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Guan Wang
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in
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2007

One-dimensional (1D) nanostructures, such as nanowires, nanobelts, nanofibers and
nanotubes, have been the focus of intensive research due to their peculiar structures and
resultant fascinating properties. However, the applications of 1D nanostructures have
been hindered by the slow progress of the synthesis and characterization methods for
these nanoscaled materials. Well controlled dimensionality, tailorable morphology and
assembly, high phase purity and controllable crystallinity are major concerns when
generating these nanostructures.

In this work, a relatively simple technique -- electrospinning has been introduced for
the preparation of 1D organic/inorganic nanocomposite materials. Materials under
investigation include polymer/metal oxide (WOs;, MoO3) composite nanofibers and
polymer/MWNT composite nanofibers. Notably, peculiar nanostructures, such as
polycrystalline nanowires, nanoplatelets and nanobelts, can also be obtained after
post-calcination processing on the nanocomposite materials. Spectroscopy techniques,

such as XRD, SEM, TEM, AFM and Raman have been carried out to obtain structural



and morphological information from the electrospun composite nanofibers. Meanwhile,
some advanced characterization methods and measurements have been developed and
designed to investigate the nanofibers from a basic science view point as to their
properties. Specific designs of experiment include: synchrotron-based in situ XRD for
phase transition monitoring; gas flow control bench for sensitivity measurement;
three-point-bending by AFM for mechanical property measurement.

In summary, the electrospinning technique provides a versatile method for
synthesizing and assembling 1D nanocomposite structures. The electrospun composite
nanofibers showed promising electrical and mechanical properties, which may find

applications for gas sensors, reinforced fibrous materials and nano-electrical devices.
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CHAPTER 1

Introduction

1.1 Background

The study of materials with low dimensionality has a long history in chemistry and
physics because of the fascinating properties and applications resulting from lowered
dimensionalities. More recently, one-dimensional (1D) nanostructures such as nanowires,
nanobelts and nanofibers have become the focus of intensive research'”. 1D
nanostructures provide a unique system to study the transport phenomena or mechanical
properties due to the different ways that electrons interact in one-dimensional (1D)
structures. They are also expected to work as interconnects and functional units in
fabricating nanoscaled electronic, optoelectronic and electromechanical devices.
However, the applications of 1D nanostructure have been hindered by the lack of
understanding of the synthesis and fabrication of these nanostructures with
well-controlled dimensionality, morphology, purity and crystallinity. Under this
circumstance, unconventional methods based on chemistry synthesis and nanoscaled
growth techniques are being developed to provide intriguing strategies for generating 1D
nanostructures in terms of materials diversity, cost and potential for high-volume
production *.

In this chapter, the concepts related to the growth of nanowires, as well as synthetic
strategies for achieving 1D morphologies, will be reviewed. Electrospinning, as a kind of
simple and versatile method for generating ultra-thin fibers from a rich variety of

materials, will be introduced in the following sections. Concepts on the solid state



chemical sensor materials and devices, their sensing mechanism and applications will be
introduced. At the end of this chapter, the objectives and organization of the study are

stated.

1.2 Available Strategies for 1D Synthesis

1.2.1 Template directed growth

Template-directed synthesis is a straightforward route to 1D nanostructures. In this
approach, the template serves as a scaffold within or around which a different material is
generated in Situ and shaped into a nanostructure with its morphology complementary to
that of the template’. The template is usually involved only physically, working as a
confinement for the formation of the secondary nanostructures. Therefore, at the end of
the synthesis it is often necessary to remove the template selectively using chemical
etching or calcination. It is generally accepted that template-directed synthesis provides a
simple and effective procedure that allows the complex topology on the template surface
to be duplicated in a single step. However, a most obvious drawback of this method is
that crystallinity of the nanostructures synthesized using template-directed methods is
often uncontrollable, and the quantity that can be produced in one experiment is relatively
limited.

A representative template-directed synthesis is to use channels in porous membranes,
which provide a class of template for use in the synthesis of 1D nanostructures. This
method was initiated by Martin and some other groups *. Two types of porous materials
are commonly used in such syntheses: polymer films containing track-etched channels

and alumina films containing anodically etched pores. A variety of materials have been



examined for use with this type of templates, with typical examples like semiconductors *

11, 12 13, 14

10 ceramics , and organic polymers . The only requirement is that the material
can be loaded into the pores using methods based on vapor-phase sputtering, liquid-phase
injection, or solution-phase chemical or electrochemical deposition. Subsequent sintering
at elevated temperatures led to the formation of uniform, ceramic nanorods with
compositions such as titania and Pb(Zr,Ti)Os (PZT). If a polymer template is used, the
template can be readily removed at elevated temperature during the formation of the
nanostructure. But when inorganic templates are employed, strong acid or alkali becomes
necessary to remove the template and harvest the resultant nanostructures.

Another common method for template-directed growth is the synthesis upon existing
nanostructures. The surfaces of the existing nanowires could be directly coated with
conformal sheaths made of a different material to form coaxial nanocables. Subsequent
dissolution of the original nanowires would lead to the formation of nanotubes. For
instance, Murphy and co-workers have directly coated gold nanorods with polystyrene or
silica (5-10nm in thickness) to form cable-like nanostructures . In addition, the sol-gel
coating method has been examined as an effective route to coaxial nanocables that may
contain electrically conductive cores and insulating sheaths in the form of amorphous
silica or other dielectric materials '®. Another representative work was carried out by
Lee’s group'’. Oriented Silicon Carbide nanowires were synthesized by the reaction
between SiO and highly aligned carbon nanotubes, which acted as a template, spatially
confining the orientations of the formed SiC nanowires.

A number of solution-phase reactions have also been demonstrated to transform

currently existing nanowires into 1D nanostructures with other chemical compositions.



Xia and co-workers have synthesized highly crystalline nanotubes of noble metals such
as Au, Pd and Pt via galvanic displacement reactions between Ag nanowires and

: . : 18,19
appropriate precursors of these metals in the aqueous medium ™ .

1.2.2 Vapor-based method

Growth of nanowires from the vapor phase is a generic method suitable for all solid
materials. This synthesis has been the most extensively explored approach to the
formation of various kinds of one-dimensional oxide nanostructures, such as nanowires
of ZnO **?' 1n,0; 22, Si0, % 24, Ga,03 > %% and GeO, 27; nanobelts of ZnO, SnO,,
Ga,03, In,03, CdO, and PbO, 28, 29; and nanorods of MgO 30, According to the different
mechanisms during the formation of the one-dimensional structure, the vapor-based
methods can also be categorized as thermal evaporation synthesis and Vapor-Liquid-Solid
mechanism (VLS).

The thermal evaporation synthesis is based on the vaporization of source materials at
a high-temperature zone, and their subsequent deposition in the downstream direction,
which results in the formation of nanostructures at specific temperature zones. In this
process, the driving forces for 1D growth were proposed to be (a) an anisotropic structure

of the material’’, (b) the existence of an axial screw dislocation®” >

, or (c) preferred
growth introduced by other defects or catalysts. In an anisotropic growth mechanism,
one-dimensional growth can be realized by preferential reactivity, binding of gas phase
reactants along specific crystal facets due to the thermodynamic and kinetic conditions,

and also the desire for a system to minimize surface energies. In the dislocation and

defect-induced growth mechanism, specific defects are known to have larger sticking



coefficients for gas phase species, thus incoming atoms could absorb onto the surface of
the nanostructure and migrate toward the growing tip due to the enhanced reactivity of
gas phase reactants at these defects. The concentrations of gaseous reactants have to be
adjusted carefully, so that the nanowire growth mechanism is dominant and can suppress
the nucleation process in the vapor. It is now accepted that a low super-saturation of
gaseous reactants is required for 1D nanostructure growth; a medium super-saturation
results in bulk crystal growth; and a high super-saturation supports the formation of
powders due to homogenous nucleation. Representative synthesis of molybdenum oxide

and tin oxide nanostructures by thermal evaporation has been carried out by Wang’s

34,35
group "7,

Vapor-Liquid-Solid mechanism is the most successful method for generating large

3640 In the VLS process, the

quantities of single crystalline 1D nanostructures
one-dimensional growth is induced by liquid droplets of a catalyst metal, which form due
to the dissolution of gaseous reactants. These liquid droplets are the starting sites for the
nucleation and growth of the 1D nanostructures. They serve as a virtual template,
directing the nanowire growth direction and limiting the lateral growth of an individual
wire under chemical-vapor-deposition conditions *. This mechanism has been confirmed
by Yang’s group® by observing the in situ growth of Ge nanorods directly under a TEM
equipped with a temperature-controlled chamber. The most challenging requirement for
the VLS process is to find an appropriate catalyst, because of the important role of the
liquid droplets in the initial stage of the process. The catalyst should be able to form

liquid alloy with the target material. Presently, this is done by analyzing the equilibrium

phase diagrams. It has been shown to be very effective to consider the pseudo-binary



phase diagram between the metal catalyst and the solid material of interest *°. Based on
the VLS mechanism, some other methods have been developed, such as laser ablation

synthesis*', oxide-assisted growth** and chemical vapor deposition **.

1.2.3 Nanowire growth by solution-phase methods

The major disadvantages of the growth by vapor-based methods are the high cost of
fabrication and inability to produce metallic nanowires. Synthesis from solution can be a
complementary method to solve these problems.

Solvothermal synthesis is one of the most commonly used solution phase methods. In
a typical process, the reaction occurs in a pressure vessel that allows normal solvents
such as water to be heated to temperatures far beyond their normal boiling points to
increase the solubility of a solid and speed up the reactions between solids. This method
has been used by Heath's group for generating Ge nanowires**. Qian, Xie and Li's groups
extended this method for synthesizing nanowires®, nanotubes*® and nanowhiskers** of
a variety of other materials. However, the low yield, low purity and un-controllable size
and morphology of the resultant materials greatly limit the applications of this method.

Another effective solution-phase method is based on capping reagents, which has
resulted in the creation of one-dimensional nano-materials in high yields. By
preferentially adsorbing to specific crystal faces, the molecular capping agents can
change the free energies of the various crystallographic surfaces, thus control the final
shape of the crystals by controlling the growth kinetics of the nanocrystals®® °'.
Representative work includes the formation of silver nanowires using poly(vinyl

52-54

pyrrolidone) (PVP) as a capping agent and the shape-control growth of CdSe



quantum nanorods through the use of mixed surfactants™.

1.2.4 Other useful approaches
A number of radically different approaches have also been demonstrated as
alternative routes to the fabrication of 1D nanostructures. For specific materials, highly

isotropic crystallographic structures can be utilized. Typical examples are using

56,57 58-60

molybdenum chalcogenides and chalcogens™ ™, which tend to form polymeric chain
structures with diameters of a few nanometers.

Another generic bottom-up approach for generating complex structures is realized by
surface patterning. Representative methods include the self-assembly of nanoparticles®'*
and manipulation of 0D nanostructures with a field or a mechanical probe®. However,

these methods all seem lack of control over the dimensions and morphology of the final

products. Moreover, the slow production rates also limit their applications.

1.3 Electrospinning Technique

Nanomaterials produced by synthetic bottom-up methods are usually discontinuous
objects, and this leads to difficulties with their alignment, assembly, and processing into
applications. The formation of a thin fiber via electrospinning is based on the uni-axial
stretching of a jet derived from a viscoelastic solution. Different from conventional fiber
spinning methods like dry-spinning and melt-spinning, electrospinning makes use of
electrostatic forces to stretch the solution as it solidifies. ®. The first patent on the
electrospinning process was awarded in 1934; and since the mid-1990s, the process

attracted rapidly growing interest triggered by the potential applications of nanofibers in



nanotechnology .

A schematic drawing of the electrospinning process is shown in Figure 1.1. It
consists four main parts: i). a high voltage power supply, capable of producing up to
30kV high voltage; ii) a programmable pump meter, used to precisely control the feeding
rate of the solution from the syringe tip; iii) a syringe with capillary tip; and iv) a piece of
conducting metal for collecting the fibers.

In electrospinning, when a high voltage (usually in the range of 1 to 30 kV) is
applied, the pendant drop of polymer will become highly electrified and the induced
charges are evenly distributed over the surface. As a result, the drop will experience two
electrostatic forces: the repulsion between the surface charges; and the Coulombic force
exerted by the external electric field. Under the action of these two forces, the liquid drop
will be distorted into a conical object, which is known as Taylor cone. A liquid jet forms
once the electrical forces at the surface of a polymer solution or melt overcome the
surface tension. This field jet then undergoes a stretching and whipping process, leading
to the formation of an ultra-thin thread. As the liquid jet is continuously elongated and the
solvent is evaporated, its diameter can be greatly reduced from hundreds of micrometers
to as small as tens of nanometers.

Based on experimental observations and electrohydrodynamic theories, mathematical
models have been developed by several groups to investigate the electrospinning process
6973 1t is also showed that the models could be extended to predict the saturation of

whipping amplitude, as well as the diameter of resultant fibers. All these studies provide a

better understanding of the mechanism responsible for electrostatic spinning process.



The morphology and diameter control of the electrospun fibers has been a major
problem since the invention of the electrospinning technique. In fact, it is a co-effect of a
number of processing parameters, including a) the intrinsic properties of the solution such
as the type of the polymer, the conformation of the polymer chain, viscosity, elasticity,
electrical conductivity and the polarity and surface tension of the solvent; and b) the
operational conditions, such as the strength of the applied electric field, the distance
between spinneret and collector, and the feeding rate for the polymer solution. In addition
to these variables, the humidity and temperature of the environment can also play an
important role during the electrospinning process.

Among all the factors, the solution concentration plays a major role in stabilizing the
fibrous structure. It has been shown previously in dilute solutions, []C<I, where [n] is
the intrinsic viscosity and C is the concentration *. When [n]C>4 (semi-dilute entangled
regime), the polymer chains in the solution begin to entangle with each other and the
solution viscosity increases significantly. For example, Koski and co-workers " have
shown that for PVA in water solution, a fibrous structure cannot be stablized for [n]C<4,
indicating that a minimum degree of chain entanglement is need for producing fibrous
structures. Another important factor is surface tension of the solution. A low surface
tension is desirable in electrospinning as it reduces the critical voltage V. needed for the

ejection of the jet from the Taylor's cone as shown below '°:

Where V. = critical voltage
H = separation distance between the needle and the collector

L = the length of the needle (or capillary)



R = the radius of the needle and

v = the surface tension of the solution.

A similar relationship correlating the applied electric field and surface tension of the
droplet for the electrostatic spraying from a hemispherical drop pendant from a capillary
tube was also contributed by Hendrick et al. ”’

V, =3004/207yr
where r = the radius of the pendant drop.

On the other hand, spraying may become more difficult at high molecular weights
since V. is proportional to My,. At any specified value of [n]C in the fibrous regime, it
may be desirable to lower M,, and increase C.

Early experimental work on electrospinning mainly dealt with conventional polymers
that could be synthesized with sufficiently high molecular weights and could be dissolved
in appropriate solvents. In an effort to greatly expand the applications associated with
fibrous structures, a variety of methods have recently been developed to increase the
diversity of materials that can be adapted for use with electrospinning. An representative
example is that, in combination with sol-gel chemistry, the original process used with
high molecular weight polymers has been modified and applied to produce continuous
ceramic nanofibers °%°. Some metal oxide nanofibers have been fabricated, such as
alumina borate ”°, titania silica ', cobalt oxide *%, copper oxide 8 niobium oxide *,
vanadium pentoxide * and zinc oxide *. These nanofibers can be beneficial in the areas
of catalysis, tough and high-temperature ceramics, active and sensing materials, and

many others.
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In order to fully realize the potential of electrospun fibers, it is also important to
customize nanofiber assemblies, as the fiber arrangement will have a significant affect on
the performance of a device. For example, ordered nano-grooves and assemblies have
been shown to influence cell proliferation and morphology; it is necessary that the single
nanofiber can be grown or positioned across specific electrodes; a nonwoven mesh is
desirable when applied as a filtration membrane. Driven by the specific applications, new
designs of electrospinning have been created to construct nanofiber assemblies, such that
their performance can be enhanced. Ramakrishna and Teo have summarized all kinds of

designs for achieving various nanofiber assemblies in their review paper *'.

1.4 Solid-State Chemical Sensors

A sensor is a device that responds to a physical or chemical stimulus and transmits a
resulting impulse. Sensors have been used in a variety of industries for factory
automation, electronic equipment, agriculture, aerospace industries and homeland
security. Their specific applications include®®:

(i) Pollution monitoring and control — To check for pollution problems in the
atmosphere including acid rain, metal contaminants, etc.

(1)) Hazard monitoring — In order to monitor explosive gas hazards, suitable sensors are
required. Moreover, sensors are needed to monitor the effects of toxic chemicals
and their effect on human health in industry.

