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ABSTRACT OF THE THESIS

Electrochemical Devices Derived from Pyrolyzed Graphitic Polyacrylonitrile
By
Brandon Ryan Davidovich Pollack
Master of Science in Mechanical and Aerospace Engineering
University of California, Irvine, 2017

Professor Marc Madou, Chair

In this work I present a simple route for fabrication of a graphitic carbon and use that to
produce hydrogen peroxide sensors. The graphitic carbon was shown to have superior elec-
trocatalytic properties when compared to its more standard fabrication routes. This was
done by using the technique of electrospinning to create a nanofibrous mat out of the poly-
mer polyacrylonitrile (PAN). The electrospinning, along with additions of carbon nanotubes
(CNT) subjected the nanofibers to a force capable of unwinding the molecular chains of
PAN. This unwinding was then maintained by subjecting the nanofiber mats to mechanical
stresses, prior to and during a stabilization process which helps the PAN cross-link. Finally,

these mechanically treated mats were then pyrolyzed into carbon structures.

Mats were fabricated to have a graphitic nature despite being pyrolyzed at relatively low
temperatures (1000 °C). The mats were characterized Raman Spectroscopy, Transmission
Electron Microscopy (TEM), and X-ray Photoelectron Spectroscopy (XPS). This showed in-
creased graphitization compared to non-stressed mats and demonstrated interesting elechtro-

chemical behavior.

In terms of electrochemical properties, the mechanical treated carbons showed an increase in
the heterogeneous electron transfer rate. This presented the opportunity to test the carbon

mats as an electrochemical sensor. Hydrogen peroxide sensing was performed where it proved



to be on par with other more expensive carbon based materials.
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Chapter 1

Introduction

Electrochemistry is all around us. From everyday biological processes such as your brain’s
neurons firing signals[72, 99], the rust forming on steel left out to moisture[136], the batteries|8]
powering technology around us, to sensors/bio-sensors[163] providing information, as well as
many more applications. A common material used for electrochemical devices can revolve
around inert metals such as gold or platinum[65, 85, 28]. These materials produce excellent
properties in their respective functions they are also known for being very expensive and
sometimes difficult to machine. Carbons have been used for many years for electrochemical
devices although their properties can be lacking compared to the metals since they are often
of the amorphous verity. Graphene is known as a carbon material with superior properties
and as a possible replacement. Graphene has its own disadvantages though, mainly that
it is difficult and costly to fabricate and may need to be functionalized to be used as an
electrocatalyst. A popular way to make carbon structures is with performing pyrolysis on
polymer precursors. The polymer can be patterned prior to pyrolysis. This will result in
a finished structure of carbon structure in the shape of the patterned polymer. Typically,
there are two options for this pyrolysis, to use a high temperature (such as 3000 °C) which

would allow for the formation of graphitic planes in the carbon allowing for electrical prop-



erties similar to graphene. This temperature would cause the decomposition of most all
non-carbon molecules. In electrochemical applications these additional molecules can be
necessary. While post-processing can be used to dope in heteroatoms, this can be very de-
structive to the carbon structure. Alternatively, pyrolysis can be performed at a relatively
low temperature (such as 1000 °C) which would leave behind heteroatoms in the structure,
but the carbon derived from PAN would be amorphous. Here I present an alternative fab-
rication route for carbon that would allow for the low temperature pyrolysis and still result
in graphitic carbon. This carbon can potentially replace graphene or even rare metals in

electrochemical applications.

1.1 Overview of this Work

In order to understand carbon electrochemical devices, it is necessary to first understand
carbon. This thesis begins by looking at carbon and its various allotropes. This can provide
an understanding of how the structure of carbon can have dramatic effect on virtually every
property. Carbon can go from one of the hardest natural materials, known as diamond, to
the seemingly opposite as one of the softest natural materials called graphite. These two
are naturally occurring carbon allotropes but there are many more (and many still being
discovered) such as the recently discovered material of graphene and its rolled up form, the
carbon nanotube (CNT). These carbon allotropes are proving to be an extremely popular
area of study[120, 67] as graphene and its related forms have incredible properties from
excellent mechanical strength[107] to superior conductivity in terms of both thermal[177]
and electrical[67]. Graphene also has an incredible range of applications in electrochemistry
suitable for most any challenge. Some of graphene’s properties comes from the fact that its

microstructure is very orderly (or graphitic) as well as inert to many chemicals.

Graphene can potentially be extremely simple to fabricate. By using normal Scotch®)



tape, graphene can be peeled off a chunk of graphite [138]. But here lies one of the major
disadvantages, cost and scalability. Having a piece of graphene attached to the adhesive
side of tape may be interesting, but it is not always practical. This technique would be
difficult to scale up to larger volumes. Other techniques are being used such as chemical
vapor deposition (CVD)[154] which can produce larger quantities of graphene, although this
technique may produce a graphene with impurities, can still be costly, and may involve harsh

chemicals.

A discussion is presented of some other allotropes of carbon which can have their own ad-
vantages and disadvantages. There is amorphous carbon which has very little order to the
structure. Amorphous carbon can be very reactive with dangling bonds and function groups.
Then there is glass-like carbon which has improved properties over amorphous carbon with
some local order in its microstructure. Glass-like carbon has found many uses because of
its hardness combined with good electrical and thermal properties. Typically, it is found in
electrochemical applications because of its chemical inertness and high conductivity. Alter-
natively, it can be found in thermal applications such as a crucible for a high temperature
furnace because of its good stability even at high temperatures. Glass-like carbon has an-
other major advantage in its ease of manufacturing. Carbon materials can be very hard to
pattern into a desired shape. Glass-like carbon can be fabricated from a polymer precursor.
This allows the polymer to be patterned into a desired shape and then undergoes pyrolysis

(or decomposed to carbon via heat) to have a carbon structure in the same shape.

Once a background has been established on some of the relevant carbon structures then there
is a description of the fabrication process used in this work. Electrospinning was performed
to create polymer nanofiber mats. The electrospinning applies strong electrohydrodynamic
forces which help to align the polymer molecules. These mats then undergo stabilization
while being mechanically stressed to maintain the molecular alignment. The mechanical

stressing is used to improve the properties of the final product. After stabilization the



polymer mats are decomposed into carbon through pyrolysis. This now produces an unwoven

mat made of carbon nanofibers.

With these carbon nanofiber mats they can be characterized via a wide range of techniques.
Raman spectroscopy was used to examine the degree of graphitization based on the crystal
structure. This was further supported by an increase in conductivity as tested by a four-
probe measurement. Transmission Electron Microscopy (TEM) was used to help confirm
the graphitization by the observation of orderly planes in the microstructure as well as by
the X-ray diffraction pattern from the Fast Fourier Transformations (FFT). The chemical
composition of the samples was observed via X-ray Photoelectron Spectroscopy (XPS) which
revealed that there where heteroatoms in the carbon structure. This addition of heteroatoms
and the possibility to control their quantity presents the potential to tailor the carbon de-
pending on the application in a single step (that is without some sort of post-processing).
Finally, electrochemical testing was performed to show electron kinetics which correlated to

what would be expected from a carbon with increased graphitization.

A test study was then able to be completed using the carbon nanofiber mats as electrodes for
sensing applications. The electrodes where used as an electrocatalyst for a hydrogen peroxide
reduction reaction. This allowed the determination of the quantity of hydrogen peroxide and
it proved to do an excellent job creating a sensor with comparable performance with other
carbon-based materials including those using more expensive and complex fabrication and
materials. This electrocatalysis was not limited to hydrogen peroxide but other important
biologically related substances. This opens the potential for the carbon nanofiber to be
used in more sensing applications as well as in many electrochemical applications such as a
catalyst and electrode for the oxygen reduction reaction (ORR) in fuel cells, electrodes for

batteries, and in supercapacitors.



1.2 Motivation

An issue with glass-like carbon is that the properties are not as good as graphite or graphene.
Here is where lies the motivation for this thesis, to be able to produce a carbon material
that has both graphitic properties as well as retaining some heteroatoms from the original
polymer. This would be an as fabricated functionalized graphitic carbon. A technique is
being presented that can be used to prepare carbon from a polymer precursor so that it can
be patterned as would most glassy-carbons. But a technique is involved that also results
in a graphitic structure. To begin an electrical technique known as electrospinning is used
which will produce an unwoven mat made of polymer nanofibers. The forces enacted on
the polymer from the electrospinning process cause the molecular chains to unwind. The
polymer nanofiber mats are then stabilized under mechanical stress so that the molecular
chains stay in their aligned orientation for the final step. In this last step the polymer

nanofiber mats are decomposed into carbon nanofiber mats inside a 1000 °C furnace.



Chapter 2

Background

2.1 Carbon

Carbon is a truly versatile element that can be tailored to an increasingly large amount
of applications. It is one of the fundamental building blocks of all known living organisms
because of its flexibility to bond with many other elements. Carbon holds the sixth spot on
the periodic table of elements with an atomic weight of 12.011. In its natural state carbon
has electron orbitals of 1s? 2s? 2p%. An orbital is the probability function of where an electron
will be around the atoms nucleus. For example, in the case of the s orbital it forms a sphere
around the nucleus while the 2p orbital is made up of two ellipsoids centered around the
nucleus. The ellipsoids can be oriented around either the X, Y, or Z axis. The number before
the s or p is the energy level. If these orbitals were to share they will form what is a new

hybrid orbital in a process known as hybridization.

This new hybrid orbitals will be used to form sigma (o) bonds (also known as the overlap of
atomic orbitals) while the non-hybridized p orbitals will go on to form the pi (7) bonds. A

single Carbon carbon bond (C——C) will be made of a single ¢ bond, a double carbon bond



(C==C) will be made from a ¢ bond and a 7 bond, and triple carbon bond (C==C) will
be made from a ¢ bond and two 7w bonds. A ¢ bond is stronger than a 7 bond, but a triple

bond will be the strongest since there is three of them.

2.2 Allotropes of Carbon

One of the major versatilities of carbon comes from its ability to hybridize and bond with
itself. The hybridization of carbon will help determine its physical and electrical properties.
When the same chemical element can to take on different forms because of the different
chemical bonds taking place, this is known as allotropy. Some of the most famous allotropes
of carbon are the diamond and graphite allotropes which have vastly different properties.
Diamond is known for being the hardest bulk material, it is optically transparent, has one
of the highest thermal conductivity’s (of any bulk material), and is an electrical insulator.
Conversely, graphite is extremely soft, visually opaque, has very low thermal conductivity,
but has a high electrical conductivity. The vast difference in these two allotropes properties
are because of the hybridization’s associated with them. Carbon has three different hy-
bridization’s available to it which are the sp!, sp?, and sp?. In their perfect crystalline form
these hybridization’s are the structure of carbyne, diamond, and graphene respectively. Here
crystallinity is defined by International Union of Pure and Applied Chemistry (IUPAC) as
the three-dimensional order of the molecules [129]. These three allotropes have non-mixed
hybridization’s but there are many mixed hybridization’s that form other allotropes and
many more are being discovered. The allotropes and their hybridization’s are shown in Fig-
ure 2.1. Graphene is a two-dimensional lattice of carbons in the vertex of hexagons. It has
a thickness of a single carbon atom. It is extremely strong and is an excellent conductor
of both electrical and thermal energy. Graphene forms the basis of many other allotropes

including graphite (multiple sheets of graphene bonded in parallel together), Carbon Nan-



otubes (CNT, a sheet of graphene rolled into a tube) , and Fullerenes (graphene rolled into
a hallow sphere). These materials are what would be called a 2, 1, and 0-dimension material
respectively. In this labeling scheme the number refers to the material dimensions that are
not solely in the nanoscale. Graphene is considered 2D because it has a thickness that is
confined to nanoscale (single atom thick) while the length and width can theoretically be
larger than nanoscale. When graphene is stacked into sheets it is called graphite which would
be considered a 2D material up until about 10 layers thick[142]. Alternatively, Fullerenes are

considered 0D because every dimension is in the nanoscale (it is a nanometer wide sphere).

