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ABSTRACT OF THE DISSERTATION

Synthesis-Structure Relationships of Nanostructured Materials

by

Luz Cruz

Doctor of Philosophy, Graduate Program in Materials Science and Engineering

University of California, Riverside, June 2022

Prof. Kandis Leslie Abdul-Aziz, Chairperson
There is an increasing demand for engineered materials that are low cost and
efficient for a wide range of energy applications. In this study we look at three different
nanostructured systems 1) Ni metal embedded in a 1D carbon nanofiber matrix 2) TiO;
nanoparticles embedded in a 1D carbon nanofiber matrix and 3) Ni-Fe bimetallic
nanostructures on a perovskite oxide support. We describe a two-step electrospinning
annealing method to produce 1D carbon nanofibrous networks embedded with catalytic
metal (Ni) or metal oxide (TiO2) nanoparticles. Using a combination of microscopic and
spectroscopic methods, we aim to understand the polymer effects on crystal growth and
phase transformation of these metal/metal oxide nanostructures. Particle growth
mechanisms of Ni nanoparticles and concurrent graphitization will be identified.
Investigation of the crystal growth and phase transformation of these nanostructures within
a polymer matrix will provide insight to the controlled synthesis and assembly of the
nanoparticle constituents and their effect on performance. Exsolution studies of Ni and Fe

metal nanoparticles in a perovskite oxide support will be studied and particle growth at



elevated temperatures will also be analyzed. These design guidelines can aid in their
application of multifunctional nanocomposites that are efficiently produced for energy and

environmental applications such as dry methane reforming and water purification.
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Chapter 1 Introduction

Materials have played an important role in advancing civilization throughout
history [1] . Early human society circa 10,000 B.C. primarily lived as hunters and gatherers
obtaining food using tools made from stone and wood. They used materials readily
accessible to them such as, ivory from elephants, wood and natural rock for housing, and
stone used as tools for hunting. By recognizing that these materials could be manipulated,
humans were able to make new materials with improved properties. They developed heat
treatment and mixing techniques that changed the material’s physical properties and made
them into higher quality tools and weapons. For example, ancient Sumerians produced the
first alloy in history, bronze, which is composed of a mixture of copper and tin. They
developed casting, a processing technique to heat treat, melt, and pour metal mixture into
molds to create complex structures with improved mechanical properties. This
revolutionary processing technique was adopted throughout Europe and still used today.
The advancements of similar complex manufacturing processes lead Assyrians to become
the first military power in history. They were the first to use iron in their weaponry and
became the most technologically advanced army of their time. The development in
materials and material processing techniques established societies and modernized them.

Many materials used today were only developed in the last 100 years due to
technical advances and the increased understanding of structural-property relationships. As
a result, we have seen an influx of new metal alloys, plastics, glasses, and fibers
summarized in Figure 1.1. with over 160,000 materials available today [1], [2]. Spurring

these advancements, the growth of technology occurred during the industrial revolution in



the 18™ century where society shifted to machine manufacturing and technological
advancements such as the steam engine, automobiles, and radio transmission. This led to

the usage of lighter metals, rare earths, new alloys, and synthetic materials like plastics and

composites.
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Figure 1.1 Materials development throughout history [2].

In the late 20" century as components grew smaller, the dominant material became
silicon as the digital revolution emerged. This led to the development of electronic
components such as the metal oxide semiconductor (MOS) transistor which is used in
computer memory chips. A transistor is an electronically controlled switch that can turn on

and off by applying or removing voltage from the gate (Figure 1.2), representing the ones



and zeroes used for computation. The voltage applied to the gate of the transistor
determines its electrical current. This ability to manipulate and control current made it
useful for a wide range of applications. The MOS transistor was the first transistor that
could be miniaturized, and mass produced.

Gate Gate
oxide terminal

Drain Source
terminal terminal

X_ Metal
&
P Type / \ P Type

N Type

Figure 1.2 Basic MOSFET transistor structure

Transistors transformed the electronics world as it replaced vacuum tubes in
electronic equipment such as televisions, radios, and computers. By replacing vacuum
tubes with transistors, electronic systems were able to be made smaller, cheaper, and more
durable. MOS transistors became primary elements of computer processors, memory chips
and image sensors and other types of Integrated Circuits (IC) (a series of electronic
components fabricated as a single unit typically on a silicon wafer). By understanding the
synthesis-structure-property relationships of this pivotal component engineers were able to
make devices smaller, more efficiently and cheaper.

An analogous invention that changed the way electronic components were made
was the fabrication method of transistors, photolithography. Invented in the 1960’s
photolithography is a method in which uses a silicon wafer that is heated in a furnace to

make a metal oxide film, a polymer coating known as a photoresist is applied over this



silicon dioxide film. By shining different frequencies of light, one can strip off areas one
choses making a designed pattern. The etched patterns can then be deposited with metals
and other electrical material components. This process is summarized in Figure 1.3. The
photolithography process is what allowed transistors to consistently be made smaller and
smaller up to the nanometer scale. This accessibility and fast improvement of these devices
allowed people to purchase them with a higher frequency. Today people buy a new phone

every 1-2 years wanting to upgrade to the newest fastest model.

E—
Metal Metal

/ Photoresist

I—
Metal

Photomask

Metal .

Figure 1.3 Schematic of photolithography process

This surge in technological advancements was not only seen in electronic devices,
but a boom in the manufacturing of consumer products like automobiles, commercial
aircraft, and modernizing of the agriculture industry. In the year 1900, 1 out of every 10,000

people owned a car [3]. In 2019, there were 1.4 billion vehicles in use throughout the world.



Technological advancements have also been seen in the medical field where medicines,
vaccines, and better medical equipment has decreased the overall mortality rate of the
global population. This technological boom has led to a large increase in population which
has caused the acceleration of the depletion of natural resources. Currently, there are 7
billion people on the planet, which has increased consumption and demand of natural
resources such as freshwater, oil, coal, and rare earth metals. According to the EPA, human
activity is responsible for the increase in greenhouse gas emissions from the burning of
fossil fuels for electricity, heat, and transportation [4]. Because of this, there is a need for
the development of a new generation of materials with increased performance and
efficiency while considering the environmental impact on processing and production in all
sectors of society.