(ii1)) Combustion control — Gas sensors are used in monitor and control of gas and oil

fired boilers in industrial premises. The fuel to air mixture ratio is controlled by

11



monitoring the exhaust gas of automobiles. This is required to conserve fuel and to
minimize pollution emission from motor vehicles.
(iv) Medicine — Monitoring the chemical species in the blood and other bodily fluids

and real time monitoring of patients’ condition requires the use of sensors.

According to the type of signals detected, sensors can be categorized as different
types, among which chemical sensors represent the mostly studied sensors with the
widest applications. According to Gopel and Schierbaum ¥, 'Chemical sensors are
devices which convert a chemical state into an electrical signal'. Therefore, every
chemical sensor is divided into two domains: the physical transducer and the chemical
interface layer (Figure 1.2). At the chemical interface, the analyte interacts chemically
with a surface, producing a change in physical/chemical properties such as resistance,
capacitance, or temperature of the active element. These changes are measured by the
transducer domain, which monitors this change and generates a related electrical signal.

The major advantages of solid state sensors are their simplicity in function, small
size and projected low cost. The simplicity in function is in sharp contrast to some of the
more classical analysis techniques, which require complex equipment and skilled
operators to run an analysis. The projected cost is low because the size of the sample used
is small (typically measured in centimeters to micrometers).

The major disadvantages of most solid-state chemical sensors are lack of stability,
lack of reproducibility, and lack of selectivity as well as insufficient sensitivity for certain
purposes. However, in many applications, the disadvantages are not prohibitive, and the

use of arrays of sensors feeding a microcircuit can in principle overcome many of the
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disadvantages while still retaining a reasonable cost. *°

One way to classify chemical sensors is by the transduction mechanism (as shown in
reference’’). Different transduction principles and the magnitudes that can be measured
include:

* Electrochemical: voltages, currents, impedance

» Mechanical: weight, size, shape

* Thermal: heat flow, heat content

» Magnetic: field strength, field detection

* Radiant: frequency, intensity, wavelength

* Acoustic: bulk and surface acoustic wave devices

In addition to above categorization method, chemical sensors can also be arranged by
the chemical reactions that occur at the interface. This approach is very interesting since
chemical parameters, such as the type of chemical reaction, equilibrium constant, kinetic
parameters, will determine the sensor performance, including sensor sensitivity and
selectivity.

On another hand, in terms of the types of the materials used, solid state sensors can
be classified as silicon-based chemical sensors, semiconducting metal oxide sensors,
catalysis sensors, solid electrolyte sensors, membrane sensors and carbon nanotube
sensors. The major two sensors discussed in this thesis are semiconducting metal oxide
(tungsten oxide and molybdenum oxide) sensors and carbon nanotube (multiwalled
carbon nanotubes) sensors.

The work in this thesis will be limited to the processing and characterization of

one-dimensional materials (such as nanowires, nanofibers and nanotubes) for gas sensing
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applications. They are expected to possess novel characteristics for the following
reasons’:

(a) A large surface-to-volume ratio can be provided, so that a significant fraction of
the atoms in the system are surface atoms that can participate in surface reactions.

(b) The Debye length A for most semiconducting oxide nanowires is close to their
radius over a wide temperature and doping range, which causes their electronic properties
to be strongly influenced by processes at their surface. This could result in better
sensitivity and selectivity.

(c) Nanowires are easily configurable as field-effect transistors (FETs) and
potentially integratable with conventional devices and device fabrication techniques.

(d) Significant quantum effect is expected due to the reduction of nanowire diameter.

1.5 Objectives and Organization

The work in this thesis can be divided into three major parts:

Part I (Chapter 2): Polycrystalline tungsten oxide nanowires for ammonia sensing
applications. This part focuses on the fabrication of tungsten oxide polycrystalline
nanofibers by combining the electrospinning technique with sol-gel chemistry. Dynamic
structural evolution of tungsten oxide will be studied at elevated temperatures for
optimizing the heat treatment temperatures and achieving specific polymorphs of
tungsten oxide. The sensitivity of the materials will be measured, with ammonia as the
analyte.

Part II (Chapter 3): Molybdenum oxide nanostructures synthesized from hybrid
nanocomposites. In this chapter, a simple method will be proposed for the

shape-controlled growth of crystalline molybdenum oxide. The function of polymer as
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the surfactant and intercalation material during the crystallization of the layered structure
of MoOj; will be discussed, interpreting the preferential growth of the nanoplatelets from
the nanocomposites. Combined with electrospinning process, morphology controlled
growth of the a-MoO3 nanobelts can be also realized. This method may be applied to the
anisotropic growth of low dimensional nanostructures of other materials with layered
structure.

Part III: (Chapter 4, 5) Electrospinning Polymer/MWNT nanocomposite fibers and
their properties. In this chapter, electrospun polymer nanofibers will be utilized as carrier
media to assemble carbon nanotubes (CNTs) into continuous filaments, allowing
well-controlled alignment and tailored distribution of the CNTs within an external
structure. Successful incorporation of CNTs into appropriate polymer matrix systems in
filament or fine fiber forms can work as an effective bridge to translate the superior
properties of carbon nanotubes to meso- and macro-scale structures. An AFM-based
three-point-bending method is employed to study the mechanical properties of individual
composite nanofibers. Electrical properties of a single composite fiber have been
investigated at room temperature as well as cryogenic states. By integrating these
composite nanofibers with interdigitated electrode structure, both quantitative and
qualitative measurements of sensitivity of the materials have been carried out.

In summary, the main objectives of these investigations are:

» To explore the capability of electrospinning technique in the processing of 1D

nanocomposite materials;
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» To study the relationship between the processing-structure-properties of the
nanostructured polymer/metal oxide ceramics composite materials and polymer/MWNT
nanocomposites;

» To develop new techniques for advanced characterization of polymer/nanostructured
ceramic metal oxides and polymer/MWNT nanocomposites;

» To explore possible applications of the distinctive properties of the 1D

nanocomposite materials prepared by electrospinning.
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TABLES:

Table 1.1. Possible reactions at the chemical interface of chemical sensors
(Adapted from .

Chemical reaction at the interface Example

Adsorption
Physisorption A[gas]+S[surface site]=AS[surface]
Chemisorption Vads=Ae ‘%"

Partitioning K=C,/C,

Acid-base HA+KOH=H,0+K"+A"

Precipitation Ag'[aq]+NaCl[aq]=AgCl[s]+Na [aq]

Ion exchange H'[aq]+Na [surface]=H [surface]+Na [aq]

Oxidation/reduction CO+1/20,=CO,
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Figure 1.2. Cross-section of a chemical sensor. CI indicates the chemical interface,
whereas TI indicates the transducer interface (Adapted from *!).
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CHAPTER 2

Polycrystalline Tungsten Oxide Nanofibers for Ammonia

Sensing Applications

2.1 Introduction

Conductometric sensors based on semiconducting oxides have been the preferred

low cost detectors for reducing gases. Metal oxides sensors (SnO,, TiO,, In,0;, WO,)

should be identified as different types within the 'class' of electrochemical-impedance
sensors and are often called MOX sensors (from Metal Oxide sensors). In their simplest
configuration, MOX sensors consist of a substrate with a heater, electrodes and a
sensitive layer in contact with the electrodes. There are some characteristics that make
MOX sensors appealing for gas sensor users:

* Low cost, small size and ease of handling (compared to other gas sensors)

* Fast sensor response and recovery

* Robust construction and good mechanical strength

* Long operating life

On the other hand, they have some disadvantages that are still a matter of research
(some of them being common to most of gas sensors):

* Poor selectivity

* Influence of humidity

* High power consumption

The operating principle of these devices is associated primarily with the adsorption

of gas molecules on the surface of the semiconducting oxides inducing electric charge
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transport between the two materials, which changes the resistance of the oxide'. Ideally,
the interaction of the gaseous molecules will induce a change in the depletion layer of the
metal oxide grain. These changes are transduced into an electrical signal depending on
the microstructure of the sensitive film (the transducer). The porosity of the film, the
grain size and the different grain intersections will determine the output signal, which
takes into account the whole sensitive layer. The output signal is usually electric,
although the measurement of the thermo-voltage or of the changes in the sensor
temperature is also possible.

As discussed above, the transducer mechanism in thin films is usually
surface-controlled. Transduction in porous films is highly dependent on grain size and the
formation of different necks between grains. Therefore, the utility of nanostructured
transition-metal oxides as gas sensing elements has been attracting more and more
attention >*. The reduction of the crystallite size beyond the “nano” size can result in a
greater proportion of crystallite surface atoms, which are more prone to react with the
surrounding ambient or to exhibit unusual structural features. From another point of view,
two different microstructures of the sensitive film can be described for MOX gas sensors:
compact layers (where the interaction of the gases take place mainly at the geometric
surface, often obtained by the so called thin film techniques) and porous layers (where
the interior volume is also accessible to the gas). With this in mind, the utility of
nanofibers is preferred for conductimetric sensors because they provide a large
surface-to-volume ratio which can result in excellent sensitivity, fast response and
recovery time. In addition, better continuity of crystallites and alignment of wires can be

achieved from such 1D nanostructures. The continuous 1D structure is expected to
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promote the conductivity of the oxide materials and therefore affect the temperature
dependence of sensing. Compared with other nanostructures, 1D nanofibers are also
easily configurable and integratable with conventional devices.

Since Seiyama and Taguchi used the dependence of the conductivity of ZnO on the
gas present on the atmosphere for gas sensing applications °, many different metal oxides
have been proposed for gas detection. Generally speaking, these oxides can be divided
into binary oxides and more complex oxides. The former is much more common in gas
sensing applications. Among binary metal oxides, tin dioxide (SnO;) is the one that has
received by far the most attention due to its high reactivity to many gaseous species.
However, this characteristic also manifests itself as a lack of selectivity, and thus
investigation of other metal oxides has been considered necessary. In addition, the use of
different MOX sensors is highly recommended in order to increase the amount of
information.

As a wide-band-gap semiconductive metal oxide, tungsten oxide is most well-known
as a catalyst. Tungsten trioxide exhibits a cubic perovskite-like structure based on the

corner sharing of WO, regular octahedron, with the O atoms (W atoms) at the corner

(centre) of each octahedron. This structure is also found in rhenium trioxide structure
(Re0O3), from which it takes its common name (ReOs-structure). Actually, the symmetry
of tungsten oxide is lowered from the ideal ReO, structure by two distortions: tilting of

WO, octahedron and displacement of tungsten from the centre of its octahedron 6,

Variations in the details of these distortions give rise to several phase transitions.
Another point worth noting is that the tungsten trioxide structure is likely to host

several kinds of defects. One of the most elementary defects, as in most metal oxides, is
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the oxygen lattice vacancy, where an oxygen atom is absent from a normal lattice site. In
the case of WOs3, the removal of oxygen causes the appearance of these crystallographic
shear planes into the crystal along the [1m0] direction ’. This leads to the formation of a
family of WOs compounds. From an electronic point of view, an oxygen vacancy
causes the increase of the electronic density on the metallic (W) adjacent cations, leading
to the formation of donor-like states slightly below the edge of the conduction band of the
oxide, which acquires semiconducting properties .

Due to the structural specificity and the existence of large number of lattice defects,
structural polymorphs of tungsten oxide exhibit manifold properties such as

photochromic and electrochromic effects * '

. These effects are bound up in the features
that make a material sensitive to gases by modifying the surface conduction bands due to
a change in the number of free electrons when a gas molecule interacts with a surface
layer ''. Shaver reported the first WO; gas sensor for detection of hydrogen '2. These
films were made by vacuum evaporation followed by oxidation in air at 600-750°C for
several minutes. The films were then activated by Pt either by vacuum evaporation or by
sprinkling platinum back on the surface of the oxide or momentarily blowing a stream of
air or inert gas over a hot platinum hairpin and onto the film of the oxide. Akiyama et al
prepared WOs films by pyrolysis of ammonium paratungstate ((NH4)10W1204:.5H,0),
ball milling and mixing to form a paste followed by sintering at 600°C for sensing NO
and NO, . The gases sensed were let in at various ppm ranging from 0-800ppm for NO
and 0-250ppm for NO,. The operating temperature was also varied to 200, 300 and 400°C.
Macekawa et al, found that WO; doped with Au showed excellent ammonia sensing

properties '*. The films were prepared in the same method adopted by Akiyama et al °.
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The films showed excellent sensitivity in the concentration range of Sppb to 50ppm and
were able to detect even Sppb NH3 in air.

Nanoscaled tungsten oxides prepared by sol-gel process have proved to have
enhanced sensitivity for the detection of gases such as NOy and NHj. The specificity of
the sensors can also be improved ' '°. However, the traditional sol-gel methods can only
prepare discrete nano-scale tungsten oxide crystallites. Single crystalline tungsten oxide
nanowires have been synthesized by a soft chemistry route '°. The as-prepared nanowires
appear in nano-bundles with diameters from 20 to 100 nm instead of well-defined
individual nanofibers. However, these bundles exist in a disordered form. Although those
tungsten oxide nanowires were determined to be non-stoichiometric compounds, it is still
difficult to determine the real structures of them due to the high isotropic structures,
which can only give diffraction in very limited directions. Other synthesis methods all
involved in similar problems mentioned above. '

Electrospinning offers a relatively simple and versatile method for generating fibular
microstructures ****. As described in Chapter 1, this process involves in the production of
continuous one-dimensional nanofibers under the electrostatic force of the charges on the
surface of a liquid droplet in an electric field as strong as several kV/cm . In this study,
we have successfully prepared uniform inorganic-polymer composite nanofibers by
electrospinning DMF solutions containing a polymer of high molecular weight and
tungsten isopropoxide sol-gel solution. Pure tungsten oxide nanofibers were obtained by
removing the organic phase via calcination of the composite nanofibers in air.

In this chapter, the electrospinning parameters (such as electrospinning voltage,

working distance, solution flow rate, and etc.) for the polymer/ tungsten isopropoxide
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sol-gel solution were originally and systematically investigated and optimized. The
structure evolution from composite fibers to tungsten oxide ceramic nanofibers has been
investigated by synchrotron based in situ XRD for the first time. The gas sensing
properties of the nano-porous mat composed of tungsten oxide nanofibers have been
studied, showing this unique morphology of tungsten oxide nanofibers as potential

candidates for the detection of low levels of NHj.

2.2 Experimental

2.2.1 Materials

Poly(vinyl acetate) (PVAc, Mw=500,000) was obtained from Sigma-Aldrich.
Tungsten isopropoxide (W(iPr)s) sol-gel was purchased from the Alfa-Acer Company
with a concentration of 5% w/v in propanol. Dimethylformamide (DMF) (certified
A.C.S., Fisher Scientific Inc.) was utilized as a solvent to prepare the electrospinning

solution. These chemicals were used without further purification.

2.2.2 Preparation of PVAc/tungsten oxide composite nanofibers

PVAc was dissolved in DMF at a concentration of 22% (w/v). Tungsten
isopropoxide sol-gel was then added into the PVAc/DMF solution at various volume
concentrations of 20%, 25%, 30%, and 35%, respectively. The mixtures were stirred and
ultrasonically agitated for 24 hours to form homogeneous solutions for electrospinning.
The experimental setup was described elsewhere **. Briefly, the PVAc/W(iPr)s blend
solution was loaded in a 5 ml glass syringe (Popper & Sons, Inc.) attached to a syringe

pump (KDS200, KD Scientific Inc.) which provided a steady solution flow rate of
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20ul/min during electrospinning. A high voltage power supply (Gamma High Voltage
Research, 0-30 kV) was employed to generate a high potential of 11kV to a 25 gauge
blunt end syringe needle (I.D. 0.26mm, Popper & Sons Inc.). The electrospun nanofibers
were collected onto silicon wafers which were horizontally placed 12 cm away from the

spinneret.

2.2.3 Preparation of tungsten oxide ceramic nanofibers

Tungsten oxide ceramic nanofibers were prepared by calcining the as-spun
PVAc/W(iPr)s composite fibers in a tube furnace. Figure 2.1 shows the temperature
profile during the calcination process. The slow heating rate between 300 and 500°C was
selected to ensure the removal of organic phase without destroying the nanofibrillar

structure and to avoid the disintegration of the ceramic nanofibers.

2.2.4 Characterization
a) SEM and TEM

The surface morphology of tungsten oxide nanofibers was characterized using SEM
(LEO 1550) at an accelerating voltage of 15 kV. At least 200 fibers were selected
randomly from the SEM micrographs to calculate the fiber diameter distribution. The
elements composed of the nanofibers were analyzed using Energy Dispersive X-ray
Spectroscopy (EDX). A Philips CM12 TEM with a LaB¢ filament at 120kV was

employed to investigate the interior structure of the tungsten oxide nanofibers.

b) Structural characterization by x-ray diffraction
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Grazing Incidence XRD (GIXRD) is a technology which is particularly suitable for

thin film characterization 2> 2

. By increasing the path length of the incidence X-ray beam
through the film, the diffraction intensity from the film can be increased so that a better
signal-to-noise ratio can be obtained and conventional phase identification analysis can
be run. In this project, we combined the advantages of both synchrotron radiation and the
grazing incidence XRD to investigate the structure of metal oxide nanowires (see Figure
2.2). The highly collimated synchrotron beams at NSLS at Brookhaven National Lab
(BNL) has been used as the incidence x-ray beam. The stationary incident beam makes a
very small angle with the sample surface (typically 2°to 5°), which increases the path
length of the x-ray. There is expected to be a dramatic increase signal to the background
noise ratio from the film.