Carbyne is an allotrope of carbon in a linear chain of repeating triple and single bonds

(( = )n). It is known to have incredible tensile strength, up to 40x that
of diamond[1] and even stronger than that of the previously thought strongest material,
graphene. Carbyne does not seem to exist naturally on earth and when fabricated in the

laboratories is extremely unstable.
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Figure 2.1: Various carbon allotropes and their hybridization’s. The vertices of the triangle
are the pure crystalline forms of each hybridization. Permission granted from Centi et al [33]

From Figure 2.1 the non-mixed hybridized carbons are highlighted in the corners as the sp!,
sp?, and sp3. As different hybridization’s mix then their internuclear bond lengths can differ

and thus affect there properties. As an example, a single sheet of graphene is extremely



strong and inert. When it binds with other sheets it will form graphite which on the other
hand is known for being very soft and will easily break. This is because of the weak coupling
between basal planes (m bonds) would more easily shear which allowed the graphite to be
slippery and what is what thought made graphite an excellent lubricant. Studies have gone
shone that this is false as there is a need for a vapor (such as water) to be present to facilitate

slippery behavior[209].

2.2.1 Graphene

Graphene is an extremely exciting area of carbon and materials science research. It is
defined as a flat planar structure of pure crystalline sp? bonded carbon in a honeycomb
lattice[67]. Initially, atomically thick materials thought possible, but graphene was exper-
imentally proven in 2004[138]. Graphene can be stacked, but when there are more than 8
sheets it starts to be considered graphite[26]. In graphene there are two different structural
elements; the basal plane and the edge plane. The basal plan is perpendicular to the 2D
carbon sheet and the edge plane is the thickness of that carbon sheet. The edge plane may
also be considered defects as this is where there are breaks in the uniformity of the basal
plane. The edge plane will have dangling bonds that will often bond with elements in the en-
vironment such as hydrogen or oxygen. In the case of oxygen this will form what is known as
graphene oxide (GO). The edge is also where there is to be expected a higher electron trans-
fer rate and electrocatalytic ability when compared to the basal plane[211]. It was shown
that this 2D material had extremely high crystal quality which is was allows graphene to be
incredibly good at being a charge carrier. Therefore, depending on the application it could
be advantageous to have a tailored amount of both the basal planes and edge planes. To
combine the edge planes reactivity with that of the good structural and electrical properties

of the basal plane.



There are many ways to fabricate graphene, one of the simplest and oldest is to start with
graphite and through a process known as micromechanical exfoliation, the sheets of graphene
can be ripped off of the bulk graphite. This process is as simple as peeling off a layer a
graphene. It can even be accomplished with a typical roll Scotch@®) tape. The tape will
adhere to the graphite, and then pull off a single layer[138]. Afterwards the graphene layer
can either be left on the tape or the tape can be etched away. This technique is fairly simple
to reproduce and it produces very high quality graphene[76], it also produces a very low
quantity of graphene. Typically exfoliation techniques are restrained in producing graphene
sheets on the scale of about 10 um. More advanced and scalable techniques are being

explored [190, 164, 109, 200] to remedy this.

One of the most common techniques for graphene production is via chemical vapor deposition
or CVD[110]. This technique uses a precursor hydrocarbon gas to grow the graphene on a
transitional metal such as copper. Copper is often used as it will not be absorbed and bind
with the carbon the same way silicon or iron would. The copper (often on a substrate such
as silicon) is placed in a reaction chamber with the gas blown in and the temperature is
raised to 1000 °C which will decompose the gas. As the temperature is slowly decreased the
carbon molecules will form on the copper as a single layer film. The copper can then be
etched away such as with iron nitrate (Fe(NOj)3). By using the CVD technique graphene
sheets have are no longer restricted to the micrometer scale and can enter the centimeter
range. There is a wide array of other techniques for graphene fabrications as well such as
starting with graphite oxide that was fabricated via what is known as the Hummers method
and reducing it down to graphene oxide and finally to graphene in the modified Hummers

method[200].

Graphene can be considered a parent of many other forms of carbon. In Figure 2.2 we can
see how graphene is used as the basis for other important carbon allotropes such as when

it curls into a cage in what is known as a fullerene (or buckyball), it can wrap up into a
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cylinder to form a carbon nanotube (CNT), or stack into sheets and become graphite. It
should be noted though that typical fabrication methods for these structures rarely would

involve starting with pristine graphene and shaping it.

Figure 2.2: Graphene as the precursor for other carbon allotropes. Displayed (from left
to right) is the 0D Fullerene, the 1D Carbon Nanotubes, and the 3D Graphite. Permission
obtained from Geim et al[67].

2.2.2 Fullerenes

When a graphene sheet is rolled into a hollow sphere it is known as a fullerene. This
was named after Buckminster Fuller for his famous Geodesic domes of which these carbon
structures resemble. A fullerene will form by a graphene sheet losing its carbons on the edge
which will cause pentagons to form and a bowl shape as well. The bowl shape will eventually
close into a fullerene[38]. Because of the strain in forming the ball shape, the fullerene will
behave different chemically when compared to the planar graphite. The balls the fullerene
form are sometimes called carbon cages as they are hallow. They can have a diameter of
0.4 to 1.6 nm|[70] depending on how many penta-0 or hexagons it is made up from. The

most common form is the Cgy fullerene which has 60 carbons (vertices) and that is formed
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from twenty hexagons and twelve pentagons. The unique structure of fullerene allows it to
be used for such the likes as drug delivery[45], photodyanimes[45, 83], lubricants [18], and

catalysts[195].

2.2.3 Carbon Nanotubes

When graphene is seamlessly rolled up into a tube it forms what is known as a Carbon Nan-
otube (CNT). This was first observed by Sumio lijima in 1991[86], CN'T’s have become one
of the most widely studied and used areas of nano-carbon materials because of their excel-
lent electrical, mechanical, optical, thermal, and chemical properties. Applications can very
as wide as composite materials[178] (to adjust bulk materials properties such as increasing
strength and/or electrical conductivity), electrochemical devices[73] (such as sensors and fuel
cells), energy storage (such as capacitors and/or batteries)[137, 106, 47|, biotechnology[16]
(bio-sensing, drug delivery[19], etc), nano/microelectronics[172], molecular circuits[10], and

many more.

Although there is a lot of promise in CN'T’s, there tends to be a bottleneck in their usage
due to the cost and production volumes. Typically, CNT’s come in two forms; When there is
only a single tube then the CNT is called a single walled carbon nanotube (SWCNT). When
multiple carbon nanotubes are rolled in a concentric pattern it is referred to as a multi-walled
carbon nanotube (MWCNT). It should be noted that unless otherwise specified the term
CNT is referring to MWCNT in this work. When rolling the the CNT the orientation of
the carbon lattice can have a large impact on the electrical characteristics of the CNT such
as allowing it to be either metallic or a semiconductor[156]. This applies to both SWCNT
and MWCNT’s as the bonding between the multiple walls of a MWCNT’s are weak[13].
Like that of of graphene, the electron transport in metallic CNT’s will occur without any

scattering[63] which allows the CNT to carry large amounts of currents without excessive
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heating. Electrons are not the only particle that moves easily through CNT’s, phonons
also travel relatively unhindered[51]. Additionally, beyond the excellent electrical properties
CNT’s have excellent mechanical properties as well. A typical CNT will have a modulus
of elasticity of about 19 times and a strength of about 56 times that of a steel wire (when
normalizing by density)[13]. While there are many ways to synthesis CNT’s, the most
common methods include carbon-arc discharge (a technique first used by Iijima [86]), laser

ablation and Chemical Vapor Deposition (CVD).

In Arc discharge is the process of generating plasma by breaking down a gas from an
electricity[9]. Two electrodes are in a gas or liquid immersed chamber where one electrode
has a tip of pure graphite (cathode) and the other is filled at the tip with a carbon precursor
and a catalyst (anode). An electrical source (in either AC or DC) is applied to the electrodes
which are 1-2 mm apart so that there is an arc discharge which produces plasma with tem-
peratures that range from 4000-6000K. The carbon precursor sublimates (turns from solid
straight to gas phase) and as a gas will drift towards the cathode where it will cool down

and deposit CN'T’s a long with soot. The CNT’s can then be purified out.

Laser ablation is the technique where material is removed from a solid or liquid via irradiation
from a laser beam. A laser will hit a target that has a CNT precursor such as graphite. The
carbon is ablated (vaporized) by the laser to form a plasma. As the plasma cools down and
CNT’s and fullerenes are formed. Additionally, larger clusters of carbon molecules will also

form to create what is known as amorphous carbon|[214].

The third technique mentioned for CNT synthesis is Chemical Vapor Deposition (CVD).
This tends to be the most popular of the techniques because of its ease of use, lower produc-
tion costs, and ability for scaling. The fabrication advantages come from CVD occurring in
low temperature and ambient pressures. The downside of CVD comes from the CNT’s tend
to have inferior properties compared to the other two methods. Using this CVD technique

can allow CNT’s to be grown in a desired orientation on a substrate[101]. The process of
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CVD involves a hydrocarbon that is in a furnace with a catalyst material. The hydrocarbon
can be a gas (often known as forming gas) that is flowed into the furnace chamber, a liquid
which is heated into a vapor and then pushed into the chamber by an inert gas, or a solid
that is simply placed in the furnace with the catalyst. The furnace is heated to a sufficient
temperature to decompose the hydrocarbons (typically around 600-1200°C). The catalyst
(which is commonly a transition metal such as Fe, Co, or Ni) is pyrolyzed (decomposed via
temperature in an inert environment) to release metal nanoparticles. There is no agreed
upon mechanism for how the CNT grows, a widely accepted mechanism is that the hydro-
carbon vapor will encounter the hot metal nanoparticles which will cause the hydrocarbon
to decompose into hydrogen and carbon. The hydrogen can float away while the carbon is
dissolved into the metal nanoparticles. When the metal has reached its solubility limit the

carbon precipitates out in the form of CNT’s[102].

2.2.4 Graphite

One of the oldest known allotropes of carbon is graphite. Graphite is a naturally occurring
allotrope that has been used by humans since the beginning of history. It consists of graphitic
planes, or sheets of graphene which are weakly bonded. It is the most stable form of carbon
and sees uses from the common pencil lead, to batteries, to electrodes, and more. High

electrical conductivity and thermal resistance are some of its most used properties.

2.2.5 Graphitization

Carbonization is the process of taking an organic precursor and decomposing it so that the
molecules left are a majority of the carbon. While there are many ways to accomplish this
process, a common method is via pyrolysis. The pyrolysis technique is defined as the ther-

mochemical decomposition of an organic material in an inert environment (the absence of
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oxygen). Some typical environments include argon, nitrogen, or a vacuum[120]. Graphitiza-
tion is then the process of turning a carbon into a graphitic carbon (carbon with a graphite
structure). Carbons fabricated from pyrolysis are typically derived from a polymer precur-
sor. In this context ”graphite” is referred to as carbon that has a perfect graphite structure
(one that has no defects). A carbon that is graphitic would be considered one that has
structure similar to graphite with orderly parallel basal planes. In comparison to graphite,

a graphitic carbon display graphitic structure but will also have defects[145].

The nature of what makes a carbon graphitizing or non-graphitizing has been greatly de-
bated. The IUPAC defines non-graphitic carbon as one that can be transformed into a
graphitic carbon via high temperature (up to 3000 °C) only. This does not include other
types of processing such high pressures and radiation damage. The X-ray crystallographer
Dr. Rosalind Franklin (famous for her work in understanding many important molecular
structures including that of DNA, RNA, and viruses) in 1951 that certain carbons were to
be defined as non-graphitic carbons if they showed graphite like layers in small groups, but
not over large areas. In contrast graphitic carbons are those that have the 3D graphite struc-
ture. Furthermore, if when a non-graphitic carbon is heated to between 1700 °C to 3000 °C
shows that the small groups of graphitic parallel lines begins to align then this carbon can be
considered a graphitizing carbon. If there is no alignment of this structure, then the carbon
is a non-graphitizing[64]. Franklin stated that non-graphitizing carbons which are highly
porous when at low temperatures (500 °C), when higher temperatures are reached the pores
would remain. This was compared to graphitizing carbons which would have a compact form
and would maintain their compact form during the additional heating. These pores are said
to be on the scale of Angstroms. She goes on to conclude that the non-graphitizing carbons
have a rigid cross-linking (bonds between one polymer chain to another) of nuclei of neigh-
boring molecules. This cross-linking are random orientations which prevents the necessary
alignment. Not even at the higher temperatures (up to 3000 °C) would be enough to break

these cross-links. Graphitizing carbons must then have much weaker cross-links which would
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allow for more mobility. It has been speculated that these are sp® diamond bonds that have
formed which would also explain why non-graphitizing carbons tend to be much harder than

that of graphitic ones[145].