A promising solution to this problem is a new class of materials; nanomaterials
which have improved properties and can potentially be made at a lost cost. Nanomaterials
are classified based on having at least one dimensionality in the sub micrometer scale.
Nanostructured materials such as nanopowders, nanocoatings, nanocomposites,
nanoporous material, and biological nanomaterials have been researched extensively in all
areas of technology. Breakthroughs have been made in medicine, electronics, energy,
biotechnology, and information technology [5]. For example, as mentioned earlier the
transistor was invented in the late 1940°s being millimeter in size and has heavily improved
since. Submicron transistors were achieved during the 1980’s when the dynamic random-
access memory (DRAM) was produced having megabit storage capacities [6]. By the 21*

century, the transistor measured 100 nm across and achieved gigabit memory. It is currently



measured to be 5-10 nm in size. This was possible with the photolithography process and
the accessibility of silicon which decreased manufacturing cost from dollars to pennies a
piece. The advancement and incorporation of nanotechnology has transformed the world
into a global society making it easier for people to connect to the entire world from the
palm of their hands.

1.1 Nanomaterials for Environmental Applications: Dry methane reforming

CO; and CHy are the most prominent greenhouse gases which have contributed to
increases in the global surface temperature of earth. A possible environmental application
that uses greenhouse gas emissions as a feedstock for value-added chemical commodities
is the use of dry methane reforming (DRM) where methane and CO; are converted into
synthesis gases like H> and CO. This reaction is typically done on an active metal catalyst
typically nanometer in size [7]. Common DRM catalysts include noble metals (Ru, Rh, Pt,
Pd, Ir) and non-noble (Ni, Co, Fe) metals.

Noble metals are highly active and resistant to carbon formation but are not widely
used due to their high cost and limited availability [8]. Ni, Co, and Fe have been widely
used in DRM due to their high activity, low cost, and wide availability. However, they tend
to have fast deactivation due to carbon and coke formation limiting their usability and
reducing their overall lifetime [9].

The optimization of the DRM process depends on the material properties of the
catalyst nanoparticle and the support. Catalytic activity, selectivity, and stability are
important factors to consider when choosing an ideal catalyst. Research has shown that

strategies to improve metal dispersion, alloying of heterogeneous catalysts, and choosing



supports with inherent resistance to sintering and low carbon formation can aid in higher
activity, selectivity, and stability.

There are several strategies that have been investigated to circumvent the
deactivation by carbon formation and extending the lifetime of the catalyst by using a
promoter, support effects, ensuring the metal particle size remains small, structure and
using bimetallic alloys [10]. A special class of supports used are perovskite metal oxides
(PMOs) which have high ion conductivity, overall resistance to coking and sintering, high
activity for DMR, and stability [11], [12].

A synthesis method of these metal/perovskite oxide catalysts for DRM is a sol-gel
method where the catalyst metals are first constituted in the B-site of the ABO; perovskite
structure and when heat treated, exsolves, nucleates, and grows on the surface of the
perovskite [13]. Stabilizing the active metal phases by perovskite oxide precursors is an
effective strategy for obtaining high metal dispersion [14]. The reversibility of the
exsolution also allows for the reactivation of the catalyst through a simple redox cycling
that allows for multiple uses of the same material without loss of activity and reducing
overall material cost.

Metal-supported catalysts offer superior stability because the sintering and
agglomeration of the metal particles are inhibited due to the strong metal-support
interaction but is reversible by a simple high temperature treatment. With the manipulation
of the bulk by changing the synthesis process parameters one can tailor the size, shape, and
composition of the active materials to tune their activity, selectivity, and stability of Ni-

based catalysts for DRM.



1.2 Carbon Fiber

Another type of nanostructure that has large potential in different sectors of
technology are carbon nanofibers. Carbon fiber is a lightweight and strong material that is
5x stronger and 2x stiffer than steel [15]. It is in high demand as a lightweight and strong
alternative to metal for various industries such as aeronautics, automotive, and electronics
[15]. Carbon fiber has been around since the late 19" century. In 1879, Thomas Edison
heated cotton threads or bamboo fibers at high temperatures, carbonizing them into a
carbon filament for incandescent lamp filaments [16]. It wasn’t until the late 1960’s that
carbon fiber amassed attention for usage as a structural material. In 1958, Roger Bacon
produced high performance carbon fibers at Union Carbide Parma technical center located
outside of Cleveland, Ohio [17]. In the early 1960’s a process was developed by Dr. Akio
Shindo at the Agency of Industrial and Technology of Japan using polyacrylonitrile (PAN)
as a precursor material [18]. Around the same time, W. Watt, W. Johnson, and L.N.
Phillips of the Royal Aircraft Establishment at Farborough (RAE) worked on the
production of carbon fiber from a PAN precursor in 1963 [19]. Different precursors for
carbon fiber were used during this decade such as rayon, pitch and polyacrylonitrile (PAN)
with Polyacrylonitrile showing higher strength and higher carbon yields. Fiber from PAN
fueled the exponential growth of the carbon fiber industry since the 1970’s and they are
now used in various industries such as space aeronautics, military and commercial aircraft,
sporting goods, automotive, and civil engineering [20] [21]. In addition to carbon fiber
having high mechanical properties, it also has good electrical conductivity, thermal

conductivity, and low linear coefficient of thermal expansion [22].



1.3 Processing of Carbon Fiber from PAN-based fibers

Generally, carbon fiber is manufactured by a controlled pyrolysis of PAN fibers.
The typical process consists of the spinning of fibers followed by a three-step heat
treatment process including stabilization/oxidation, carbonization, and graphitization
(Figure 1.5). The fibers are typically stabilized at temperatures ranging from 200- 400 °C
in air [23]. They are then heat treated in an inert atmosphere at elevated temperatures

ranging from 800-3000 °C in the carbonization and graphitization step to yield high
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Figure 1.4 PAN precursor carbon fiber processing steps



1.3.1 Polyacrylonitrile (PAN) structure

To understand the PAN stabilization process, we must first look at the chemical
structure of polyacrylonitrile and its configuration in fibers. Polyacrylonitrile is a synthetic
semicrystalline organic polymer with the linear formula (C3H3N).. seen in Figure 1.6 [24].
The monomer consists of acrylonitrile with the formula CH>CHCN and has a vinyl group
linked to a nitrile group. The nitrile group has a lone pair in the © orbital of the triple bond,
making it a highly reactive group and making the polymer soluble in highly ionizing
solvents [25]. The chain conformation of PAN is dependant on the nitrile group because of
its high dipole moment. Adjacent nitrile groups have intramolecular repulsions which leads
to a helical conformation of the PAN [26]. The strong Van der Waals interaction between
the helixes form paracrystals, which are then organized into fibrils throughout the fiber
(Figure 1.7) [25]. It is important to note that the molecular configuration of a polymer
influences the 3D hierarchical structure affecting its material properties. Changing these
molecular constituents changes the conformation of the polymer. For example, if the nitrile
groups in the polymer have high interparticle repulsion the conformation of the polymer

changes from a helix structure to a zigzag affecting its overall crystallinity.

