater. Sci.
Vol.44, pp.1198-1205

Chen, J.; Ramasubramaniam, R.; Xue, C.; Liu, H. (2006). A versatile molecular engineering
approach to simultaneously enhanced, multifunctional carbon-nanotube-polymer
composites. Adv. Func.t Mater., Vol.16, pp.114-119

Chou, W].; Wang, C.C.; Chen, C.Y. (2008). Characteristics of polyimide-based nanocomposites
containing plasma-modified multi-walled carbon nanotubes. Compos. Sci. Technol.,
Vol.68, pp.2208-2213

Chun, I; Reneker, D.H.; Fong, H.; Fang, X.; Deitzel, ]J.; Beck-Tan, N. (1999). Carbon
nanofibers from polyacrylonitrile and mesophase pitch. J. Adv. Mater., Vol.31, No.1,
pp.-36-41

Collins, P.G.; Arnold, M.S; Avouris, Ph. (2001). Engineering carbon nanotubes and
nanotube circuits using electrical breakdown, Science, Vol.292, pp.706.-709

Donnet, ].B.; Wang, T.K; Peng, J.C.; Rebouillat, S. (1998). Carbon fibers. New York, NY:
Marcel Dekker; pp.231-309

Doshi, J.; Reneker, D. H. (1995). Electrospinning process and applications of electrospun
fibers, J. Electrostat., Vol.35, pp.151-160

Dzenis, Y. (2004). Spinning continuous fibers for nanotechnology, Science, Vol.304(5679),
pp-1917-9

Edie, D. D. (1998). The effect of processing on the structure and properties of carbon fibers,
Carbon, Vol.36, pp.345-362.

Fennessey, S.F.; Farris, R.J. (2004). Fabrication of aligned and molecularly oriented
electrospun polyacrylonitrile nanofibers and the mechanical behavior of their
twisted yarns. Polymer, Vol.45, pp.4217-4225

Ge, ].J.; Hou, HQ.; Li, Q,; Graham, M.].; Greiner, A.; Reneker, D.H.; Harris, F.W.; and
Cheng, S.Z.D. (2004).Assembly of Well-Aligned Multiwalled Carbon Nanotubes in
Confined Polyacrylonitrile Environments: Electrospun Composite Nanofiber
Sheets, J. AM. CHEM. SOC., Vol.126, pp.15754-15761

Hammel, E.; Tang, X.,; Trampert, M.; Schmitt T.; Mauthner, K.; Eder, A. and Pétschke, P.
(2004). Carbon nanofibers for composite applications, Carbon, Vol.42, pp.1153-1158

Hao, R; Yuan, J.Y,; Peng, Q. (2006). Fabrication and sensing behavior of Cr,O3 nanofibers
via in situ gelation and electrospinning. Chem. Lett., Vol.35, pp.1248-1249

Huang, ZM.; Zhang, Y.Z.; Kotaki, M.; Ramakrishna, S. (2003). A review on polymer
nanofibers by electrospinning and their applications in nanocomposites. Compos.
Sci. Technol., Vol.63, pp.2223-2253

lijima, S. (1991). Helical microtubules of graphitic carbon, Nature, Vol.354, pp.56-58



The Microstructure Characterization and the Mechanical
Properties of Electrospun Polyacrylonitrile-Based Nanofibers 195

Javey, A.; Guo, ].; Wang, Q.; Lundstrom, M.; Dai, H.J. (2003). Ballistic carbon nanotube field-
effect transistors. Nature, Vol.424, pp.654-657

Johnson, J.; Phillips L.N. and Watt, W. (1965). The production of carbon fibers. British Patent,
1,110,790

Johnson, J.; Watt,W; Phillips, L.N.; and Moreton, R. (1966). Improvements in or relating to
carbonisable fibre and carbon fibre and their production. British Patent, 1,166,251

Ko, T.H,; Lin, CH, Ting, H.Y. (1989). Structure changes and molecular motion of
polyacrylonitrile fibers during pyrolysis. J. Appl. Sci., Vol.37, pp.553-556

Koganemaru, A, Bin Y.Z; Matsuo, M. (2004). Composites of Polyacrylonitrile and
Mutiwalled Carbon Nanotubes Prepared by Gelation/Crystallization from
solution. Adv. Funct. Mater., Vol.14, pp. 842-850

Li, D.; Wang, Y.; and Xia, Y. (2003). Electrospinning of polymeric and ceramic nanofibers as
uniaxially aligned arrays, Nano Letts, Vol. 3, pp.1167-1171

MacDiarmid, A., Jones, W., Norris, I., Gao, J., Johson, A., (2001). Electrostatically-generated
nanofibers of electronic polymers, Synthetic Metals, Vol.119, 27-30

Miaudet, P.; Bartholome, C.; Derre, A.; Maugey, M.; Sigaud, G.; Zakri, C.; Poulin, P. (2007).
Thermo-electrical properties of PVA-nanotube composite fibers. Polymer, Vol.48,
pp-4068-4074

Moniruzzaman, M.; Winey, KI. (2006). Polymer nanocomposites containing carbon
nanotubes. Macromolecules, Vol.39, pp.5194-5205

Morgan, P.E. (2005). Carbon fibers and their composites. Boca Raton, FL: CRC Press; pp.
185-267

Na, H.; Li, Q.Y.; Sun, H.; Zhao, C.; Yuan, X.Y. (2009). Anisotropic mechanical properties of
hot-pressed pvdf membranes with higher fiber alignments via electrospinning.
Polym. Eng. Sci., Vol.49, pp.1291-1298

Norman, W.H.; Cheetham, W.H.; Tao, L.P. (1998). Variation in crystalline type with amylose
content in maize starch granules: An X-ray powder diffraction study. Carbohyd.
Polym., Vol.36, pp.277-284

Paiva, M.C.; Bernardo, C.A.; Edie, D.D. (2001). A comparative analysis of alternative models
to predict the tensile strength of untreated and surface oxidized carbon fibers.
Carbon, Vol.39, pp.1091-1101

Ra, EJ.; An, KH.; Kim, K.K; Jeong, S.Y.; Lee, Y.H. (2005). Anisotropic electrical conductivity
of MWCNT/PAN nanofiber paper. Chem. Phys. Lett., Vol.413, pp.188-19

Reneker D.H.; Chun, I. (1996). Nanometer diameter fibers of polymer, produced by
electrospinning. Nanotechnology, Vol.7, No.3, pp.216-23

Rilutsky, S.; Zussman, E.; Cohen Y. (2010). Carbonization of Electrospun Poly(acrylonitrile)
Nanofibers Containing Multiwalled Carbon Nanotubes Observed by Transmission
Electron Microscope with In Situ Heating, Journal of Polymer Science: Part B: Polymer
Physics, Vol.48, pp.2121-2128

Ruland W. (1990). Carbon-fibers. Adv. Mater.; Vol.2, pp.528-536

Smalley, R.E.; Colbert, D.T.; Smith, K.A.; Michael, O. (2007). Polymer-wrapped single wall
carbon nanotubes. US Patent, 201,001,437,18A

Sreekumar, T.V.; Liu, T.; Min, B.G.; Guo, H.; Kumar S.; Hauge, R.H.; Smalley, R.E. (2004).
Polyacrylonitrile single-walled carbon nanotube composite fibers, Adv. Mater,
Vol.16, pp.58-61



196 Nanofibers — Production, Properties and Functional Applications

Sutasinpromprae, J.; Jijaicham, S.; Nithitanakul, M.; Meechaisue, C.; (2006). Supaphol, P.
Polym. Int., Vol.55, pp.825-833

Taylor, G. (1969). Electrically Driven Jets,, Proc. R. Soc. London, Ser. A, Vol.313, pp.453-475

Yu, M.E,; Lourie, O.; Dyer, M.].; Moloni, K;; Kelly, T.F.; Ruoff, R.S. (2000). Strength and
breaking mechanism of multi-walled carbon nanotubes under tensile load. Science,
Vol.287, pp.637-640

Waclawik, E.R.; John, B.J.; Goh, SGR; Anthony, M.; Nunzio, M. (2006). Self-organization in
composites of poly(3-hexylthiophene) and single-walled carbon nanotubes
designed for use in photovoltaic applications. Proc. of SPIE; Vol.6036, pp.603607-4.

Wong, EW.; Sheehan, P.E.; Lieber, C.M. (1997). Nanobeam mechanics: Elasticity, strength,
and toughness of nanorods and nanotubes. Sciernce, Vol.277, pp.1971-1975

Xu, Q.; Xu, L.H.; Cao, W.Y.; and Wu S.Z. (2005). A study on the orientation structure and
mechanical properties of polyacrylonitrile precursors. Polym. Adv. Technol., Vol.16,
pp-642-645

Zussman, E.; Chen, X,; Ding, W.; Calabri, L.; Dikin, D.A.; Quintana, J.P.; Ruoff, R.S. (2005).
Mechanical and structural characterization of electrospun PAN-derived carbon
nanofibers. Carbon, Vol.43, pp.2175-2185



10

Photophysics and Photonics of
Heteroepitaxial Organic Nanofibers

Francesco Quochi, Michele Saba, Andrea Mura and Giovanni Bongiovanni
Dipartimento di Fisica, Universita di Cagliari,
Italy

1. Introduction

Organic epitaxy is a powerful technique to grow highly ordered organic aggregates at
crystalline surfaces. Long-range epitaxial order could be successfully exploited to enhance
optoelectronic properties of organic molecular thin films for device applications. A relevant
example of organic epitaxy on inorganic substrates is represented by high-vacuum deposition
of para-sexiphenyl (p-6P) on (001)-oriented muscovite mica (Simbrunner et al., 2011), which
yields large domains of parallel and crystalline nanofibers with extremely high surface-to-
volume ratios, sub-wavelength cross-sectional dimensions, and lengths up to the millimeter
scale (Yanagi et al., 1999; Andreev et al., 2000; Balzer & Rubahn, 2001). These nanofibers
exhibit excellent photonic and optoelectronic properties: high blue photoluminescence
efficiency (Stampfl et al., 1995), high in-fiber carrier mobility (Birendra-Singh et al., 2006;
Kjelstrup-Hansen et al, 2006), luminescence guidance (Balzer et al., 2003), in-fiber
amplification of spontaneous emission with large gain factors (Quochi et al., 2006; Cordella et
al., 2007), and optically-induced laser action (Quochi et al., 2004, 2005, 2008). Very recently,
organic-organic heteroepitaxy of mixed p-6P/alpha-sexithiophene (6T) nanofibers with highly
polarized blue, green and red emission has been successfully demonstrated (Simbrunner et al.,
2010), further broadening the range of potential applications of organic epitaxial nanofibers in
photonics and optoelectronics.