With the discovery of Fullerenes and then their related structures there was an advancement
of the understanding of sp? structures. From this Harris suggested that non-graphitizing
carbons may be fullerene-like in their structure[79]. Harris pointed out a flaw in Franklin’s
theory in that the cross-linking is not well defined and would have to be incredibly strong.
This is further emphasized by how sp? bonds are unstable at high temperatures. For example,
Diamond, which is purely sp? bonds, can be transformed into graphite at 1700 °C. Rosalind’s
incorrect theory may have come from the limitations of the equipment that she was using
at the time. Fullerenes are very stable, their formation would inhibit the alignment of
of the graphitic layers. Polymers that are graphitizable will have prolonged fusion phases
which allow the carbon structure to re-arrange itself to a state of thermodynamic stability of
graphite planes. When a polymer undergoes a cross-linking at 300-500 °C it will not undergo
this prolonged fusion step which will prevent the re-arrangement of carbons[91, 69]. This can
lead to the claim that graphitizability may be an innate property of certain precursors[160,

145, 64, 54, 91].

2.2.6 Amorphous Carbon

When a carbon allotrope contains little to no crystallinity and no long-term order it is known
as amorphous carbon[129]. Amorphous Carbon is made of sp? and sp® bonds so can have
short term order and be diamond like or graphite like in specific regions. There is even the
possibility of sp! bonds[60]. Amorphous carbon will have dangling bonds[167] which allows
it to be more reactive and form bonds with other elements. Amorphous carbon typically has

properties that may be undesirable such as low electric and thermal conductivity. It is brittle
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as well as hard and abrasion resistant. This can limit the applications for amorphous carbon.
Most commonly it is simply an intermediate step to the fabrication of another carbon such

as a synthetic graphite[145].

2.2.7 Glass-Like Carbon

A type of non-graphitizing or non-graphitizable carbon is called glass-like carbon. This
occurs when a polymer undergoes pyrolysis and can maintain the original morphology (or
shape) by passing through the plastic phase directly into carbon[89]. It is important to not
confuse glass-like carbon with that of amorphous carbon. The major difference between
the two is glass-like carbon lacks the dangling bonds of amorphous and glass-like carbon is
made up of 2D structural elements[120]. Some other common names for glass-like carbon
includes ”Glassy” or ”Vitreous” carbon, although these are trade names and the TUPAC
recommended not to use them[129]. The name ”glass-like carbon” comes from both its
appearance and properties. When polished the appearance can be very reflective as well as
it is very brittle. It must be noted that one of the reasons IUPAC recommends against its
other common names is because it cause confusion in that glass-like carbon does not share
characteristics with that of silicate glass[129]. Glass-like carbon contains properties of both
ceramic and of graphite (there are small areas of graphite-like layers). This allows it to have
a hardness of 6-7 Mohs’ (for reference Diamond is the hardest at 10 Mohs’ and graphite
at 1 Moh)[41]. Additionally, when compared to graphite, glass-like carbon has a low gas
permeability, on the order of 9-13 magnitudes[41]. Glass-like carbon has good electrical and
thermal conductivity (although not quite as good as graphite). While many carbons are
chemically inert, glass-like carbon’s combination of low permeability and low porosity lends

it to be even more inert.

A common challenge for many carbon products is their difficulty in machining. Allotropes
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such as diamond are so hard that only other diamonds are used to cut them while graphite
is very soft and will crumble if it is cut. This brings up a major advantage of glass-like
carbon in that it can be fabricated from a polymer precursor. The advantage in the polymer
precursor is that it can be patterned prior to carbonization. Some of the techniques used
to pattern the polymer are described in more detail in section 2.6 such as those used in
the integrated circuits (IC) industry such as photolithography to create nano- and micro-
meter scale patterns. When a patterned polymer is then pyrolyzed there will be some
shrinkage because of the decomposition of non-carbon molecules out of the structure. This
shrinkage tends to be isotropic (uniform shrinkage in every direction) and repeatable. This
allows for tight dimensional tolerances to be maintained. Two major applications for glassy
carbon include using them in high temperature furnaces as a crucible and in electrochemistry.
The use in electrochemistry comes from the mentioned characteristics as well as a wide
electrochemical window (the voltage range where the electrode is neither gains or losses an

electron) and a low background noise (from the low surface roughness)[119].

2.3 Heteroatoms in Carbon

Many of the topics covered up until this point have focused mainly on pure carbon structures.
To further affect the properties of carbon, defects can be added in the form of heteroatoms.
This is known as doping which is when a carbon is replaced with a heteroatom (which is
simply any non-carbon atom in the molecular structure). The presence of heteroatoms can
be accomplished via two basic categories: in situ (where the fabrication process is part of
the doping) or post treatment (already fabricated carbon structures are processed to be
doped)[203, 56, 194, 187]. The additions of heteroatoms allows for further customization’s in
the carbon structures and properties such as with increasing the fiber strength for composite

materials[98] or changing the electrical properties[96] so that graphene can be used as a
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transistor[212, 162]. This can be done by making the material more conductive as an n-
type (adding in more electrons)[20, 201] or more resistive. Function groups can also be
attached to allow for specific chemical reactions such as oxygen reduction[34]. Some common
heteroatoms in carbon can include nitrogen[71, 43, 166, 146], Boron [77, 32], or phosphorous
32].

One of the most common heteroatoms for carbon and one that is of focus of this work is
nitrogen. When nitrogen bonds to carbon it can occur in various configurations. In Figure 2.3
there is a molecular diagram of a graphene sheet with various nitrogen heteroatoms and these
common bonding configuration onto carbon. The energies in this figure (given as electron
volts, eV) are the binding energies of the specific bonds[213]. When a Nitrogen molecule
replaces the carbon in a hexagon of carbons it is known as graphitic-N or quaternary-N
carbon. If the nitrogen is at the edge of a defect (unbound to another carbon) then it
is known as a pyridinic nitrogen (pyridinic-N). The pyridinic-N will consist of the nitrogen
having a single bond and double bond to each of its neighboring carbons. When the nitrogen
will have a single bond with its neighboring carbons in a pentagon ring it is called a pyrrolic
nitrogen (pyrrolic-N). The pyridinic-N and pyrrolic-N can also become oxidized (where an
oxygen bonds to it). There is a variety of other ways nitrogen can bond to the carbon

structure[143].
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Figure 2.3: A molecular schematic of Carbon with various types of Heteroatoms. From
Zhang et all[213]. Reprinted with permission from AAAS.
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2.3.1 In Situ Insertion of Heteroatoms in Carbon

The fabrication process for nanocarbons can be slightly altered to include a source of het-
eroatoms during the formation. One possibility would be the addition of ammonia gas (NH3)
during the fabrication process which would cause the resulting carbon to have nitrogen het-
eroatoms. An example of this can be seen with the CVD process of graphene. When the
hydrocarbon forming gas is added into the chamber (the source of carbon) then some NHj
gas (the source of nitrogen) can be added in at the same time[193]. Alternatively if the arc
discharge method is being used then the NHj3 gas can be added in as the buffer gas for the
operation[109]. Laser ablation can also be performed in an NHj gas environment for the

same results.

Pyrolysis temperature can be a factor in the remaining elements from the polymer precursor.
During the pyrolysis process there are various temperatures that are need to be reached in
order to decompose the different elements. The temperature required will depend on the
specific precursor and the types of bonds. As the precursor is raised closer and closer to
the required temperature the remaining non-carbon atoms will reduce. In Cowlard’s initial
work on glass-like carbon[41] he observed that when a precursor polymer containing up to
2% by weight of bromine, there would be a majority of the initial bromine left in the carbon
structure even after pyrolysis (which was carried out up to 1800 °C). Furthermore, it has
been shown that when various nitrogen containing polymers where pyrolyzed their remaining
nitrogen drops accordingly. At a carbonization temperature of 600 °C there remained the
same amount of nitrogen in both the precursor and resulting carbon. As the temperature
increased there is a steep drop in Nitrogen to the point where by 1400 °C there is only 0.1

% nitrogen in the final carbon product[87].
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2.3.2 Post Treatment Insertion of Heteroatoms in Carbon

Post treatment is an option to use when the carbon structure has already been fabri-
cated. Some of the techniques include thermal, plasma, and hydrazine hydrate (NyHy)
treatment[187]. It was noted that this style of nitrogen doping is more likely to produce the
carbon-nitrogen bonds on the defects such that it produces a majority of pyridinic-N and
pyrrolic-N (in comparison to graphitic-N). Most post treatment techniques have a downside
where there is a chance of damaging the carbon structure more than the intended doping.
The technique of thermal treatment is the process of heating the carbon structure to temper-
atures of 800 °C and exposing it to a nitrogen source such as NHz gas (it was noted by Wang
et al [187] that Ny gas could not be used as it may be too inert to react in this process).
The heating can be done by either a furnace [68, 75] or via electrical joule heating of the
carbon[201]. The technique of plasma treatment involves the placement of the carbon in a
vacuum chamber. Plasma (ionized gas) is then generated from a gas such as Ny or NH3. This
nitrogen containing plasma is then bombarded against the target which will dislodge some
carbon molecules and replace them with nitrogen[164, 187]. Finally, the third technique for
post treatment is NoH, treatment. To fabricate graphene from graphene oxide NoHy is used
to reduce the graphene oxide into graphene. By adding some NHj into the NyH, solution
so when the graphene oxide is heated in an autoclave (temperatures ranging from 80-200

°C[114]) the nitrogen will dope the structure.

2.4 Carbon Precursors

Many forms of carbon production come from a variety of precursors that undergo a car-
bonization process such as pyrolysis. Aromatic hydrocarbons are commonly used, these will
yield high levels of carbon. Alternatively, polymers can be used which will tend to have

lower carbon yields because they have molecules with heavy weights (such as oxygen or
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nitrogen) One of the oldest carbon precursors is cellulose which comes from plant matter
such as wood. This has been seen throughout history as the production of charcoal. A list
of various common carbon precursors was adapted from Pierson et al[145] and is shown on
Table 2.1 with their common uses.

Table 2.1: Common carbon precursors

Precursor Product Reference
Methane Pyrolytic graphite (159, 50]
Hydrocarbons Diamond-Like Carbon [158]
Polyacrylonitrile (PAN) Carbon Fibers, Electrochemical Electrodes — [98, 15]
poly(ethylene oxide) (PEO) Nanofibers [35]
Mesophase Pitch Carbon Fibers [126]
Phenolics Carbon-Carbon [145]
Furfuryl alcohol Glass-Like Carbon [161]
Petroleum fractions Molded Graphites [145]
Cellulose (Plants) Charcoal 5, 131]

Polyacrylonitrile(PAN, (C3H3N),) is one of the most common precursors used in the in-
dustry today for many carbon products from structural elements such as carbon fibers to
graphitic carbons such as Toray®). The PAN polymer is inexpensive and can be fabricated
into structures simply. One of the more common structures it is used in is in the form of

nanofibers.

2.5 Electrospinning to Fabricate Nanofibers

As a fiber shrinks down from the macro, to micro, to nanometer level some interesting prop-
erties begin to reveal. This includes the surface area to volume fraction increases greatly,
mechanical properties such as tensile strength and stiffness increase, and that there is an in-
crease in the flexibility in surface functionalities[84]. There are many ways to obtain nanofiber

such as drawing [140], phase separation [118], and electrospinning[84] among others.
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Electrospinning

One technique to produce nanometer scale fibers and a focus of this thesis is electrospinning.
This technique employs the use of an electric field to draw a thin fiber from a polymer
solution (or polymer melt). The term electrospinning comes from the portmanteau of the
words “electrostatic spinning”. As early as the 1600 the English physicist William Gilbert
(who some regard as the father of Electrical Engineering) was credited with his observation
of how electrostatic forces would attract liquids[179]. By 1887 the English Physicist Sir
Charles Vernon Boys published his observations on the basic concept of Electrospinning[25].
He observed that as fluid droplets reached the end of an insulating dish (because of the

electrostatic pull of an electric field), nanofibers would be drawn out of the droplets.

Modern day electrospinning works on the same principle, a polymer flows through a conduc-
tive needle and is pulled via an electrostatic force toward a conductive target (of opposite
charge of the needle) as seen in Figure 2.4a. An electrostatic force (also called Coulomb
force) is one where stationary charges repel or attract based on like or dissimilar charges
respectively. The orientation of the setup is typically done with the needle pointing verti-
cally down towards the collector or horizontally across towards a collector. The polymer is
spun against a target (also called a collector) which can have many forms from a flat plate,
a rotating drum, or even a pre-patterned structure. Electrospinning is a simple technique
to setup and to operate, all that is needed is a polymer reservoir, a "needle” (does not nec-
essarily have to be a needle), and a target. The process can produce nanometer structures
without even needing a vacuum to operate. The operating physics behind the operation on

the other hand, can be complex as there are many forces and phenomenon in play.
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Figure 2.4: A diagram of electrospinning. Images from Ref. [66].