Figure 1.5 Molecular structure of polyacrylonitrile (PAN)
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A
Figure 1.6 Levels of polyacrylonitrile arrangement A) fiber, B) fibril, C) paracrystal D) helix [27]

1.3.2 Stabilization/Oxidation

The stabilization temperature ranges from 200-400 °C. Fitzer et al. suggested a
stabilization temperature of 270 °C for best performing carbon fiber [28]. The stabilization
process involves different chemical reactions such as cyclization, dehydrogenation,
aromatization, oxidation, and crosslinking which results in the formation of a six-
membered cyclic pyridine ring and a conjugate ladder structure [29], [30]. This heat
treatment process changes the chemical structure of the PAN to become thermally stable
by crosslinking and cyclizing PAN chains to prevent melting or fusion during higher
temperature processing to maximize the carbon yield [31]. Cyclization process occurs via
the nitrile group (C=N), changing from a triple to a double bond, the nitrogen bonding with

the carbon (Figure 1.8) [31]. PAN-based fibers undergo a change of color from white to
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brown, to ultimately a black color attributing to the formation of the ladder ring structure

[30], [32].
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Figure 1.7 Structural change in PAN fibers from open chain polymers to ladder polymers in
stabilization stage [33]

Houtz was the first to propose the reaction mechanism of the cyclization process,
where he proposed a fully aromatic cyclized structure for PAN homopolymer [34].
However, this is a simplified structure as the presence of oxygen was not considered in the
structure [35]. Dehydrogenation occurs when a carbon-carbon double bonds and
conjugated structures are generated through the removal of a hydrogen atom by oxidation
and the removal of a water molecule thereby stabilizing the structure [36]. Oxygen acts as
a dehydrogenation agent during stabilization and forms oxygen containing groups such as
OH, CO3, and CO through direct oxidation [35]. The gaseous species evolved during this
process are HCN, H>O, CO», and NHj3. The stabilization process is summarized in (Figure

1.9).
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Figure 1.8 Proposed chemistry of PAN stabilization [22]

1.3.3 Carbonization
The carbonization process occurs after the stabilization step being converted into a high
strength carbon fiber. It is a polymerization and aromatic growth process where the fiber
is treated at high temperatures under an inert atmosphere up to 800-1000 ‘C to remove the
non-carbon elements as volatile gas [31], [37]. These elements are volatized as gaseous
species such as methane, hydrogen, nitrogen, hydrogen cyanide, water, carbon monoxide,
carbon dioxide, ammonia, and various other gases [28]. This process yields a turbostratic
carbon structure.
1.3.4 Graphitization

To improve the mechanical performance, the carbonized fibers undergo the
graphitization process. Graphitization is the formation of disordered carbon into a 3D

graphitic structure by heat treatment and thermal decomposition at elevated temperatures.
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During graphitization, carbonized fibers are treated in Argon at temperatures up to 3000

“C. Denitrogenation occurs by the removal of the nitrogen atoms within the carbon ring

and begin to link up in the lateral direction resulting in the formation of graphitic like

structure (Figure 1.10) [38].

CH._ _CcH CH
7 ~
CH X H J\CH/

| |
s Ssn O,

Polyacrylonitrile

—_—

\H H/ N

’ \H H/ \N
3 H H/ N
7\ 7 N

400-600°C l Dehydrogenation

Ladder structure

600-1300°C l Denitrogenation

Carbonized structure

Figure 1.9 Schematic of the formation of carbonized structure from PAN nanofiber

Carbon fiber remains an important material today as it is incorporated into many

industries. One prime example is the 737 Boeing airplane that uses carbon fiber as a

structural material due to its high strength to weight ratio. Overall, material science and



engineering involve the study of synthesis -structure -property-function relations. To make
sure that a material has superior properties in their given applications i.e., high tensile
strength in carbon fiber composites for an airplane, understanding how the manufacturing
processing technique affects the ultimate structure is important and should continue to be
implemented in designing and making a consistent product.

Nanosized carbon fiber has shown to have higher mechanical strength than micron
size nanofibers [39]. Typical mechanical failure of carbon fiber composites is due to crack
propagation within the composite. Nanofibers would allow for thinner layers that could
mitigate cracks. With the usage of nanofibers in reinforced composites, they can provide
superior structural property such as high modulus and strength to weight ratio [40], that
would allow for the manufacturing of lighter carbon composites. One dimensional (1D)
nanofibers have been a strong research focus due to their unique properties and intriguing
applications [41]. A promising fabrication method for these 1D structures is the
electrospinning method due to its ability to use a variety of polymer and generate sub-
micron diameter fibers at a large scale [42]. The first patent of the electrospinning process
occurred in 1934 by Formalas who disclosed an apparatus for producing polymer filaments
by using electrostatic repulsions between surface charges [41].

1.3.5 Electrospinning

The electrospinning configuration typically includes a high voltage supply, a
syringe with a needle tip and a metal grounded collector (Figure 1.11). In a typical
electrospinning process a polymer is dissolved and put in a syringe with a metal tip attached

to it. The syringe is placed on a syringe pump to extrude the solution at a constant rate. A
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high voltage is applied to the needle tip and the grounded collector. Electrostatic charging
is induced on the polymer fluid at the tip of the nozzle and forms a Taylor cone which is a
cone shaped droplet caused by the surface tension of the liquid. When the electrostatic
force overcomes the surface tension of the polymer solution, a jet is ejected from the tip,
elongating, and split into thinner filaments solidifying, and eventually landing on the
grounded collector. Sometimes a rolling collector is used to create unidirectional

membranous mats.

Polymer Solution

Syringe Pump

Rotating
Collector

Power Supply

Figure 1.10 Schematic of a basic electrospinning setup with a rolling collector

There are several processing parameters that affect the nanofiber morphology and
size including electric potential, distance between collector and needle tip, humidity, flow
rate and viscosity of the polymer solution [41].

Applications that have used nanofibers include filtration, wound dressing, tissue
templating and electrical applications because they provide high surface to volume ratio,
high porosity in addition to their physico-mechanical properties [40], [42]. In addition to

these enhanced mechanical properties, a multifunctionality component can be added with
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the addition of materials such as ceramics, metals, and metal oxides. For example, ZnO,
TiO2, NiO and CuO have been prepared by calcination of electrospun nanofibers
containing polymer and inorganic precursor [43]. Nanoparticle nanofiber composites have
been researched extensively due to their functionality and unique chemical and physical
properties [44]. Electronic and optical properties of nanostructured materials have been of
interest because of their superior performance exploiting unique properties such as
quantum confinement of charge carriers and high surface to volume ratio that allows for
more active material [45]. Metal/polymer nanocomposites are expected to be applied as
catalysts, in photonics, electrical sensors, filters and artificial tissues [46]. Integration of
nanofibers into nano-matrices require nanofibers with controlled orientation, size, and
other target characteristics as well as reproducibility. The addition of the multifunctionality
component adds a complexity to this nanofiber system. The ability to control the size,
phase, and morphology of these multifunctional nanomaterials remains a major challenge
in the field [47]. By understanding the processing parameters that affect the structure and
properties of these nanocomposite systems we can optimize the material production and
tailor it to the desired application. To take full advantage of nanomaterials and their unique
properties, we must first study their processing-structure-property relations.