The structural evolution of the nanostructured metal oxide fibers has been studied by
in situ x-ray diffraction ?*°. XRD data were collected at beamline X18A at the National
Synchrotron Light Source (NSLS) at the Brookhaven National Lab. A heating cell for in
situ XRD study has been designed as shown in Figure 2.3. This cell consists of two parts:
mechanical part and heating system.

For the mechanical part, brass is used for the main body, because of ease of
machining and can have enough strength at temperatures even the part of heating cell is
higher than 1000°C. Two blocks of brass were connected by two stainless steel rods. The
blocks can slide along the rod rails. They can also be set at a certain position along the
rails by set-screws. Swagelocks, which are widely used in vacuum industry, are used as

connectors between the brass ends and quartz capillaries. Using a rubber ferrel inside the

swagelock, we can seal the connection part, so that we can study the phase transition
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under a certain atmosphere in a sealed system. Thin-wall quartz capillaries and single
crystal sapphire capillaries were used as the chamber to hold the sample. The heating
system mainly consisted of a Ni-Cr resistance wire, conductive wires and temperature
control system. Ni-Cr resistance wire, with resistance of around 8 ohms, was coiled
around the quartz capillary (afterward, it was changed to a coiled around a small Al,O;
rod right below the capillary as a heater, in order to make a more stable heat source). A
very thin k-type thermal couple was inserted inside the capillary (close to the position for
the sample) so as to measure the real time temperature. At the beginning, temperature was
controlled manually by adjusting the output current from a power supply. And later on, a
temperature controller was used in order to control the temperature automatically with
programmed temperature process. Schematic of the diffraction geometry is shown in

Figure 2.4.

c) Sensitivity measurements

The tungsten oxide nanofibers were deposited onto an alumina chip (1x1cm) to test
the gas sensitivity. The chip was standard microfabricated with interdigitated electrodes
deposited on one side (acquired from CWRU). The gases used in the sensing test were
UHP nitrogen (Praxair), UHP oxygen (Praxair), 1000ppm ammonia in nitrogen (BOC
gases). The cumulative pressure inside the test chamber was kept at constant 1
atmosphere. As shown in Figure 2.5, the concentration of ammonia was changed by
controlling their flow rates in conjunction with the flow rate of mixed gas of nitrogen and
oxygen (4:1). The gases were controlled through 1479 MKS Mass flow controllers. A

Lindberg/Blue tube furnace was used for programmed heating. The change in resistance
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of the sensor was measured and calculated in terms of voltage change across it by using

an Agilent 34401A digital multimeter.

2.3 Results and Discussion

2.3.1 Optimization of the electrospinning process parameters

Because the morphology of the tungsten oxide nanofiber after calcination is largely
determined by the polymer/W(iPr)s composite nanofibers before calcination, it is
necessary to determine the relationship between the electrospinning process parameters
and the morphology of the composite nanofibers, and to obtain thin fibers with uniform
diameters in a controllable manner. 0.55 g PVAc (Mw=500,000, Aldrich) was dissolved
in 2.5 ml dimethylformamide (DMF, Alfa Acer) and magnetically stirred for 1 hour to get
a uniform and viscous solution (22 wt %). This PVAc solution was mixed with the sol-gel
solution mentioned above based on a volume ratio of 5:2. The mixed solution was stirred
and ultrasonically agitated for 24 hour to form a uniformly mixed solution. The process
parameters were adjusted to the following values for detailed investigation: Voltage, 10kv,

12kv and 15kV; Flow rate, 5, 10 and 20 & I/min, as tabulated below; Working distance,

fixed at 12 cm. Al foils were used as collector.

The configuration of the as-prepared composite fibers is shown in Figure 2.6, from
which it can be seen clearly: for the working voltage of 15kv, there is an obvious
tendency that the higher the flow rate, the larger the average diameter of the fiber (see
Figure 2.6 (A), (C), and (E)). As the flow rate goes low enough, such as below 5ul/min,
the diameters of the fibers become non-uniform (see Figure 2.6 (A)). A lot of ultra-fine

fibers form, co-existing with thicker fibers. Or in another word, the diameter distribution
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of the fibers is very discrete. But for the working voltage of 10kv, there is no such
tendency (see Figure 2.6 (B), (D) and (F)). The relationship between flow rate and the
fiber dimension is not so well defined. When considering the effect of working voltage,
the flow rate was kept at Sul/min (see Figure 2.6 (A), (B) and (G)). SEM images show
that the higher the voltage is, the smaller the average diameters are. A summary of the
processing parameters for the composite fibers in Figure 2.6 is listed in Table 2.1. The
dependence of the average fiber diameter on the applied voltages and flow rate and has

been plotted in Figure 2.7 and 2.8 respectively.

2.3.2 Morphology control on tungsten oxide ceramic nanofibers after calcination

In the electrospinning process, the accumulation of electrostatic charges on the
surface of the liquid droplet at the spinneret induces the formation of a jet, which is
subsequently stretched to form a continuous ultra thin fiber. During the stretching of the
jet and the formation of the ultrathin fibers, the formation of larger surface area make it
possible for the incorporated W(iPr)s to experience the following hydrolysis reaction:

W(iPr)s +H,0 = W(OH)s+ROH (1)

where ROH stands for isopropanol, which is easy to evaporate in the electrospinning
process. Therefore, we obtained a non-woven mats composed of the polymer/inorganic
hybrid nanofibers and characterized by high surface area and small pore size.

In order to find the proper solution parameters for producing tungsten oxide
nanofibers, tungsten isopropoxide was mixed with PVAc/DMF solution in various

volume ratios as mentioned in the experimental section. These solutions were loaded into
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syringes for electrospinning. The morphologies of the samples before and after heat
treatment are shown in Figure 2.9.

Comparing Figure 2.9(A)(C)(E)(G), composite fibers with uniform diameters are
ready to form with a proper ratio of W(iPr)s (or precisely, concentration of PVAc).
Within a proper range, the higher concentration of PV Ac, the thicker composite fibers are.
However, the morphologies of ceramic fibers after calcination are more directly related
with the content of W(iPr)s. Figure 2.9(B) is the product of sample with 20% W(iPr)s.
Discrete tungsten oxide ceramic grains all deposit on the substrate, with the grain size of
tens of nanometers or even less. This result is like the product from the tungsten
isopropoxide sol-gel. Continuous nanofibers cannot form due to the low concentration of
tungsten oxide precursor. As the precursor concentration increases, continuous ceramic
fibers with uniform diameters were obtained after the heat treatment (see Figure
2.9(D)(F)(H)). Their diameters are all within or around 100 nm and they appear to be
polycrystalline fibers composed by obvious crystalline grains. And there are obvious
differences between them: the higher the concentration of W(iPr)s, the more solid the
fibers seem and the better the continuity they have.

Figure 2.10(A) shows the low magnification SEM image of the as-prepared

PVAc/WO; composite nanofibers (25% W(iPr)s, named sample W2) before calcination.

Each individual fiber is uniform in cross section, and the average diameter of this sample
is around 200nm. After the polymer template was selectively removed by burning the
sample in air at 500°C (see Figure.2.10 (B)), metal oxide nanofibers were left, remaining
the continuous structures but with a reduced diameter size, most of which were less than

100nm. The size reduction can be attributed to the loss of PVAc from the nanofibers and
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the crystallization of tungsten oxide. Size distributions of the nanofibers before and after
heat treatment are shown in Figure 2.10 (C) and (D).

TEM images of the sample W2 before and after calcination have been shown in
Figure 2.11. TEM pictures show that the darkness along the fiber was uniform, implying
that the tungsten oxide sol-gel was distributed uniformly within the polymer template, so
that it is possible to obtain continuous ceramic nano-fibers after removing the polymer
template. The diameters of the composite fibers are around 200nm. The TEM image of
the sample after calcination shows a grained fiber structure with relatively uniform
diameters of around 80 nm. The grains are crystalline tungsten oxide with grain sizes less
than 20 nm. Selected area electron diffraction (SAED) pattern of the sample (see inset in
Figure 2.11 (B)) indicated the polycrystalline configuration of the tungsten oxide
nanofiber after calcinations. EDX spectrum confirmed that the only elements in the
sample after calcination were tungsten and oxygen, implying the polymer had been
removed completely.

Grazing incidence X-ray diffraction was carried out at beam site X18A at NSLS with
the grazing angle= 3°. The diffraction spectra of WOs (see Figure 2.12) can be indexed as
orthorhombic phase (JCPDS #89-4479) with structure parameters as follows: a=7.361(A),
b=7.574(A), ¢=7.762(A), a=90°, B=90°, y=90°. The width of the peaks is broad (see
diffraction peaks (120), (112) and (222)), implying that the diffraction crystallites have
pretty small sizes in the order of nano-scale, which is in agreement with the SEM results.
We fit the diffraction spectra and did some calculation of the particle sizes by using the
software Bede Polycrystal based on the Sherrer Formula. The software gives the average

particle size of 42 nm calculated by fitting the peaks based on Lorentzian peak function.
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The PVAc/W(iPr)s composite nanofibers have also been deposited on Al,Oj; plate,
which is a non-conductive substrate for making gas-sensing chip. Same WO; ceramic
nanofibers were obtained after careful calcination, as shown in Figure 2.13. By extending
the deposition time, a thicker layer of WO; nanofibers were obtained in the form of
porous mats (see Figure 2.14 and 2.15). The continuous 1D WOs3 nanofibers constitute a
layer of nanoporous network with a considerably large specific area, which provides an
ideal interface for a full interaction between the chemical sensor and the gas molecules.

In general, this synthetic route has little requirement for the substrate. It is also
applicable for producing other ceramic nanofibers with different phases by using
different sol-gel solutions and a good control of the heat treatment process >
Alignment of the 1-D nanofibers is also possible by means of various electrical or

mechanical methods >4,

2.3.3 Synchrotron based in situ x-ray diffraction

As the formation of nanostructured tungsten oxide involves a continuous temperature
increase process, a dynamic structure evolution might be happening in the whole process.
Studies of the structural transformations may be performed using quenching experiments,
but this information is only valid if the recovered material is not affected by any
irreversible changes upon cooling. Therefore, sophisticated in situ techniques are required
for their direct monitoring. In addition, the high brightness and high collimation of the
synchrotron x-ray beam employed here can provide a satisfactory signal-to-noise ratio, so
that it is possible to investigate very fine structures such as the nanostructured

polycrystalline fibers in our research. The temperature-dependent formation of the
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tungsten oxide nanofibers was studied with synchrotron based in situ x-ray diffraction. A
series of XRD spectrums were recorded as the temperature was ramped up from room
temperature to 525°C, demonstrating the continuous transformation from amorphous
nanocomposite phase into crystalline tungsten oxide phases. A continuous phase change
process is shown in Figure 2.16(A) (26 has been transformed based on the wavelength of
1.54056A). Some representative diffraction spectra have been selected out and indexed
(Figure 2.16 (B)) in the process of the formation of the metal oxide nanofibers from the
nano-composite. Based on the information from the in situ XRD, the metal oxide
obtained from the hydrolysis of the sol-gel precursor was amorphous in the as-prepared
nano-composite. Tungsten oxide began to crystallize at around 300°C, forming a
tetragonal phase at 348°C, (JCPDS# 89-1287). Two phase transitions occur at 360°C and
510°C respectively, forming a pure orthorhombic phase WO; in between 375°C and
500°C (JCPDS#89-4479), and tetragonal phase at 525°C (JCPDS# 89-4482). The phase
transformations were gradual processes. A mixture of phases existed in the
transformation process, but no intermediate phase existed. It is readily observed from the
in situ XRD spectrum that the orthorhombic phase of tungsten oxide can exist over a
relatively large temperature range (360~510°C), while the two tetragonal phases can only
be stable over a small temperature range: around 348°C and 525°C respectively.
Therefore, it is safe to conclude that we have obtained pure orthorhombic tungsten
trioxide nanofibers after heat treatment at 500°C. A summary of the phases and their
corresponding existing temperatures is listed in Table 2.2. It is noticed that the main
effects observed as a function of temperature were size changes in the unit cells. The
basic geometrical structures were close to each other through all temperature ranges. The

transformation from tetragonal (I) to orthorhombic phase was only the result of size
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increase of the unit cell in the ¢ axis (or in another word, symmetry decreased in the c
axis), leading to the appearance of additional diffraction peaks at 23.47° (020), 26.45°
(120), 33.53° (202), 35.26° (122). Unit cell symmetry increased gradually as temperature
was increased to 525°C, resulting in the disappearance of the peaks mentioned above and
very small changes of diffraction peak positions. Based on our in situ XRD experiments,
we also found that all phase transformation processes from low temperature to high
temperature were irreversible. This means that the high temperature phases can exist in
stable form at lower temperatures after their formation. It is notable that the phase
transitions during the heating process were all second order transitions based on our

thermal analysis results (see Figure 2.17).

2.3.4 Sensing test results
Tungsten trioxide has been reported to be weakly sensitive toward NH; compared

35,36
7", However, the

with their superior sensing performance toward NOy in the literature
sensing performance of the material can be strongly affected by material microstructure,
which can be modified by the preparation techniques. In this work, tungsten oxide
nanofibers were prepared by sintering the PVAc/W(iPr)s composite fibers at 500°C for
three hours in order to remove the polymer template completely. We found that the
as-prepared pure WO; nanofibers had a very quick response toward NH; at a very low
concentration at an operating temperature of 350°C. In terms of the in situ XRD results
above, orthorhombic phase was the only phase that stably existed at this operating

temperature for sensing test. Figure 2.18 shows the representative dynamic gas response

of the tungsten oxide ceramic nanofibers to NH; pulse with the concentrations of 50, 100,
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200 and 500ppm at 350°C. The resistance of the material decreases obviously with
respect to the baseline in each NHj pulse. This experimental result agrees with the model
developed by Moseley et al., ' which predicted the reduction of resistance of an n-type
semiconductor (such as WOs) in presence of reductive gases (such as NHj here).

A detailed analysis of the sensing data (see Figure 2.19) indicated that the response
time of our WO; nanofiber-based sensor is less than 20s. This response time toward NHj3
is much faster than those reported before for the tungsten trioxide prepared by other
methods "> '® %% This can be attributed to several factors. One is the porosity of the
sample surface and large surface-to-volume ratio of the sample, which provide good
accessibility of the gases to the sensing layers. This makes the adsorption of ammonia
much easier. Another reason is the high purity of the material processed by sol-gel
chemistry. Additionally, the strictly-controlled heat treatment secured the existence of
pure orthorhombic phase as the only sensing material. If the sensor signal (S) is defined
as the ratio S= R,/R,, where R, is the resistance in air and R, is the resistance in gas, the

sensor signals as a function of the NHj3 concentration was plotted in Figure 2.20 (A).

These data can be approximated by a equation in the form of S =1+aC NH3b , where a and

b are variables that can be fitted to a= (0.082+0.015) and b=(0.78+0.03). This result
matches the sensor response law developed by Gurlo et al. *®, which gives the correlation
between the sensor response (S) and the local gas concentration (Cgs).

The sensor response of the sample toward 100ppm NH; has been measured at
different operating temperatures (Figure 2.20 (B)). The operating temperatures are below
500°C to avoid possible phase transformations at higher temperatures. The sensor signals

for our WO; nanofiber network are not strongly temperature dependent for the
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temperature range under measurement, although the intensity of the signals has the
tendency to decrease as temperature increases. However, a decreased operating
temperature used to result in a longer response and recovery time in our measurement.
This phenomenon has been explained as the slowing down of the kinetics of the
gas-surface reaction at lower temperature >°. The optimum operating temperature has to

be determined for different application requirement.

2.4 Conclusions

Tungsten oxide ceramic nanofibers were successfully prepared using electrospinning
and sol-gel chemistry with controllable diameters of around 100nm. The effects on the
fiber configuration from system parameters and processing parameters have been studied
in detail. The dependence of electrospun fibers’ diameter sizes on the system and process
parameters is pretty complicated. In general, higher applied voltage, higher feeding rate
of the solution from the tip and higher concentration of polymer template can lead to
larger fiber diameters. The uniformity of the fiber size distribution and the minimum
diameter that fibers can be reached, are all dependent on specific cases and the intrinsic
properties of the polymers themselves.