Electrospinning Procedure

A polymer is first prepared by either melting (polymer melt) or dissolving it into a solvent
to form a solution. This document will mostly focus electrospinning of a solution. A salt
can be added into the polymer as necessary to increase the ionic conductivity (and thus
increase the strength of the electrostatic force being pulled on the fiber). Additionally, the
solution to be flowed does not have to be a polymer, there have been a wide variety of
other substances used in electrospinning beyond polymers such as foods[116, 6], ceramics
and semiconductors[108, 153], as well as other materials. It can be noted that the solution
preparation is not always as simple as mixing a polymer with a solvent. Often for ceramic
solution preparation an alkoxide precursor is used with a polymer as a binder and a sol gel
that gets spun. The mat then undergoes a heat treatment to remove everything besides
the ceramic[153]. An electrospinning solution can be filled with other additives as well such
as carbon nanotubes[52], metals nanoparticles (such as gold and silver)[134], or many other
substances to help modify the nanofibers properties as desired. When there are additives in
the solution it is important to make sure that the additives are sufficiently dispersed as they

may settle during the process.

Once the solution is prepared it can then be flowed (typically via a syringe) through a charged
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needle. The needle typically sees a charge of around 5-30 kV[176, 120]). The opposing
charge of the needle is attached to the collector. From this an electric field is generated
which induces and electrostatic force to pull the fiber out. If the flow rate is too small,
then there could be droplet formations (instead of a desired stream). Additionally, there
may be Rayleigh instability affects, in that the surface tension will always try to minimize
surface area (things move towards a state of less energy). This may be stronger than the
viscous forces holding together the fluid stream. As such the stream would be torn apart
into droplets. Depending on if the orientation of the needle is horizontal or vertical there
could be the force of gravity acting with any electrostatic force (or perpendicular to it in
the case of a horizontal orientation). As the electric field is applied to the fluid it will cause
the polymer solution to accumulate ions on the surface. The charge of the ions depends
on the charge being applied across the needle. Oppositely charged ions will accumulate on
opposite sides of the fluid and the electrostatic force will begin to deform the fluid’s meniscus
layer on the tip of the needle. If the force becomes too large it will break apart the fluid
into droplets which is known as electrospraying (this is a separate technique with its own
applications)[88]. The breakdown happens more easily if the polymer has a lower molecular
weight and viscosity. When the molecular weight is sufficiently high then the polymer chains
could be entangled in such that they stretch rather than break. A method to control this
breakdown between either electrospraying or -spinning could include adjusting the electric
field strength (changing the voltage), changing the solution viscosity (such as with dilution),
or changing the solutions ionic conductivity (as in addition of salts). The more salt added

to the solution would make it easier for charge migration to occur.

As the fluid is deformed on the tip of the needle it forms what is known as a Taylor Cone[173,
207]. This happens because there is an accumulation of surface charges on the fluid droplet

which start to repel and will cause the elongation and formation of the Taylor cone. A
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critical voltage can be found by Equation 2.1[120, 174]:

VZ= (%)2(111 (%) — 1.5(0.1177RT) (2.1)

Here the critical voltage, V., is the voltage needed so that the electrostatic forces overcome
the surface tension of the polymer and create the cone. The critical voltage is a function of
the distance between the charged needle and the opposite charged collector, L, the length of

the needle, h, the radius of the needle, R, and the temperature, T.

Through the formation of a Taylor cone there is a significant reduction in cross section of
the polymer stream down to a nanometer diameter. The cone’s shape is determined by the
solution’s surface tension and the electrostatic force pulling on it. In Figure 2.5 there are
an examples of a Taylor Cone formation. In Figure 2.5a there is a schematic representation
of how the charge accumulation occurs on the surface of the fluid and forms the cone. The
viscous force of the liquid is resisting the deformation while the electrostatic force causes
the cone to form. In Figure 2.5b there is an image of a Taylor cone formation from Han et
al[78]. The solution’s properties (such as viscosity) and electric field (intensity and fluids
ionic conductivity via salts) can be adjusted accordingly to create different shapes and thus

different fiber diameters.

As the droplet is being formed by the electric field, the charges are accumulating at the tip
of the Taylor cone causing the cross-section to rapidly decrease. Because of the decreasing
cross-sectional area, the viscous force begin to shrink until the electrostatic force overcomes
this causing the polymer to jet off towards the collector. Because of the large polymer chains
of high molecular weight polymers, their entanglement will help prevent the polymer jet from

breaking apart into a spray and will result in a continuous fiber [120].
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Figure 2.5: A diagram of electrospinning Taylor Cone. (A) Reproduced from Ref. [198]
with permission from the Royal Society of Chemistry. (B)Reproduced from Ref. [78] with
permission from Elsevier.

As the jet forms, it will continue to elongate because of the charges that it carries[155].
These charges allow the jet to remain initially stable and flow in a straight line. As the jet
flows in this straight line there will be a balancing of charges where the excess ions will move
towards the edges of the jet, so the jet is at equilibrium. Given enough distance the polymer
will solidify into a a nanofiber either by the evaporation of the solvent or the solidification
of the polymer melt. As this happens the ionic charges are then frozen in place aligned
along the surface of the polymer jet. The solidification plays an important factor in the final
product. If solidification does not happen before the fiber reaches the target, then there
may be merging fibers. It can be important to carefully optimize all the parameters so that

uniform and continuous fibers are achieved.

The region of stability and the straight-line flow can be called the near-field region. If the
collector is placed within this region then it is called near-field electrospinning (NFES).
From this stability it becomes possible to have a fine control over the deposition of a single
continuous fiber. If the collector is placed further away from the needle, then the polymer
jet will enter an unstable region. This is the far-field region and is used to create nonwoven
mats of a continuous nanofiber. As such this style of electrospinning is referred to as far-field

electrospinning (FFES).
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In the unstable region there is a variety of forces that will act on the polymer jet to cause
it to undergo a whipping motion. The electric field caused all the ions to be aligned on
the outer surface of the polymer jet. These ions, now frozen in place because of polymer
solidification, will have an electrostatic repulsive force since they are all the same polarity.
As such a whipping affect will occur causing a rapid acceleration and a mechanical pulling
on the fiber (thus further shrinking the fiber diameter). All of this happens while the fiber
is being pulled by the electrostatic force towards the collector. In addition to the electric
field and surface charge related forces there are other forces on the fiber as summed up by
Madou et al[120]. These are gravitational, viscoelastic, surface tension, and frictional forces.
The force of gravity can have a different affect depending on the orientation of the needle
(horizontal and thus perpendicular to gravity or vertically down and thus in the direction
of gravity). This gravitational force is affected by the fluids density. The viscoelastic force
is that of the fluid trying to resist being pulled apart which is a product of the solutions
components. Additional to viscoelastic force there is also surface tension forces at play
holding the polymer jet together. This force is affected by both the same solution properties
as the viscoelastic force, as well as the possibility for additives to be used such as surfactants
which could affect the surface energy of the solution. The final force mentioned is that of

frictional forces that are a result of the fluid flowing through the environment.

As mentioned above there are many materials that can be used for electrospinning into
nanofiber mats. For the context of this work the ones that are generally of interest are those
which are carbonizable. Once the polymer nanofiber mat has been fabricated it can then
be pyrolyzed to create a carbon nanofiber mat (CNF). This CNF mat can be used on it’s
own as something such as water filtration [150, 74] or an electrode [148]. Or the CNF can
be spun over a preexisting structure to form something such as a membrane [53] or even a

single fiber as a gas sensor[215].
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Far-Field Electrospinning (FFES)

In its simplest form far-field electrospinning is a charged needle jetting a polymer towards an
oppositely charged collector. As described above the polymer will chaotically whip around
to create a random pattern on the collector. This will create a mat of a continuous nanofiber.
A distinction to make is that this is not a textile or fabric as there is no interweaving of
nanofibers (and thus why it is called nonwoven). The mat will tend to be of consistent
thickness for as the nanofibers accumulate on the target they will cover the collector and
thus the localized electric field will be weaker compared to an uncovered area. As the process

continues the fiber will tend to accumulate on the areas of lowest thickness.

The collector has up until now not been described in too much details. A common style
is simply a flat sheet of conductive material in a simple shape such as a copper square or
silicon wafer. Depending on the final goal, the nanofibers may want to be removed from the
collector or remain. If there is sufficient distance for the polymer to fully solidify then there
may not be any stiction between the nanofiber mat and the collector and it can simply be
peeled off. Alternatively, the collector may be wrapped in a thin layer of foil or wax paper

(such as parafilm@®)) in order assist in ease of removal.

Additional forms of collectors can be used to create a wide range of end results. When
the collector is a solid flat plate the nanofiber mat will be a solid flat mat with random
orientation. Alternatively, a solid rotating drum|[128] could provide a more uniform mat,
although it may increase the chance of a fiber breakage. This would result in randomly
oriented fiber unless the speed of the rotating drum is increased then the fibers can align[30].
To gain further alignment in the fibers the collector could be made from two plates[95, 108].
In this setup the nanofibers will deposit on the plates and across the gap between the plates.
If the plates are parallel, then the fibers will mostly be perpendicular to the two plates.

The basic principle is the fiber will deposit onto the conductive collector and reach across
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to other collectors (or typically anything conductive in the vicinity). Figure 2.6a shows a
schematic of the electrospinning setup depositing across two plates. The fibers will align
perpendicularly across the plates as seen in Figure 2.6b. Here the target collector was made
of four parallel plates, this can be seen by the thick grey bars and the aligned fibers span
between them. The end result can be compared in Figure 2.7a which is a carbon nanofiber
mat deposited on a solid plate while Figure 2.7b shows aligned fibers. Additional collector

setups have been described by Li et al [108].

&

(a) (b)

Figure 2.6: A diagram of electrospinning over parallel plates (A) a schematic representation
of 2 plates and (B) a finished mat from 4 parallel plates.

High VoItage

Manipulations of the electric field can also be incorporated. A conducting wire can be laid
across the collector such as a rotating drum[128] or placed behind the collector in a specific
pattern[176]. Needles or targets with sharp points can be used which will concentrate the
electric field to single points[175]. Charged electrodes (with the same charge of the needle)

can be placed around the path of the spinning to change the electric field[175, 48].

Near-field Electrospinning (NFES)

When the collector is placed inside the stable or near-field region of the polymer jet then it
becomes the process of near-field electrospinning (NFES). This style of electrospinning can

occur at lower voltages to further reduce any instabilities. The process allows for precise
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(b)

Figure 2.7: SEM images of carbon (A) randomly oriented fibers and (B) fibers aligned via
parallel plates

control of the individual fiber. It was first introduced by Sun et al[170] in 2006 as a method
which took advantage of the linear and stable regions so that controls of the fiber could be
precise and predictable. This precision allows for a direct patterning of the fiber where the
needle can move in a plane parallel to that of the collector. In this way NFES can act such
as a printer and on a standard movable stage. The resolution can be limited to that of how
fine the stage can move (which potential is in the order of nanometers). Beyond the typical
setup, there is the Atomic Force Microscopy (AFM) electrospinning that can be used for a

process known as nanoelectrospinning[199].

In FFES the the nanofiber is self-initiated, where the electrostatic forces are enough to
overcome the surface tension of the fluid. In contrast this may not always be the case for
NFES when at the lower voltages. There needs to be an initiation method, for once the fiber
has started to spin it will continue to. One popular strategy is via a mechanically initiation
where something is used to touch the fluid droplet form the needle and connect it to the
collector. This could be done by physically moving the needle towards the collector until it
initiates and then backing it up to the desired location. This can be dangerous as arcing
might occur if you get too close at such a high voltage. Alternatively, a rod can be used

to agitate the droplet and bring the first fiber to the target. There is currently work at the

31



UCI BioMEMS lab in electrostatic initiation via a glass rod where it brings a localized field

to start the spinning process which would be contact free.