Materials Science and Engineering involves four sections, processing, structure,
properties, and performance with characterization being a tool to analyze materials (Figure
2). How a material is processed will influence its structure which will affect its properties
and remains a function of its performance. An example of this is elucidated in the

production of carbon fiber.
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. Structure
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Properties
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Figure 1.11 The Materials Science tetrahedron, describing the interrelationship between
processing-structure-property-performance.

The aim of this dissertation is to understand the structure-property relations of
nanomaterials by 1) identifying growth mechanisms of Ni nanoparticles in a carbon
nanofiber matrix 2) identifying carbonization mechanisms of Ni/carbon nanofibers 3)
studying the synthesis-structure relations of TiOz/carbon nanofibers for water purification
application 4) perform dynamic studies on Ni and Fe exsolution in perovskite-based

materials in redox environments for dry methane reforming
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Chapter 2 Synthesis-Structure relations of Ni nanoparticles within a nanofiber
carbon matrix
2.1 Background
Size, morphology, and high conductivity are critical factors for sustainable

technologies. Precious metals like platinum are most used in energy technologies such as
fuel cells [1]. However, its high cost and scarcity has hampered automotive and renewable
energy technologies driving research to more affordable materials [2]. As a result,
nonprecious materials like carbon and metal catalysts have been explored as alternative
materials [3]. Carbon materials have been playing a significant role in the development of
alternative clean and sustainable technologies. This includes structures like carbon
nanotubes, fullerenes, graphene, and other porous carbon structures which are of particular
interest as low-cost materials for a variety of energy applications [4] [5]. Metal
nanomaterials have received significant attention to their unique properties and their
potential applications in optical, electronic, catalytic, and biological applications [6].
Forming heterostructures with transition metal/metal oxide (e.g., Fe, Co, Ni, Mn) could
modify their chemical activities. Metal nanoparticles have also been seen to have catalytic
effect on graphitization and have been extensively used for synthesis of carbon nanotubes
[7].

Researchers have also focused on making hierarchical nanostructures for increase in
surface area [8] [9]. 1D graphitic structures provide the necessary charged conductivity and
3D conductive networks have been considered as a promising solution due to their large

aspect ratio, high surface area, short diffusion path for electrons which are favorable for
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energy applications such as batteries and fuel cells [10]. One of these structures are
electrospun nanofiber mats. Although there has been research done on this system, the
mechanism of metal nanoparticle growth within this system has yet to be determined. This
work focuses on temperatures studies and finding the mechanism of crystal growth and
transformation of Ni metal nanoparticles within this carbon matrix.
2.2 Objectives and hypotheses

The objectives of this work are to synthesize Ni/carbon nanofibers from an
electrospun polymer-metal precursor. Upon annealing, metal species diffuse through the
carbon matrix, nucleating as metal nanoparticles and subsequently catalyzing the formation
of graphitic structures. In this study, we investigate the role of the polymer matrix and
annealing conditions on metal diffusion, clustering, and growth of these metal
nanoparticles. We utilize these parameters to control the size, number density, surface area
of metal nanostructures that ultimately allow us to tune our material for use in sensing
elements and water purification membranes.
2.3 Materials and Methods
2.3.1 Materials

All chemicals and reagents were used as received. Nickel (II) acetate tetrahydrate
(98%), polyacrylonitrile (PAN) (molecular weight (MW) =130 000), and N,N-
dimethylformamide (DMF) (anhydrous, 99%) were all purchased from Sigma-Aldrich.

Compressed air, ultrapure Argon, and 5% H2/95% Na, were supplied by Airgas.
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2.3.2 Material synthesis:
Solution Prep and electrospinning

To synthesize Ni-PAN nanofibers, 1.2 g of PAN and 0.25 g of Ni(OAc)> 4 H.O
were dispersed into 8.8 g of DMF solution in a 20 mL vial followed by stirring at 500 rpm
for 6 h at 80 °C with subsequent stirring for 12 h at room temperature (Figure 1.1 A). The
solution was then transferred into a 10 mL plastic syringe with a stainless-steel needle tip
and electrospun using an eS-robot electrospinning/spray system (NanoNC, Seoul, Korea).
A flow rate of 1.0 mL min™ was used and a voltage of 15kV (10, -5kV) was generated by
a power supply (Hi-2000, Korea Electric Testing Institute) was applied between the needle
and a rolling aluminum foil collector (~1500 rpm) at 20 cm distance from needle tip to
collector (summarized in Figure 1.1 B). The electrospinning process was performed at
room temperature for 2 h. As-spun nanofibers were dried in air for 24 h at room temperature
before further processing and characterization.
Heat treatment of nanofibers

The dried nanofiber mats were placed in an alumina crucible and put into a tube
furnace (Thermo Scientific Lindberg Blue M Mini Mite Tube Furnace, ThermoFisher
Scientific, USA) for a two-step heating process. The fibers were first heated in air at 250
°C for 4 h with a heating rate of 2 °C/min to stabilize and cyclize the PAN . The gas was
immediately switched to 5%H2;95%N> and heated from 300 "C to 800 °C in 1-hour

Increments.
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Figure 2.1 A) Metal precursor and polymer mixture in solvent for electrospinning B)
electrospinning setup using rotating collector C) heat treatment process for carbonization of
nanofibers and metal nanoparticle growth

2.3.3 Material Characterization

Scanning Electron Microscopy (SEM): Samples were mounted on aluminum mounts
using carbon tape and sputter coated with platinum and palladium for 30 seconds
(Cressington 108 Auto, CFAMM UCR). Particle size, distribution, and morphology were
observed using a Scanning Electron Microscope (Mira3, Tescan, CFAMM UCR) at 10 kV.
Transmission Electron Microscopy (TEM) Morphological features and crystallinity of
samples were observed using TEM (Titan Thermi-300kC, FEI) bright field imaging. TEM
samples were prepared by dispersing fibrous samples in DI water, sonicating for 10

minutes, and depositing them onto ultrathin carbon films on holy carbon supports with a
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400-mesh copper grid (Ted Pella, Redding CA) using a 1 mL pipette. To get cross sectional
TEM micrographs of nanofibers, samples were embedded in epoxy resin (Max 1618,
Polymer Composites, USA) and placed in silicone molds at room temperature overnight.
70 nm cross-sections were obtained using an ultramicrotome (RMC MT-X, Boeckeler
Instruments, CFAMM UCR) and a diamond knife (PELCO, Ted Pella). The acquired
cross-sections were then placed onto a carbon-coated copper TEM grid for further imaging.
(XRD) Phase Identification was determined by XRD (PANalytical Empyrean Series 2)
using Cu Ka radiation. The sample was ground up using a mortar and pestle and placed on
a zero background Silicon wafer and onto the sample holder. Crystallite size was calculated
from calculating the full width half maximum (FWHM) of the X-ray diffraction profiles
and using the Scherrer equation where K is the Scherrer constant, A is the wavelength of

light used for the diffraction, £ is the FWHM and 0 is the angle measured.