In this paper, we will review the optical and photonic properties of p-6P and mixed 6T/ p-6P
nanofibers epitaxially grown on oriented muscovite mica by hot-wall epitaxy and organic
molecular beam epitaxy. We will first present ensemble studies of the amplified spontaneous
emission and lasing action properties of nanofibers. The results of combined optical and
morphological studies on individual nanofibers will be reported and the waveguide optical
gain and lasing threshold figures will be given. We will then discuss the excited-state
dynamics of nanofibers, as well as the intrinsic stimulated-emission perfomance of nanofibers
in terms of gain lifetime and bandwidth. Potential applications of organic epitaxial nanofibers
in photonics and sensing technologies will also be touched upon. Last, we will present recent
results obtained in mixed 6T/p-6P nanofibers displaying high degree of epitaxial alignment,
and highly polarized and broadband emission extending from the blue to the red.

2. Growth and characterization of p-6P epitaxial nanofibers

Para-sexiphenyl nanofiber films are grown on freshly-cleaved, (001)-oriented muscovite
mica by Hot-Wall Epitaxy (Andreev et al., 2000) and Organic Molecular Beam Epitaxy
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(Balzer & Rubahn, 2011). In the hot-wall epitaxy technique, p-6P is purified by threefold
sublimation under dynamic vacuum. The system is operated with a nominal base pressure
during growth of about 9x10-6 mbar and the p-6P source temperature is set to the optimized
value of 240 °C. The substrate temperature is varied between 90 and 180°C, while the
growth time is varied between 10 s and 120 min. Further details can be found in (Plank et
al., 2001; Andreev et al., 2001). In the organic molecular beam epitaxy technique, sheets of
muscovite mica are cleaved in air and are transferred immediately after cleavage into a
high-vacuum apparatus (base pressure of 5x10-8 mbar). Before organic material is deposited,
the samples are outgassed at a temperature of around 130 °C such that low energy electron
diffraction shows the well-known hexagonal surface structure of clean mica with electric
surface dipoles present. Para-sexiphenyl is deposited from a home-built Knudsen cell by
vacuum sublimation; during the deposition the pressure inside the vacuum system rises to
2x107 mbar. Long p-6P needles grow for deposition rates of 0.1 A/s and at substrate
temperatures around 150 °C.

Morphological characterization of the nanofibers is performed by scanning-probe atomic
force microscopy using Si-tip probes in tapping mode in air. Complementary optical
characterization is carried out by cw epifluorescence measurements using an inverted
microscope with a Hg high-pressure lamp as the excitation source.

2.1 Dependence of nanofiber morphology on deposition time

Topography studies of the surface morphology of films realized by hot-wall epitaxy at
130°C substrate temperature with different growth times demonstrate that oriented and
mutually parallel nanofibers are formed by progressive regrouping of individual crystallites
originating at the early growth stages for deposition times <10—25 s (Andreev et al., 2006).
For growth times longer than 5 min., only linear fibers are observed. Surface topographic
images of films obtained with various growth times are shown in Fig. 1. For long (>40 min.)
deposition times, close-packed and interconnected nanofibers are realized.

X-ray diffraction studies demonstrated that p-6P nanocrystals packed in nanofibers are co-
oriented and characterized by well-defined epitaxial relationships to the mica substrate: the
long molecular axis of p-6P is nearly parallel to the mica surface plane and nearly
pependicular to the fiber axes (Plank et al., 2003). Long-range azimuthal order is realized,
which results in high optical anisotropy and high carrier mobility (Andreev et al., 2000;
Birendra Singh et al., 2006).

Statistical analysis of topographic images reveal that the morphological parameters of
nanofibers are strongly correlated to the growth time. Raising growth time from 40 to 120
min. results in an increase of fiber mean height from ~110 to ~290 nm, whereas the mean
base width increases from ~210 to ~350 nm. Deposition time turns out to be a knob to tune
cross-sectional dimensions of nanofibers; cross-sectional size is crucial to the attainment of
optical waveguiding and amplificaton in nanofibers.

Closer inspection to the topographic images shows that nanofibers are characterized by the
presence of breaks, resulting in fiber segmentation (clearly visible in the images shown in
Fig. 2). Such breaks, ~50 to ~300 nm in width, occur at the end of the material growth
process as a possible result of a surface thermal gradient during substrate cooling (Balzer &
Rubahn, 2001). Breaks play a crucial role for the active photonic properties of nanofibers
since they are responsible for the establishment of optical feedback along the nanofiber’s
axes and for light scattering into out-of-plane directions (see Sec. 3.2).
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Fig. 1. AFM topography images of p-6P nanofiber films grown by hot-wall epitaxy on (001)-
oriented muscovite mica with (a) 10 s, (b) 255, (c) 90 s, (d) 5 min., (e) 40 min., and (f) 120
min. deposition time. The growth temperature is 130 °C. The height scale is 0—50 nm in (a)-
(c), 0-100 nm in (d), 0—220 nm in (e), and 0—700 nm in (f).

2.2 Dependence of nanofiber morphology on substrate temperature

Substrate temperature is also an important growth parameter for tuning the morphological
properties of nanofibers. In Fig. 2 are displayed topographic images of nanofiber films
grown for 60 min. by hot-wall epitaxy at different substrate temperatures. As temperature is
raised from 90 to 170°C, mean fiber height and cross-sectional area increase from ~80 to
~300 nm and from ~0.05 to ~0.3 um?, respectively, whereas the surface coverage (percentage
of film surface covered by nanofibers) decreases from 70 to 20%, approximately. These
behaviors are consistent with Arrhenius dependences, that is, nanofiber nucleation is a
thermally activated process (Kankate et al., 2008). Activation energies range from a few tens
to hundreds of meV, depending on whether hot-wall or beam deposition is used and on the
morphological parameter being analyzed.

Strong correlation is found between fiber morphology and substrate temperature during
growth. Hence, substrate temperature can also be used to control the photonic properties of
nanofibers.
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NN\

Fig. 2. Topographic images of the surface morphology of p-6P nanofiber films grown by hot-
wall epitaxy on (001)-oriented muscovite mica at different substrate temperatures and with
60 min. deposition time. The height scale is 0—500 nm.

2.3 Epifluorescence microspectroscopy of nanofibers

Epifluorescence microscopy and microspectroscopy characterization techniques provide
valuable information on the emission properties of nanofiber films. The inset of Fig. 3 shows
an epifluorescence micrograph of an ensemble of nanofibers under UV illumination.
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Fig. 3. Epifluorescence spectrum (main panel) and micrograph (inset) of an ensemble of p-6P
nanofibers photoexcited by a Hg high-pressure lamp spectrally narrowed in the 330—360 nm
band. Emission bands originating from vibronic coupling with C-C stretching mode are
labeled for clarity.

Large enhancement of fluorescence scattering into out-of-plane directions is found to occur
in correspondence of fiber breaks. These bright spots provide high sensitivity detection of p-
6P epifluorescence. The main panel of Fig. 3 displays the room-temperature epifluorescence
spectrum of photoexcited p-6P epitaxial nanofibers. The spectrum shows the typical features
of an H-type molecular aggregate, that is, a weak electronic (0-0) transition and a more
intense vibronic progression involving the C-C stretching mode.
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3. Optical amplification and lasing action in p-6P epitaxial nanofibers

Nonlinear emission properties of p-6P epitaxial nanofibers are investigated by transient
fluorescence spectroscopy using ultrashort (~150 fs) laser pulses delivered by a frequency-
doubled (~390 nm wavelength) Tiisapphire amplifield laser running at a repetition
frequency of 1 kHz. The pump laser beam is focused to circular spots ranging from 120 to
180 um in diameter on the nanofiber films, allowing to excite simultaneously tens of
nanofibers with pulsed fluences up to 1 mJ/cm?2. For nonlinear emission experiments, the
pump field polarization is set perpendicular to the axis of the nanofibers (thus parallel to the
long axis of the p-6P molecules) for maximum optical absorption and the excitation fluence
is varied using a variable density filter. In polarization-resolved experiments, the
polarization of the optical emission is rotated using a retardation plate. The optical emission
is dispersed in a single grating spectrometer equipped with a liquid-Nz-cooled charge-
coupled device allowing for high-sensitivity, time-integrated measurements.
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Fig. 4. (a) Time-integrated optical emission spectra of p-6P epitaxial nanofibers excited by
subpicosecond pulses as a function of pump fluence: 0.8, 1.0, 1.6, 3.0, 10. Relative units refer
to the @/ dy, ratio, where @y, is lasing threshold fluence. (b) Time- and spectrally-integrated
intensity of nonlinear emission above lasing threshold. Linear and quadratic dependences
are shown by the red and blue line, respectively. (c) Position sensitivity of lasing modes:
emission spectra are taken in different positions of the pump laser spot on the film surface.
(d) Polarization-resolved emission spectra, acquired upon polarization filtering of the
emission along the direction parallel (//) and perpendicular (1) to the long molecular axis
of p-6P. Spectral dependence of intensity ratio is displayed as green dots.

The evolution from spontaneous emission to coherent (lasing) emission for increasing
pump pulsed fluence is shown in Fig. 4(a). The emission spectrum relates to tens of
interconnected nanofibers and thus represents an ensemble-averaged response of
nanofibers. The films are kept at room temperature. When the pump fluence exceeds a
threshold value ®y, resolution-limited peaks emerge from the spontaneous emission
spectrum on the 0-1 vibronic band. Threshold fluences are position dependent and can
vary from a few puJ/cm? to hundreds of pJ/cm2. As pump fluence is much increased above
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threshold, the visibility of the narrow lines decreases until spectral narrowing of the
vibronic peak dominates the system response. The narrow peaks denote the presence of
coherent optical feedback within the p-6P nanofiber films, whereas spectral narrowing of
the 0-1 and 0-2 emission peaks indicates that amplified spontaneaous emission occurs at
the high pump levels. In Fig. 4(b), the emission intensity is plotted as a function of the
normalized pump excess fluence, defined as AD/dy, = (P-Dy,)/ Pypr. The signal intensity is
spectrally integrated over the 0-1 band upon subtraction of the spontaneous emission
contribution. The nonlinear dependence of the emission intensity on A®/®y, (slope
efficiency that increases with increasing pump fluence) is partially attributed to the fact
that the number of coherent modes reaching oscillation theshold increases with raising
pump excess fluence (Quochi et al., 2004).

The spatial sensitivity of nolinear lasing in p-6P crystalline nanofibers are reported in Fig.
4(c). Different distributions of unequally spaced modes are realized in different positions of
the excitation spot on the film surface, suggesting the occurrence of coherent random lasing
(Cao, 2003, 2005). Moving the pump spots across the fim surface results in the excitaton
coherent modes having different resonance wavelengths and optical losses; as a
consequence, strong variation in lasing threshold fluence is registered as the excited area is
changed. As expected from the film structural anisotropy and epitaxial alignment, both
linear and nonlinear optical emissions exhibit strong polarization anisotropy with intensity
ratios as large as 10 dB (Fig. 4(d)).