The continuous 1D nanofibrous tungsten oxides can be obtained after careful
calcination of the composite fibers containing the W(iPr)s concentration above 25%. The
morphology and structure of ceramic tungsten oxide nanofibers during calcination were
strongly affected by temperature. A kinetic study based on in situ XRD showed that three
typical phases, tetragonal phase (I), orthorhombic phase, and tetragonal phase (II) existed

at 348, 375, and 525°C respectively. Such insights are essential for optimizing the heat
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treatment temperatures to achieve specific tungsten oxide phases. It is also useful for
selecting proper operating temperature for sensing test of the tungsten oxide polymorphs.
The orthorhombic phase WO3; nanofibers demonstrated a high sensitivity to ammonia
with a wide range of concentrations, suggesting potential applications of the nanofibers
as a sensor material in homeland security, environmental protection, and health care field.
Optimum sensor performance can be expected for these WO3 nanofiber networks by

optimizing the fabrication process and selecting proper operating temperatures.
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TABLES:

Table 2.1. Processing parameters for the PVAc/WO; composite fibers in Figure 2.6.

15 kv 10 kv 12 kv
S5ul/min (A) (B) (G)
10ul/min © (D)
20ul/min (E) (F)

Table 2.2. Summary of the phases and their corresponding existing temperatures (RT:
room temperature).

Phase Temperature ~ JCPDS a(A) b (A) cA)y a® BO) O
Amorphous RT - - - - - - -
Tetragonal(l) 348°C #89-1287 7.3900 7.3900 3.8800 90 90 90
Orthorhombic 375°C #89-4479  7.3612  7.5739  7.7620 90 90 90
Tetragonal(II) 525°C #89-4482 52806 52806 7.8496 90 90 90
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FIGURES:
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Figure 2.1. Temperature profile for the calcination process.
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Figure 2.2. Geometries of couple scan for bulk analysis (A) and grazing incidence
scan for thin film analysis (B).
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Figure 2.3. A) Heating cell design for in situ XRD; B) Schematic of the cell; C) In situ
XRD set-up.
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Figure 2.4. Schematic of the in siru XRD setup.
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Figure 2.5. Schematic diagram of the experimental setup of the sensing system.
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Figure 2.6. SEM images of the as-prepared PVAc/W(iPr)s composite fibers.
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Figure 2.7. Dependence of average fiber diameter on the feeding rates.
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Figure 2.8. Dependence of average fiber diameters on the applied voltages of the
solution.
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Figure 2.9. (A)C)E)G): SEM images of the PVAc/WO; composite
nanofibers with various W(iPr)s volume percentages of 20%, 25%, 30%, and
35%; and (B)(D)(F)(H): their corresponding products after calcination.
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Figure 2.10. (A) SEM image of PVAc/WO; composite fibers of sample with 25%
W(iPr)s; (B) SEM image of the same sample after it had been calcined in air at 500°C for
3 hours; (C)(D) Size distributions of the nanofibers before and after calcination.
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Figure 2.11. TEM images of the sample with 25% W(iPr)s before (A) and after (B)
calcinations, inset in (B) is the SAED of the polycrystalline tungsten oxide nanofiber;
(C) EDAX of the sample after calcination, showing it is pure tungsten oxide.
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Figure 2.12. Grazing incidence XRD of the WO3 nanofibers.

Figure 2.13. WO; ceramic nanofibers deposited on Al,O; substrate.

59



Figure 2.14. WO; ceramic fibers obtained after extended deposition time:
(A) x20K (B) x100K.
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Figure 2.15. Edge area of the mats composed of WO; ceramic fibers:
(A) x15K (B) x50K.
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Figure 2.16. In situ x-ray diffraction of PVAc/WO; nano-composite at different

temperatures: (A) an overview of the continuous phase changes; (B) index of
representative diffraction peaks from (A).
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Figure 2.16. (Continued) In situ x-ray diffraction of PVAc/WO3 nano-composite at
different temperatures: (A) an overview of the continuous phase changes; (B) index of
representative diffraction peaks from (A).
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CHAPTER 3

Synthesis of Molybdenum Oxide Nanoplatelets and Nanobelts

from the Hybrid Nanocomposites

3.1 Introduction

Nanostructured metal oxides with reduced dimensionality (nanotubes'?, nanowires™
* nanorods™® and nanobelts”*) and their applications have been attracting considerable
attention. Characterized by their high aspect ratio, nearly perfect crystallinity, structural
anisotropy, and small tip radii of curvature, nano-structured oxides are expected to have

7, 9-11
77", Therefore,

remarkable optical, electrical, magnetic and ionic transport properties
fabrication of crystalline metal oxides with lowered dimensionality can often lead to
innovative properties and applications. However, it is still a challenge to explore new
approaches to tailor the dimensionality and geometry of the oxides with high crystallinity
and purity.

As a wide band gap n-type semiconductor, molybdenum oxide (MoQO3) is one of the

2

most intriguing transition metal oxides'’. It has been widely used in industry as

13, 14 15 16 P
7, gas sensors ~, and catalysts . In addition, it

photochromic, electrochromic devices
has been found to be a good precursor for the synthesis of many other important
compounds such as MoS2'"'®, MoSe'® and Mo®. Of the same interest is the peculiar
layered structure of a-MoOj3 > ?, the most common form of crystalline molybdenum
oxides, which offers rich intercalation chemistry. Efforts have been devoted to the

preparation of ordered hierarchical arrangement of organic-inorganic composites with

layered a-MoO; as the host material *>*°. Conversion of crystalline MoOs powder to
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nanofibers and nanobelts by the hydrothermal method and subsequent thermal treatment
have also been realized *°. To our best knowledge, there is still no report on the
morphological organization of molybdenum oxide synthesized directly from its
amorphous state with a high purity.

Sol-gel chemistry is widely used to synthesize a variety of nanostructured oxides
based on the polymerization of molecular precursors via wet chemical methods 7 The
hydrolysis reaction of appropriate alkoxides often results in the formation of oxides with
amorphous or metastable phases, which are not produced by other synthesis routes. In
addition, the mild chemical conditions allowed by sol-gel process provide a versatile
access to form hybrid organic-inorganic nanocomposites. The degree of interpenetration
of the organic and inorganic components can be adjusted from the sub micro range down
to the nanometer scale **.

Herein, we report on a simple method that has successfully realized the
shape-controlled growth of crystalline molybdenum oxide. Large scale a-MoO;
nanoplatelets have been yielded without the use of any catalyst. This method exploits the
combination of surfactant/inorganic self-assembly process and host/guest intercalation
chemistry to obtain anisotropic crystallization of the molybdenum oxide directly from its
amorphous gel. A model has been proposed to explain the formation mechanism of the
2D MoOs nanoplatelets. This method is effective, easily controllable and may be applied

widely for the production of other 2-D nanostructures.
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3.2 Experimental

The molybdenum oxide gel was made by using molybdenum isopropoxide
(Mo(OC3H7)s, Chemat) as precursor, which was dissolved into 1-butanol to form 0.2M
solution. After mechanically agitating for 5 min, the solution was ultrasonicated for 2 hrs,
and then aged in a closed container for 24 hrs. A clear blue gel was obtained after aging.
The typical blue color indicated the coexistence of different Mo oxidation states, whose
relative amount and evolution at elevated temperatures depend on the material typology
% On the other hand, poly(ethylene oxide) (PEO, Mw = 400,000, Aldrich) was dissolved
in ethanol by continuously stirring at 50°C to form a viscous solution with a
concentration of 0.05g/ml. This solution was mixed with the molybdenum oxide sol in
the volume ratio of 1:1. Nanocomposite film was formed on Si substrate by dip-coating
method. The film was left in air for 3 days. The same dip-coating process was repeated 3
times. A fully hydrolyzed film was obtained. Then the composite film was calcined up to
500°C at a heating rate of 2°C/min, in order to obtain crystallized molybdenum oxide and
remove the polymer.

The same procedure has been employed to produce PVP/ Mo(iPr)s nanocomposites
in order to confirm the effects from different polymer surfactants. In this experiment, we
used Poly(vinyl pyrrolidone) (PVP, Mw = 1300000, Aldrich). The relative ratio of
different components was adjusted to be 0.15mmol PVP + Iml ethanol + 0.5ml Mo(iPr)s
gel. The composite solution was made ready for dip-coating as well as electrospinning.

Solutions prepared above have all been used for electrospinning. A voltage of 10kV
was used. And the collecting distance was decided to be 11cm. Flow rate of the solution

was varied from 10 to 50ul/min, in order to study its effect on the fiber’s configuration.
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Al foils were used as collectors. The as-spun sample experienced a calcination process at
the rate of 2°C/min till 500°C. Then the sample was held at 500°C for 3 hours, followed
by cooling down in air to room temperature. By calcining the nanocomposites with
confined dimensionalities, we are trying to control the consequent growth of
molybdenum oxide nanostructures.

Netzsch Simultaneous Thermal Analyzer has been used for DSC and TG analysis to
study the heating process. The sample morphologies were characterized using a field
emission scanning electron microscope (FESEM) (LEO 1550) with an accelerating
voltage of 15 kV. The elements composing the nanofibers were analyzed using Energy
Dispersive X-ray Spectroscopy (EDX). High resolution Transmission Electron
Microscopy (HRTEM) images of the MoOs nanoplatelet were taken with JEOL JEM
3000F with an accelerating voltage of 300kV. The x-ray diffraction measurements were
conducted at Beamline XI8A of National Synchrotron Light Source (NSLS) at
Brookhaven National Lab. The in situ x-ray diffraction data were recorded using a
position sensitive detector (PSD) while heating the sample within the x-ray beam from
25°C to 525°C. This in situ synchrotron XRD set-up has been described in detail in

Chapter 2.
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3.3 Results and Discussion

3.3.1 Morphology of the molybdenum oxide nanostructure

FESEM images showed that as-prepared products after calcination were mainly
composed of nanoplatelets with regular shape, as illustrated in Figure 3.1(A) and (B).
Most nanoplatelets have nearly rectangular shape about 1-2 um across. The thicknesses
of the nanoplatelets range from tens of nanometers to around 100 nanometers. The energy
dispersive spectrum for samples deposited on a Si wafer confirmed that the nanoplatelets
consisted only of oxygen and molybdenum (see Figure 3.1(C)). The x-ray diffraction
pattern of this sample provided clear evidence of the crystalline structure (see Figure
3.1(D)). The diffraction peaks could be readily indexed to the orthorhombic phase of
MoOs (Pbnm, JCPDS# 05-0508) with the lattice parameters: a= 3.962 A, b= 13.858 A,
c= 3.697 A. For a sample deposited on Si wafer, much stronger diffraction intensities
have been found from the (0kO) peaks, suggesting the anisotropic growth of the
nanoplatelets. The preferential orientation in the [010] direction is due to their planar
geometry.

Figure 3.2 (A) presents a typical TEM image for a single MoOj; nanoplatelet. The
nanoplatelet showed a uniform contrast, which is a general feature of all individual
nanoplatelets. The selected area electron diffraction (SAED) pattern of the sample was
recorded perpendicular to the planar facet (see Figure 3.2(B) inset). The pattern agreed
well with the [010] zone axis diffraction of the orthorhombic MoQOs, as reported in the
literatures '"*°. We employed SAED on different parts of the sample. The same SAED
patterns were observed, implying that the nanoplatelet is single crystalline. High

resolution TEM images of the sample showed two sets of parallel fringes with a spacing
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of 1.98 A and 1.85 A, corresponding to (200) and (002) planes respectively (see Figure
3.2 (B)). HRTEM indicated a high degree of crystallinity of the sample, while there was

still some disorder, which might be induced by the existence of oxygen vacancies.

3.3.2 Dynamic structure transformation study by in situ XRD

In order to understand the dynamic structure transformation of the MoO;
nanoplatelets from its nanocomposites, in situ XRD was carried out by using synchrotron
x-ray as the incidence beam. A continuous phase transformation has been observed.
Typical diffraction patterns at specific temperatures have been shown in Figure 3.3. The
XRD pattern of the nanocomposites was recorded at 25°C. Two broad peaks near 19° and
23° came from characteristic diffraction of semi-crystalline PEO. As temperature
increased above the glass transition temperature of PEO (65°C), no diffraction peak was
observed, implying an amorphous characteristic of the hydrolysis product from the
sol-gel precursor. Three broad peaks occurred at 270°C. They could be indexed to
monoclinic MoO, (P21/c, JCPDS# 78-1072). According to the FWHM of the peaks,
the crystalline size was calculated to be around 10nm. An obvious phase transformation
from monoclinic MoO, to orthorhombic MoO; started from 300°C. A mixture of two
phases was found from the in situ XRD pattern. Some weak peaks which could not be
indexed were believed to be from the intermediate compounds during the transition. A
pure orthorhombic phase was obtained at 430°C. This phase was stable up to 500°C,
indexed to the same a-MoQOj; structure (Pbnm, JCPDS#05-0508) as in Figure 3.1(D).
Preferential diffraction disappeared in the in situ XRD pattern due to the different

geometry of the sample while collecting the diffraction data.
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3.3.3 Thermal analysis by DSC/TG

Thermal analysis of the nanocomposites also provided useful information to
understand the kinetic structure evolution process. In Figure 3.4, the differential scanning
calorimetry (DSC) curve showed two decomposition peaks at 290°C and 460°C
respectively, corresponding to two significant mass losses, which are significant
indications of the polymer decomposition. The two-step decomposition of PEO is in
agreement with the results of Nazar®, who explained that the two processes might
correspond to aerobic oxidation and oxidation by MoOj lattice oxygen. In another word,
PEO, intercalated between two layered MoO; crystallite, may have a higher
decomposition temperature, which resulted in the second strong exothermal peak at

460°C.

3.3.4 Proposed growth mechanism of MoO3; nanoplatelets

Based on the in situ XRD results and thermal analysis of the nanocomposites, a
model has been proposed to explain the formation mechanism of the crystalline MoO;
nanoplatelets. It is well known that a-MoOs has vertex-sharing chains of distorted MoOg
octahedron, which share edges with other similar chains to form layers (see Figure
3.5(A)). These two-dimensional sheets are weakly held together by van der Waals forces,
so they can be readily propped open by intercalation species. Crystal growth in the [010]
direction is more like the assembling of the layer structure. We suggest that the
crystallization of molybdenum oxide from its polymer nanocomposites started from the
formation of tiny MoO, crystallites, which were distributed uniformly among the

polymer chains. As T increased above 300°C, MoQO, transformed to MoO;
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layer-structured crystallites immediately, which were still surrounded by polymer chains.
The in-plane crystal growth of MoOs involved the formation of Mo-O bonds with a large
energy release during this process. Meanwhile, inter-plane region was intercalated
effectively by the polymer surfactant. Since crystal growth in the inter-plane direction has
to overcome the intercalation effect of the polymer, it is not energetically preferred. At
500°C, PEO decomposed completely, and crystalline orthorhombic MoOj; formed with an

anisotropic geometry. The schematic of this process is shown in Figure 3.5(B).

3.3.5 Effective factors for the morphology controlled growth

Several factors can be expected to affect the growth of the MoOs nanoplatlets from
the hybrid nanocomposites, such as the sol-gel concentration, heating rate and
temperature, which can affect the sintered products from sol-gel process. Other factors,
such as type and concentration of the polymer, may also be the effective in the
calcination process. In this research, we are more interested in the effect from the
polymer surfactants, which is a key factor for the generalization of our proposed
anisotropic growth mechanism.

With samples prepared in the same procedure, we have demonstrated that other
polymer surfactants, such as poly(vinyl pyrrolidone) (PVP), can play the same role as
PEO. As shown in Figure 3.6, similar MoOs nanoplatelets have been produced without
changing any other conditions. The only difference is that the crystalline size of each
nanoplatelet is larger. This may be the results of a more ordered interaction between the
different polymer chains and the molybdenum oxide sol-gel. XRD of the nanoplatelets

deposited on Si wafer was indexed to the same orthorhombic phase (Pbnm, JCPDS#

74



05-0508). It also showed strong preferential diffraction from the (0 k 0) peaks (see Figure

3.7).

3.3.6 Electrospinning PEO/Mo(iPr)s nanocomposite fibers

SEM images of the as-electrospun samples are shown in Figure 3.8. It can be seen
that submicron composite fibers can be obtained. Fiber diameters range from 300 nm up
to 600 nm. Fibers are not uniform along the longitude direction. The small speckles are
proposed to be the hydrolysis product of the sol-gel precursor. They distribute
non-uniformly in the polymer template of fibers. The dependence of fiber diameters on
the flow rates at constant working voltage for molybdenum oxide-PEO composite fibers
has been plotted in Figure 3.9. It can be concluded that a faster feeding rate often results
in thicker fibers. But during the experiment, when the flow rate is too high or too low, the
jets became unstable. Fibers with non-uniform diameters will be produced (for example,
see Figure 3.8 (A) for the SEM image of fibers obtained at 10pl/min).