KA

D =———
f cos O

(TGA) Thermogravimetric analysis (TGA) was performed on a Mettler-Toledo TGA/DSC
3+ following the same oxidation and annealing procedures at a heating rate of 10 °C/min
but using 50 mL/min of 4% H>/ Argon to decrease risk of damage to platinum elements in
the instrument.

(TGA-MS) Thermogravimetric analysis with a mass spectrometer attachment was

performed on a TA Discovery TGA-MS from 25 °C to 800 °C in 5%H2; 95%No.
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2.4 Results and discussion

2.4.1 Characterization of nanofibers

The metal-polymer nanofibers were turned into carbon fiber using the two-step heat
treatment process used in carbon fiber manufacturing (Figure 2.1 C). As-spun Ni-
containing fibers exhibit a rough fibrous morphology with an average diameter of 1.2 uym
+ 170 nm (Figure 2.2 A). The roughness is caused by high humidity during electrospinning.
After annealing at 800 °C for 3 h, the Ni-PAN nanofibers become highly porous with a
reduced average diameter of 794 nm + 36 nm, a 33% reduction indicating the
decomposition and carbonization of the fiber. Nanoparticles with average size of 70 nm +

22 nm can be seen on the surface of the nanofiber.

Nanoparticles

Figure 2.2 A) SEM of as-spun Ni-PAN nanofiber B) SEM of carbonized Ni-PAN nanofiber
annealed @800 °C for 3 h.

TEM micrographs of the carbonized Ni-PAN at 800 °C for 3 h shows metal nanoparticles
evenly distributed throughout the fiber (Figure 2.3 A). The Ni nanoparticle size ranges
from 23 nm to 134 nm. The histogram in Figure 2.2 A inset shows the distribution of
particle size throughout the nanofiber. The average particle size is 66 + 29 nm. There is a

wide range of particle size distribution. TEM provides more insight on the porosity of the
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fiber. Figure 2.3 B shows the highly porous structure made up of layered carbon throughout
the entire nanofiber. HRTEM of a single Ni particle (Figure 2.3 C &D) shows an average
20 layers of ordered carbon surrounding the particle. The layers are ordered carbon that
was assumed to have been catalyzed by the Ni as it is a known catalyst for graphitization.
FFT in Figure 2.3 C shows that the ordered rings have a d-spacing of 0.35 nm
corresponding to the (002) graphite. However, the d-spacing is larger than that of pure
graphite and typically corresponds to turbostratic carbon which has the hexagonal carbon
structure of graphite, but the basal planes have slipped out of alignment. The nanoparticle

d-spacing is 0.2 nm corresponding to the typical fcc Ni metal structure.
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Figure 2.3 A) TEM micrograph of Ni-PAN nanofiber annealed @800 °C for 3 h in 5%H2;95%N,
B) TEM micrograph of Ni-PAN nanofiber tip annealed @800 °C for 3 h in 5%H;95%N, C) & D)
HRTEM of a Nickel nanoparticle encapsulated with graphitic rings.

XRD of the 800 °C 3 h Ni-PAN sample (Figure 2.4) confirms that the metal precursor has
been reduced to Ni metal and has a crystallite size of 40 nm + 2 nm. The (002) graphitic
peak is also seen at 25.9 degrees 20 with a crystallite size of 4.3 + 0.4 nm. Typical graphite
(002) 20 is at 26.4 degrees. The shift towards lower 20 indicates a larger d-spacing. When

compared to an annealed PAN fiber with no metal, the graphitic domains are only 1.2 nm,
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and the d-spacing is 0.36 nm representing ordered carbon that has not been graphitized.
The annealing of Ni-PAN nanofiber in the two-step heating process used for carbon fiber
synthesis results in large Ni nanoparticles distributed throughout the carbonized fiber and
is indicative that the Ni facilitates graphitization and ordering of the surrounding carbon

resulting in a highly porous nanofiber.
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- I | 4-0850-Ni

| | N

| 41-1487-graphite)

20 30 40 50 60 70 80
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Figure 2.4 XRD of PAN with no metal and Ni-PAN nanofibers annealed @800 °C for 3 h in
5%H2;95%N,.

2.4.2 Phase transformation

To observe the crystal and particle growth of the Ni within the polymer matrix as
it transforms into carbon fiber, the fibers were heat treated at temperatures from 300 °C -
800 °C for 3 h. Figure 2.4 shows XRD of annealed Ni-PAN nanofibers at varying

temperatures.
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Figure 2.5 A) XRD of Ni-PAN nanofibers annealed at varying temperatures 300 °C- 800 °C for 3
h B) crystallite size plot of Ni metal in Ni-PAN nanofibers vs. temperature annealed C) Table of
crystallite size and 20 peak positions at varying annealing temperatures.

Nickel crystal peaks are observed at 300 °C indicating that crystal growth is already
initiated at this temperature. The metal peak progressively increases in intensity as
temperature increases indicating the frequency in which the nickel periodicity is scattered.
The peak intensity from 300 °C- 500 °C is relatively low indicating small amounts of Ni
crystals present at these temperatures. The peak intensity continues to grow and reaches a
maximum at 700 °C. The narrowing of the XRD peaks is an indication of the increase in
crystallite size which is shown in the table and plot of Figure 2.4 B & C. The crystallite
size at 500 °C is 9.2 nm. At 600 °C and 650 °C the crystallite size is very similar in size
being 18 nm, showing a slower rate of nickel crystal growth. At 700 °C and 750 °C the
crystal size is ~22 nm. At 800 °C the crystal size jumps to 40.8 nm in size. The rate of

crystal growth is the fastest between 700 °C and 800 °C with the difference in average
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crystal size being 20 nm. It appears the rate of crystal growth is the slowest between the
600 °C and 700 °C.