Detailed studies on optical amplification and random lasing action are conducted on singly
selected, isolated p-6P epitaxial nanofibers.

3.1 Guided amplification of spontaneous emission

Determination of net optical gain in isolated fibers yields the optical amplification
performance of p-6P epitaxial nanofiber waveguides. The experiments are performed on
nanofibers not showing the presence of strong scattering centers and displaying fairly
uniform epifluorescence efficiency (Quochi et al., 2006).

Singly selected fibers grown by organic molecular beam epitaxy and excited by 150 fs-long
pulses with 390 nm central wavelength are investigated by optical microspectroscopy. The
optical emission, excited through the back (substrate) surface, is collected from the front
surface using a microscope objective and focused onto the input slit of the spectrometer.
Setting the spectrometer to zeroth-order diffraction and fully opening the input slit,
fluorescing fibers covering the photoexcited area can be imaged with ~2 um spatial
resolution. Tuning the spectrometer to first-order diffraction and narrowing the input slit,
the emission of individual nanofibers aligned parallel to the input slit can be spectrally
resolved. Results obtained on a ~40 um-long nanofiber are shown in Fig. 5. At low excitation
levels, the emission micrograph of a selected nanofiber shows uniform emission intensity
between the fiber tips (Fig. 5(a)). Increasing the pump fluence above a threshold value of
~100 pJ/cm? per pulse, enhancement of the emission intensity is detected near the fiber tips
(Fig. 5(b)). The emission intensity increases continuously as the position approaches the tips,
where the guided light is efficiently outcoupled (Fig. 5(c)).

Assuming linear amplification of spontaneous emission and uniform scattering efficiency
across the fiber, the emission intensity profile can be fitted by the function I1(z) = I(z)+I(L-z),
where I(z)~[exp(gz)-1]/g; z is the distance from a fiber tip, g the net modal gain coefficient,
and L the fiber length.
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Fig. 5. (a,b) Time-integrated emission micrographs of an individual nanofiber excited by
ultrafast laser pulses, for a pump pulsed fluence ®; =75 (a) and @, = 370 pJ/cm?2. (c) Spatial
profiles of the emission intensity. The dashed line is the fit of a linear amplification function
(see text) to the measured profile. (d) Emission spectra for different values of the excitation
fluence. The spectra are spatially integrated over the nanofiber region.

The occurrence of amplified spontaneous emission is confirmed by the spectral analysis of
the emission intensity above amplification threshold, which shows line narrowing of the
emission towards the center of the vibronic bands (Fig 5(d)), whereas spectral fringes
relating to ~40 um-long Fabry-Perot resonator are not visible. Curve fitting of intensity
profiles yields g1 ~1200 cm-! for the 0-1 emission band and g> ~700 cm-! for the 0-2 emission
band at the highest excitation fluence of 750 pJ/cm2. Overall, the results demonstrate that p-
6P epitaxial nanofibers are able to guide and amplify their spontaneous emission with large
amplification factors, and thus hold potential as active nanoamplifiers at surfaces.

3.2 Random lasing action

Optical studies on individual p-6P nanofibers with strong scattering centers allow us to
understand the origin of coherent optical feedback, which is responsible for random lasing
action. Isolated nanofibers give the opportunity to study one-dimensional random lasing in
self-assembled epitaxial nanostructures. To this aim, we apply the same
microspectrographic technique used to characterize amplified spontaneous emission in
homogeneous, break-free fibers. Emission spectra of isolated nanofibers grown by organic
molecular beam epitaxy show that random lasing threshold is reached at both the 0-1 and 0-
2 vibronic peaks. As expected for a single laser emitter, spontaneous emission saturates at
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the value reached at threshold (Quochi et al., 2006). On the contrary, fluorescence clamping
is not observed in ensemble-averaged measurements, since not all the excited fibers reach
lasing threshold (Fig. 4).
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Fig. 6. (a) Topographic image of a segmented p-6P epitaxial nanofiber. (b) Image of the
indicated subsection of the nanofiber. (c) Lasing intensity profile relating to the same fiber
segment as in (b). Vertical marks highlight the correspondence between the positions of
breaks and those of optical scattering centers responsible for coherent feedback and laser
light outcoupling towards collecting optics.

Correlated lasing measurements and atomic-force topographic measurements give insight
into the origin of one-dimensional coherent feedback in individual p-6P nanofibers. Fig. 6(a)
shows the topographic image of a ~100-um-long, selected nanofiber. When the fiber
morphology is compared to the lasing intensity profile on the same region (Figs. 6(b) and
6(c)), it clearly turns out that scattering of the guided lasing emission occurs at the fiber
breaks. In fact, excellent correspondence is found between the positions of the bright lasing
spots and those of the fiber breaks. These findings strongly suggest that back-reflections of
the fiber waveguide modes at the fiber break interfaces are the main source of optical
feedback along the nanofibers” axes. Our interpretation of the experimental data in terms of
one-dimensional coherent random lasing is in fact supported by calculations of the resonant
optical modes of one-dimensionally disordered systems (Quochi et al., 2005).

Substrate temperature used during growth has a big influence on the lasing threshold
performance of p-6P epitaxial nanofibers. Increasing substrate temperature from 90 to 170°C,
mean lasing threshold, as measured in films grown by hot-wall epitaxy with 60 min.
deposition time, decreases from ~300 to ~50 uJ/cm2 These findings are traced back to the
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thermally activated growth of p-6P epitaxial nanofibers; in fact, thermal activation of the
cross-sectional size of nanofibers should result in strong temperature increase of the optical
confinement factor of the guided optical emission. Therefore, substrate temperature can also
be used to tune the active photonic properties of p-6P epitaxial nanofibers.

4. Excited-state dynamics and photophysics of p-6P epitaxial nanofibers

The potential of organic films for laser device technologies stems from the ability to achieve
lasing thresholds compatible with indirect electrical pumping by unexpensive and
convenient light sources. Lasing performance results from both extrinsic factors (i.e., optical
confinement of lasing modes in the gain medium, propagation and feedback losses), and
intrinsic gain performance of the active medium. The latter is quantified by the figure of
merit for optical amplification, which can be defined as FOM = 6cBgt, where o is the net-
gain cross-section, Bg its bandwidth, and 7 the excited-state lifetime at operating excitation
intensity. These parameters can be retrieved from the analysis of the excited-state dynamics
of the system.

We resort to time-resolved fluorescence and transient differential absorption measurements
with ultrafast excitation to study the excited-state dynamics of p-6P epitaxial nanofiber
films. We investigate ensembles of close-placked nanofibers displaying high amplification
and lasing thresholds (>100 pJ/cm?) to ensure that stimulated emission affects population
dynamics only weakly. Ultrafast excitation experiments are performed using 150-fs-long
pulses delivered by an optical parametric amplifier allowing to tune the excitation
wavelength across the 350—400 nm interval. The sample emission is dispersed in a single
grating spectrometer and temporally resolved by a visible streak camera with ~20 ps time
resolution. A cold-finger cryostat fed with liquid air is used to vary the sample temperature
in the 80—300 K range. Complementary differential transmission (AT/T) measurements are
performed using broadband pulses obtained by supercontinuum generation in a sapphire
plate as the optical probe. Time delay betwen the pump and probe pulses is controlled by a
motorized optical delay stage.

4.1 Ultrafast time-resolved photoluminescence spectroscopy

Main results of time-resolved fluorescence studies are reported in Fig. 7, where fluorescence
decay rate constant is plotted as a function of the pump pulsed fluence. Fluorescence decay
traces taken at 80 K are drawn in the inset of Fig. 7 (Quochi et al., 2008).

At high pump fluences, the excited-state decay dynamics is dominated by nonradiative,
density-dependent processes ascribed to singlet-singlet (bimolecular) annihilations.
Bimolecular recombination strongly depends on lattice temperature. Upon fitting the initial
1/e decay times with the results of model simulations of the decay dynamics, we estimate
that the bimolecular coefficient (xss) increases from 3x10° to 4x10-8 cm3/s when lattice
temperature is increased from 80 to 300 K. Linear (monomolecular) recombination rate
constant (ko) also exhibits a temperature dependence, concomitanly increasing from 1x10° to
2.3x10° s'1. At 80 K, bimolecular processes kick in for pump fluences of ~2—4 pj/cm?,
whereas the threshold goes down to 0.1 uJ/cm? at room temperature. Lattice temperature
dependence of bimolecular processes suggests that exciton migration is a thermally
activated process (Wiesenhofer et al., 2006). Activation energy is possibly related to the
presence of energetic disorder in p-6P nanostructured films (Kadashchuk et al., 2004).
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Fig. 7. Fluorescence decay rate constant of p-6P nanofibers excited by ultrafast pulses at 380
nm, at 300 K (squares) and 80 K (circles). Dashed lines: Calculated decay rate constant; the
calculation includes both monomolecular and bimolecular recombination processes. Inset:
Fluorescence decay traces measured at 80 K with pump pulsed fluence of 1.2, 2.5, 3.9, 7.8, 12,
25,39, and 77 WJ/cm2.

4.2 Ultrafast transient absorption spectroscopy

Excited-state photophysical processes such as stimulated emission and photoinduced
absorption are studied by differential transmission measurements as a function of pump-
probe time delay. Transmission spectra taken for various pump-probe delays are shown in
Fig. 8. At short delays (<1 ps), the system response is characterized by broadband
stimulated emission extending from the deep blue to the orange (Bg ~1 eV) and exhibiting
the vibronic progression of singlet excitons in p-6P crystalline nanofibers. The stimulated-
emission cross-section is found to be ~2x10-16 cm2, as estimated from AT/ T signal amplitude
at the 0-2 vibronic peak at zero time delay, assuming that primary photoexcitations are
singlet excitons. On the long wavelength side, the spectrum is dominated by photoinduced
absorption of triplet excitons and polarons promptly excited by the pump pulses. At room
temperature and high pump fluences (~90 pJ/cm?), broadband stimulated emission decays
rapidly due to singlet-singlet annihilations and a photoinduced absorption band arises near
the optical gap of the material at ~400 nm.
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Fig. 8. Differential transmission spectra of p-6P epitaxial nanofibers excited by ultrafast
pulses centered at 360 nm, for different lattice temperatures and pump-probe time delays.
Pump pulsed fluence: 90 pJ/cm? (main panel); 10 pJ/cm? (inset).

This long-lived photoinduced absorption band (decay time > 1 ns) is attributed to
intermolecular excitons with charge-transfer character and generated via singlet-singlet
annihilations (Cordella et al., 2007). At cryogenic temperatures (80 K) and lower excitation
fluences (~10 pJ/cm?), bimolecular recombination is strongly suppressed: excited-state
lifetime (1) increases up to ~1 ns and the photoinduced absorption band associated to
secondary charge-transfer excitons disappears (inset of Fig. 8).