The nanocomposite fibers experienced the calcination process described in the
experimental session. No continuous ceramic fibers have ever been obtained like the pure
tungsten oxide ceramic nanofibers as we see in Chapter 2. Instead, we observed closely
connected short fibers, or more accurately, nanobelts with the diameters of a few hundred
nanometers and an average length of about several microns have formed. Notably, all
these individual crystallites look like single crystals without any grain boundaries, as
presented in Figure 3.10. Crystallinity and structure of the nanobelts have been
determined by TEM and XRD respectively, as demonstrated in Figure 3.11. It is easy to

find that the as-prepared MoOj; nanobelts have the same preferential growth orientation
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as the MoOs nanoplatelets, which we made directly from the nanocomposites. Nothing
else changes except the elongated shape of the nanobelts. Based on the model we
proposed in section 3.3.4, and with the characteristics of electrospun fibers in mind, we
proposed the formation mechanism of the MoOs nanobelts from the Polymer/Mo(iPr)s
nanocomposite fibers, as shown in Figure 3.12. The basic idea for this synthesis
mechanism is the combination of the confinement effects of the polymer templates and
the preferred crystallization process of layered MoO; from its sol-gel/polymer
nanocomposites. The result from this combined effect is the directed growth of the MoOs
nanoplatelets along the direction of the polymer nanofiber templates. Lateral growth of
the nanobelts is confined by the diameters of the composite nanofibers. In terms of the
distribution of MoO; precursors inside the polymer nanofibers, the length of MoOs

nanobelts varies.
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3.4 Conclusions

In summary, we have successfully synthesized MoO; nanoplatelets from the
molybdenum oxide sol-gel and polymer hybrid nanocomposites. All the nanoplatelets
showed a lowered dimensionality in the [010] direction. Detailed TEM analysis revealed
that the nanoplatelets were single crystal of flat face with good crystallinity. In situ XRD
illustrated the dynamic structural formation of the orthorhombic MoO; nanoplatelets. The
function of polymer as the surfactant and intercalation material during the crystallization
of the layer structure of MoOj has been discussed, interpreting the preferential growth of
the nanoplatelets from the nanocomposites. Combining electrospinning process with this
anisotropic growth of MoOj; layered structure from its nanocomposites, we successfully
realized the templated growth of these nanoplatelets, which produced MoOj; nanobelts
due to the confinement effect of the polymer nanofibers. This method may also be
applied to the growth of low dimensional structures of other materials with layered

structure.
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Figure 3.1. SEM images of the MoOj3 nanoplatelets under magnifications of (A)30K and
(B)80K; and (C) EDS pattern of the nanoplatelets (Si peak originated from the substrate),
(D) XRD of the nanoplatelets sample on Si.
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Figure 3.2. (A) TEM image of a single MoOs nanoplatelet; (B) High resolution TEM
image of the nanoplatelet and the corresponding selected area diffraction pattern
(inset).
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Figure 3.3. Representative in situ XRD patterns showing the dynamic structure
evolution of the nanoplatelets from the hybrid nanocomposites.
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Figure 3.4. DSC/TG analysis of the molybdenum oxide sol-gel and PEO
nanocomposites.
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Growth of the MoOs crystallites in the
[010] direction was hindered by PEO

Figure 3.5. (A) Layered structure of a-MoOs; and (B) proposed crystallization process
for the formation of MoOj3 nanoplatelets.
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Figure 3.6. SEM images of the MoO; nanoplatelets synthesized with PVP as
surfactant. Magnifications are (A)x40K and (B)*20K respectively.
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Figure 3.7. XRD of the MoO; nanoplatelets sample on Si, showing strong diffraction
from (0kO) peaks.
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Figure 3.8. SEM images of the as-prepared PEO/molybdenum oxide composite fibers
obtained at 10 kV and different flow rates.
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Figure 3.9. The dependence of fiber diameters on the flow rates at constant
working voltage for PEO/molybdenum oxide composite fibers.
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Figure 3.10. SEM images of PEO/Mo(iPr)s composite nanofiber before calcination (A,
C) and after calcinations (B, D), as well as corresponding EDS spectrum after of the
nanofibers before (E) and after (F) calcination.
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Figure 3.11. (A) TEM image of a single MoO; nanobelt; (B) XRD of the MoO; nanobelt
after calcination, showing strong diffraction from (0k0) peaks.
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Step 1. Formation of MoO;
crystallites at low temperatures;

Step 2. Formation of big MoOs3
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orientation and wunder the
confinement effect from the
template of polymer nanofiber;

Step 3. Formation of MoO;
nanobelts after the removal of
polymer template.

Figure 3.12. Proposed mechanism for the confined growth of MoO3 nanobelts.

92



CHAPTER 4

Electrospinning Polymer/MWNT Composite Nanofibers

4.1 Introduction

4.1.1 Structure and properties of carbon nanotubes

Since their discovery in 1991 by lijima and coworkers', carbon nanotubes (CNTSs)
have been investigated intensively by many researchers all over the world. CNTs can be
seen as the nearly one-dimensional form of fullerenes. A major feature of the structure of
carbon nanotube is the periodically repeated hexagon patterns (honeycomb) forming a
graphene sheet. The periodicity arrangement of the hexagons causes each atom to bond to
three neighboring atoms, a process of sp2 hybridization. The strong in-plane covalent
bonds (c-bonds) give CNTs impressive mechanical properties. On the other hand,
because of the extreme smallness, CNT structures contain very low defect density or are
almost defect free, a major contributing factor to extraordinary properties. The measured
specific tensile strength of CNT can be as high as 100 times that of steel, and the
graphene sheet is the same stiff as diamond at low strain. It has been reported that the
Young’s modulus of a single wall carbon nanotube (SWNT) is 1 - 1.2 TPa *”, tensile
strength of around 37 GPa at a failure strain of around 6% >®°.

Depending on the rolling direction of the graphene sheet, single-walled carbon
nanotubes (SWNT) of different chirality can be formed. There are three different
chiralities: armchair, zigzag, and chiral, as shown in Figure 4.1.

A conventional way of identifying the types of SWNT is by reference to rolling of

the graphene sheet. The key geometric parameters associated with the roll-up vector r,
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can be expressed as the linear combination of the lattice basis (a and b), following the

notation in references % !!

and Figure 4.2:
r=na+ mb

Depending on their chiral vector, carbon nanotubes with small diameters are either
semi-conducting or metallic. The differences in conducting properties are caused by the
molecular structure that results in a different band structure and thus a different band gap.

Armchair nanotubes are classified at metallic, while zigzag and chiral nanotubes are
classified as semiconductor. Electronic transport in metallic SWNT occurs ballistically
over the length of the tube due to the one-dimensional electronic structure that prevent
scattering thus allowing SWNT the capability to carry high currents without heat

2,12,13

generation . The Young’s modulus of SWNT shows small dependence on the tube

diameter and chirality > '*"°,

Based on the definition of SWNT, multi-walled nanotubes (MWNT) can be
considered as a collection of concentric SWNTs with different diameters. The length and
diameter of these structures differ a lot from those of SWNTs and, of course, their
properties are also very different.

As mentioned before, carbon nanotubes have superior mechanical properties due to
their small sizes and very low defect density. However, a range of tensile modulus (0.4 —
5 TPa) and tensile strength (37 — 200 GPa) of SWNT has been reported over the years.
The large variation in the values arising from the different methods of calculation and
assumption, primarily due to the assumed thickness of the nanotube wall which lead to a

large variation in cross sectional area and thus the modulus and strength. A comparison

of Young’s modulus of CNTs estimated by various groups of researchers is provided in
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Table 4.1. The most impressive feature of SWNTs is the density-normalized tensile
modulus and strength, around 19 and 56 times that of steel wire, and 2.4 and 1.7 times
that of silicon carbide rods respectively > '°. These mechanical properties motivate further
study of lightweight and high strength materials such as SWNT reinforced polymer.
Besides the fantastic mechanical properties, CNTs also have other attractive features,
such as their electronic, optical and chemical characteristics, which open a way to future
applications. Fundamental and practical nanotube researches have shown possible
applications in the fields of energy storage, molecular electronics, nanomechanical
devices, and composite materials.
- Electrical conductivity. Depending on their chiral vector, carbon nanotubes with a
small diameter are either semi-conducting or metallic. The differences in conducting
properties are caused by the molecular structure that results in a different band structure
and thus a different band gap. The differences in conductivity can easily be derived from
the graphene sheet properties '’. It was shown that a (n,m) nanotube is metallic as
accounts that: n=m or (n-m) = 3i, where i is an integer and n and m are defining the
nanotube. The resistance to conduction is determined by quantum mechanical aspects and
was proved to be independent of the nanotube length '®. General information on electron
conductivity is referred to a review by Ajayan and Ebbesen "°.
- Optical activity. Theoretical studies have revealed that the optical activity of chiral
nanotubes disappears if the nanotubes become larger *°.Therefore, it is expected that
other physical properties are influenced by these parameters too. Use of the optical
activity might result in optical devices in which CNTs play an important role.

- Chemical reactivity.” Compared with a graphene sheet, the chemical reactivity of a
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CNT is enhanced as a direct result of the curvature of the CNTs’ surface. Carbon
nanotube reactivity is directly related to the pi-orbital mismatch caused by an increased
curvature. Therefore, a distinction must be made between the sidewall and the end caps
of a nanotube. For the same reason, a smaller nanotube diameter results in increased
reactivity. Covalent chemical modification of either sidewalls or end caps has shown to
be possible. For example, the solubility of CNTs in different solvents can be controlled
this way. Direct investigation of chemical modifications on nanotube behavior is difficult

as the raw nanotube samples are still not pure enough.

4.1.2 Dispersion and functionalization of CNTs

It is essential to have a good dispersion and orientation of the CNTs in order to
combine their properties with other materials and optimize the properties of the final
product, especially in the nanocomposite application. Pure CNTs have smooth and
uniform surfaces along the axis. So they have high affinity to attract each other and form
aggregates, packed ropes, or entangle into networks due to strong van der Waals
attraction in between them. Another important reason for the poor dispersion of
as-produced CNTs is due to the existence of large amount of impurities, such as graphite
sheets, amorphous carbon, metal catalyst and the smaller fullerenes. These impurities will
also interfere with the desired properties of the CNTs and impair maximum translation of
their properties to the meso- and macro structural levels. Therefore, it is essential to
purify and functionalize CNTs in order to obtain good dispersion of CNTs with high
purity. Common methods used to purify the CNTs include oxidation, acid treatment,

annealing, ultrasonication and etc.
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Oxidative treatment of the CNTs is a good way to remove carbonaceous impurities

22-26 24,25,27-30

or to clear the metal surface . These impurities have relatively more defects
or a more open structure so that the damage to CNTs is less than the damage to the
impurities. The efficiency and the yield of the procedure are highly dependent on a lot of
factors, such as metal content, oxidation time, environment, oxidizing agent and
temperature.

In general the acid treatment will remove the metal catalyst. First of all, the surface
of the metal must be exposed by oxidation or sonication. The metal catalyst is then
exposed to acid and solvated. The CNTs remain in suspended form. When using a
treatment in HNO3, the acid only has an effect on the metal catalyst*>**. The mild acid
treatment (4 M HCI reflux) is basically the same as the HNOj; reflux, but here the metal
has to be totally exposed to the acid to dissolve it.

After the purification process, ultrasonication technique has to be used to obtain
individually dispersed nanotubes instead of bundles, by which particles are separated due
to ultrasonic vibrations. Agglomerates of different nanoparticles will be forced to vibrate
and will become more dispersed. The separation of the particles depends on the surfactant,
solvent and reagent used. The solvent influences the stability of the dispersed tubes in the
system.

Recently, further functionalization of the nanotubes has been introduced in order to
increase the solubility of them in specific solvents. Common methods include CNT
oxidation and introduction of carboxyl-based couplings, electrochemical modification of
nanotubes and photochemical functionalization of nanotubes. These methods have been

- 31-34
elaborated upon in several papers .
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4.1.3 Carbon nanotube reinforced polymer composites

Based on their properties, one of the most important applications of carbon
nanotubes will be working as reinforcements in composite materials. Because of the
stiffness of carbon nanotubes, they are ideal building blocks for structural applications.
For example, they may be used as reinforcements in high strength, low weight, and high
performance composites. Theoretically, SWNTs could have a Young’s Modulus of 1 TPa.
MWNTs are weaker because the individual cylinders slide with respect to each other. A
main advantage of using nanotubes for structural polymer composites is that nanotube
reinforcements will increase the toughness of the composites by absorbing energy during
their highly flexible elastic behaviors. Other advantages are the low density of the
nanotubes, an increased electrical conduction and better performance during compressive
load. Nanotubes also sustain large strains in tension without showing signs of fracture. In
other directions, nanotubes are highly flexible '°. And the main problem remained is to
create a good interface between nanotubes and the polymer matrix, as nanotubes are very
smooth and have a small diameter, which is nearly the same as that of a polymer chain.

Another possibility, which is an example of a non-structural application, is filling of
photoactive polymers with nanotubes. PPV (Poly-p-phenylenevinylene) filled with
MWNTs and SWNTs is a composite, which has been used for several experiments. These
composites show a large increase in conductivity with only a little loss in
photoluminescence and electro-luminescence yields. And the composite is more robust
than the pure polymer.

Polymer/carbon nanotube composites could also be used in other areas. For instance,

they could be used as low-cost conducting materials. As reported by Sandler et al ** the
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electrical percolation threshold occurs at 0.0025 wt. % CNT and at 1 wt. % CNT the
composite exhibits a conductivity of 2 S/m. Sreekumar et al *° also reported noticeable
increase in electrical conductivity of specially prepared high content SWNT/oleum films.
The conductivity was an order magnitude lower than individual SWNT but much higher
than that of the SWNT bucky paper (a nonwoven mesh of SWNT). Liu et al >’ studied the
supercapacitor properties of SWNT/PAN and SWNT/activated carbon films. The results
indicated that the SWNT activated carbon film exhibited a non-linear discharging
behavior and the power and energy densities were significantly higher. Kymakis et al **
found that the optical and dielectric properties of SWNT/poly(3-octylthiophenes)
composite film can be specifically designed by controlling the volume fraction of SWNT

in the composite.

4.1.4 Carbon nanotubes reinforced polymer composite fibers by electrospinning
Aside from CNT reinforced polymer bulk composites, another area of high interest is
polymer/CNT composite fibers. It had been proved by Griffith that strength of the fiber
increases as fiber diameter decreases *°. This trend has been utilized in commercial
carbon fibers and has illustrated tremendous improvement in mechanical properties. It is
hypothesized that if the fiber diameter is further decreased to the nanoscale levels, and
also if the fiber is reinforced with CNTs, then the properties might increase further. Due
to the extreme fineness of the CNT, which imposes tremendous difficulty in handling and
processing of the material, the use of a carrier media or polymer matrix to assemble them
into continuous fibers is necessary. This would enable them to be integrated into higher

order structures, thus bridging the dimensional and properties gap between the nanoscale
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and macroscopic structures.

Utilizing polymer as a carrier media to assemble the CNTs into continuous filament
allows well-controlled alignment and tailored distribution of the CNTs within an external
structure. Tailoring the multiple outstanding properties of CNTs with appropriate
polymer matrix systems in filament or fine fiber forms enabled them to be integrated into
textile structures for advanced composite applications. Electrospinning provides a
relatively simple and versatile method to produce polymer and its composite nanofibers.
In conventional fiber spinning, alignment of the reinforcement (CNT) is mainly achieved
by the flow of the polymer solution/melt and by post treatment such as mechanical
drawing or stretching. The unique feature in electrospinning is that alignment of the CNT
is induced by three factors: the flow of the polymer solution, the presence of electrostatic

“ Flow induced alignment can be

charge, and nanometer diameter confinement
visualized as a “logs in the river” analogy as shown in Figure 4.3 where the SWNT tends
to orient in the direction of flow along the fiber. The presence of electrostatic charge
further orients the CNT along the fiber due to the stretching of the polymer jet. Stretching
of the polymer jet also induces molecular orientation. Lastly, diameter confinement is
introduced due to the fact that the produced fibers are in the nanometer diameter and the
SWNTs are ~1 - 2 pm in length. Normally, the SWNTs appear in bundles of relatively
longer length. Therefore, orientation of the SWNT ropes along the fiber direction is
confined by the diameter of the nanofibers.

By electrospinning polyethylene oxide (PEO) solution containing a low

concentration of MWNT, Dror et al. successfully prepared PEO/CNT composite fibers *'.

Ko’s group ** and Haddon’s group ** have also reported the preparation of single-walled
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carbon nanotubes filled polymer nanofibers respectively **. These nanofibers were highly
reinforced due to the addition of CNTs. More recently, Hou and Ge et al. have prepared
oriented polyacrylonitrile (PAN)/CNT nanofibers with high concentrations of
well-aligned CNTs *"**. However, all of these earlier attempts paid much attention only
to the significantly increased mechanic properties of the composite nanofibers. A detailed
study of electrical properties of these highly ordered composite nanofibers have not be
addressed. Remarkable electrical properties of these carbon nanotubes filled composite
nanofibers are becoming more interesting for future applications in nanoelectronics and
sensing device design.