To compare polymer effects with Ni crystal growth, Ni(OAc)>' 4 H2O was prepared
the same way as the Ni-PAN samples were to electrospin and carbonize the nanofibers.
Ni(OAc)2 4 H>O was dissolved in DMF, dried, and heat treated using the two-step heating
process as mentioned earlier in this chapter. The sample was annealed at varying
temperatures of 400 °C, 600 °C, and 800 °C for 3 h. XRD was done to observe the metal
crystallization at each temperature including the stabilization step (Figure 2.6 A). During
the stabilization in air at 250 °C for 4h, NiO peaks are observed. Using the Scherrer
equation, the crystallite size is 1-2 nm. No visible NiO peaks are observed in the Ni-PAN
sample. The stabilization temperature is high enough to induce nucleation and
crystallization of the dissolved Ni(OAc)> 4 H>O to NiO. At 400 °C, the NiO is reduced to
nickel metal and the peak intensity is similar at 600 °C and 800 °C. The crystallite size is
graphed and summarized in Figure 2.4 B & C. When no polymer is present, nickel crystal
size grows to >30nm in size at a low temperature of 400 °C suggesting that
polyacrylonitrile slows down the crystal growth rate of the Ni when confined in a polymer

matrix.
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Figure 2.6 XRD of Ni precursor dissolved in DMF with no polymer stabilized in air at 250 °C for
4h, heat treated in 5%H2;95%N, with no polymer at varying temperatures of 400 °C, 600 °C and
800 °C for 3 h.

Nickel particles grow within the carbon matrix with increasing temperature. Figure
1.7A-F shows TEM micrographs of Ni/Carbon nanofibers annealed at 300 °C- 800 °C for
3 h. At 300 °C (Figure 2.7 A) no visible particles can be seen throughout the fiber. At 400
°C small 6.7 £ 1.2 nm particles can be seen throughout the fiber with regions having
concentrated areas of small particles. At 500 °C (Figure 2.7 C) the particles are evenly
distributed with an average particle size of 11.4 +2.5 nm. At 600 °C (Figure 2.7 D) porosity
is observed, and particles have grown to an average size of 23.5 + 7 nm. At 700 °C (Figure
2.7 E) particles are 31.5 + 9.7 nm average size. At 800 °C (Figure 2.7 F) the particles have

increased significantly to an average size of 66 + 28.7 nm.
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Figure 2.7 TEM of Ni-PAN nanofiber annealed at A) 300 °C B) 400 °C C) 500 °C D) 600 °C E)
700 °C F) 800 °C for 3 h in 5%H>; 95%N..

Particle size vs. temperature is summarized in Figure 2.8. The plot has three distinct
regions where the slope of the plot changes from 400 °C- 600 °C, 600 °C- 750 °C and 750
°C- 800 °C. There is a steady growth of particle size from 400 °C to 600 °C with particle
size doubling in size every 100 °C. However, from 600 °C to 750 °C particle growth slows
down. It is not until 800 °C where the particle growth accelerates to average particle size
of 66 + 28.7 nm. It is important to note that the distribution of particle size begins to

increase at 600 °C. At 800 °C particle size varies significantly from 23 nm to 134 nm.
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Figure 2.8 Particle size vs temperature plot of Ni-PAN fibers annealed in 5%H>; 95%N,.

2.4.3 Microstructural analysis

To observe the microstructural features of the Ni at each temperature step, TEM
and HRTEM was conducted on each sample. TEM of annealed Ni-PAN nanofibers at 300
°C (Figure 2.9 A) shows no visible particles throughout the fiber. However, upon closer
observation, SAED reveals a diffused ring of Ni (111) and Ni (220) indicating amorphous
or nanocrystalline domains. Bright field HRTEM again does not show any visible
nanoparticles (Figure 2.9 B). However, darkfield (Figure 2.9 C) exposes sub-nanometer of
<1 nm in size particles showing nucleation has occurred at this temperature and particles

are distributed evenly throughout the fiber.
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Figure 2.9 TEM of Ni-PAN nanofibers annealed at 300 °C 3 h in 5%H>; 95%N, A) TEM of
longitudinal section of Ni-PAN with SAED inset B) HRTEM of annealed Ni-PAN at 300 °C 3 h
in 5%H,; 95%N, C) Darkfield of the BF micrograph in B.

TEM of the 400 °C annealed sample is shown in Figure 2.10. Black spots are
observed in a microtomed cross-section shown in Figure 2.10 A. SAED shows diffused
rings suggesting nanocrystalline domains (Figure 2.10 B). Darkfield confirms that these
spots are nickel nanoparticles (Figure 2.10 C). When the annealing temperature is increased
to 400 °C, the nucleated particles have grown from a sub-nanometer size to average 6.7 =
1.2 nm. The growth from sub-nanometer to 6.7 nm suggests that there are diffusion

pathways within the PAN for the metal to diffuse and the nickel metal to grow.
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Figure 2.10 TEM of Ni-PAN nanofiber annealed at 400 °C in 5%H>; 95%N; for 3 h A) overview
BF B) SAED of overview C) darkfield of blue boxed region D) Higher magnification TEM of green
boxed region.

Figure 2.11 A shows an overview a microtomed cross-section of a Ni-PAN
nanofiber. The particles look evenly distributed, but the density of particles has increased.
SAED shows bright spots appearing in the diffraction pattern indicating nano-crystalline
domains with larger grains. HRTEM of a single nickel particle with a size of 10 nm at this
temperature is seen to be single crystalline with a d-spacing of 0.2 nm corresponding to

(111) nickel metal.
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Figure 2.11 A) TEM of Ni-PAN nanofiber annealed.
of a single nickel nanoparticle.

When Ni-PAN is annealed at 600 °C in 5%Hb>; 95%N; for 3 h, the average particle
size of the nickel nanoparticles is 23.5 + 7 nm. TEM of this sample shows evenly
distributed nanoparticles throughout the fiber (Figure 2.12 A). Upon closer observation,
porous structures are observed (Figure 2.12 B). SAED shows brighter diffractions spots
including diffused Ni (111) rings. What is also seen is a diffused at ~0.34 nm d-spacing

corresponding to the (002) graphite.
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Figure 2.12 A) TEM of Ni-PAN nanofiber annealed at 600 °C in 5%H>; N, for 3 h B) TEM of Ni-
PAN nanofiber annealed at 600 °C in 5%H,; N, for 3 h.

HRTEM shows two different nickel nanoparticles on the surface of the nanofiber
~30 nm in size (Figure 2.13 A &C). At the surface of these nickel nanoparticles, layers of
ordered carbon are observed to be surrounding the particles. The d-spacing for the layered
carbon is 0.36 nm. Graphite (002) peaks are typically 0.34 nm, indicating that the ordered
carbon is not graphitic but a tubostratic carbon. It is at 600 °C where ordered carbon is seen

under TEM.
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Figure 2.13 A) & C) TEM of single nickel nanoparticle in Ni-PAN nanofiber annealed at 600 °C
in 5%H2; N2 for 3 h B) & D) HRTEM of nickel nanoparticle interface with crystalline carbon.