Excited-state lifetime shortening is the primary effect of singlet-singlet annihilations. As a
secondary effect, a (nonlinear) population of intermolecular excitons is created, whose
absorption spectrum overlaps with gain spectrum of emissive (singlet) excitons. Combined
effects of lifetime shortening, net-gain reduction and bandwidth shrinking by photoinduced
absorption are detrimental to lasing action in nanofibers excited by long (nanosecond)
pulses.

4.3 Monomolecular lasing

Sample cooling to cryogenic temperatures makes it possible to circumvent fast bimolecular
decay and photoinduced absoption by intermolecular excitons. Direct demonstration of
occurrence of monomolecular lasing, that is, lasing in the linear recombination regime at
cryogenic temperatures is provided in Fig. 9, which reports the time-wavelength
spectrogram of the emission intensity of nanofibers excited by subpicosecond pulses.
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Fig. 9. Time-wavelength spectrogram of the fluorescence intensity of cryogenically cooled
nanofibers, excited by subpicosecond pulses with 360 nm central wavelength. Colors code
for intensity levels on an arbitrary unit scale. Pump pulsed fluence is 7 uJ/cm?. Vertical
(horizontal) white lines delimit the spectrogram region used for temporal (spectral)
integration. Right panel: emission spectrum integrated in the first 30 ps after excitation pulse
arrival. Bottom panel: Emission decay traces integrated over the 0-1 vibronic band of the p-
6P emission. The solid (dashed) line depicts the time profile at 80(300) K.

The spectral profile (right panel) shows evidence of lasing emission on top of the 0-1
spontaneous emission band. The time profile analysis (bottom panel) demonstrates that at
80 K prompt laser emission decays rapidly, leaving the system with a population of singlet
excitons undergoing monomolecular recombination with ~1 ns decay time (Quochi et al.,
2008).

5. Para-sexiphenyl epitaxial nanofibers for active photonic sensing

Low-threshold random lasing action could be exploited to achieve high photonic sensitivity
to various agents; miniaturized random laser sources are thus be envisaged to enable new
functionalities for next-generation technologies (Wiersma, 2000; Wiersma & Cavalieri, 2001).
Based on model simulations of the coherent optical response of a random medium (Quochi
et al., 2005), we estimate that a typical p-6P epitaxial nanofiber with a length of ~100 um and
a dozen of thin (~200 nm) breaks would display attoliter sensitivity to contamination by
index matching fluids (Fig. 10(a)). Also, strain sensors with very large (>103%) gauge factor
and high dynamic range could be obtained by optical interrogation of single nanofibers
aligned parallel to the strain axis (Figs. 10(b) and 10(c)).
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Fig. 10. Model calculations of the photonic sensitivity of a p-6P epitaxial nanofiber with one-
dimensional random optical feedback. (a) Coherent emission spectrum before and after
optical neutralization of a fiber break upon air-gap filling with index matching fluid. (b)
Resonance wavelength shift in response to 100 ppm axial strain. (c) Strain gauge factor as a
function of strain strength. Gauge factor (GF) is defined from the relation: AI/I (ppm) = GF -
strain (ppm), where [ is the optical emission intensity.

Surface adsorption of molecular species in nanofibers assembled from suitably functionalized
oligomers (Schiek et al., 2005) could generate photonic chemosensing, e.g., by modulation of
the effective refractive index of the nanofiber resonance modes. Photonic sensitivity could be
further enhanced near lasing threshold, as demonstrated in recent reports (Rose et al., 2005;
Chen et al., 2011).

6. Heteroepitaxial nanofibers based on the p-6P/6T system

Tuning of lasing wavelength of p-6P epitaxial nanofibers can possibly be achieved by crystal
doping with long-wavelength emitting molecules. With this aim we study the growth and
optical properties of p-6P/sexithiophene (6T) heteroepitaxial films by hot-wall epitaxy on
(001)-oriented muscovite mica. Both p-6P and 6T are good model systems for heteroepitaxy
and important oligomers for optoelectronic device applications. It has been demonstrated
that both p-6P and 6T crystalline thin films can be used as organic templates to obtain highly
crystalline organic-organic heterostructures in which p-6P and 6T molecules are both
standing or parallel to the substrate (Oehzelt et al., 2006; Koller et al., 2006). We show by
hot-wall heteroepitaxy that p-6P nanofiber templates grown on muscovite mica can be used
to obtain oriented and mutually parallel 6T/p-6P nanofibers whose emission color depends
on the relative concentrations of the two components. We resort to a growth chamber
equipped with two hot-wall epitaxy reactors for serial deposition of p-6P and 6T. The
substrate is first exposed to the reactor with the p-6P source and than transferred to the 6T
reactor; details can be found in (Simbrunner, 2010).
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Fig. 11. Fluorescence micrographs of heteroepitaxial nanofibers grown on (001)-oriented
muscovite mica by hot-wall epitaxy at 120°C substrate temperature: (a) p-6P; (b) 6T; (c)
bilayer of 6T (deposition time 90 min.) on p-6P (deposition time 40 min.). Epifluorescence is
excited by UV lamp irradiation.

When 6T is directly grown on muscovite, short nanofibers with red-orange fluorescence are
yielded with several orientations, whereas 6T deposition on a template of p-6T nanofibers
results in 6T /p-6P bilayer fibers which maintain the fiber template’s orientation, with no 6T
material being deposited in between adjacent p-6P fibers. This is clearly demonstrated by
the epifluorescence micrographs shown in Fig. 11. Green emitting fibers are obtained with a
6T deposition time of 5 s, corresponding to submonolayer coverage. In this limit, the 6T
fluorescence spectrum is similar to that of a solvated 6T phase (green line spectrum labeled
as 6T (i) in Fig. 12).

fluorescence intensity (a.u.)

400 450 500 550 600 650 700
wavelength (nm)

Fig. 12. Fluorescence spectra of pure p-6P nanofibers (blue line) and 6T/p-6P bilayer
nanofibers (black line). Fluorescence is excited by 370 nm laser pulses at 80 MHz repetition
rate. Green and red spectra belong to interfacial (i) and bulk crystal (c) 6T in the bilayer
sample. Black dots are the sum of 6T (i) and 6T(c) spectra.

Increasing 6T deposition time (and so the 6T-to-6P concentration ratio), oriented 6T
crystalline fibers are deposited on top of p-6P templating fibers. Crystal phase emission, as
obtained in pure 6T films, is shown as the red line labeled as 6T(c) in Fig. 12. The overall
emission spectrum of the 6T/p-6P bilayer nanofiber film grown with 40 min. (p-6FP) and 90
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min. (6T) deposition times (black line in Fig. 12) shows evidence of strong quenching of the
p-6P emission. The interfacial, green emitting 6T sheet is highly emissive, its integrated
intensity being comparable to that of the ~400-nm-thick 6T crystalline overlayer. The
emission strengths of the interfacial and crystal components are determined by fitting a
linear combination of the spectra of the two 6T phases to the total emission spectrum.
Quenching of p-6P emission is ascribed to efficient sensitization of 6T via resonance energy
transfer (Wieb Van Der Meer et al., 1994). The p-6P/6T material couple is thus inferred to
display type-I alignment of electronic levels in the bilayer structure, which could allow for
extending operation of p-6P epitaxial nanofiber lasers to 6T emission wavelengths in the
green and in the red via resonance energy transfer from p-6P to 6T.

90°

180°
180°

polarization polarization

Fig. 13. Polar plots of the emission intensity of 6T /p-6P bilayer film versus analyzer
polarizaton angle. Dots: experimental points; lines: fits of Malus’ law function to the
experimental data. Blue, green and red colors code for spectrally-integrated emission
intensity of p-6P, 6T(i) and 6T(c) material phases, respectively. A magnified view of p-6P
intensity data is shown in the right panel for better visibility.

Long-range azimuthal order is demonstrated in 6T/p-6P bilayer nanofibers by polarization-
resolved fluorescence intensity measurements. While the pump laser polarization is set
parallel to the p-6P long molecular axis for maximum absorption, the collected fluorescence
signal is analyzed by a rotating linear polarized. For each angular position of the polarizer,
the emission spectrum is acquired and decomposed in its p-6P (blue), interfacial 6T (green)
and crystalline 6T (red) components. The integrated intensities of the three materials’
components are then plotted versus polarizer rotation angle. The results fit quite well to
Malus’ (sin?) law dependences for all the three materials’ phases. In particular, optical
emission dipoles of p-6P and 6T are found to be parallel over domains as large in area as ~1
cm?. These optical properties support the results X-ray diffraction studies, which determine
the exact epitaxial relationships between the 6T/p-6P crystal phases and muscovite mica
substrate (Simbrunner et al, 2010). Despite the potential exhibited by 6T/p-6P
heteroepitaxial fibers on oriented muscovite mica for broadband laser operation, at the time
this review is being written no evidence of 6T lasing action in such nanostructures or in
other epitaxial thin films has been reported yet.
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7. Conclusion

We reviewed the photonic and photophysical properties of p-6P epitaxial nanofibers grown
by hot-wall epitaxy and organic molecular beam epitaxy on (001)-oriented muscovite mica.
We presented experimental data on amplified spontaneous emission and coherent random
lasing in ensembles of nanofibers, as well as in singly selected fibers, where waveguide
amplification performance and coherent feedback mechanisms were found out. We also
reported the excited-state nonlinear dynamics of nanofibers, which was studied by transient
photoluminescence and absorption spectroscopy, and presented a quantitative account of
the main photophysical processes occurring in photoexcited nanofibers, namely, stimulated
emission and excited-state absorption. After a brief discussion on potential applications of
organic epitaxial nanofibers in photonic sensing, we concluded by showing recent results
obtained on mixed 6T/p-6P heteroepitaxial nanofibers. The 6T/p-6P material system,
combined with the potential of organic epitaxy techniques, looks promising for the
realization of nanoscale laser devices operating in the blue, green and red spectral regions.
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1. Introduction

Albeit the terms “nanocomposite” were introduced recently, such materials (e.g. carbon
black filled rubbers) have been produced in industrial scale for more than five decades.
Nowadays great effects are undertaken to improve the mechanical, thermal and other
properties (e.g. flame resistance, barrier properties, electric conductivity) of polymers. To
achieve this property upgrade nanocomposites are produced using fillers of various shape
factors and dispersing them on nano-scale resulting in the formation of nanocomposites.
The development of thermoplastics nanocomposites is rapidly emerging as a
multidisciplinary research activity whose results could widen the applications of
thermoplastics to the benefit of many different industries. Nanocomposites are a new
class of composites that are particle-filled thermoplastics for which at least one dimension
of the dispersed particle is in the nanometer range. In the related area
thermoplastic/nanofiber composites have attracted considerable interest because they
often exhibit remarkable property improvements when compared to virgin thermoplastic
or conventional micro- and macro- composites. Accordingly, major goal of this book
chapter is to explore a systematic study of enhancing the stiffness, strength and toughness
characteristics of nanocomposites at the same time. In order to produce toughened nano-
reinforced thermoplastics by water-assisted melt compounding, the toughener must be
available also in aqueous dispersion. Moreover, most rubbers are available in latex form.
Latex is a more or less stable aqueous dispersion of fine rubber particles being in
submicron-micron range. The related particle size distribution strongly depends on the
manufacturing of the latex. The mean size of the rubber particles in the latexes is exactly
that what we need for toughening, impact modification of thermoplastics, in the range
from 0.1-0.8 um. The mean particle size is controlled by the viscosity ratio of the
components and their interfacial tension in the melt.