In this chapter, an oxidation method was used to introduce carboxylic acid (-COOH)
functional group to the as-purchased MWNTs. Conducting poly(vinyl acetate) (PVAc)
nanofibers filled with functionalized MWNTs and as-purchased raw MWNTs were
fabricated by electrospinning. The relationship between the electrospinning parameters
and the composite nanofiber morphologies has been investigated. Alignment of the
composite nanofibers has been achieved by using a rotating drum as the collector. An
AFM-based three-point-bending method was developed to study the mechanical
properties of individual composite nanofibers with various concentrations of -MWNTs.
Electrical properties of a single composite fiber have been investigated at room

temperature as well as cryogenic states.
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4.2 Experimental

4.2.1 Materials

Unbundled MWNTs were obtained from Ahwahnee Technology Inc. Poly(vinyl
acetate) (PVAc, Mw=500,000) was purchased from Sigma-Aldrich. N,
N’-dimethylformamide (DMF) (certified A.C.S., Fisher Scientific Inc.), a good solvent

for both PVAc and MWNTs, was utilized to prepare the electrospinning solution.

4.2.2 Functionalization of MWNT

MWNT were acquired from Ahwahnee Technology Inc. Two types of MWNT were
used: (1) MWNT purchased directly from the company without further purification; (2)
MWNT treated by reflux in 6 M HNOs for 12 h followed by filtration and a wash with

deionized water. The oxidization method has been introduced in some references > 3%

. The specific procedure has been developed by Dr. Samuilov and Koo in the
Department of Materials Science and Engineering of Stony Brook University, referring to
the procedures in the references. It has been described as following:
a. 500 mg of MWNT were dispersed in 50 ml of acid mixture;
(3:1 = HySO4(98wt%):HNOs3, volume ratio)
b. The mixture was ultra-sonicated for 3 hours in a water bath,;
c. The solution was stirred for 5 hours at 55°C;
d. The temperature was decreased to 35°C and kept it stirred for 43 hours;
e. The mixture was filtered by using 0.1 micron PVDF filter;

f. The filtered oxidized MWNT was extensively washed with deionized water until pH

became neutral;
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g. The powder was dried in the oven for 1 day (~ 90°C).

4.2.3 Preparation of the PVAC/MWNT composite solutions

The electrospinning set-up is shown in Figure 4.4. A syringe was attached to a pump
(KDS200, KD Scientific Inc.) which provided a steady solution flow rate of 20ul /min
during electrospinning. A high voltage power supply (Gamma High Voltage Research,
0-30 kV) was employed to generate a high potential of 11kV to a 25 gauge blunt end
syringe needle (I.D. 0.26mm, Popper & Sons Inc.). The electrospun nanofibers were
collected onto a piece of static aluminum foil as well as high-speed rotating drum, which
was intended to align the as-spun composite fibers.

In this experiment, PVAc was selected as the polymer template for making composite
nanofibers because it has proved to be able to form uniform ultrathin fibers (tens of to
hundreds of nanometers in diameter) from its DMF solution, while DMF is also a good
solvent for suspending MWNTs. Pure PVAc nanofibers were first prepared by
electrospinning for comparison. The most stable electrospun jet and uniform PVAc fibers
were obtained when the PVAc concentration was 0.18g/ml in DMF. Therefore, in all of
the subsequent experiments, PVAc concentrations were fixed at 0.18g/ml. The procedure
for preparing the PVAc-MWNT composite solutions was described as following: (1) a
certain amount of MWNT was suspended in DMF solvent and stored in a sonicator for 3
hours in order to obtain a good dispersion of MWNT in DMF; (2) PVAc was then added
to the MWNT/DMF suspension and stirred for 48 hours to get a uniform and viscous
composite solution; (3) the composite solution was loaded into a 5 ml glass syringe

(Popper & Sons, Inc.) for electrospinning.
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4.3 General Characterization Methods

TEM is an effective tool for observation of the CNT orientation in the electrospun
nanofibers since the CNT possesses a higher density compared with polymer matrix. The
nanotubes containing hollow structures have a darker concentric tubular structure
embedded within the polymer nanofibers in the TEM image compared with the uniform
template. A Philips CM12 TEM with a LaB6 filament at 120kV was employed to
investigate the dispersion of MWNTs in the solution and the alignment of carbon
nanotubes within the nanofibers. Field emission Scanning Electron Microscopy (FE-SEM,
LEO 1550) has been utilized at an accelerating voltage of 15 kV in order to get a general
morphology of the composite nanofibers. Raman spectroscopy was recorded by a Thermo
Nicolet Almega® micro-Raman spectrometer with a 785 nm probe beam.

A single composite fiber was collected between two gold electrodes (on a piece of Si
chip) with the interval distance of 10um between the two electrodes. I-V characteristic
curves of a single composite nanofiber were measured by a 2-point probe method by a

multimeter (Keithley Model 6430) with an applied voltage up to 0.5V.

4.4 Results and Discussion
4.4.1 Dispersion of MWNTSs in the solution

The dispersion of MWNTs in the polymer solution was directly determined by the
dispersion of MWNTs in the DMF suspension. MWNTs before and after
functionalization were dispersed in the DMF solvent with the same concentration,
followed by ultra-sonication for 3 hours. A uniform ink-like black solution was obtained

for the suspension of functionalized MWNT (f-MWNT) without any precipitation. The
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suspension was homogeneous even after staying in air for 3 days. For the
un-functionalized MWNT (u-MWNT), MWNT could not be dispersed uniformly. An
obvious phase separation happened soon after stopping sonication. A random drop of
each suspension was dropped onto a TEM grid and dried in air naturally. Dispersions of
these two different kinds of MWNTs in the suspension were observed, as shown in Figure
4.5. It can be seen that MWNTs before functionalization formed agglomerates in the
dispersion. Amorphous carbon on the outer wall of CNTs made the nanotubes look
thicker and rougher. Greatly improved dispersion of MWNTs was obtained for the
f-MWNTs. They were not entangled with each other any more. And the amount of
amorphous carbon was significantly less after purification. The improvement of the
MWNTs’ dispersion can be attributed to two factors. One is the decrease in the amount of
impurities such as catalysts and amorphous carbon, which came from the growth of CNTs;
the other is the introduction of carboxylic groups into the MWNTs after the oxidation
process, which improved the interactions between MWNTs and the solvent DMF. An
interaction model of DMF and MWNTs modified with carboxylic groups has been

suggested in Hou and Ge’s paper °'.

4.4.2 Morphology of the PVAC/MWNTSs composite nanofibers

Composite nanofibers were prepared by electrospinning PVAc(/MWNT composite
solution with various mass concentrations of carbon nanotubes. The rotation speed of the
drum collector was 1000 rpm, corresponding to a linear velocity of about 3.0m/s at the
surface of the drum. Both f-MWNTs and u-MWNTs were used for preparing the

nanofibers. Based on our SEM image (Figure 4.6(A)) of the as-prepared pure PVAc fibers
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from the 0.18g/ml PVAc solution, fibers were obtained with uniform diameter
distribution around 100nm, as also presented in Figure 4.6 (A’). However, after adding
Swt% u-MWNTs, the composite fibers demonstrated a discrete size distribution (Figure
4.6(B) and (B’)). The fiber diameters ranged from tens of nanometers to a few hundred
nanometers. The alignment of the fibers was poor, especially for thinner fibers. Such a
non-uniform distribution of fiber diameters implied an unstable electrospinning process
after adding u-MWNTs into the polymer solution, which resulted in the non-homogeneity
of the composite solution. And the sink flow and high extension of the electrospun jet
cannot overcome the entanglement force of the MWNTs. Therefore, the surface tension
of the solution was significantly non-homogeneous. This could prevent the
electrospinning process from happening smoothly. Further study of the as-spun fibers by
TEM showed entangled MWNTs in most thick fibers (see Figure 4.7 (A)), while fibers
with diameters less than 50nm hardly have any CNTs embedded in them. This
phenomenon was greatly improved by using f-MWNTs. Figure 4.6(C) demonstrated
SEM picture of the PVAc/MWNTs composite nanofibers containing 5% {-MWNTs by
weight. Composite fibers with centralized size distribution were obtained, as shown in
Figure 4.6(C’). Much better alignment of the composite fibers was also achieved by using
the collector with the same rotating speed. From TEM pictures, CNTs were found to
align parallel to the axis direction of the nanofibers (see Figure 4.7(B)(C)). In some fibers,
several carbon nanotubes could be aligned side by side in a single polymer fiber of
around 100nm in diameter (see Figure 4.7 (D), arrows point at 4 parallel MWNTs). In a
large scale, the parallel alignment of the composite fibers also resulted in the ordering of

CNTs aligned in separate nanofibers. It is notable that carbon nanotubes are not
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separately aligned due to the good dispersion state of the f~-MWNTs at a high
concentration. Most of them were found to connect with each other. Arrows in Figure 4.7
(B, C) point at the junction of two consecutive MWNTSs respectively. The parallel and
serial connections of MWNTs along the polymer nanofibers provided effective channels
for electrons transportation, which made it possible to obtain conducting composite

nanofibers.

4.4.3 Raman spectrum

The existence of MWNTs in the aligned composite fibers was confirmed by Raman
spectroscopy. The MWNTs wrapped in PVAc matrix showed strong Raman scattering as
pure MWNTs. Figure 4.8 is the Raman spectra of the nano-composite fibers with various
concentrations of MWNTs. Two characteristic peaks were observed for all the
compositions. The strong peak at 1329 cm™ could be explained as disorder-induced
features due to the finite particle size effect or lattice distortion of graphite crystals in the
CNTs *""*. The other strong peak at around 1578 cm™ was assigned as a graphite order
peak. These two characteristic peaks were also called D line and G line respectively *" .
The intensity of CNT Raman scattering peaks increased with the increase of the MWNT

concentrations in the composite nanofibers, although the intensity was not proportional to

the MWNT concentration.

4.4.4 1-V characteristics of the composite nanofibers

Electrical conductivity of a single composite nanofiber was measured by a simple

2-point probe method. Nanofibers with different concentrations of f-MWNTs were
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measured. Figure 4.9(A) showed representative temperature-dependent current-voltage
(I-V) characteristics of a single composite fiber loaded between two gold electrodes. The
composite fiber was made from a PVAc/DMF solution containing Swt% f-MWNT. In
contrast with some reported results *°, non-linear I-V characteristics were obtained for the
fiber from 100K to room temperature, implying the semi-conducting property of this fiber.

. di .
Further calculation of the conductance (G, =——| ) at various temperatures was plotted

V=0
in Figure 4.9(B). The data can be well fitted by a straight line, indicating a linear
relationship between InGy and 1/T. This behavior is similar to that of the
semiconductor-metal contact. From simple band theory, we know that the excitation of
valence band to conducting band is proportional to exp(-E./kgT) *°, where E, is the
activation energy for the semiconductor. As for the temperature dependence of the
composite nanofibers conductance, linear relationship between InGy and 1/T gives us
activation energy of our semiconducting PVAc/MWNT composite nanofibers, which is
55+4meV, as calculated from 10 different samples. It is notable that the semiconducting
characteristics demonstrated by the composite nanofiber are the integrated property of all
the carbon nanotubes embedded in the fiber. It is well established theoretically that the
electronic structure of a carbon nanotube depends much on the nanotube chirality and
diameters *">'. Carbon nanotubes obtained from the regular method are usually a mixture
of metallic, semiconducting, and semi-metallic carbon nanotubes. Therefore, the
properties of the composite fiber could be affected by the intrinsic properties of the
carbon nanotubes used as well as the factors that may affect the electron transportation
along the fiber axis direction. The specific mechanism of the conductivity of these

composite fibers needs further study.
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The room temperature DC conductivities calculated for the PVAc/MWNT composite
fibers were plotted with respect to the MWNT to polymer weight ratio (see Figure 4.10).
It is known that pure PVAc is not a conducting material with the conductivity of the order
of 10 S/m *?. The presence of carbon nanotubes significantly improved the conductivity
of the polymer fibers due to their highly conductive graphitic structures. A percolation
behavior was observed with the percolation threshold of around 0.5wt%. Beyond this
limit, conductivity increases slowly with the increase of the MWNT mass fraction. This
percolation limit is higher than that of other polymer/MWNT composites in the

45,53, 54
references 7

. It is related with the intrinsic properties of the MWNT used. Another
explanation can be that electron transportation channel was narrowed down to only 1D in
the single aligned composite fiber with diameter of 100nm, while carbon nanotubes may
form 3D networks in the bulk polymer/MWNT composites or thicker composite fibers.

The lower dimension of the conducting nanofiber enhanced the percolation limit required

for high conductivity.

4.5 AFM for Mechanical Properties Test

4.5.1 Introduction to the AFM force curve

The Atomic Force Microscope (AFM) offers the opportunity not only to measure the
topography of surfaces but also to investigate the mechanical properties of surfaces and
fibers on the nanometer scale. The mechanism behind the mechanical property test is to
use the AFM tip to apply nano-scale force onto the nano-surface and cause small strain
on top of the surface. Based on the available elastic theories, the Young’s modulus of the

nano-surface can be calculated in terms of the known mechanic parameters of the
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material, the cantilever, and the AFM tip. A new method has been applied here for the
measurement of the Young’s modulus of individual electrospun nanofiber in this research:
three point bending method. This method is based on the elastic response of the materials
from the force curve by AFM. The AFM used in this experiment was AFM (Dimension
3100, Digital Instruments (DI)) operated in contact mode.

A force calibration plot is an observation of tip-sample interactions, which yields
information regarding the sample and tip. In Force Calibration mode, the x and y voltages
applied to the piezo tube are zero and a triangular waveform is applied to z electrodes of
the piezo tube. The cantilever tip moves up and down relative to the stationary sample, as
a result of the applied voltage (see Figure 4.11).

As the piezo moves the tip up and down, the cantilever-deflection signal from the
photodiode is monitored. The force curve just plots the cantilever deflection signal as a
function of the voltage applied to the piezo tube. The values of both axes can be
transformed from voltage to distance by proper calibration. By adjusting the detailed
parameters controlling the microscope, a complete force curve can be displayed. A typical
example force curve is shown in Figure 4.12, which was obtained from a contact mode
AFM using a silicon nitride tip. The horizontal axis plots the tip movement relative to the
sample. By extending the z-axis piezo crystal, the tip descends toward the sample and the
tip-sample distance decreases. The descent plots from right to left from point 0 to 4 in
Figure 4.12. By retracting the z-axis piezo crystal, the tip ascends away from the sample,
and the tip-sample distance increases. The ascent plots from left to right from point 4 to 6
in Figure 4.12. Cantilever deflection plots on the vertical axis of the graph. When the

cantilever deflects downward, it plots on the graph’s downward vertical; when it deflects
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upward, it plots on the upward vertical. A detailed process is described step by step as
following:

Starting from point 0 to 1, piezo tube extends; tip descends toward the sample
surface, but no contact yet. As tip approaching the sample surface, an attractive force near
the surface pull tip down (point 1->2). The tip begins to press into the surface, and the
cantilever bends upward. The deflection of the cantilever vs. descending distance of the
piezo is plotted as a straight line from point 2 to 4. After reaching the z limit, piezo tube
retracts. The tip ascends until forces are in equilibrium with surface force. Then tip
ascends further, but cantilever bends downward as surface attraction holds onto the tip. At
a certain critical point 5, the bending force overwhelms the surface attraction. And
cantilever rebounds sharply upward (point 52 6). Then the tip continues ascending
without any contact with the sample surface (point 6 = 0). A circle ends at point 0. In the
whole process, the value of z can be directly recorded by the controller electronics system,
while the cantilever deflection can be read as voltage signal. AFM provides an alternative
distance display of cantilever deflection. But a reference material must be used in order to

correlate voltage change signal to cantilever deflection distance.

4.5.2 Three point bending method

In the three point bending method, the nanofiber was taken as an isotropic beam
suspended over a microsized groove etched on a silicon wafer (see Figure 4.13). Due to
the adhesion between the fiber and the silicon substrate and the much greater length of
the nanofiber than the suspended length, it is reasonable to assume that both ends of the

nanofibers are fixed and remain in place even after the test is conducted. The AFM tips
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were dulled by strongly tapping them with the AFM against a hard Si substrate for more
than 20 min. The resultant radii of curvature of the tips were comparable to the fiber
diameters, and thus it was unlikely that they would penetrate the fiber.

As shown in Figure 4.13, Force calibration curves were obtained using an AFM
operated in contact mode. Raw AFM data were translated to force—displacement curves
by converting the tip deflection AZ, to a force using the cantilever spring constant and the
height change of the AFM probe AZ, using d(Z) = AZ — AZ., where d(Z) is the
displacement of the middle point of the fiber, AZ is the AFM probe’s position change
relative to the initial contact point. According to the standard cubic equation for the
displacement of a suspended elastic string with fixed ends (in the small deflection
approximation):

8 =0, +0, =FL /192El + f FL/4GA

where o, is the displacement caused by tension, og is the displacement caused by

shear effect, A is the cross-sectional area of the fiber, E is the Young’s modulus of the
fiber, L is the suspended length of the fiber, f; is the shape factor (equal to 10/9 for a
cylindrical beam), G is the shear modulus, I is the second moment of area of the beam (I=
nD*/64 for a filled cylinder). This equation describes the force due to elongation of the
string caused by displacement at L/2. And we assume that the material is linearly elastic

in this model . The ratio &, /J, increases with the ratio of beam length to diameter.