Electromechanical Spinning (EMS)

One of the downsides of NFES is that while the jet remains stable because it is in the linear
region, the fiber will not undergo the mechanical stretching from the whipping motion of
the far-field regime. As such the fibers tend to be larger in diameter when compared to
ones fabricated from FFES. One solution is to incorporate a mechanical aspect the NFES
setup to stretch and thin out the fibers into the nanometer scale. This process is known as
electromechanical spinning (EMS)[31]. This technique can operate at lower voltages which

helps to reduce electrostatic instabilities and make the deposition more controlled.

2.6 Carbon Manufacturing

Carbon can be very difficult to pattern since it tends to be brittle (such as with glass-like
carbon) or very soft (such as with graphite). Traditional manufacturing techniques such as
cutting or milling do not work well. This section reviews some of the basic concepts of ways

to pattern.

Carbon Microelectromechanical Systems (C-MEMS)

Carbon Microelectromechanical Systems (C-MEMS) are a subsection of the Microelectrome-
chanical Systems (MEMS) category. MEMS are microdevices that merge mechanical features
such as movement with electrical. Some of the most common products of this category in-

clude microphones and inertial navigation units (gyroscopes and accelerates). In the case
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of a microphone there will be a diaphragm that vibrates with the inputted sound. This
vibration is then transduced into an electrical signal which can be amplified as sound on
a speaker. In terms of an inertial navigation unit there can be micro features that vibrate
and as inertial changes are felt (such as accelerations or rotations) which causes vibration
changes. This vibration is transduced into electrical signals that can be read to determined
what the change in inertia was. Their fabrication procedures were originally derived from

the Integrated Circuit (IC) Industry.

2.6.1 Photolithography

One of the most common micro/nanofabrication techniques is the use of light to pattern a
photosensitive polymer in what is known as photolithography. A simplified process overview
can be seen in Figure 2.8. Here a polymer is deposited to a uniform thickness. A mask is
placed on the polymer so that it will selectively block ultraviolet (UV) light from affecting

the polymer under it. The polymer is developed to reveal a patterned structure.

Deposit Photoresist Expose Photoresist Develop Photoresist
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Figure 2.8: Photolithography diagram, the photoresist is first deposited using a techniques
such as electrospinning or spin coating. A mask is then used to selectively expose the
photoresist into a desired pattern (note that the example in this Figure is for a negative
photoresist). Finally the photoresist is developed to leave behind only the desired structures
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For the first step of photolithography a polymer material is deposited onto a substrate (such
as a silicon wafer). A common technique is called spin coating, although electrospinning
can also be used[165]. In spin coating a polymer is dispensed onto the substrate, they are
then spun around at specific RPM. This will distribute it uniformly across the surface. The
speed of rotation along with the known viscosity of the polymer solution will determine the

thickness coated. This polymer is known as a photoresist.

The next step is to pattern the photoresist. This is done with a photo mask. Depending on
the size of the features needed the mask can be expensive, made from a chrome plated fused
quartz substrate, to the very economical polymer transparency that was laser printed. The
goal of the mask is to selectively block UV light. The mask is placed above the photoresist
and then exposed to UV light. The photoresist type would determine the mask layout.
When exposed to UV light a positive photoresist will experience polymer scission while a
negative photoresist will experience polymer cross-linking. After the photoresist is exposed
it is developed to remove any undesirable areas. In the case of a positive resist the areas that
experiences scission will dissolve more easily while the areas that experienced cross-linking

in a negative resist will remain.

At this point the patterned photoresist can act as either a mask or the structure itself. In
traditional IC fabrication the photoresist can be used as a mask for selective doping. Here
the silicon wafer would be placed in a furnace and exposed to typically either boron (P-type)
or phosphorous (N-type) to selectively give the silicon substrate more holes or electrons
respectively. The photoresist can then be removed. In MEMS devices the photoresist can
act as a mask for etching where the structure under the mask selectively removed. In C-
MEMS this photoresist layer can become the basis of the structure itself. The photoresist
is the precursor polymer that after being patterned can then be pyrolyzed into a carbon

structure. During this process there is a loss of mass and shrinking of the structure occur.
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2.6.2 Nanoimprint Lithography

An alternative technique for micro- and nanopatterning is Nanoimprint lithography (NIL)[37].
In this technique a material (typically a polymer) is imprinted with a nanoscale mold (also
called a stamp or template). This will produce nanoscale patterns with dimensions down to

the 25 nanometer range[37].

A polymer is deposited onto a substrate typically with spin coating (or possibly electrospin-
ning). The mold is then pressed down on the polymer to deform the it. During the molding
process the polymer can be cross-linked or stabilized via UV light through a transparent
mold[144] or via heating of the mold and polymer[94]. The heating of the polymer could
allow the polymer to deform more easily. With the patterned polymer additional fabrication
steps can be completed. The imprinting will typically not completely remove the polymer
material but rather create a difference in height between features. One common technique
to isolate the patterns is to etch via reactive ion etching (RIE)[94]. This will etch all the
surfaces equally, thus it can be stopped once the etching reaches the substrate on the low
portions. Figure 2.9 demonstrates schematically a typical process of NIL. Once the struc-
tures have been patterned they can then be pyrolyzed to produce a finished nanometer scale

patterned carbon structure.
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Figure 2.9: Nanoimprint lithography procedures. A polymer is deposited onto a substrate.
A mold then can imprint a desired pattern. Finally etching can be used to remove thin
sections of the patterned polymer allowing for isolated features.

There are many advantages to NIL such as such as nanometer resolution, excellent aspect

ratios (can pattern vertical walls), low costs, and high throughput. Even larger throughput
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can be achieved with techniques such as Roller NIL[171]. Here there is a mold in the shape
of a cylinder (or roller) that can be pressed against the polymer to imprint the pattern
continuously. This would allow for a continuous manufacturing process. Additionally, NIL
allows for nanoscale features on a wider range of materials rather than simply photosensitive
ones as seen in photolithography. As such many carbon precursors, such as PAN[217], can
be patterned in this manner and then pyrolyzed. Some additional considerations for NIL
include the polymer deformation when it is imprinted. The polymer will be compressed and
pushed to the side. There may raised edges as well to accommodate incomprehensibility.
The fabrication of the mold must also be considered. Here it is necessary to make a mold
that has nanoscale features and can ideally withstand multiple uses. This can be done with
photolithography where a photoresist is patterned to form a mask against an etching process

(such as RIE). The mold can be made from many materials such as silicon or aluminum.

2.7 Techniques For Carbon Characterization

Once the carbon has been fabricated it must then be characterized to understand its prop-
erties. There are a wide variety of techniques that can be used Each technique can provide
different information and have value in their uses. A few techniques are described here
that were used in this work. The main considerations in choosing these techniques was the

property of interest for examination as well as the availability of the equipment.

2.7.1 Electron Microscopy

The ability to look at the very small structures is very useful when studying microstructures.
Optical microscopy has been a reliable technique in the sciences since the early 1600’s. This

technique uses visible light to illuminate a sample and an optical lens to focus the light.
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Through the years there have been many improvements, but the practical limit can see
a resolution down to 200 nm and magnifications of around 2,000 times. To be able to
examine smaller structures it is possible to replace the illumination source from visible light
to electrons. This is the foundation of electron microscopy which can produce images as

great as 10 million times and has a resolution in the Angstrom scale.

Electron microscopes will have a high voltage across a filament such as tungsten. This is the
source of electrons (known as primary electrons). The high voltage will cause the electrons
to break away from the filament and where they then can be focused with electromagnetic
lenses (in lieu of optical lens) towards a target. This operation must be performed inside of
a vacuum environment as even oxygen molecules could cause collisions with the electrons.
What happens when the electron reaches its target depends on the style of microscopy that
is being performed. In Scanning Electron Microscopy (SEM) the electron is scattered off the
surface of the sample as it is rastered across. Alternatively, the electron can pass through

the sample (which must be very thin) in what is known as Transmission Electron Microscopy

(TEM).

Scanning Electron Microscopy

Scanning Electron Microscopy produces images by using accelerated electrons to scan across
a sample’s surface. When the electrons hit the surface, they will produce many signals as
the electrons interact with the atoms of the sample. Typically, the main image is produced
by the release of secondary electrons from the sample. These electrons will have different
energy levels depending on the height where they hit the sample. This can translate into
different intensities in the image. An image from a SEM is grey-scale for this reason, but
artificial coloring for contrast purposes or for artistic reasons can be added over the image.
Imaging from SEM can have a resolution down to 0.5 nm. Typically, SEM is considered a

non-destructive technique as the primary electrons will only interact with the surface of the
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sample (typically only nanometers deep). One of the primary features SEM is used for is
of the sample’s topology. A consideration for SEM is the sample being examined must be
electrically conductive. If an insulating sample is used, then the primary electrons will begin
to accumulate on the sample which would affect the next incoming electrons. To solve this

nonconducting samples are often coated with nanometer thick layer of metal.

Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) produces the data by using the accelerated elec-
trons to pass through a sample. This is the original form of electron microscopy that has
been used since 1931. The electron beam will pass through the sample onto a collector on
the far side. As the electron interacts with the sample it will change the energy of that
electron. This allows the TEM to show images of phases and crystal structures. Because of
the need for an electron to pass through the sample it requires the sample to be extremely
thin, typically no larger than 100 nm. As such sample preparation can be more difficult
than that of SEM. For TEM the sample must be sliced thin or ground up into a nanoscale
powder. Additionally, TEM samples must also be conductive for the same reasons as SEM

samples. A nanometer metal coating can be applied in the same manner.

2.7.2 Raman Spectroscopy

To examine the crystallinity of a structure the technique of Raman spectroscopy can be used.
Raman spectroscopy is named after the Indian physicist Sir C.V. Raman who won the Nobel
prize in physics for his contributions towards the understanding of molecular scattering of
light. As light enters a transparent material there are some photons which will have their
wavelength change in a phenomenon known as Raman Scattering [152, 151]. When photons

are scattered by a molecule or atom a phenomenon known as Rayleigh Scattering occurs
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where there is a conservation of kinetic energy of these photons (elastic scattering). This
means the photon will maintain the same frequency and wavelengths. Raman Scattering is
the observation that a small percent of the photons will scatter inelastically, in that their
frequency and wavelength will be different. This inelastic change comes from a transference

of energy from photons and molecular vibrations[183].

When using a known incident photon source, the scattering information of the inelastic
photons can be used to decipher the molecular structure of what the photons scattered off
of. This is the basis for the technique of Raman spectroscopy. It has become an extremely
versatile technique that can be used with almost no sample preparation[183]. Simply place
the sample under a target, shine a laser to excite the sample, and measure the resultant
photons for their wavelength. The results of Raman spectroscopy are then measured by what
is known as a Raman shift (expressed in cm™!) and Intensity (expressed as an arbitrary unit,
a.u.). The units here are arbitrary because it is compared against itself. The Raman shift is

defined as the difference between the scattered light and incident light [183].

Raman spectroscopy is well suited for the study of graphene and graphene related materials[59].
When graphene is excited there are lattice vibrations (a phonon which is the quantum of
vibrational energy) from the stacked layers of graphene. These vibrations are sensitive to
any sort of defects in the graphene structure[21]. The various vibrational information is
broken down into different bands. At around 1500-1630 ¢m ™! there is the G-band[60] which
is the vibrations of the first order Raman mode. This is activated by the sp? bonds of the
pure graphene[14]. While this band will be present in any carbon with sp? bonds, the shape

of it will depend on the quality of the samples[92].

At around 1300-1400 cm ™! there is the D band (for ”Defect” or ”Disorder” [21, 121]). This
band will excite when there is a defect in the structure. Causes of these defects can come
from a variety of areas such as sp® bonds. These defects are adding disorder to the system

and moving the carbon away from a graphitic structure towards that of an amorphous one.
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The height of the D and G peaks are (Ip and Ig respectively) often compared and used to
determine the level of order or graphitization of a carbon. As such the ratio Ip /I approaches
0 as it becomes more graphitic[59, 21]. To see these peaks the Raman data can then be fitted
via techniques such as Lorentzian distribution[123]. When the laser excited the material, it
is only exciting the surface atoms which makes Raman a surface technique. This will not

give any information about the bulk of a material.