In this book chapter different thermoplastic matrices are used (e.g. polyoxymethylene
(POM) and polyamide-6 (PA-6)). Polyurethane (PU) and hydrogenated nitrile rubber
(HNBR) were selected as the toughening agent for thermoplastics and used in its latex form.
It is noteworthy that the mean size of rubber latices is closely matched with that of
conventional toughening agents, impact modifiers. Synthetic nanofillers (e.g. carbon
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nanofiber (CNF), boehmite alumina (BA) and sodium fluorohectorite (FH)) were used as
reinforcements. One of the criteria for selecting these fillers was that they are water
swellable/dispersible and thus their nanoscale dispersion can be achieved also in aqueous
polymer latex.

2. Concepts of nano-scale reinforcement and toughness in thermoplastics

The major problem with nanoparticles reinforcement is that it causes severe material
embitterment which is in close analogy with discontinuous fiber-reinforced thermoplastics.
On the other hand, exactly this amount of nano -scale particles is needed to get optimum
stiffness and strength properties. Blending the thermoplastic with elastomeric modifiers is a
successful way to overcome this problem and to improve the toughness characteristics.
Many works have documented the effect of various parameters of the modifiers on the
toughness response including rubber particle size (Borggreve, 1987; Margolina & Wu, 1988),
rubber concentration (Baldi et al., 2006) and interparticle distance (Wu, 1988; Jiang et al.,
2002). These studies revealed that the rubber concentration should be above a critical level
in function of its particle size. To improve the toughness of a polymer, the interparticle
distance should fall below a critical value which depends on the volume fraction and the
particle size of the rubbers. In this case, namely, the stress fields of neighboring particles
overlap and a larger volume fraction of the matrix supports an average load higher than the
applied load. Multiple localized plastic deformations are hereby initiated in the plastic zone
ahead of the crack tip. Typical rubber particle sizes for effective toughening should be in
nano-scale range. Rubber particles with micro size have been found to be relative inefficient,
although they might be active in crack bridging.

In additional, the search for high performance nanofiber polymer composites produced
successful results in related with toughness enhancements. Few research studies addressed
the property improvements of polymers by adding carbon- nanofibers (CNFs) and
nanotubes (CNTs). Most of CNF/CNT reinforced polymer composites show improvements
in strength and stiffness with loss of elongation at break (Kumar et al., 2002; Chung, 2001;
Sandler et al., 2002). There have been a number of experimental studies reported in the
literature about the influence of CNT/CNF on the toughness enhancements of various types
of polymers (Puglia et al., 2003; Song & Youn, 2005; Kinloch et al., 2002; Gryschuck et al.,
2006). (Ruan et al., 2003) showed for enhancements in ductility of MWCNT/ reinforced
ultrahigh molecular weight polyethylene (PE). The increased ductility in PE is most likely
due to the chain mobility enhancement and attributed to the secondary crystal formation
due to the presence of MWCNT. (Lozano et al., 2004) published extremely high extensibility;
high toughness of CNF reinforced polyethylene bulk composites. The total tensile
elongation of more than 1600% is higher than any published value for nanoreinforced
composites. The large ductility increase in PE has been attributed to the excellent dispersion
of CNF and interfacial bonding produced by the high shear history. In addition, CNF has
been applied as the toughening filler of the structural material for resin based composites.
(Seyhan et al., 2009) reported that the addition of low content of silanized vapor grown
carbon nanofiber (VGCNF) improved the fracture toughness of the epoxy resin by about
12%. They concluded that attachment of epoxide end groups containing silane molecules to
surfaces of CNF enhanced the compatibility between CNF and epoxy. Considerable interest
is devoted to nanocomposites due to the attractive properties. It has been shown that the
dielectric and mechanical properties of polymer based nanocomposites were markedly
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improved by the addition of CNF (Sui et al., 2008, 2009). Similar to CNT, CNF has also a
high reinforcing efficiency. Its presence in a small amount in the corresponding polymer,
typically less than 5 wt. %, can result in significant improvement in mechanical properties. It
has been reported that adequate interfacial adhesion of CNF to the related matrix and its
uniform dispersion are the key factors in respect to the reinforcing effect (Prolongo et al.,
2009). The length of CNF can very between 50 and 100 um, therefore high aspect ratios can
be obtained. As previously reported, CNF were purified and functionalized to remove
amorphous carbon and to open the highly tangled fiber (Lozano et al., 1999). Being much
longer than CNT, the disentanglement, dispersion of CNF is very problematic. The goal of
improving the carbon nanofiber matrix interfacial adhesion issue and complete dispersion
must be solved before achieving the full potential of CNF nanocomposites.

3. Preparation of nanocomposites

It was early noticed that the preparation technique of the nanocomposites has a strong
impact on the dispersion of the nanoparticles (Park et al., 2007). Accordingly, various
methods, like in-situ polymerization, melt blending and solution/dispersion techniques
have been tried to disperse nanoparticles/nanofibers in polymers. In situ polymerization
is a challenging one, as it allows us to adjust the chemistry to optimize the affinity
between filler and the resulting polymer. Different types of polymerization methods have
been used to prepare polymer nanocomposites, such as solution, suspension or emulsion,
and free radical polymerizations (Akelah & Moet, 1996, Wang et al., 2002; Chen et al.,
2000; Zhou et al.,, 2001). This variety to prepare polymer nanocomposites by in situ
polymerization was mostly explored with clays. However, this process is cumbersome
and also costly. If the organophilic modification of inorganic fillers could be eliminated,
the procedure might be simplified and the production cost substantially lowered
compared to state-of-art processes.

The use of conventional melt compounding techniques to prepare nanocomposites is
usually more practical and economical than in situ polymerization. For that purpose
common polymer processing equipments, such as extruders and internal mixers are suited.
The shear, accommodated in the melt during processing may also be helpful to support the
nanoparticles dispersion. However, it is not always enough to break up big particles
agglomerates as the resulting nanoparticles dispersion may remain further poor. A
homogeneous dispersion of nanoparticles in a polymer by using conventional compounding
techniques is very difficult due to the strong tendency of fine particles to agglomerate (Jana
& Jain, 2001). An alternative way to prepare composite materials is the latex
compounding/latex coagulation technique. Latex compounding is a promising technique
compared for example to in-situ polymerization and solution techniques which are used to
produce nanocomposites. It is becoming more and more important because of the following
benefits: simple many polymers are available in latex form, as typically Figures la-b shown
in TEM image of PS latex (Siengchin et al, 2007) and AFM image of HNBR latex,
respectively. The mean particle size is at ca. 200 nm and the particles are present in a very
narrow distribution (cf. Figurela). Latex can be introduced in polymer melt during
compounding in line.

In an aqueous polymer latex, microscopic solid polymer particles are suspended in water.
During drying they form a film through coalescence. When combined with nano-sized filler,
the polymer particles and the filler create a segregated network. This may show excellent
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Fig. 1. (a) TEM image of PS latex (Siengchin et al., 2007) and (b) AFM image of HNBR latex.

properties at very low filler concentration (Grunlan et al., 2004), compared to a melt blended
version containing the same polymer and filler. The advantage of this latex compounding
process is that reduced health risk, good dispersibility, the expensive chemical modification
of the fillers, giving the necessary affinity to the polymer, can be avoided. Moreover, when
the nanofiller is well dispersed in the polymer latex, the latter can be used as a masterbatch
(dry and liquid forms) for subsequent melt compounding. In addition, nanofiller containing
latices or slurries can be injected in the melt during continuous melt compounding. Exactly,
these are those options which have been explored in this chapter.

3.1 Latex melt compounding (LMC)

One very promising technique being developed for nanocomposite is latex melt
compounding. Polymer blend, binary and ternary composite systems can be prepared by
melt compounding using a masterbatch produced from polymer latex containing nanofillers
(masterbatch technique, MB). A scheme of the masterbatch technique of polymer composite
systems is given in Figure 2. First, an aqueous nanofillers slurry was produced at ambient
temperature through mechanical stirring. Then the rubber latex was introduced in this
slurry and stirred. The resulting slurry was poured in a framed glass plate and dried for few
days at room temperature (RT). This resulted in a rubber film as the glass transition
temperature (Tg) of rubber (PU or HNBR) is much lower than RT. The nanofiller-containing
rubber masterbatch (MB) was introduced in the polymer system after melt mastication of
the latter for few min. The overall duration of the melt mixing for blend, binary and ternary
nanocomposites was prepared by laboratory kneader at the same condition.

Nanofiller Nanofiller + water Aqueous filler slurry in rubber latex Dried masterbatch
Tg (rubber latex) < RT

Latex
Water (rubber)
= gl = [28gg =
= Mixing . .— stirein O\O\ o e
- g |O|© yird ==\

Fig. 2. Scheme of polymer nanocomposites prepared by the masterbatch technique.
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3.2 Water-assisted melt compounding (WMC)

In this water-assisted melt compounding method, different nanoreinforced and/or
toughened thermoplastics -based composite systems can be produced continuously in a
twin-screw extruder whereby nanofillers in water slurry and rubber latices are introduced
in the polymer melt. For compounding of the composites a conventional mixing screw was
used the design of which is given in Figure 3. First, nanofillers were dispersed in water at
ambient temperature under continuous mechanical stirring to obtain the aqueous nanofillers
slurry. Thermoplastics-based composite systems were supplied so that sum totals were set
to 10 kg/h. Rubber latex and/or aqueous nanofiller slurry were injected into the extruder,
using pump. The extrusion temperature was selected between 150 °C and 190 °C systems
from hopper to the die for all composite. Polymer pellets were charged in feeder in the first
zone of the extruder. As shown in Figure 3, the nanoreinforced and/or toughened
thermoplastics -based composite were prepared by using a pump: the resulting nanofiller
slurry/rubber latex was injected in the melting zone into the extruder. A second pump was
used to produce the ternary composite, whereby the rubber latex was introduced also in the
barrels section 4. The water was eventually degassed in the transport zone (barrels section 7-
9) of the screw and the evaporation was completed using a vacuum pump.

Granuleg Aqueous fillers slurryi
6 rubber latex SD
8-8 A0
© - A

\ /] visctonorsusponson| e
NN N AN N A VB A

Fig. 3. Screw configuration and barrel sections of the co-rotating twin-screw extruder.