When G and E are of comparable magnitude, shear effects become important only for
relatively short beams. In this experiment, the ratio of beam length to diameter is large

enough for neglecting §5, which is due to the contribution of shear. If the initial tension

Ty is zero, we can get:
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S =FL/192El

Therefore, Young’s modulus E can be calculated, if o, F, L and I are known.

4.5.3 Mechanical properties of CNT reinforced polymer composite nanofibers

Samples were obtained by aligning the fibers onto a piece of Si chip, in which
several trenches had been etched. The trenches were 20pum wide and Sum deep.
Alignment was achieved by rotating the collector in a way described earlier (Figure 4.4).
Figure 4.14 shows the representative SEM image of the fibers suspended over the
trenches. The realistic beam length can be calibrated by measuring the angle between the
fiber and the edge of the trench.

Figure 4.15 shows the AFM tip used for the three point bending method. (A) and (B)
are the same tip before and after dulling against a piece of Si wafer. It is ready to see that
the resulted radius of the curvature of the tip was around 200nm, which was comparable
to the fiber diameters. Thus, it can be prevented from penetrating the fibers.

In order to obtained observable cantilever deflection, a silicon nitride cantilever with
nominal spring constant of 0.32N/m was used. First, a piece of cleaned Si wafer was used
as the reference material to calibrate the deflection sensitivity of the force curve (see
Figure 4.16(A)), so that the following cantilever deflection distances can be read directly
from the force curve. Then the AFM probe was aligned to the center of the suspended
fiber (L/2) by continuously scanning the suspended fibers and step-by-step careful
zoom-in. Finally, the force curve was obtained from the middle of one of the individually
suspended electrospun nanofibers.

In this experiment, a series of PVAc/MWNT composite fibers with different

diameters have been measured. Some typical force curves and AFM 3-d images of the

113



fibers are shown in Figure 4.16. In order to used formula (1), the loading force was

calculated by F =k -AZ_, where k=3.2N/m; the fiber deflection was obtained by 6(Z) =

AZ — AZ.. L is obtained by measuring the width of the trench and the angle of the fiber
with respect to the trench walls; I= nD*/64 for a filled cylinder. Therefore, Young’ moduli
can be calculated from all the available parameters.

The variation Young’ modulus with the fiber diameters is plotted in Figure 4.17.
Composite fibers with diameters less than 300nm have much higher Young’s modulus
(more than 100GPa) than both the bulk polymer and their fibular counterparts. It can be
attributed to two reasons. One is the formation of highly oriented molecular chains of the
polymer aligned along the fiber direction during the electrospinning process. This has
been suggested as a common reason for the strengthening of ultrathin polymer fiber than
bulk materials. The other reason is the addition of MWNT. The theoretic modulus for a
single regular MWNT is around 1TPa. In the composite fibers, it has been observed by
TEM that most MWNTs are oriented along the fiber direction. For thinner fibers with
MWNT in them, they tend to align better, while MWNT tend to agglomerate or curve in
thick fibers. Therefore, it is reasonable to deduct that thinner fibers may have orders of
higher elastic modulus due to the oriented MWNTs in them. This tendency has been
indicated in Fig.4.17 by fitting the data with an exponential decay curve. A significant
decrease of the elastic modulus happens with the increase of the fiber diameters.
Especially when the fiber diameters are larger than 350nm, Young’s modulus decreases to
lower than 50GPa. And that value is only a few GPa for fibers with diameters higher than
650nm.

Sources of errors in the results come from the nominal value of the cantilever spring
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constant, the measurement of the fiber diameter and the length of the suspended fiber, the
difference between the middle point of the suspended fiber and the realistic contact
position for the force curve, and also, the reading from the force curve for the deflection

parameters.

4.6 Conclusions

We have successfully functionalized MWNTs using an oxidization method.
Continuous and well-aligned PVAc/MWNT composite nanofibers were fabricated by
electrospinning a composite solution of PVAc/DMF and the f-MWNTs prepared above.
Compared with u-MWNTs, the functionalized CNTs were found to have a more
homogeneous dispersion in the solution state and align better along the axes of the
electrospun polymer fibers. DC electrical properties of a single composite fiber with
f-MWNTs were investigated at room temperature as well as cryogenic states. It was
found that the presence of aligned CNTs provided an effective channel for electrical
conductance along the nanofiber. The composite nanofibers (containing Swt% f-MWNTs)
demonstrated a semi-conducting property, with activation energy of 55+4meV as
calculated from the I-V characteristics dependence on temperatures. Conductivity of the
composite nanofiber was enhanced by ten orders compared with that of the pure polymer,
with a percolative threshold of 0.5% mass fraction of MWNT in the composites.

By loading the aligned nanofibers on top of a microsized groove etched on a silicon
wafer, the condition for three point bending measurement was established. AFM tip was
employed as a probe, which could apply a measurable deflection and force onto the

suspended nanofiber at a force calibration mode, so that the Young’s modulus of a single
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nanofiber can be calculated based on the basic beam bending theories. AFM force
calibration curve measurements show that polymer nanofibers tend to have a higher
Young’s modulus than their bulk counterparts, due to the highly aligned molecular chains
formed during the electrospinning process. The polymer nanofibers containing MWNTs
exhibit even higher Young’s modulus than their fibular counterparts because of the
reinforcement effects from the highly aligned MWNTs along the fiber axis. The
mechanical properties of the composite nanofibers improve significantly with decreased
fiber diameters. For the composite nanofibers with diameters less than 300nm, the

nanofibers displayed a modulus over 100GPa.
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TABLES:

Table 4.1. Comparison of the Young's moduli of carbon nanotubes estimated by various
groups.

Authors E(TPa) v Year Method Reference
Yakobson 5.5 0.19 1996  Molecular Dynamic >
Lu 1 028 1997  Molecular Dynamic o8
Krishnan et al 1.25 - 1998 Theoretical >
Yu et al 0.27-0.95 - 2000 Experimental ’
Lietal 0.79 - 2000 Experimental 60
Zhou et al 0.77  0.032 2001 Theoretical ol
Tu 4.7 0.34 2002 Theoretical 62
Demczyk et al 0.9 - 2002 Experimental 63
Chang and Gao 1.325 0.26 2003 Molecular Dynamic o4
Li and Chou 1.05 - 2003  Finite Element Modeling 63
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FIGURES:

Figure 4.1. Some SWNTs with different chiralities: armchair structure, zigzag
structure and chiral structure. The difference in structure is easily shown at the open
end of the tubes. (Adapted from http://www.personal.rdg.ac.uk/~scsharip/tubes.htm)

Armchair

Chiral

Zigzag

Figure 4.2. SWNTs of different chiral vectors: armchair, helicity of 0°; zigzag,
helicity of 30°; and chiral, helicity between 0° and 30°.
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Nano-fillers
inside the
polymer flow

Figure 4.3. X ray transmission image of the tailor cone formed at the beginning of the
electrospinning process, schematically showing the flow induced "logs in the river
analogy" alignment of nanofillers inside the nanofiber.
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Figure 4.4. Schematic of the electrospinning set-up used for producing aligned
nanofibers.
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Figure 4.5. TEM images of the MWNTSs before (A) and after (B) purification and
functionalization. (Scale bars are 100nm for both images)
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Figure 4.6. SEM pictures of PVAc nanofibers containing (A) no carbon nanotubes
(B) 5wt% u-MWNTs, and (C) 5wt% f-MWNTs. Scale bars are lum in all three
images. (A’)(B’)(C’) are corresponding size distributions of the fiber diameters. All
samples were collected by a rotating drum with rotation speed of 1000 rpm.
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Figure 4.7. TEM images of the MWNT/PVAc nanofibers: (A) a thick fiber made
from solution with 5wt% u-MWNTs; and nanofibers made from a solution with
(B)1%, (C)3%, (D) 5wt% f-MWNTs, showing well-aligned MWNTs along the fiber
axis direction. (Scale bars are 100nm in all the images)
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Figure 4.8. Raman spectra of the PVAc nanofibers with different weight percentages
of MWNT.
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Figure 4.9. (A) I-V characteristics of a single composite fiber, showing non-linear
curves from 100K to 300K. The inset is the SEM image of the single fiber measured
between two good electrodes; (B) Conductance (Gy) dependence on the 1/T of the
same composite nanofiber in (A). Red line: fitting of Go(T) ~ exp(-E./kgT), resulting
an E, ~ 55+4 meV.
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Figure 4.10. Conductivity (o) dependent on the mass fraction of MWNT (%) for
single PVAc/MWNT composite nanofibers.
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Figure 4.11. Schematic principle of the contact mode AFM.
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Figure 4.13. Side-view of the three point bending experiment by AFM.

3um File Name = 051606-028.F STENY  Signal A=RBESD Date 116 May 2006
Mag= 985K%x ——1 BREWIK  EHT=1000KV Time :13:01:37

WD= 7mm 10um File Name = 051606-033.6f ST@NY BiguJA RBSD Date :16 May 2006
Mag= 433KX BREWIK  EHT=1000KV Time 13:12:58

Figure 4.14. SEM images of the suspended PVAc/MWNT composite nanofibers over
a 20pm wide trench on the Si chip.
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WD= 7mm  200m Fle Name = 051606-008.5f STQINY Signal A=RBSD Date :16 May 2006
Mag= 8000 KX —1 BRUWSK  EHT=1000KV Time 42:04:18

WD= 7mm 1um File Name = 051606-003.f STEWNY Signal A= RBSD Date :16 May 2006
Bl

Mag = 50.00 K X RANWK  EHT=10.00KV  Time :11:49:03

Figure 4.15. SEM images of the AFM probe tip before and after dulling against the Si
wafer, showing the curvature radius of the tip was around 200nm, which was
impossible to penetrate the fiber.
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Figure 4.16. Force curves of a piece of clean silicon wafer (A); and MWNT-PVAc

composite nanofiber with diameters of 375nm (B); 675nm (C); 290nm (D); 660nm
(E). Vertical scales of each graph are all 10nm/div.
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Figure 4.16. (Continued) Force curves of a piece of clean silicon wafer (A); and
MWNT-PVAc composite nanofiber with diameters of 375nm (B); 675nm (C); 290nm
(D); 660nm (E). Vertical scales of each graph are all 10nm/div.
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Figure 4.17. The variation of Young’ moduli with the diameters of PVAc/MWNT
composite nanofibers.
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CHAPTER 5

Polymer/MWNT Composite Nanofibers for

Gas Sensing Applications

5.1 Introduction

There has been constant endeavor searching for new and better sensing materials in
the past due to the importance and wide applications of sensor devices for monitoring
living and industrial environments, and for use in chemical, medical, military and
homeland security applications *. The existing materials, which have found realistic
applications for gaseous molecule detection, include semiconducting ceramic metal

* conducting polymers® and silicon

oxides®, polymer/carbon black composite layers *
based transistor devices ®. In 2001, Kong et al demonstrated, for the first time, the
chemical sensors based on individual single-walled carbon nanotubes (SWNTs)’. The
large surface area provided by the hollow structures and outside walls of nanotubes
provides them a very large gas absorptive capacity °. In addition, at room temperatures
the adsorption of some gas molecules on SWNTs can cause a significant change in
electronic and transport properties of the nanotube due to the charge transfer and charge
fluctuation ®. Therefore, the resistance across electrically contacted nanotubes can be
modified upon exposure to various gaseous molecules such as NO,, NH3, N, CO,, and
H,0. These serve as the basis for carbon nanotube gaseous molecular sensors.
Multiwalled carbon nanotubes (MWNTS) can be considered as a material comprised

of concentric “shells” of single walled carbon nanotubes®. Although the electronic

conduction in MWNTSs becomes more complicated due to additional electronic coupling
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between adjacent shells, the major role is played by the outermost shell, which endows
MWNTSs similar properties as SWNTs while acting for gaseous molecular detection *°.
Although great progresses have been made in the processing and application of
carbon nanotubes, there is still lack of effective means to bridge the gap between the
superior properties of carbon nanotubes and meso- and macro-scale structures ™. The
existence of Van der Waals forces between MWNTs makes them intractable to separate
and disperse uniformly in the composites, and it is still difficult to obtain long MWNTSs in
an aligned manner, which limits their applications in device design. The objective of this
research is to use a combination of carbon nanotubes and electrospinning processes to
produce unique microsized chemical and gaseous sensors. Interdigitated contact structure
will be used for the sensing elements. Preliminary measurements of the carbon nanotubes
show this nanotube contained film over the sensing elements which had a resistance
value of a few hundred ohms at room temperature. This is a more conductive film
comparing to metal oxide films, such as SnO, or ZnO, that are now widely used in gas
sensor research. Devices which use many nanotubes produce lower electrical noise than
those with individual tubes. Evaluation of the carbon nanotube film for potential gaseous

sensing will be carried out.
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5.2 Design of the Chip

As shown in Figure 5.1, the design calls for metal lines 3mm wide with the above
design spacing between the lines. The design is a two level mask set
-1st level is for the electrodes (blue).
-2nd level is for the opening of the passivation (green).

Each die was 7x7mm so that the 2x2 array would fit inside the 15mm field size of the

GCA AS200 5x Stepper at Cornell Nanoscale Science and Technology Facility (CNF).

5.3 Feasibility Demonstration of the Sensor Based on Polymer/MWNT

Composite Nanofibers

5.3.1 Experimental set-up

The feasibility demonstration of the gas sensor was made using set up with the
sketch shown on the Figure 5.2. Sensors were placed in a shielding chamber 2 with
micro-manipulators, connected to the outer circuit. The actual pictures of the electrical
part of the experimental set up and the signal conditioning with A/D converter are shown

on the Figures 5.3.

5.3.2 Data acquisition

Composite nanofibers were prepared by electrospinning MWNT/PVAC composite
solution with functionalized carbon nanotubes. 5% mass concentrations of MWNTSs were
used, because that is a sound concentration that can be used to make uniformly
distributed MWNTSs in the polymer matrix. Specific process for making the composite

nanofibers has been described in details in Chapter 4. Herein, the composite nanofibers
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have been deposited onto the sensor chip (Figure 5.4), which has a series of parallel metal
electrodes on the surface of the silicon wafer, prepared by the photolithographic method.
Representative SEM and TEM images of the as-deposited composite nanofibers are
shown in Figure 5.5 A) and B) respectively. These nanofibers have been testified to be
conducting by our previous experiments (see Chapter 4). They worked as the connection
between the electrodes, providing the channel for electron transportation, so that a certain
resistivity can be measured between the two electrodes.

The sensors were tested by using three different gases: H,, CO, and breath (the most
important component, which distinguishes breath from ambient atmosphere is, probably,
water vapor). In order to estimate the time constants (adsorption rate) and the
regeneration rates, the regimes of testing of the sensor response were chosen as 1)
impulse, and 2) steady-state gas exposure. The “impulse” regime was realized with the
tube brought on a specific distance (dependently on the distance the amplitude of the
signal was changing). The “steady-state” regime was realized by filling the chamber
with the gas if interest.

Comparative detection measurements of three different sensors were carried out at
room temperature. To establish the influence of the temperature on the response of the
sensor, the detection also was carried at the temperature T~50°C, using a “button”- type
electric heater. The general view of the sensor’s response curves of the signal on the
screen of the computer after current-voltage conversion and digitizing is shown on the
Figure 5.6.

The typical range of amplitudes of the current change of the sensors in respond to the

gases was in the range of 3-25 %. In order to observe the details of the response curves,
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the signal was amplified. And an input offset was applied to keep the signal within the

dynamic range of the analog/digital converter.

5.3.3 Qualitative testing of the sensors

The sensors were preliminary tested for checking their working conditions in regards
of the resistance change under the exposure by high, but uncontrolled concentrations of
the gases. The output of the sensor on CO,, breathing and H, gas exposure is shown in
Figure 5.7 (A) and (B) respectively.

There is a fundamental difference in the response of the sensors to the water vapor
(breathing) and adsorption of the gases H, and CO,. The adsorption of the gases H, and
CO, causes the resistance of the sensor decreasing, while H,O adsorption causes the
increasing of the resistance of the sensor. The possible explanation of the opposite sign of
the sensor responds to H,O vs. CO, and H; could be based on the taking into
consideration he polarity of the adsorbed molecules.

Water has two very polar covalent bonds between oxygen and hydrogen. Because
water molecule is bent (the oxygen atom is sp* hybridized), the two bond dipole moments
add up to give water a relatively large molecular dipole moment (Figure 5.8 (A)). This
molecular dipole moment creates a Field-effect to a carbon nanotube, while the water
molecule is adsorbed. The current through nanotube is reduced then.