2.7.3 X-ray Photoelectron Spectroscopy

While Raman spectroscopy is a very powerful technique, it is not perfect. As mentioned,
the D band will get excited because of a defect, this can still leave the question of what the
defect is. A technique known as X-ray Photoelectric Spectroscopy (XPS) is widely used a
compliment with Raman as a means to determine the elemental composition of a sample.
The foundations of XPS are based on the excitation of photoelectrons from a material by
the excitation of photons (as explained by Einstein[55]). The process occurs when a portion
of a material is irradiated by a X-ray beam. This process causes electrons to be emitted
which can then be measured in their quantity and energy. Much like Raman, XPS is also
limited to the surface of a sample (0-10 nm). Because of this small layer of irradiation
this technique is considered non-destructive. Unlike Raman though, XPS requires a more
complicated setup. Typically XPS is performed in a high or ultra-high vacuum (107% to 107
millibar respectively) environment, although there have been some recent advances towards
ambient pressure XPS [57]. The information obtained from XPS can not only give the user
what elements are present but potentially what type of chemical bonds are present as well.
When the XPS experiment is run the data is typically plotted with intensity as an arbitrary
unit (this is the number of electrons) versus the binding energy of those electrons in eV
(electron volts, 1.6x1071? J). The binding energy is the amount of energy holding molecules

together. This is a characteristic of the various elements and correspond to the electron
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configuration. For the purposed of this work we tend to be most interested in the levels
of carbon, nitrogen, and oxygen in our carbon samples. In carbon the XPS can provide
information about heteroatoms. They can be identified with their bonding nature such as if

a nitrogen is pyridinic, pyrrolic, or graphitic[117, 193].

2.7.4 Conductivity Measurements

Surface conductivity is the measurement of the ease of electron’s ability to move through
the material. For more graphitic materials it would be expected that the conductivity would
be high compared to a more amorphous sample. In electronics the resistance (which is the
inverse of the conductivity) of something can be measured with a multimeter. A voltage
is sent though the material and the drop in voltage that occurs can then be calculated as
caused as the resistance. Unfortunately, this does not work well at very low resistivity and
as such a different technique is needed. One such technique to measure the surface resistance
of a material is known as four-terminal sensing. Here two pairs of probes (all spaced out to
a known distance) are touched to a surface. In one pair a fixed current, I, is applied. The
other set of probes measures the voltage, V. Ohm’s law (V' = I R) can then be used to solve

for the resistance, R.
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Chapter 3

Carbon Nanofiber Fabrication via

Electrospinning

Carbon nanofibers were produced through electrospinning and pyrolysis to create nanofiber
mats. The procedure used to fabricate the carbon nanofiber (CNF) mats are described in
Figure 3.1. Here there is the breakdown of the four processes involved to fabricate the mats.
The first step is the solution preparation (Figure 3.1A), where the three components are
combined and thoroughly mixed. The solution is then electrospun onto a drum (Figure
3.1B) to make a polymer nanofiber mat. This mat undergoes mechanical treatment and sta-
bilization (Figure 3.1C) to prepare it for pyrolysis. Finally, the nanofiber mat is decomposed
into carbon via pyrolysis in a tube furnace that is purged of air with flowing nitrogen gas

(Figure 3.1D).
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Figure 3.1: Fabrication schematic for CNF mats. The process is broken into four steps:
(A) solution preparation, (B) electrospinning, (C) mechanical treatment and stabilization,
and (D) pyrolysis.

3.1 Carbon Nanofiber (CNF) Mat Preparations

3.2 Solution Preparation

For electrospinning a solution was prepared with Polyacrylonitrile (PAN) dissolved in the
organic solvent dimethylformamide (DMF) with mixed in Multi-walled carbon nanotubes
(MWCNT). The final ratio of this of the nanofibers will be 8% PAN and 1% MWCNT’s. To
create this solution the MWCNT’s and DMF are first mixed and placed under ultrasonication
for 1 hour which will evenly disperse the MWCNT’s. Afterwards, this solution can mix at
room temperature for 24 hours on a stir plate. The PAN is then mixed with the MWCNT
and DMF solution to create a mixture that is 8% PAN by weight and 1% MWCNT-DMF
solution by volume. This new solution is then placed on a hotplate while stirring to be

heated to 40 °C for a minimum of 24 hours. The solution can remain on the hotplate for
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several days although it is always best to use a freshly prepared solution. At all mixing
steps the container should be sealed tightly and wrapped with Parafilm®) to help prevent

contamination’s (such as during ultrasonication) and evaporation.

3.3 Far-Field Electrospinning

Once the solution is prepared it can then be spun into the nanofiber mats via electrospinning.
It is important begin electrospinning the solution as soon as possible after it has been taken
off the hot plate/stir plate to prevent the MWCNT’s from settling. In the electrospinning
setup a rotating drum was used as the target to be spun on. The drum has a diameter of
63.6 mm and a width of 37.5 mm. The drum is wrapped in a conductive metal such as
copper or aluminum foil. The foil should be as smooth as possible to ease with pulling the
finished nanofiber mat off and to help keep the nanofiber mat itself as even and smooth as
possible. The drum is grounded to the electrical source (this can usually be done with a wire
brush) and is spun at approximately 120 RPM as measured by a laser tachometer prior to
spinning. The solution is loaded into a syringe with a flat metal needle of 21 gauge (0.02025
inch inner diameter). The syringe is loaded with the solution and placed on a syringe pump

to dispense the solution at a rate of 0.25 mL/hr.

The power source is set to 16 kV and this potential is applied with the positive on the needle
and the negative on the target. Electrospinning occurs for 1-2 hours (and consumes about
1 mL of solution) which will typically result in a mat with a thickness of about 100 pum and
have individual fiber thickness of about 100-300 nm. The thickness can be controlled by
increasing or decreasing the time of spinning. The nanofiber mat will be very electrically
charged and is best handled with anti-static tools such as alumina tipped tweezers. The color
of the as spun mats will tend to range from white if it is pure PAN to a grey if there are

MWCNT’s mixed in. When the mats are removed off the drum they will be in a cylindrical
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shape. They can be cut once across the width so that they can be laid flat without any part
overlapping. In Figure 3.2 there is an image of a CNF mat using a laser confocal microscope.

The confocal image was taken on a Keyence VK-X250 Laser Confocal Microscope.

Figure 3.2: Laser confocal image of the CNF mat. The scale bar is 10 um.

3.4 Mechanical Treatment and Stabilization

Prior to stabilization of the nanofiber mats they are compressed in a laminator to impart
mechanical stress as well as surface uniformity. A single sheet of A4 Paper is folded in half
and a plastic laminate is used to coat the paper to protect the nanofiber mats from sticking
to it. The mat is placed in the paper and the paper is folded to enclose the mat on both
sides. The paper is loaded into the laminator to compress and flatten it. That mat is rolled

4-5 times.

The now flattened nanofiber mat is loaded into a compressive device to be stabilized in
the oven. The compressive rig typically entails two flat plates made of a material that can
withstand the 280 °C such as stainless steel. An example is seen in 3.3 where the sample is
loaded in the clamp and torqued to 4 in-lbs. Silicon wafers were not be used as the nanofiber
mat will stick to it during compression. The plates are always cleaned with isopropyl alcohol
(IPA) and blown dry (preferably by clean N, gas). The mats are loaded into the rig where

compressed to the desired compression level with a torque wrench and torquing the clamp
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to 4 in-lbs which is about 20kPa of pressure. While under pressure the rig loaded with the
nanofiber mat is loaded into the oven which is at room temperature. The oven temperature
is raised to 280 °C and let to dwell at there for 5 hours. The oven is then shutoff and
allowed to cool naturally. This process is open to atmosphere during the heating as the PAN
nanofiber mat needs oxygen to stabilize. The mats should be brown in color. If they were

stabilized in the absence of oxygen they may have a yellow color until they oxidize to brown.

(a) (b)

Figure 3.3: A mechanical stabilization device: (b) Device is compressing the mats and is
ready to be stabilized, (b) The steel plates are opened to show the stabilized nanofiber mat.

3.5 Pyrolysis

The nanofiber mats are now ready to undergo pyrolysis and become a carbon nanofiber
(CNF) mats. The stabilized polymer mats are loaded into a tube furnace. The samples in
the furnace will sit at room temperature while nitrogen gas (/Ns) is flowing through it. This
is done in order to purge the furnace of any oxygen content. The gas is flowing at a rate
of 9000 sccm (standard cubic centimeter per minute). This rate is maintained for the entire
duration of the pyrolysis. The nanofiber mats are stored inside alumina crucibles for the
pyrolysis process. Care should be taken to avoid the mats from being blown away by the
flowing Ny and the exhaust port it flows into as the mats are very light and easy to lose

when loading. It is recommended to leave the samples purging in the furnace for a minimum
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of 8 hours. After an 8 hour purge the oxygen content in the furnace has been measured at

20 ppm.

For pyrolysis it is important to follow a strict temperature profile as that will help determine
the final carbon structure. The temperature is ramped from room temperature to 300 °C
at a rate of 4.5 °C/min. The furnace will remain at 300 °C for 1 hour. The temperature
will then raise to 1050°C at a rate of 2.5 °C/min. This temperature will remain at 1050 °C
for 1 hour until which the heat is turned off and the furnace is allowed to cool to ambient
temperature naturally. An example of a tube furnace in the midst of a pyrolysis run can
be seen in 3.4A. The temperature profile is plotted in Figure 3.4B. Once the pyrolysis is

complete and the furnace cools down then the PAN nanofiber mats are now carbon and are

ready to use.

Temperature (°C)

00 225

(a) (b)

Figure 3.4: (a) tube furnace during pyrolysis and a (b)typical temperature profile of a
pyrolysis run .

Alternative Carbon Nanofiber mats

The fabrication process for the carbon nanofiber mats describes the final desired product. In
order to validate the fabrication process a variety of samples were made to use as controls.
There are many variables that could be adjusted in terms of every step. The chemistry

could be modified for the solution in a number of ways. The electrospinning setup could
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have been varied in factors such as voltage, collector style, spinning environment as well as
other parameter changes. During the mechanical treatment and stabilization there could be
modifications to ramp rates and amount and style of stress induced on the sample. Finally,
during pyrolysis there could have been modifications to areas such as the inert gas being

used and ramp rates.

For this manuscript the focus was on the fabrication process and how that led to graphi-
tization and heteroatoms. As such the variables that were modified were the addition of
CNT’s as well as the effect of mechanical stress. For this reason, the control samples that
were tested included using a pure PAN sample (no CNT’s were added) that did not undergo
any mechanical stress during stabilization. This sample is referred to as PAN CNF. A sam-
ple that had CNT’s added to the PAN solution but underwent no mechanical stress during
stabilization is called PAN-CNT CNF. A sample that pure PAN (no CNT addition) but
did go under mechanical stress during stabilization is known as PAN-M CNF. And finally
the sample that had both the addition of CNT’s and underwent mechanical stress during
stabilization is known as PAN-CNT-M CNF.
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Chapter 4

Method for Carbon Nanofiber

Fabrication

4.1 Preparation for Electrochemical Testing

The Carbon nanofiber mats (CNF) come out of the furnace ready to use and can be char-
acterized as desired. The CNF mat in this context is also referred to as an electrode.
Technically, electrochemical tests can be conducted on the bare CNF material as is. Though
there are some considerations which would make electrochemical testing easier. The CNF
mats are extremely fragile and will break very easily from many forces such as a stray breeze
(as one might expect in a fume hood) or even breaking when it is unable to penetrate the
surface tension of a liquid electrolyte. In initial electrochemical tests a CNF mat was simply
attached via metal alligator clips and then dipped into the solution for testing. Some further
issues that would present are the piercing of the CNF mat to the point of breaking it. Fur-
thermore, there are issues where when running a CV there was an unexpected peak. When

examined this peak matched that of the copper reduction, as in the metal clip and/or the
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wore were coming in contact with the solution. Additionally, corrosion can be seen on the
clip which deteriorates the signal. This corrosion can sometimes be seen in both the solution

and the CNF (Such as with reddish-brown colored substance).

4.1.1 Coating the Contact Point of CNF Mat

A solution to contamination and CNF mat weakness would be to coat the contact area.
Then the metal clips can pierce through the coating which should in theory protect the clips
from any solution that may creep up from capillary forces as well as help reinforce the CNF
mat from breaking. One issue with dip coating the CNF mat into a coating such as wax is
controlling the area being coated. The CNF mats seem to show an extreme hydrophilicity.
This was demonstrated with a contact angle testing. In this setup a droplet was placed on
the mat and viewed on a high-speed camera. In theory there should be a droplet with a
visible contact angle that is measured via the camera. In the case of the CNF mat the droplet
was absorbed almost instantaneously (at least faster than the camera could see). While it
may not be true hydrophilicity in the technical term, the highly porous mat absorbed the
water. When coating the CNF mat with a liquid that will solidify this same absorption issue
is seen. It is critical to prevent the coating liquid from creeping too far into what would be
expected to be the working area of the electrode. With a wax coating it can be seen via a
white wax color but some other coating’s such as a Polytetrafluoroethylene (PTFE, common
trade name is Teflon(®)) solution have the issue that it dries clear. Some examples of the

issues of plain and coated setup are shown in Figure 4.1.