4. Structure — property relationships

From an effective process development point of view, it is interesting to be able to
understand the relationships between process setting, physical molecular structure and
(thermo) mechanical properties of nanoreinforcing and toughening thermoplastics. To
obtain these relationships, a systematic study was performed on different characterization
techniques for the related nanocomposites. The dispersion of nanofillers was characterized
by transmission, scanning electron and atom force microcopies (TEM, SEM and AFM,
respectively) techniques. The mechanical and thermomechanical properties of the
composites were determined in Charpy impact, dynamic-mechanical thermal analysis
(DMA), creep, stress relaxation tests, and thermogravimetric analysis (TGA). In additional,
the dielectric response of nanocomposites was investigated by means of broadband
dielectric spectroscopy.

4.1 Nanocomposites produced by LMC

4.1.1 Creep response

Nanocomposite materials used for structural applications of practical interest may exhibit
viscoelastic behavior which has a profound influence on their performance. Viscoelasticity is
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of interest in materials science and engineering since it is causally linked to a variety of
microphysical processes and can be used as an experimental probe of those processes. The
causal links between viscoelasticity and microstructure are explored in various viscoelastic
tests. The viscoelastic behavior of polymers and related composites is usually characterized
in creep test (wWhereby the creep strain is measured in time under a constant load) or
dynamic mechanical test, where the variation in storage and loss moduli is observed as a
function of the temperature, (Xia et al., 2007; Eckstein et al., 1998).

To describe the creep results, phenomenological models, composed of spring and dashpot
elements, are frequently used. A spring element (elastic) behaves exactly like a metal spring,
stretching instantly when stress is applied, maintaining the stress indefinitely, and returning
to its original dimension instantly when stress is removed. In a dashpot (viscous) under
stress, the plunger moves through the fluid at a rate that is proportional to the stress. In a
creep experiment, the stress is kept constant and the change in the deformation of the
polymer as function of time is recorded.

In the linear viscoelastic range, the parameters of this series do not depend on the level of
the applied load. For creep under applied constant stress g, , the material response is:

D(t)=——= @

where D(t) is the viscoelastic creep compliance and £(t) is creep strain at time, t.

In the nonlinear range the dependence upon the level of the applied load can be expressed
by multiplying the linear parameters by so-called nonlinearity factors, which, of course, are
load, time and temperature dependent (Schapery, 1969; Brueller, 1987). The nonlinear creep
compliance is given by:

D(t,a(t),T):M @)

where o (t) is the real stress at time, t and T is temperature. This equation can be simplified
with:

e(t,o(t),T)=¢(t,0,T)=€(t,T)co, ©)
Thus, the following equation can be also expressed in terms of creep compliance
D(t,o(t),T)=D(t,0,,T)=ce(t,T) @)

where c is a constant. In the above equation creep compliance is only a function of the time
and temperature.

Creep test is an important method to study the reinforcing ability of nanofiber in the
thermoplastic matrix. As shown in Figure 4, the effects of CNF and PU incorporations on the
creep response of POM (Siengchin et al., 2010). Introducing CNF into POM resulted in a
considerable reduction in the creep as shown by the plots of creep compliance vs. time.
Accordingly, CNF acts as reinforcing phase in POM. However, the presence of PU rubber
particles increases the creep compliance data. SEM picture also confirms that the CNF is
well dispersed in POM matrix (cf. Figure 5). Additional incorporation of CNF into the



Nano-Scale Reinforcing and Toughening Thermoplastics:
Processing, Structure and Mechanical Properties 221

POM/PU blend improves the resistance to creep confirming the reinforcing action of CNF
also in this blend.
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Fig. 4. Creep compliance for CNF based on POM composites (Siengchin et al., 2010).
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Fig. 5. SEM image of POM/CNF composite (Siengchin et al., 2010).
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The considering outcomes are schematically depicted in Figure 6. The external mechanical
loading included changes on lamellar level in a semicrystalline polymer, first lamellae
rotation and separation take place after the amorphous molecules are highly stretched.
These rotation and separation mechanisms, the occurrence of which depends on the relative
orientation of the lamellae in respect to the loading, are at work also in the linear viscoelastic
range. The nanofibers, being restricted by polymer chains and adhering well to the matrix
strengthen the amorphous phase. So, the stretching of the amorphous and entangled chains
occurs with considerable time delay under the same load in presence than in absence of
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nanofiber. On the other hand, the rubber particles act as stress concentrators due to the high
difference in the elastic modulus between thermoplastic and rubber. This stress
concentration effect supports the stretching of the amorphous chains. The lamellae
separation and rotation are also favored via the tie-molecules. The outcome is increased
creep and creep rate.

Nanofiber

L ] L,
r (b
Creep D (1)

TimeIZII 1

—

Fig. 6. Schema of creep development in reinforcing and toughening semicrystalline polymer.

(Siengchin & Karger-Kocsis, 2009) investigated by considering the morphological
differences between the PA-6/HNBR/FH and PA-6/HNBR/BA and found that the FH
stacks are dispersed in the PA-6 and located in the HNBR/PA-6 interphase. By contrast, BA
is mostly embedded in the HNBR phase (cf. Figure 9). This creep effect is strongly
suppressed in the FH-containing system due to the location of the FH in the interphase
region. Embedding of BA in the HNBR reduced also the creep and creep rate as the stress
concentration effect is diminished compared to the PA-6/HNBR binary blend. This
reduction is due to the fact that the difference in the modulus between PA-6 and HNBR
became smaller owing to the BA reinforcement of HNBR.

Further hints for the enhancement in the creep result were caused by the dispersed state
(Siengchin et al., 2008). The authors found that the addition of PU into POM matrix resulted
in a considerable increase in the creep compliance. The creep compliance values of the
composites are smaller compared to the POM/PU blend showing the reinforcing effect of
the alumina. The most striking finding is that the primary particle size of the alumina likely
affects the creep behavior. More exactly the dispersion state of the alumina, are well
reflected in the creep response. The change from micro- to nanocomposite reduces further
the creep compliance. This may be associated with pronounced changes in the creep rate. A
more interesting observation is that the creep response of all POM systems is sensitive to the
temperature. This resulted in an increase in the mobility of the amorphous segments.

4.1.2 Dynamic mechanical thermal analysis

In addition of creep experiments, dynamic mechanical thermal analysis (DMA) is quite
common method understand better some of the added complications that arise from the time
and temperature dependence of the modulus of viscoelastic materials. Usually, the viscoelastic
behaviour can be determined by measuring the storage modulus and the loss modulus over a
wide range of frequencies and temperatures. The storage modulus is proportional to the
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degree of elasticity of the system. The loss modulus is proportional to the dissipation or loss
energy as heat in a cycle deformation, reflecting a certain degree of the viscosity of the system
(Shaw & MacKnight, 2005). Figure 7 illustrates a schematic of dynamic experiment which
shows graphically the nature of the two sinusoidal signals against time.

Amplitude

N

Fig. 7. Schematic of the dynamic mechanical experiment.
Consider the application of a sinusoidal strain, which can be presented by:
£(t) =g, sinwt )

where g, is the maximum amplitude of the strain, @ is the angular frequency and t is time.
The phase of the strain is arbitrarily set at zero, which can be done without loss of generality
(perfectly elastic). The resulting stress o (t) is given by:

o(t)=o,sin(awt+9) (6)

A complex Young's modulus (E*) reflects the contribution of both storage (E’) and loss (E”)
components to the stiffness of material, as follows:

E=%_F+i @)
80

According to schematic of DMA, the modulus at these two points can be calculated from
equations 6 and 7. The storage modulus (E) gives directly:

E =E'sind 8)
And in term of loss modulus (E”):

E'=E'sin(z/2+6)= E cosd )
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The ratio of the loss modulus to the storage modulus is the tangent of the phase angle shift
0 between the stress and strain vectors, thus:

tand = E— - (10)

E o

(Siengchin & Karger-Kocsis, 2009) examined the effect nanofillers, viz. FH and BA, in a
HNBR toughened polyamide-6 in dynamic mechanical thermal analysis. DMA spectra in
form of storage modulus (E’) and loss factor (tan 0') as function of temperature were plotted
and are demonstrated in Figures 8, respectively. It can be seen in Figure 8a that the blend
with 9 wt% of HNBR exhibits markedly lower stiffness than the PA-6 at least below the
glass transition temperature (Tg) of PA-6 (ca. 50 °C). This is due to the rubbery character of
the incorporated HNBR. However, the incorporation of sodium fluorohectorite (FH) and
Boehmite alumina (BA) particles resulted in increase in the storage modulus in the whole
temperature range, compared to that of the PA-6/HNBR blend. This can well be explained
by the reinforcing effect of the nanoparticles leading to increased stiffness. One can also
recognize that the storage modulus of FH is higher than BA nanocomposites. This stiffness
increase suggests that FH stacks are well dispersed in the PA-6 matrix and have much
higher aspect ratio in comparison with BA. This, along with the fact that BA was
encapsulated in the HNBR phase, was confirmed by SEM image (cf. Figure 9).
The plots in Figure 8b reveal the T, of PA-6 (at ca. 50 °C) and a strong secondary transition
at ca. -50 °C. The latter peak in PA-6 (B -relaxation) is usually attributed to the mobility of
non hydrogen bonded amide groups on adjacent chains (Aragjo et al., 2004). Incorporation
of HNBR yielded an additional maximum at -18 °C (T; of HNBR) in the tan ¢ vs. T curves.
Filling with BA and FH particles was accompanied with a shift in the Ty of PA-6 towards
higher temperature (ca. 70 °C). The increment in the tan ¢ by adding HNBR is due to chain
flexibilization, likely in the interphase regions. However, the tan ¢ values were reduced
after additional incorporation of the nanofillers, as expected. The Ty of the HNBR may also
be affected by the fillers. The related change may be traced to the preferred location of the
corresponding fillers.
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Fig. 8. (a) Storage modulus (E) and (b) mechanical loss factor tan (J) as a function of
temperature for FH and BA based on PA-6 composites (Siengchin & Karger-Kocsis, 2009).
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Fig. 9. SEM image of PA-6/HNBRBA ternary composite (Siengchin & Karger-Kocsis, 2009).