Carbon dioxide has two polar covalent C-O bonds. However, the bond dipole
moments exactly cancel each other since they are pointing in exactly opposite directions.
Thus, CO, has no molecular dipole moment. For the molecular model shown on the right

(Figure 5.8 (B)), the non-polar carbon dioxide are shown adsorbed on the carbon
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nanotube surface. CO, and H, molecules while being adsorbed “repair” the dangling
bonds on the surface of the carbon nanotubes, decrease the scattering of the current

carriers in the tube and thus increase the current flow.

5.4 Quantitative Measurements of the Polymer/MWNT Sensors

5.4.1 Design of the mass flow control bench

The sketch of the gas flow bench for the precise measurement of the sensitivity,
linearity, bias stability, thermal stability, regeneration rate of the gas sensor devices based
on the polymer/carbon nanotube nanofibers is shown in Figure 5.9.

The measurement of the sensitivity of the sensors based on the carbon nanotube
monolayer are being developed using testing gas flow bench (Figure 5.9). The
measurement of the electrical signals is processed using DC technique. The signals will
be digitized using standard acquisition boards, and the experimental information will be
processed using computers.

Figure 5.10 shows the signal conditioning system based on the SRS current
pre-amplifier,  Keithley DC voltage source, Keithley multimeter, A/D converter
(PCMCIA card NI 4150), and a computer with NI Virtual Bench logger software. Also,
there is a controller for programmable flow control valves. Figure 5.10 also shows the gas
flow chamber, as a quartz tube with the leads to the gas sensor and the thermocouple for
the temperature of the sensor measurements and control using the outer heater; the
programmable flow control valves and the gas cylinders with N, as gas carrier, H, and
CO; as the gases for testing. The assembled configuration allows controllable flow rate of

the testing gases from 1 to 100sccm in the controllable flow rates from 10 to 1000sccm.

143



5.4.2 Sensitivity, linearity, thermal stability, regeneration rate, bias stability of the
gas sensor devices based on the electrospun nanofibers of polymer with MWNTSs

Hydrogen has been employed in different fields such as hydrogenation process,
petroleum transformation, welding, cryogenic cooling, chemical production of substances,
rocket engines, etc. The hydrogen utilization as a clean energy source in fuel cells has
been recently researched. Fuel cells are currently used in vehicle and power generators.
They are electrochemical devices that can directly convert chemical energy to electrical
one, obtaining water as the only waste product. Hydrogen is a colorless and odorless gas,
flammable for concentrations higher than 4%. That is why its transport and storage raise
many safety questions.

Hydrogen detecting and monitoring sensors are useful for several industries, however
inexpensive small and chemically inert sensors have not been developed and
commercialized yet. That is why we will concentrate on the quantitative characterization
of our sensor devices regarding hydrogen detection.

Sensors were placed in a one-inch diameter quartz tube as a test cell and electrically
connected to the outer circuit for their characterization by DC electrical measurements.
The carrier gas was ultra-dry grade nitrogen at a constant flow. Detection concentrations
of hydrogen were varied from 0.1 to 10 10% (from 1 to 100 sccm in nitrogen flow with
the constant rate 1000 sccm). A 1000 sccm nitrogen constant flow was used to achieve a
base line. Then the flow controller was used to change the gas flows obtaining the
different concentrations. The allowed exposure and recovery times were 5 min duration.
The output of the A/D converter proportional to the resistance of the sensor was recorded

approximately every 10 ms.
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Figure 5.11 shows the response curves for the sensor in real time. The detected
output signal variation depends on the detected hydrogen concentration. The desorption
processes are relatively slow. Sensor does not reach saturation during the exposure times
(5min) but it has fast response time.

The Figure 5.12 was used for the estimation of the sensitivity limit of the sensor. The
extrapolation of the linear dependence down to the “0”-output signal (more precisely to
the nose level) gives us a chance to determine a minimum detection level of hydrogen
flow in N3 as 0.1 sccm of Hy in 1000 of N, which is a few ppm.

The response time is defined as the time to achieve a steady response state after
switching gas concentrations. Figure 5.13(A) shows a complete sensor response to
hydrogen. The response time is of the order of a few seconds and is limited by the
geometry and internal volumes of the flow bench. Note that the response time of the
sensor to the hydrogen was determined as less than 80 ms under the conditions of fast gas
delivery to the sensor.

The bias stability of the gas sensor was defined as the stability of the sensor output
over a long period of time. We can see the stability and reproducibility of the sensor from
the measurement of this parameter. Figure 5.13(B) is the sensor bias stability of the
polymer/MWNT composite sensor. The output signals measured only showed a slight
and gradual decrease over 30 min, indicating a relatively good stability of the sensor if it
works under the hydrogen atmosphere continuously. The bias stability curve also
explained the shifting-down of the sensor base-line during the measurement in Figure

5.11.
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5.4.3 Sensitivity of the gas sensor devices based on the MWNTSs

In order to compare the sensing properties of Polymer/MWNTs composite nanofibers
with that of the pure MWNT layers, experiments have been carried out to measure the
sensing properties of the sensor with pure MWNTSs as the sensing elements. 0.024g
functionalized MWNTs were dispersed in 4ml DMF to form a uniform suspension. The
solution was drop-deposited onto the same sensor chips with parallel metal electrodes.
After the DMF evaporated, a network of nanotubes lay on the electrodes to bridge the
electrodes (see Figure 5.14). The DMF was chosen because the amide group can easily
attach to the surface of the functionalized carbon nanotubes. This ensures good-quality
MWNT deposition on top of the electrodes area. The samples were then dried in air to get
rid of the DMF residue. The density of the MWNTS across the electrodes can be adjusted
by varying the concentration of the MWNT-DMF solution.

Figure 5.16(A) shows non-linear dependence of the sensor response in linear scale.
But the response of the sensor in semi-log scale is linear (Figure 5.16(B)). Figure 5.16(B)
was also used for the estimation of the sensitivity limit of the sensor. The extrapolation of
the linear dependence down to the “0”-output signal (more precisely to the noise level)
gives us a chance to determine a minimum detection level of hydrogen flow in N, as
0.1sccm of H, in 1000 of Ny, which is a few ppm. The MWNT sensor showed very
similar response behavior as the polymer/MWNT nanocomposite sensors, implying that
the real sensing element in the composite sensor is the MWNT.

To establish the influence of the temperature on the response of the sensor, the
detection was carried out in the temperature range from 25 to 50°C. Figure 5.17 and 5.18

show the drift on the sensor response dependently upon the temperature. Figure 5.19 is
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the bias stability of the MWNT sensor. The output signals showed a gradual decrease
over 30 min, which is greater than the response of the nanocomposite sensors, indicating
the disadvantage of using the pure MWNT layer as sensing element. The electrospun
polymer matrix scaffold provides a more stably assembled MWNTSs for the gaseous

sensing applications.

5.5 Conclusions

The sensor devices, based on the electrospun polymer nanofibers with multiwalled
carbon nanotubes have shown feasible gas sensing properties. There is a fundamental
difference in the response of the sensor to the water vapor (breathing) and adsorption of
the gases H, and CO,. The adsorption of the gases H, and CO, causes the resistance of
the sensor to decrease, while H,O adsorption causes the increase of the resistance of the
sensor. The difference in the sensor responses is due to the modification of the electron
state of the carbon nanotube surfaces while it interacts with various gas molecules.

Quantitative experiments with precise gas flow control, temperature variation and its
influence on the adsorption rate of the gases have been carried out on the composite
nanofibers. The sample showed measurable response to ppm-scale H, at room
temperature, indicating an energy effective hydrogen sensor could be realized by using
these composite nanofibers as sensing elements. The estimated minimum detection level
of hydrogen flow in N; is 0.1sccm of H; in 1000sccm of Ny, which is a few ppm of
concentration. The response times are of the order of a few seconds and are limited by the
geometry and internal volumes of the flow bench.

The sensor devices show significant temperature and bias stability. The
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self-assembled arrays of MWNTSs have also shown feasible hydrogen detection properties,
which is very similar to the response signals from the above composite nanofibers. The
similarity between the sensing behavior of the composite nanofibers and pure MWNT
layers implies that the real sensing elements is the MWNTSs, while the electrospun
polymer matrix works as a scaffold for easily assembling the carbon nanotubes and
providing effective nanoporous channels for the interaction between the sensing elements

and the gas molecules.
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Figure 5.1. Images of the design for electrode chip with the following configurations:
1 mm probe electrode (A); and 1 mm interdigitated comb electrode (B).

150



Figure 5.2. The sketch of the set up used for the feasibility demonstration:
1 - DC power supply Keithley 2400;

2 - Chamber with the sensor and micro-manipulators;

3 - Current amplifier;

4 - Signal conditioning board CB-27T (National Instruments);

5 - Analog/Digital converter - PCMCIA card NI1-4350;

6 - Computer with NI data lodging software;

7 - Gas tank (Hz and CO»);

8 - Pressure regulator;

9 — Tube for gas flow.
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Figure 5.3. Electrical signal acquisition cell with micro-manipulators, signal
conditioning equipment (lock-in amplifier, current and voltage Stanford Research
pre-amplifiers, power supplies).
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WD= 23mm  300um jleMa = 100505-006.6f STENY Signal ANRBSD Date :5 Oct 2005
BREWW)

Mag= 150X K EHT =150V  Time :11:44:37

Figure 5.4. Metal electrodes with 0.5um separation at different magnification. The
signal can be detected from 1-1" (low surface area) or 2-2’ (high surface area) pairs of
the electrodes.
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WD= 1mm 1um File Name = 030706-073.6F STENY Signal A= InLens Date ;7 Mar 2006

mag= 2500kx —1 BR®®K enr=1500kv  Time :15:14:23

Figure 5.5. (A) SEM image of the array of polymer/MWNT nanofibers; (B) TEM image
of the polymer nanofiber with aligned carbon nanotube (Scale bar is 100 nm).
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Figure 5.6. General view of the signal on the screen of the computer after current-voltage
conversion and digitizing.
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Figure 5.7. The output of the sensor with 5um probe electrode: (A) CO,, (B) H,0 and H,
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Figure 5.8. The model of (A) water molecules and (B) carbon dioxide molecules
adsorption on the surface of carbon nanotubes.
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Figure 5.9. The experimental set up for the quantitative measurements of the gas
sensors : 1- sensor; 2 - testing gas flow bench; 3, 3’- digital flow controllers; 4,4’- valves
and pressure regulators; 5, 5’-gas tanks; 6-current pre-amplifier; 7- voltage preamplifier;
8-A/D converter; 9-computer.

Figure 5.10. Picture of the real mass-flow control bench for quantitative test of the gas
Sensors.
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Figure 5.11. The response curves for the sensor made from polymer/MWNT in
real time.
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Figure 5.12. The dependence of the response of the nanocomposite sensor on H, flow
rate in linear (A) and semi-log scale (B).
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Figure 5.13. (A) The response curve for the polymer/MWNT sensor; (B) bias stability of
the sensor.
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Figure 5.14. Functionalized MWNT carbon nanotube arrays (layers) between the metal
electrodes with 0.5um separation.
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Figure 5.15. The response curves for the MWNT sensor in real time.
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Figure 5.16. (A) Non-linear dependence of the MWNT sensor response on the hydrogen
concentration in linear scale; (B) Linear dependence of the sensor response on the
hydrogen concentration in semi-log scale.
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Figure 5.17. The continuous drift on the sensor response with changing temperatures.

signal amplitude 1 -> 100sccm H,

/in 1000sccm N, l
4] | ]
3_
2-{-c*ecc o9 90¢eede- -reges————————d
| '0000-.._
1_ -
0 1 L} 1 L§ 1 ¥ || L ] v ]
25 30 35 40 45 50

T,°C

signal output
i

Figure 5.18. The drift of the signal output dependent on the temperature.
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Figure 5.19. Bias stability of the MWNT sensor.
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CHAPTER 6

Highlights of This Research and Future Work

6.1 Highlights of This Research

This work is a tentative study on the processing and properties of 1D nanostructures
fabricated by electrospinning technique. A series of 1D nanocomposite materials with
peculiar morphologies and properties have been prepared successfully by this method,
including both polymer/metal oxide nanowires, nanobelts, nanoplatelets and MWNT
reinforced composite nanofibers.

Although electrospinning technique has been introduced for producing 1D nanofibers
for tens of years, we have greatly extended the capability of this technique in the
processing of some novel nanostructures with improved properties compared with their
bulk counterparts. At the same time, some advanced characterization methods have been
designed and developed to investigate these nanostructures from a basic science view
point of their formation mechanism as to their specific properties. Highlights in this
research are listed below:

1. For the first time, tungsten oxide polycrystalline nanofibers have been successfully
prepared by combining electrospinning method with sol-gel processing. Systematic
studies have been carried out to determine the detailed processing parameters for the
morphology control of the ceramic nanofibers after post-calcination process.

2. A synchrotron-based in situ x-ray diffraction cell has been designed and applied to
monitor the phases formed in situ at high temperatures. This has provided a better picture

of exact phase transformation regions when XRD spectrum is taken in situ at smaller
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temperature intervals.

3. The as-prepared tungsten oxide ceramic nanofibers have been successfully applied for
gas sensor devices. Sensitivity of these polycrystalline nanofibers toward ammonia has
shown significant improvement compared with the reported results for the WOj3; bulk
materials or thin films. This is attributed to the high porosities and nanoscaled crystallites
provided by the unique morphology composed of multilayer of WOj3 nanofibers.

4. An intercalated growth mechanism has been proposed to explain the formation of
molybdenum oxide nanoplatelets and nanobelts from the hybrid nanocomposites. This
mechanism provided valuable insights into the function of electrospun nanofibers as a
disposable template for the morphology control of materials with layered structures.

5. CNTs functionalized by an oxidation method have been introduced in this work to
achieve a uniform composite dispersion in the polymer solution with high percentages of
CNTs. Ordered 1D nanocomposite fibers with uniform diameters were obtained by
electrospinning technique with aligned MWNTSs as the nanofiller. Unique combination of
the properties of CNTs has been retained by the composite nanofibers, which provide an
effective bridge to translate the superior properties of CNTs into meso- and macro-scale
structures.

6. Atomic Force Microscope (AFM) have been applied to study nano-mechanical
properties of the individual nanofibers based on the classic beam bending mechanics.
Significantly increased Young's moduli have been observed for the composite nanofibers
with high CNT concentrations and lowered diameters.

7. With the incorporation of a certain concentration of CNTs, conducting composite

nanofibers can be achieved. Temperature dependent electrical property study of the
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composite nanofibers testified the semiconducting property of these nanofibers with low
activation energy. By detecting the resistivity change of these conducting nanofibers,
room temperature sensor devices have been developed. Sensor devices made from the
polymer/MWNT composite nanofibers are much more energy effective compared with
the regular metal oxide-based sensors, which requires elevated temperatures in order to
be conducting. And they also provide an improved signal-to-noise ratio and a more stable

performance compared with sensor devices made from pure MWNTSs monolayer.

6.2 Suggestions for Future Work

Electrospinning technique has proved to be a versatile and cost effective method for
producing 1D nanofibers, nanoporous mats as well as ordered polymer fiber patterns.
These polymer-based architectures may find even wider applications beyond the
examples elaborated in this dissertation. Promising applications of the nanoscale fibers
include: tissue engineering, drug delivery, wound dressing and filtration industry.

From the view point of basic scientific researches on the synthesis of nanostructures,
electrospinning technique can be combined with other synthesis method, such as sol-gel
chemistry, to produce more metal oxide nanofibers or even compound ceramic nanofibers
for various applications. This idea can be very important for the gas sensing applications,
because of the high porosity and nano-crystallites provided by this synthesis method. By
controlling the mole ratio of the sol-gel solution of different ceramic precursors, precise
tailoring of the stoichiometry of the compound ceramics can be realized. Detailed
investigations on the sensitivity, selectivity, stability and recovery time of the compound

ceramic sensors are highly recommended.
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On the other hand, the capability of electrospinning technique in assembling
nanofillers can still be extended. Direct encapsulation of CNTs has been realized by a
successful preparation of the composite dispersions in this work. Therefore, a uniform
solution or dispersion system is necessary for achieving a thorough incorporation of the
nanofillers. Functionalization through all kinds of chemical or physical methods may be
necessary and effective for the dispersion system preparation. By encapsulating different
nano-particles, nanotubes, nanorods or even nano-medicine, unique mechanical, electrical
and medical properties can be achieved within the matrix of 1D polymer nanofibers.
Meanwhile, modified electrospinning set-up can be designed to customize nanofiber
assemblies for specific purposes.

Another important application of the nanofibrous scaffold is in biomedical materials
and tissue engineering. Successful cell proliferation and morphology control inside a

bio-compatible scaffold may realize the dermal reconstitution in a very effective manner.
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