From Figure 4.1 there are three examples of common problems. In Figure 4.1A the CNF was
unable to break the surface tension of the liquid and as such it bent, potentially breaking
the electrode as well as not exposing the maximum surface area into the liquid. In Figure

4.1B the arrow is pointing to some salt that precipitated from the evaporated solution. The
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Figure 4.1: Electrochemical test setups’” where the CNF electrode was coated with either
wax or PTFE and a clip was used to hold the electrode in the solution. (A) The CNF
electrode failed to break through the liquid’s surface tension and thus bent, (B) The coating
failed to stop liquid from being drawn up via capillary force and evaporating leaving pre-
cipitate of salt, (C) The wax coating proved difficult to control as the bottom arrow points
to the dark portion of the CNF electrode which is the only area that remains uncoated.
The top arrow shows how the wax failed to prevent the liquid from creeping upwards and
corroding the metal clip.

point of interest is that the solution climbed up the CNF electrode (due to capillary forces)
and started to evaporate. Finally in Figure 4.1C there is an electrode that was removed from
the solution post testing. Two points of interest are seen on this electrode, starting from the
bottom arrow there is a clear color difference from the wax coating. The arrow is pointing
to a darker area which is the uncoated portion of the CNF electrode. The lighter portion
is where the wax coated. The procedure of coating the CNF involves dipping the section
that will be clipped into hot wax. The problem is the wax creeps through the electrode
potentially covering significantly more area than expected or desired. Furthermore, the wax
failed to stop any liquid from creeping up to the metal clip and corroding it. The top arrow

shows some redish-brown liquid which is evidence of this corrosion.

4.1.2 Preparation of Carbon Electrode with PDMS

One solution to the issue of fragile CNF was to use a silicon-based organic polymer to

protect and reinforce the CNF known as Polydimethylsiloxane (PDMS, Sylgard 184 Silicone
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Elastomer, Dow Corning Corporation). PDMS is a type of silicone that is often used in
microfluidic devices as it is optically clear, inert, and hydrophobic (meaning water will not
stick onto it). PDMS is simple to use as it is mixed from typically two parts, a base and a
curing agent. The two parts are weighed out to the manufacturers specified ratio and then
are mixed thoroughly. A mold was made by laser cutting sheets of acrylic. Alternatively,
molds can be made from by CNC machining or 3D printing. Of note, many Stereolithography
(SLA) resins can contain inhibitors that will prevent certain types PDMS from curing. The
thoroughly mixed PDMS can then be poured into the mold and set to cured. To remove
bubbles the PDMS (already in the mold or before) can be placed in a vacuum or pressure
chamber to be degassed. This may not be necessary since perfect optical clarity is not
required. Care can be taken to prevent small bubbles from breaking through and causing
leaks when mixing the PDMS. The PDMS is set to cure over heat such as a hot plate or
in an oven. If the mold material cannot stand the heat then it can be cured at ambient
temperature at a much slower rate. Any unused PDMS can be kept in the fridge which will
slow the curing time. Once all the PDMS has been cured then they can be carefully removed
from their molds. A layer of PDMS is also poured over a piece of glass (such as a microscope
slide) to allow for future tests with chemicals such as hydrochloric acid (HCl) which will
etch through glass but not PDMS. Using the remaining PDMS from the fridge the parts of
the mold is then assembled and bonded with uncured PDMS. The CNF working electrode
is bonded on its edges against the floor of the cell and the remainder of the PDMS cell is

bonded on top of it.

An edge of the CNF should be sticking out of the PDMS so that a wire can be connected.
Thin 32-gauge magnet wire was used to establish an electrical connection between the CNF
and the potentiostat. First the enamel coating of the magnet wire is stripped off both ends
of the wire with a flame, then cleaned with a razor blade, and finally polished with a high
grit sand paper. One side of the stripped wire is bonded using Conductive Carbon Paste

(Structure Probe, Inc.). The paint is allowed to dry fully (which can be accelerated with
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heat) and then PDMS is placed on top of it as a form of strain relief. In Figure 4.2 there is a
sample of the full PDMS cell. It is self-contained and holds the CNF in place while isolating
the electrical contact from contaminating the solution. Figure 4.2A shows that original intent
of the mold to have the CNF working electrode bonded vertically in the center. While this
potentially has the advantage of shortening the path between the working electrode and the
other electrodes, it proved to be practically difficult as the fragile CNF working electrode
would break with the adding and removing of fluids. By placing the CNF working electrode
along the bottom of the cell as seen in Figure 4.2B and C then the electrode was much more
secure and more likely to survive multiple tests. This change eventually led to the final

version of preparation.

Figure 4.2: A PDMS mold that encloses the carbon nanofiber mat. (A) A CAD rendering
of the cell, the original design had the CNF working electrode placed vertically in the center.
(B) A side view of the cell in use, (C) a side view of the cell in use. In this instance there is
a needle piercing the top of the cell. This needle can be used for access to the cell.

This preparation had a major advantage of allowing potential variables such as liquid volume
and electrode spacing to be held constant between multiple tests setups. The CNF electrode
could then be cut to a predetermined size each time and molded around. Additionally, the
mold had built in slots for the Reference and Counter electrodes which allowed them to be
held in place by the PDMS which made it easier to setup. Unfortunately, there was an
issue with the volume of liquid that the cell was capable of testing. The test cell worked
when using fixed concentration of an analyte. It became impractical to use this configuration

when small concentrations of an analyte. There were also complications with tests such as in
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chronoamperometry when standard additions are injected in the electrolyte. The cell volume
was 1 mL, so any additions would change the total volume to greatly. This volume change

could be compensated in the experimental analysis, it still left the issue of over flowing.

PDMS Backbone for Electrodes

The final iteration of PDMS molding was a simple method to add support to the electrode
as well as isolate the electrical contact. The PDMS was poured into flat sheets. When cured
it would be cut into either a larger piece for a back-plane or a smaller one for support right
at the point of electrical contact. Figure 4.3 shows how this setup looked in both a schematic

representation (Figure 4.3A) and in a photo of a sample ready to be tested (Figure 4.3B).

Figure 4.3: The final setup for the PDMS backing and support used for electrochemical
testing. (A) A schematic representation of the PDMS back-plane and the actual electrode

(B)

The CNF electrode is cut in dimensions of about 2mm x 5mm and then placed on sheet
of PDMS that is larger than the sample. This will form the back-plane or backbone of
the PDMS support. A strip of magnet wire is prepared in the same manner as before and
bonded to a short edge of the CNF electrode with the conductive carbon paste. After the
paste has dried a small piece of PDMS strip is bonded with some uncured PDMS directly
under where the wire was bonded. Some additional uncured PDMS can once again be added

to the point where the wire was bonded to add strain relief and make the assembly more
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durable. The assembly is cured on a hot plate and is ready to use. If the CNF electrode
is too long then another strip of cured PDMS can be bonded to the bottom section of the
CNF to help flatten it. After the assembly has cured the geometric area of the electrode can
be calculated by measuring the footprint of the exposed CNF electrode. The electrode can
be supported by clipping to the PDMS for support with another clip attached to the wire

for electrical contact.

Electrochemical Test Cell

Once the CNF' electrode has been reinforced with PDMS it is ready to be tested. To do
this a test cell was devised from a 50 mL conical tube made of Polypropylene (PP). The
lid of the tub had multiple holes drilled into the top so that they are ports for the various
parts of the test setup. This can be seen in Figure 4.4. In this configuration there is room
for approximately 30mL of fluid (the total volume should be precisely measured but will
determine on how high/low the electrodes are placed from the lid). Alligator clips will hold
the PDMS portion of the CNF working electrode so that it never touches the liquid. The
reference electrode can be placed directly into the cell and the counter electrode can be
supported by either its wire (presuming it has a thick enough wire to support this) or by
another alligator clip. The entire setup is then suspended over a stir plate so that there can

be some mixing of the solution when needed.

4.2 Electrochemical Testing Methods

Electrochemical testing was performed with a three-electrode setup. This includes a refer-
ence, counter, and working electrodes. The working electrode is the CNF mat that was just

prepared with PDMS. The reference electrode (RE) is a Silver/Silver-Chloride (Ag/AgCl)
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Figure 4.4: Full electrochemical setup in a 50 mL conical tube and all the attachments
piercing through the lid.

electrode that is in saturated 3.0 M NaCl. This electrodes are purchased and used as is. A
counter electrode (CE) is a glassy carbon electrode that had a geometric surface area 5x5

mm2 .

The Glassy Carbon electrode is initially purchased, it has no wire connections. To add one a
wire is stripped and bonded to one side of the glassy carbon tile with the conductive carbon
paste. Once the paste has dried a two-part epoxy is used to secure and insulate the bonded
area. This will protect it from any future liquid it will be submersed during testing. The
epoxy is made to cover the entire bonded area including up a little past the insulation of the
wire. Any type of wire from a thin gauged magnet wire to 22-gauge wire can be used. By
using thicker wire then the wire can itself be used as support. The Glassy Carbon electrode
is polished by using an alumina slurry. The slurry is placed on a polishing pad and using
a repetitive and constant motion the electrode is moved around in figure-eight patterns.
To help prevent uneven polishing the electrode is rotated periodically, and the direction
of movement is reversed. This is done for approximately 1-2 minutes. The electrode is
then rinsed with methanol or IPA and then wiped dry with a lint free paper towel. Prior

to each electrochemical test this polishing procedure should be followed to ensure the best
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performance from the counter electrode.

4.2.1 Electrochemical Solution Preparation

The electrolyte supporting solution for electrochemical testing was carried out typically in
either 2.0 M potassium chloride (KCI) or in 1X Phosphate-Buffered Saline (1X PBS). The
PBS is a buffer solution (helps maintain a constant pH) with 136 mM sodium chloride
(NaCl), 2.7 mM potassium chloride (KC1),10 mM disodium phosphate (NagHPO,), and 1.8
mM monopotassium phosphate (KH,PO,). They were all dissolved into di-ionized water
(DI water). This will result in concentrations of 0.14 M NaCl, 0.0027 M KCl, and 0.010 M
PO4*. The pH of 1X PBS was desired to be at 7.4. In order to achieve this a solution was
made with about 10% less DI water then is required, and the pH is tested. To bring the
pH to 7.4 either HCI or sodium hydroxide (NaOH) was added to decrease or increase the
pH respectively. After the pH is balanced, DI water can be added to the final volume. For
convenience, a solution of PBS is made that is 10 times the concentration (known as 10X
PBS). In this case the PBS is diluted down to 1X PBS and then pH balanced in a similar
manner prior to being used. Typically, the pH of a 10X solution will be approximately 6.8

but will change to 7.4 after dilution.

The analytes used came in either a solid or liquid form. When using a solid the weight was

measured out based on the molarity and volume desired by Eq. 4.1.

FWx«CxV =m (4.1)

Where FW is the Formula or Molecular weight in grams/Mol (which should be given by the

manufacturer), C' is the concentration in Mol/Liter, V' is the volume in liters, and m is the
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mass in grams. When the analyte is a liquid then the concentration is needed so that Eq.

4.2 can be solved.

CiVi = CoVa (4.2)

Here C' is the concentration in Mol/L and V' is the volume in liters. The subscript 1 and 2

represent the initial and final concentrations.

4.2.2 Electrochemical Techniques

A major set of tools used to characterize the CNF electrodes are electrochemical techniques.
Here the setup of the techniques as used for testing are described. Three popular techniques
were used in this report. The techniques were Electrochemical Impedance Spectroscopy
(EIS), Cyclic Voltammetry (CV), and Chronoamperometry (CA). Each technique offers its

own insight in the electrochemical reactions occurring on the electrodes surface.

All electrochemical experiments were performed using the VersaSTAT 4 Potentiostat by
Princeton Applied Research. The potentiostat was running the included software of VersaS-
tudio 2.48.5. All experiments were performed in either 1X PBS solution or 2M KCI solution
with the appropriate analyte added in as necessary. The CV was typically performed at scan
rates of 10, 20, 30, 40, 50, 100, 200, 300, 400, 500, 1000, 2000, 3000, 4000, and 5000 mV /s
in that order. Each scan rate was run for three times prior to moving on automatically to
the next scan rate. The voltage window was selected based on the analyte testing. The EIS
experiments were done automatically at the end of all the CV experiments. The frequency’s
ranged from 10,000 Hz down to 0.1 Hz. Chronoamperometry was performed at a potential

which was determined by the CV of the same analyte. This potential was determined when
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the current was maximum in the CV. All the values were normalized by the active surface

area.