In another work, the effects of CNF and PU into POM on the DMA data are shown in Figure
10 (Siengchin et al.,, 2010). One can notice that the stiffness values of the POM/CNF
composite were slightly higher than that of the neat POM in the whole temperature range.
This indicates the reinforcing effect of CNF. As expected, adding PU rubber was associated
with a drop in the storage modulus of the POM/PU blend compared to the neat POM. The
storage modulus vs. temperature curves of the POM/PU and POM/PU/CNF systems were
practically the same. The plots in Figure 10b reveal three relaxation transitions in POM. The
glass transition temperature (Tg) is located at around -60 °C (y-relaxation transition).
Another two peaks, observed at ca. -2 °C and ca. 130 °C correspond to the pB- and a-
relaxations, respectively. These relaxation processes are assigned to the motions of long
molecular segments in disordered (B) and well ordered crystalline phases (a), respectively
(Hojfors et al., 1977). Incorporation of PU yielded an additional maximum peak at ca. -50 °C
in the tan 6 vs. T trace, which represents the T, of the PU component. Adding CNF and/or
PU was accompanied with a shift in both the a- and p-relaxations to lower temperatures (ca.
5 °C). One possible explanation is that small agglomerates of CNF and matrix voids within
this network support the movement of macromolecular chains yielding a small reduction in
the T, (B-relaxation) of the matrix (Shen et al., 2007).
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Fig. 10. (a) Storage modulus (E) and (b) mechanical loss factor tan (J) as a function of
temperature for CNF based on POM composites (Siengchin et al., 2010).
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4.1.3 Tensile test

The main advantage of reinforcing thermoplastic composites is the enhancement in the
mechanical properties of the thermoplastic matrix at relatively low inorganic filler content.
To monitor the reinforcing ability of nanofillers in the thermoplastics matrix of the
compound, tensile mechanical test appears as an excellent tool. The effects of CNF and PU
on the tensile mechanical data are shown in Figure 11. The enhancement in tensile strength
of nanocomposites containing 0.1 wt. % CNF was ca. 18 % compared to the neat POM. The
primary reason for that is that due to the uniform dispersion of CNF in POM, an efficient
load transfer occurs from the matrix towards the CNF. SEM picture also confirms that the
CNF is well dispersed in POM matrix (cf. Figure 5). A fine CNF dispersion is expected
already based on the low concentration of CNF in the aqueous suspension used. SEM
pictures taken from the fracture surfaces of the specimens indicated that the residual mean
length of CNF is ca. 6 um. Note that a reinforcing effect is generally accompanied with
reduced ductility in all composite materials. This is the case also for the POM/CNF
nanocomposite the elongation at break value of which is below that of the neat POM.
Introducing PU has an adverse effect: the tensile strength decreases, whereas the elongation
at break increases markedly. Note that this is the usual response of thermoplastics with
impact modifier under static loading conditions. Additional incorporation of CNF increases
the tensile strength and reduces the elongation at break of the POM/PU blend confirming
that CNF acts as reinforcement.

For the incorporation of FH and BA particles based on HNBR/PA-6 systems (Siengchin &
Karger-Kocsis, 2011), the ductility was strongly reduced compared to the PA-6 matrix. Due
to the rubbery character of the incorporated HNBR, the PA-6/HNBR blend exhibits
markedly lower stiffness than the parent PA-6. However, the elongation at break increases
markedly by adding HNBR to PA-6. It is usually accepted that rubber domains first cavitate
provoking locally a plane strain/plane stress transition in fracture mechanical terms (Paul &
Bucknall, 2000). This supports the development of crazing (with further elongation of the
craze fibrils) and superimposed shear yielding, which all enhance the ductility. As expected,
the nanoparticle reinforcement leads to increased stiffness and reduced ductility (Siengchin
& Karger-Kocsis, 2009; Karger-Kocsis, 2009). The latter is mainly due the stress
concentration effects of filler agglomerates which cannot be released by matrix-related
events (crazing, shear deformation) owing to inhomogeneous filler dispersion. Stress
concentration induces filler/matrix debonding, and the related voids coalescence causing
final, premature fracture. The nanocomposite containing FH exhibits higher E-modulus than
the companion composite containing BA, though the related value remains under that of the
neat PA-6. This relative stiffness increment should be traced to the difference in the
dispersion characteristics of FH and BA. Recall that FH was intercalated and mostly
dispersed in the PA-6 matrix by contrast to BA being located in the HNBR phase.

To order to investigate the effect of PU and alumina in POM systems,the tensile mechanical
data in form of tensile strength, modulus and elongation at break were also studied.
Addition of PU to POM or the combined use of PU and alumina improves the elongation at
break, however, at cost of the tensile strength. The POM/PU/alumina ternary composites
prepared by the masterbatch (MB) method exhibited higher tensile strength accompanied by
much higher elongation at break when compared with the composite produced by direct
melt compounding (DM) or to the POM/PU blend. Recall that the alumina particles are by
far better dispersed in the matrix when prepared via the MB instead of the DM technique.
This is in line with recent reports claiming that the tensile mechanical response is strongly
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affected by the dispersion state of nanofillers in polystyrene (PS) (Siengchin & Karger-
Kocsis, 2006). Moreover, it is worth noting that increased ductility (elongation at break)
generally manifests in improved toughness.
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Fig. 11. Tensile strength and elongation at break for CNF based on POM composites
(Siengchin et al., 2010).

4.1.4 Dielectric response

Dielectric spectroscopy is a powerful experimental tool for the investigation of polarization
and conductivity mechanisms, molecular mobility, phase changes and interfacial
phenomena in polymers and polymer matrix composites. Experimental data can be
analyzed by means of different formalisms, such as dielectric permittivity, ac conductivity
and electric modulus formalism. Although the recorded electrical effects can be described
and analyzed in terms of any of the aforementioned formalisms, under certain conditions a
specific formalism could be proved more helpful in extracting information with respect to
the occurring physical processes. Figure 12 presents the dependence of the dielectric
permittivity (&') and dissipation factor (tan J) on the frequency, measured at room
temperature for all the examined specimens. The dielectric permittivity and dissipation
factor attain high values at the low frequency edge, which are decreasing steeply with
increasing frequency. Considering the insulating nature of the examined systems, the
enhanced values in the low frequency range indicate the co-existence of electrode
polarization and interfacial relaxation phenomena. Electrode polarization is an undesirable
effect related to the charged electrode-specimen contacts. Interfacial polarization (IP) or
Maxwell-Wagner-Sillars (MWS) effects are present in heterogeneous systems because of the
accumulation of mobile charges at the interfaces of the composite (Tsangaris & Psarras,
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1999). Separating the contribution of each effect is not an easy procedure in the dielectric

permittivity mode and thus the electric modulus formalism will be employed for the
interpretation of dielectric data.
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Fig. 12. Dielectric permittivity (£ ) and dissipation factor (tan &) as a function of frequency

(f) for the composites produced by masterbatch (MB) and direct melt compounding (DM)
(Siengchin et al., 2008).

Electric modulus presentation exhibits some advantages in the interpretation of slow
relaxation phenomena (processes with relatively enhanced relaxation time) in complex
systems, mainly because of the elimination of the undesirable effect of electrode polarization
(Tsangaris et al., 1998; Psarras et al., 2007).

Electric modulus is defined as the inverse quantity of complex permittivity by the following
equation:

L1 1 £ e | .
M===———=—F——3+j—-=M+jM 11
g e-jg *+€7 Tei e / D

where &, M’ and ¢”, M” are the real the imaginary part of dielectric permittivity and
electric modulus respectively.

Figure 13a depicts the real part of electric modulus (M’) as a function of frequency for POM,
POM/PU blend and the POM/CNF binary- and POM/PU/CNF ternary composites
(Siengchin et al., 2010). The real part of electric modulus (M’) as a function of frequency
undergoes a step-like transition from low to high values for POM and POM/CNF binary
composite. On other hand the POM/PU blend and the POM/PU/CNF ternary composite
exhibit, at least, two step-like transitions. These transitions correspond to relaxation
processes, which become evident in the loss modulus index vs. frequency plots.
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Figure 13b depicts the dielectric spectra of the imaginary part of electric modulus (M”) as a
function of the frequency of the applied field. In the case of pure POM a single loss peak is
recorded in the low frequency region, which is assigned as a-relaxation. However, at room
temperature, and in the examined frequency range only the slower transition is recorded.
The origin of this process cannot be ascribed undisputedly. It has been attributed to
rearrangements in the crystalline parts of POM, although contributions from the amorphous
phase cannot be excluded (Siengchin et al., 2008; Psarras et al., 2007). Since this is the slower
occurring relaxation process in POM, it is reasonable to suggest that is related to interfacial
polarization phenomena between crystalline and amorphous phases. Interfacial polarization
(IP) occurs in heterogeneous and complex systems because of the accumulation of
unbounded charges at the interfaces of the phases. The corresponding peak of POM/CNF
(0.1) system is not recorded in the examined frequency range, and it seems that is shifted to
lower frequencies (cf. Figure 13b). This is a typical behavior for composite systems, where
the presence of the reinforcing phase enhances heterogeneity, interfacial polarization and
the relative relaxation time (Tsangaris & Psarras, 1999). The situation differs in the case of
POM/PU (10) blend and the ternary system POM/PU(10)/CNF(0.1). In their dielectric
spectra two relaxation processes are recorded in the intermediate frequency region, while
the tendency for the formation of a third peak is present in the high frequency edge. From
previous studies (Siengchin et al., 2008; Psarras et al., 2007) it is known that PU, at ambient,
has a peak in the vicinity of 100Hz, related to its glass to rubber transition, and tends to form
a second one at high frequencies. The latter is attributed to reorientation of polar side
groups of the main chain (Psarras et al., 2007). Systems containing PU exhibit the
aforementioned loss peaks. However, the third peak (the slower process) recorded close to
0.1Hz cannot be connected with PU, and thus it should be assigned to POM. The peak locus
of POM’s o-mode appears to shift to higher frequencies by almost an order of magnitude in
the POM/PU(10) and POM/PU(10)/ CNF(0.1) systems, indicating that the processes became
faster.

The dielectric response of the examined systems is influenced by their variations in
morphology. As it is already stated the presence of PU affects the morphology of POM by
disturbing the spherulitic structure of the latter. The extent of rigid crystalline regions is
diminishing, rearrangement of crystallites and/or relaxation of isolated amorphous
segments is facilitated and thus the peak of a-mode shifts to higher frequencies. Moreover
the incorporation of CNF reduces further the size of spherulites (cf. Figure 14) and
consequently increases the interfacial area between the constituents and phases of the
nanocomposite. The presence of CNF in the ternary system slightly influences the position
of the peak by shifting to lower frequency, and at the same time reduces the intensity of
electric modulus loss index (M”). In the dielectric permittivity formalism, enhanced
heterogeneity and extensive interfacial area yield to increased values of the real and
imaginary part of permittivity (¢') and (¢”) respectively, at low frequencies. Recalling
electric modulus equation, it should be noted that the same data expressed in the electric
modulus formalism would provide reducing values of the real and imaginary part of
electric modulus (M’) and (M”) respectively, with the increase of heterogeneity and
interfacial area. Under this point of view, it is reasonable to suggest that the specific
relaxation mode, recorded in the vicinity of 0.1Hz, is influenced by interfacial polarization
phenomena, which are strengthen in the case of the ternary system.
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Fig. 13. (a) real (M") and (b) imaginary part (M) versus frequency traces for CNF based on
POM composites (Siengchin et al., 2010).

et al., 2010).