:

2.4.4.Growth mechanisms

During the carbonization process polyacrylonitrile nanofibers evolve gases such as
H>0, CO,, NH3, HCN, H,, CO and CHj4 as cyclization, cross-linking and carbonization
occurs [11]. Bromley et al. determined the gases evolved during carbonization [11]. They
observed that HCN and O; evolves beginning at 220 °C due to the ladder formation and
oxidation of the polymer. At 300 °C CO, H>0, CO, and HCN is evolved. The main gas
evolved at this temperature is CO; corresponding to the removal of -COOH in the oxidized
PAN. At 400 °C higher amounts of CO», H>O, CO, HCN and NHj3 are evolved due to the
cross-linking of PAN. TGA was conducted on a pre-oxidized Ni-PAN sample to observe

the mass loss during the carbonization when nickel is added to PAN fibers. The fibers were
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putina 150 pL alumina crucible and heated from room temperature to 800 °C at 10 °C/min
in 4%H: ;96%Ar (Figure 2.14 A). The TGA plot shows a 5% initial mass loss at 100 °C
corresponding to water loss. Because this sample was pre-oxidized no mass loss was
expected below 300 °C. However, a second mass loss event initiates at 285 °C. This was
correlated with the decomposition and cross-linking event of the PAN. Having nickel in
the PAN fibers lowered the decomposition temperature and initiated the carbonization to
285 °C. HCN evolution was detected for the Ni-PAN system (Figure 2.14 B). HCN starts
evolving from the Ni-PAN at 285 °C indicating that HCN evolves due to the
decomposition of polyacrylonitrile and confirms the start of the carbonization process of
the polymer. It is important to note that sub-nanometer nickel particles are observed at 300
°C suggesting that nickel begins to nucleate and grow around the same temperature that
the carbonization process is initiated. The reduction in the carbonization temperature when
nickel is present suggests that the nickel is interacting with the polymer via its nitrile group.
A metal-nitrile bond can occur and create a metal-nitrogen resonance structure where the

metal can weaken the C=N with a n-back donation [12].

42



100% T T T T T T T 800
moisture loss
o | Onset of mass loss 0.20 4
95% 285°C 350°C - 700
—~  90% —_ —~
X < 0.18 600 (5
S (=]
85% E o
© 80%- S 0.16 3
— (1] 400
- - (W)
£ 75%- = o
=4 3 0.14 L300 &
g ml YYTTT F N :
c. C C [)
% N °N N N ° ) -200 |—
65% N e ogsoc = Ni-PAN
60% - @ ‘.N’ @ —— PAN no metal  F100
55% T T T T T T T 0.10 + T T T T T T T 0
100 200 300 400 500 600 700 800 0 20 40 60 80 100 120 140
Temperature (°C) Time (min)

Figure 2.14 A) TGA of pre-stabilized Ni-PAN nanofibers heat treated from 25 °C to 800 °C in
4%H>;96%Ar B) TG-MS of pre-stabilized Ni-PAN vs PAN no metal nanofibers heat treated from
25 °C to 800 °C.

The activation energy for particle size growth can be calculated by using the
Arrhenius equation [13] [14] shown below where D is the particle size, R is the universal
gas constant, T is the reaction temperature E, is the activation energy and A is the pre-
exponential factor.

_Eq
D = Ae RT

Plotting the In (D) vs 1/T, the activation energy E. can be calculated by the slope of the
plot (Figure 2.15). Two activation energies were calculated from two slopes, 46.7 kJ/mol
and 103.8 kJ/mol. The lower activation energy corresponds to a classical crystallization
mechanism of surface diffusion occurring at 300 °C — 600 °C. There is a slowdown of
particle growth between 600 °C and 700 °C. From 700 °C — 800 °C the activation energy

of 103.81 kJ/mol is attributed to coalescence.
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Figure 2.15 In D vs 1/T plot of annealed Ni-PAN nanofibers at 300 °C to 800 °C for 3 h in 5%Ho>;
95% No.

When Ni-PAN nanofibers are annealed at temperatures above 600 °C, peanut shaped
nanoparticles are observed (Figure 2.16). This strongly suggests that the peanut-shaped
particles are two nanoparticles merging via a process called coalescence. Coalescence
occurs when two particles interact and to reduce surface energy, atoms diffuse to the points
of contact permitting the particles to be bonded together and eventually causing the two
particles to become one. The large increase in particle size can be evidence of coalescence

as particles merge together into a much larger particle [15].
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Figure 2.16 TEM of nickel nanoparticles coalescing at 600 °C and 750 °C.

2.5 Conclusions

Our studies reveal several particle growth mechanisms of nickel metal when embedded in
a polymer matrix. The physical confinement of the nickel metal within a polymer matrix
limits their diffusion and slows down its crystal and particle growth when compared to
sample that have no polymer. Sub-nanometer nanoparticles were observed at 300 °C. TGA
coupled with TG-MS revealed that the initial nucleation and crystal growth of nickel metal

is closely related to the decomposition of and onset temperature of carbonization of the

45



polymer whereby HCN evolves suggesting a metal-polymer interaction via its nitrile
group. Nickel particles continue to steadily grow until 600 °C where crystalline carbon
encapsulating the surface of the metal nanoparticles are observed. Using the Arrhenius
equation allowed for the calculation of the activation energy. It was revealed that two
particle growth mechanisms are occurring in this study, starting with surface diffusion and
then coalescence of the particles at temperature above 600 °C. Understanding the growth
mechanisms of this polymer-carbon-metal nanofiber system can provide insight on how to

control the size of these particles for a tailored synthesis for the desired application.
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Chapter 3 Mechanisms of graphitization in a Ni-polymer/carbon matrix
3.1 Background

Carbon nanofibers (CNF) have been used in applications such as sports equipment,
and the aerospace industry [1].Carbon fiber (CF) has high tensile strength, large length to
diameter ratio, high specific surface area, and high thermal and electrical conductivity [1].
The electrospinning method provides a method to produce homogenous fibers at the
nanoscale [1]. CF is made from polyacrylonitrile (PAN) polymer precursor due to its high
carbon content. The typical heat treatment process involves stabilization, carbonization,
and graphitization. The stabilization process occurs in air at temperatures ranging from 250
°C- 275 °C which promotes the cyclization process and prevents the polymer to degrade
when heated at elevated temperature. The carbonization and subsequent graphitization
process occurs in an inert atmosphere from temperatures of 500 °C to 3000 °C. The
graphitization process occurs at elevated temperatures of 2000 °C-3000 °C. Transition
metals such as Ni, Co, and Fe are known catalysts for graphitization at lower temperatures
to produce carbon nanotubes (CNTs). They are synthesized via chemical vapor deposition
by the catalytic decomposition of hydrocarbons on the surface of these transition metals
catalysts [2]. This synthesis usually occurs at temperatures ranging from 550 °C and 1000
°C [2].

In the case for 1D nanofibers, metal salts are mixed with a polymer, electrospun,
and heat treated at elevated temperatures to form graphitic carbon. When metals are
incorporated in PAN-nanofibers, carbon onion-rings are observed. To make graphitic

carbon nanofibers at lower temperatures, metals need to be incorporated into the nanofiber
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structure. The mechanisms for CNT synthesis have been studied extensively however, the
mechanism of carbonization and graphitization when metal is incorporated in PAN-

nanofibers has yet to be studied.

3.2 Objectives and hypotheses

Our objective for this work is to understand the mechanism for carbonization and
graphitization in this system. By conducting temperature and time studies we can
understand when carbonization and graphitization occurs and how the nickel metal is
catalyzing this process. If we can identify the mechanism of graphitization, we can control
the processing parameters that control this process for a more efficient synthesis of this
material. Based on the information we acquire on this mechanism we can tailor our material
to fit the application needs.

3.3 Materials and Methods

3.3.1 Materials

All chemicals and reagents were used as received. Nickel (II) acetate tetrahydrate (98%),
anhydrous acetic acid, PAN (molecular weight (MW) =130 000), and DMF (99%) were all
purchased from Sigma-Aldrich. Compressed air, ultrapure Argon, and 5% H2/95% Noa,
were supplied by Airgas.

3.3.2 Material synthesis

Solution prep and electrospinning

To synthesize Ni-PAN nanofibers, 1.2 g of Polyacrylonitrile and 0.25 g of Ni(OAc) 4
H>O were dispersed into 8.8.g of DMF solution in a 20 mL vial followed by stirring at

500rpm for 6h at 80°C with subsequent stirring for 12h at room temperature. The solution
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was then transferred into a 10 mL plastic syringe with a stainless-steel needle tip and
electrospun using an eS-robot electrospinning/spray system (NanoNC, Seoul South
Korea). Flow rate of 1.0 mL min! was used, and a voltage of 15 kV (10, -5 kV) was
generated by a power supply (Hi-2000, Korea Electric Testing Institute) and was applied
between the needle tip and a rolling aluminum foil collector (~1500 rpm) at 20 cm distance.
The electrospinning process was performed at room temperature for 2h. As-spun
nanofibers were dried in air for 24 h at room temperature before further processing and
characterization.

Heat treatment of nanofibers for Carbon Fiber synthesis

The dried fibers were placed in an alumina crucible and put into a tube furnace (Thermo-
fisher) for a two-step heating process. The fibers were first stabilized in air at 250 °C for
4h with a heating rate of 2 °C/min. The gas was immediately switched to 5%H2; 95%N>
and heated up to 800 °C for varying temperatures and times at a rate of 5 °C/min.

3.3.3 Material Characterization

Transmission Electron Microscopy (TEM) Morphological features and crystallinity of
samples were observed using TEM (Titan Thermi-300kC, FEI) bright field imaging. TEM
samples were prepared by dispersing fibrous samples in DI water, sonicating for 10
minutes, and depositing them onto ultrathin carbon films on holy carbon supports with a
400-mesh copper grid (Ted Pella, Redding CA) using a 1 mL pipette. To get cross sectional
TEM micrographs of nanofibers, samples were embedded in epoxy resin (Max 1618,
Polymer Composites, USA) and placed in silicone molds at room temperature overnight.

70 nm cross-sections were obtained using an ultramicrotome (RMC MT-X, Boeckeler
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Instruments, CFAMM UCR) and a diamond knife (PELCO, Ted Pella). The acquired
cross-sections were then placed onto a carbon-coated copper TEM grid for further imaging.
(XRD) Phase Identification was determined by XRD (PANalytical Empyrean Series 2)
using Cu Ka radiation. The sample was ground up using a mortar and pestle and placed on
a zero background Silicon wafer and onto the sample holder. Crystallite size was calculated
from calculating the full width half maximum (FWHM) of the X-ray diffraction profiles
and using the Scherrer equation where K is the Scherrer constant, A is the wavelength of
light used for the diffraction, £ is the FWHM and 0 is the angle measured.

(TGA) Thermogravimetric analysis (TGA) was performed on a Mettler-Toledo
TGA/DSC 3+ following the same oxidation and annealing procedures at a heating rate of
10 °C/min but using 50 mL/min of 4% Hz/ Argon to decrease risk of damage to platinum
elements in the instrument.

(TGA-MS) Thermogravimetric analysis with a mass spectrometer attachment was
performed on a TA Discovery TGA-MS from 25 °C to 800 °C in 5%H2; 95%No.
(Raman) Raman spectra was recorded with Horiba LabRam/AIST-NT with a research
grade Leica DMLM microscope (532 nm laser with power of 60mW).

(FTIR) Fourier-transform infrared spectroscopy (FTIR spectroscopy) was performed
using an Agilent Cary 620 FTIR Microscope. Samples were scanned from 500 — 4000 cm
! with 128 scans. Spectra were processed using Resolutions Pro FTIR Software and

OribginLab.

52



3.4 Results and discussion

3.4.1 Characterization of nanofibers
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Figure 3.1 A) XRD plot of annealed Ni-PAN nanofibers from 200 °C —800 °C 5%H2;95%N, B)
crystallite size vs temperature plot C) table of crystallite size and 20 peak position.

As mentioned in chapter 2, when PAN mixed with nickel metal precursor is annealed at
800 °C using the carbon fiber processing technique, nickel metal nucleates and grows
within the nanofiber. In addition, a carbon peak is observed at a 20 at 26 degrees and a
crystallite size of 4.7 nm (Figure 3.1). To observe the growth of the crystalline carbon, Ni-
PAN samples were annealed at varying temperatures from 200 °C to 800 °C for 3 h in
5%H2;95%N,. Figure 3.1 A shows XRD plot of these annealed temperatures. At 200 °C,
no nickel metal is detected, and no carbon peak is observed. At 300 °C a small nickel peak
is observed and was confirmed that nickel metal sub-nanometer particles are present (see
chapter 2). A peak at 24.6 degrees is identified with a crystallite size of ~1 nm. The

crystallite size of this peak continues to be 1 nm until 600 °C where the crystallite grows
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