4.1.5 Stress relaxation

In order to describe the stress relaxation results phenomenological models, composed of
spring and dashpot elements, are frequently used. Their parameters do not depend on the
level of the applied deformation in the linear viscoelastic range according to the theory of
viscoelasticity. For stress relaxation under applied constant strain ( &, ) the material response
is given by:

E ()= 21 12

where Eq(t) is the stress relaxation modulus, and o(t) is stress, both as a function of time (t).
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In the nonlinear range the dependence upon the level of the applied deformation can be
expressed by multiplying the linear parameters by so-called nonlinearity factors, which are
deformation-, time- and temperature-dependent. The nonlinear stress relaxation modulus is
given by:

E (te(t),T)=—"—"— 13)

where &(t) is the real strain at time (t) and T is the temperature.

The stress relaxation data, measured in function of time for the POM, POM/PU blend and
the CNF-containing binary-, and ternary composites is shown in Figure 15. The shape of the
relaxation curves of the systems is similar to that of the neat POM. However, their relaxation
modulus decreased remarkably with incorporation of PU compared to the neat POM. One
can see that the relaxation modulus of the POM/CNF binary composite is slightly higher in
the whole relaxation time range than those of the POM, POM/PU blend and
POM/PU/CNF ternary composite. The increase of the relaxation modulus with CNF
content is due to its reinforcing effects. Note that the long CNFs may relieve very efficiently
such stress concentration effects which are induced by material heterogeneities. This finding
is coherent with those deduced from creep (cf. Figures 4), DMA (cf. Figure 10) and tensile
mechanical tests (cf. Figure 11).
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Fig. 15. Relaxation modulus for CNF based on POM composites (Siengchin et al., 2010).
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4.1.6 Thermo-oxidative properties

It has been reported that by adding inorganic fillers (Sun et al., 2007), may increase the
thermal stability of thermoplastics. This is at odds with our TGA observation. Figure 16
shows the weight loss vs. temperature traces for the POM, POM/PU blend, POM/CNF
binary, and POM/PU/CNF ternary composites (Siengchin et al.,, 2010). The thermal
degradation of the neat POM is a one-step procedure representing depolymerization.
Incorporation of PU reduces slightly, whereas CNF markedly the onset of the thermal
degradation. The follow-up degradation of the POM/CNF runs, however, at higher
temperature than both POM and POM/PU blend. The POM/PU/CNF ternary composite
has the highest onset decomposition temperature. Moreover, the related mass loss vs.
temperature trace is parallel shifted to that of the POM towards higher temperatures. The
common use of PU and CNF resulted in a synergistic effect in the thermo-oxidative stability
of POM.
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Fig. 16. Weight loss versus temperature for CNF based on POM composites (Siengchin et al.,
2010).

4.2 Nanocomposites produced by WMC

Latex melt compounding techniques to disperse various rubber and nanofillers was already
tried for various thermoplastic systems. This part of book chapter addresses the toughening
and reinforcement of polyoxymethylene (POM) via a water-assisted melt compounding
technique (above process) which is allow us to produce nanocomposites with additional
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toughening. Polyurethane (PU) was selected as toughening agent for POM according to the
state-of-art. It was used in its latex form. It is noteworthy that the mean size of rubber latices
is closely matched with that of conventional toughening agents, impact modifiers. Synthetic
boehmite alumina was used as nanofiller. One of the criteria for selecting this filler was that
it is water dispersible and thus its nanoscale dispersion can be achieved also in aqueous
polymer latex.

Toughened or nanofilled POM composites have been successfully produced by water-
assisted melt compounding technique. TEM results have shown that the alumina and rubber
dispersions became fine and homogeneous when using the water-assisted extrusion melt
compounding. The alumina particles are nanoscaled and homogeneously dispersed in the
matrix (cf. Figure 17a). Figure 17b demonstrates that the PU rubber particles are also well
dispersed in the POM matrix. The mean diameter of the PU is 700-900 nm, which is closely
matched with the initial size of the PU particles in the corresponding latex. In the
POM/PU/alumina ternary composites the alumina particles are mainly in the PU phase. On
the other hand, the alumina and rubber particles are also separately dispersed in the POM
matrix.
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Fig. 17. TEM images of (a) POM/alumina composite and (b) POM/PU blend.

Reinforcement is defined as the ability of nanofillers to improve a variety of thermoplastic
properties, e.g. tensile strength and stiffness. The reinforcement effect can be explained
using DMA and creep diagrams. The tensile storage- and tan & curve of nanoreinforced
thermoplastic composites is shows up to a higher stiffness compared to an unfilled matrix.
From this observation a reinforcing effect can be seen in Figure 18 (Siengchin et al., 2008).
The modulus E” of POM systems decreases with increasing temperature and the stiffness of
the POM/PU blend was lower than the POM. However, the incorporation of alumina
particles resulted in some increase in the storage modulus in the whole temperature range,
compared to that of the pure POM. This can be well explained by reinforcing effect of
alumina particles leading to an increased stiffness. In addition, the blend containing 10 wt%
of PU exhibits markedly higher loss modulus than the other systems. This is due to the
rubbery character of the incorporated PU.
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Fig. 18. Storage modulus (E') and mechanical loss factor tan () as a function of temperature

for the composites produced by water-assisted extrusion melt compounding (Siengchin et
al., 2008).

Generally, the creep behaviour of material is predicted by Burgers model (Findley et al.,
1989). This creep model proved to be successfully applicable for many polymers. Therefore,
this model is used to evaluate the effect of rubber particles and fillers in composites
prepared by water-assisted melt compounding method. The creep experiment can be
calculated from a discrete retardation spectrum of the Burgers model consisting of a
Maxwell and a Kevin units connected in series by the equation (Kaschta & Schwarzl, 1994):

D()=D, +¥()+ - (14)
Hy
W(t)=> D *[1-¢""] (15)

k=1

where t is the time, Dy is the instantaneous compliance, ¥(t) is equilibrium compliance part
of creep compliance, 4, is viscosity and 7 is different retardation times of the Kelvin unit
D

Figure 19 displays the traces of the creep compliance and its simulated value using the
Burgers model, as a function of time at T=30 °C for the POM, POM/alumina composite,
POM/PU blend and the alumina-containing ternary composites produced by water-assisted
melt compounding. The incorporation of alumina particles into POM matrix resulted in a
considerable decrease of the creep compliance, as expected owing to their reinforcing effect.
Conversely, the addition of PU increased the creep of POM. The compliance values were
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reduced by approx. 12 % compared to the POM/PU blend when alumina was additionally
incorporated. This creep response suggests that alumina and rubber particles are fine
dispersed in the POM matrix. This was supported by the SEM inspection (cf. Figure 17).
This phenomenological Burgers model was used to evaluate the effect of rubber and/or
alumina particles on the instantaneous and equilibrium parts (approximated by six Voigt-
Kelvin elements) of the creep compliance. The highest instantaneous compliance (Do) was
observed when PU was added into the POM. The instantaneous compliance of the
POM/alumina composite is lower than those of the POM and POM/PU blend. The
enhancement in the instantaneous part of compliance is caused by the alumina particles and
their dispersed state. This resulted in a decrease in the mobility of the amorphous segments.
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Fig. 19. Creep compliance for the composites produced by water-assisted extrusion melt
compounding, fitted by Burgers model (Siengchin et al., 2008).

Results of the tensile mechanical tests of composites prepared by WMC are given in Table 1
model (Siengchin et al., 2008). It is clear by seen that the incorporation of alumina and PU
particles strongly affected the mechanical behavior of POM. Adding alumina increased the
stiffness slightly reduced the strength, the elongation at break. Conversely, the ductility of
the POM/PU blend increased and the stiffness and strength decreased compared to pure
POM. The reduction in the tensile strength may be attributed to the presence of rubber
particles acting as stress concentrators and forcing the yielding at lower stresses. The
decrease in the tensile modulus in the POM/PU blend may be accounted for the softening
effect of PU, since the tensile modulus of rubber is considerably lower than that of the pure
POM. The POM/PU/alumina ternary composites exhibited significant decrease in modulus
accompanied by much higher elongation at break as compared to the POM, POM/alumina
composite and POM/PU blend.
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Sample Designation Tensile strength Tensile modulus [MPa] Elongation at break
[MPa] [%]
POM 63+0.2 2646+71 17.8+2.8
POM/PU(10) 55+ 0.2 23924101 31.9+4.5
POM/alumina 61+0.1 28474143 9.1+£2.8
POM/PU(10)/alumina 47+ 0.5 2323162 57.148

Table 1. Tensile mechanical characteristics of the composites produced by water-assisted
extrusion melt compounding model (Siengchin et al., 2008).

Toughness is the ability of a material to absorb energy. The toughness can be done by using
a pendulum and basic physics to measure how much energy it will be hold. Figure 20 shows
the impact energy of POM, POM/PU blend and the composites with alumina particles
produced by WM-CT model (Siengchin et al., 2008). Even though the tensile modulus of
POM is increased by the incorporation of rigid alumina particles, the toughness was
reduced. However, POM modified with 10 wt.% PU exhibit not only higher elongation at
break, but similarly also higher impact energy (ca. 22 %) compared to the pure POM. This is
due to the submicron dispersion of the rubber particles. So, the incorporation of rubbery
particles in a suitable size range increases the impact resistance of POM. Furthermore, the
impact energy of POM/PU/alumina ternary composites was marginally decreased
compared to the POM/PU blend but remained still higher than POM.
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Fig. 20. the impact energy for the composites produced by water-assisted extrusion melt
compounding model (Siengchin et al., 2008).

5. Summary

This chapter was devoted to develop the melt-compounding methods to manufacture
tough, nanofiller-reinforced thermoplastics by adding an aqueous filler slurry and/or
rubber dispersion to the molten polymer followed by evaporation of the water carrier. The
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work also compared the morphological, mechanical and thermal properties of
nanoreinforced/toughened thermoplastic composites produced by latex melt compounding
(LMC) and water-assisted melt compounding (WMC). Toughened or reinforced
thermoplastic composites have been successfully produced by WMC. The mechanical
properties (stiffness and creep resistance) of the composites were superior to those of the
POM and POM/PU blend. The impact resistance of POM was highly enhanced by the
addition of PU rubber. The dispersed rubber particle size was closely matched with that one
required from usual toughening agents, impact modifiers. Besides, this WMC is a very
effective process being simple and cost efficient for producing composite materials, as the
expensive chemical modification of the nanofillers can be avoided. The water-assisted melt
compounding to produce nanocomposites containing fillers- and rubber particles as
nanoscale reinforcements and toughness offers a general way to modify the properties, such
as stiffness and toughness. However, the toughened properties of and reinforced
nanocomposites should be optimized via various rubber/filler ratios and concentrations.

Greek Symbols

£, Strain-, amplitude of the strain
£,e Real-, imaginary permittivity

Equilibrium compliance part

o Stress

o, Applied constant stress
w Angular frequency

Hy Viscosity (Strain)

Retardation time

0 Phase angle shift
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