For chronoamperometry the signal to noise can be found via Eq. 4.3[125] and using the
standard signal to noise ratio of 3 (S/N = 3). In this equation o is the standard deviation
of the signal from the stable blank solution (typically taken right before the additions of the
analyte). This is in essence the noise of the signal. A standard curve is created from the CA
of the concentration versus the current. The curve will have a slope, S, which is needed to

calculate the LOD as well.

LOD = = (4.3)

4.2.3 Surface Area Calculations

A crucial component to understand electrochemistry is the surface area of an electrode as all
electrochemical reactions happen on the surface. The Randles-Sevcik equation can be used
as seen below in Eq. 4.4[26] as am analytical technique. The area can be determined if using
a well understood analyte (such as ferri/ferrocyanide) in which the diffusion coefficient is
known. Cyclic voltammetry can be run to obtain a peak reversible current (Ife”) and thus

the Eq. 4.4 can be solved for the Surface Area (A).

nFDv)é (4.4)

Rev
I = £0.446nF AC (17

The remaining variables in Eq. 4.4 are the number of electrons (n), the Faraday Constant
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(F), the analyte concentration (C), the scan rate (v), the universal gas constant (R), and
the temperature (7). A systems reversibility can be determined if the plot of I)* versus
v? is linear. The Randles-Sevcik equation presents an issue in that it is applicable to flat
electrodes. The complex 3D geometry of the nanofiber mats presents a challenge and as such

another technique should be used.

An alternative technique, and the primary one used in this work, is the use of EIS. When
using EIS the results can be approximated as an electrical circuit. This circuit can then
be solved using iterative techniques for the various elements which are analogs for various
phenomena that are occurring. A basic type of equivalent circuit is the Randles cell[12] as
shown in Figure 4.5. Here there are 3 basic elements being used to model the system. The
resistance of the solution is modeled as Rg. This value can be modified by changing the
solution’s electrolyte concentrations so that there are more or less charge carriers available
in the solution. The properties of the electrode are modeled as the double layer capacitance
(Ca1). This capacitance is caused from the double layer that is formed at the interface
between the the electrolyte solution and solid electrode. It is formed from the buildup of
ions that are adsorbed on the surface of the electrode. There will be a buildup of charge at
this layer and as such a nanometer wide insulated space. This could be ideal or detrimental
depending on the application. The final element in the Randles cell is the charge-transfer
resistance (R¢t). This value is based on the electron’s difficulty from transferring from one
phase (such as liquid) to another (such as solid). The Randles cell in Figure 4.5 offers a

simple method to model the system as well as a good starting point for modeling.

Ca
-
AM—] =
Ret
L AA—

Figure 4.5: The Randles cell equivalent circuit
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The circuit needs to be updated slightly to better represents the phenomena that is occurring
in the CNF mats. To do this the standard capacitance model of a Cg is replaced with a
constant phase element (CPE). and an additional element was added in series with the R
known as Warburg element (W) as well. The resulting circuit can be seen in Figure 4.6. The
CPE element is used since the capacitance does not behave in the same ideal behavior as an
electronic capacitor. The CPE locks the phase such that the capacitance is not frequency
dependent. A Warburg element (W) is used to model the diffusion effects on the system.
Additional elements could be added to the circuit as the phenomena that is occurring is

better understood. This would lead to better fitting between the actual data and the circuit

model.
1]
I
CPE (C,
AAA | (Ca) -
Ri
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Figure 4.6: Equivalent circuit used for Carbon Nanofiber mats

With this model it can then be fitted iteratively to the data obtained from the EIS. This
fitting will allow values to be solved for the different elements. This is typically done with
software, in our experiments the free software ”EIS Spectrum Analyser” [22] was used. When
EIS was performed in a blank electrolyte solution then the electrochemically active surface
area was solved from the values obtained from the equivalent circuit. Using the specific
double layer capacitance (Cy) then Eq. 4.5[169, 12] can be solved. It should be noted that
the Cy should be in units of # and as such needs to be normalized by the surface area
of the electrode. To solve this issue an approximation is made where the geometric surface

area is used to normalize the Cy and thus solve Eq. 4.5. The double layer charging current,

1., and the scan rate, v, can be obtained from cyclic voltammetric experiments of the same
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electrode in a blank solution.

Aact = =
C’dlv
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Chapter 5

Characterization of Carbon

Microstructure

The goal of this manuscript is to describe a route for fabricating graphitized carbon nanofibers
to be used for electrochemical devices. The fabrication steps as described in Section 3 were
designed and optimized to produce graphitic nanofibers at a low pyrolysis temperature. Each
step of the process plays an important role to this goal. This section uses various charac-
terizations to understand the level of graphitization and elemental composition of the CNF
mats. The more graphitic structure will allow for better electrical properties while the ad-
ditions of heteroatoms (such as nitrogen) will allow for better electrocatalyst. Both of these

properties would allow for a more effective electrochemical sensor.

The CNF mats underwent a variety of tests, both non-destructive and destructive (typi-
cally in that order so that the samples can be reused as many times as possible). The
non-destructive tests included Raman spectroscopy which was used to gain insight into the
graphitization, XPS which allowed further insight into graphitization as well as the material

composition, and four-probe conductivity tests. The destructive tests that then followed
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included TEM, which involved the grinding up of the sample to view the microstructure,
and electrochemical tests which required the CNF mat to be bonded to a PDMS backbone

as was described in Section 4.1.

& 200.0 nm

dwell | HYV
15 s | 5.00 kv

(b)

Figure 5.1: Images of the carbon nanofiber mats taken on an SEM; (a) is a zoomed out
image of the mat, (b) is a zoomed in portion of the same CNF mat with individual fiber
diameters.

The CNF mats were examined under SEM which normally would be considered a non-
destructive test. In preparation of using the SEM a sample will be mounted to a pedestal
(typically via conductive double-sided tape). It then becomes difficult to remove the CNF
mat as they are very fragile and will tear. Some SEM images are seen in Figure 5.1. In
Figure 5.1a the overview of the CNF mat can be seen and in Figure 5.1b a zoomed in view
allows a sampling of the diameters of the individual fibers. All SEM images were conducted

using a FEI Quanta 3D FEG Dual Beam SEM.

Often in this work the CNF mats are compared to commercially obtained Toray graphitic
fibers. The Toray fibers are seen to be much larger than that of the electrospun fibers as
shown in Figure 5.2. From this figure there is an overview of the Toray sample in Figure

5.2a and a zoomed in view with dimensions of individual fibers in Figure 5.2b.
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Figure 5.2: Images of Toray graphitic fibers taken on an SEM. In (a) there is an overview
of the mat, in (b)there is a zoomed in portion of the same Toray mat with fiber diameters.

5.1 Graphitization of Mechanically Treated Carbon

Evidence of Graphitzation

When the carbon nanofiber mats become more graphitic there are an assortment of improve-
ments in properties that can be expected when compared to that of the more amorphous
variety. One such simple test is the conductivity of the mat. Using a four-probe conductivity
measurement a rough value can be obtained. There would be an expectation for an increase
in conductivity as the carbon became more graphitic. The four-probe measurement was
carried out on a Signatone SP4 probe station controlled by a Keithley 2400 SourceMeter.
Multiple currents were tested typically ranging from 7 mA to 10 mA and the results aver-
aged out. It should be noted that this would provide more of an estimate since the mats are
very porous and randomly oriented. The conductivity values are shown in Table 5.1 where
a pure PAN sample, A PAN sample with CNT’s added (PAN-CNT), and a PAN sample
with CNT that also underwent mechanical treatment (PAN-CNT-M). There is an expected
(but modest) increase in conductivity from simply adding CNT’s. While the addition of the

mechanical treatment made an order of magnitude increase in conductivity.

65



Table 5.1: Conductivity (values obtained from Ghazinejad et al[69])

Material | Conductivity, o(S/m)

PAN 150 - 250
PAN-CNT 450 - 600
PAN-CNT-M 4900 - 5000

Raman Spectroscopy

This data alone is not enough to demonstrate increased graphitization of the CNF mats.
Raman spectroscopy was performed on all three of the samples seen in Table 5.1. From the
Raman spectra a comparison of the two peaks can provide insight. Using a Renishaw InVia
Raman Microscope and an excitation laser of 532nm wavelength the samples were character-
ized. The collected data was then plotted with the D ( 1355c¢m™1) and G ( 1583cm 1) peaks
fitted using Lorentzian distributions[42, 124]. Three Raman spectra are plotted in Figure
5.3 for the samples of Pure PAN, PAN-CNT, and PAN-CNT-M.
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Figure 5.3: Raman spectra for the (a) Pure PAN CNF, (b) PAN-CNT (c¢) and PAN-CNT-
M. Figures adapted from Ghazinejad et al[69]

Figure 5.3 shows the G (Ig) and D peaks (Ip), which from Section 2.7.2 are known to be
representative of the in-planes vibrations and sp? structural defects respectively[180]. The

ratio of the two peaks (Ip/I¢) helps provide an understating into the level of graphitization,
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where a smaller value would indicate more graphitization and larger implies more defects.
When comparing the three different spectras in Figure 5.3 their ratios can be compared.
There is once again the same trend as seen before in the conductivity’s where the addition of
CN'T’s helps the overall graphitization to a small degree. It is not until the mechanical stress
during stabilization that there is a much larger and noticeable increase in order (graphiti-
zation) compared to the disorder. In Figure 5.3 this is seen as the PAN sample (Figure
5.3a) has an (Ip/Is) ratio of 1.26 while the PAN with CNT’s added (PAN-CNT, Figure
5.3b) shows a ratio of 1.00 leading to about a 20% decrease in disorder. When comparing
the mechanically treated sample (PAN-CNT-M) which has a ratio of 0.69 (Figure 5.3c), the
decrease can be seen as much as over 45% when comparing to the pure PAN sample. This
further supports that this increase in graphitization is due to the combination of both the
CNT’s and the mechanical stabilization and not simply the addition of already graphitic
CNT’s.

Transmission Electron Microscopy

Beyond the Raman results, an additional validation of the graphitic nature can be observed
via a FEI Titan S/TEM High Resolution Transmission Electron Microscopy (HRTEM). For
simplicity HRTEM is referred to as the more generic TEM. By using a TEM micrographs
can be obtained with enough resolution to be able to see the actual layers of graphene sheets
in the Angstrom scale. Four different samples where viewed under TEM and their results
are shown in Figure 5.4. The carbon samples are the pure PAN, PAN-CNT, PAN-CNT-M,
and finally plain CNT’s for reference in Figures 5.4a, b, ¢, and d respectively. This figure
is broken up into three sections with the main image on the left. On the upper right is a
Fast Fourier Transform (FFT) which shows the diffraction pattern, this is indicative of the
crystallinity order. On the lower right is a zoomed in and processed image of the lattice

fringes.
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Figure 5.4: TEM Micrographs of (a) Pure PAN CNF, (b) PAN-CNT, (¢) PAN-CNT-M,
and (d) CNT’s. Each image has an inset on the upper right of the Fast Fourier Transform
and lower right of a zoomed in processed image for clarity. Figure is from Ghazinejad et
al[69]

From Figure 5.4 the increase in graphitization is clear. The example of what a graphitic
structure should look like is seen in Figure 5.4d where there are very long and orderly
planes. These planes are known as the fringes. From the FFT there are very distinct
point sources in the image representing the orderly nature of the crystal structure. When
measured the inter layer spacing is 3.4 A which corresponds with literature for the spacing
expected in CNT’s[97]. In comparison, this can be compared to the pure PAN sample of
Figure 5.4a. This provides an excellent example of an amorphous carbon. Here it is seen
there is lack of long term order in the way that the planes are fragmented and seemingly
random in orientation. By looking at the FFT of the PAN sample it is a symmetric ring
which is indicative of a chaotic amorphous structure. The addition of CNT’s to the to the
PAN solution is seen in Figure 5.4b. The results arguably show a slight increase in order,

but overall the planes are short and chaotic. Again, the FFT for this image is of symmetric

68



rings. This helps to demonstrate that the graphitic gains by the addition of CNT’s are
limited. Any gains that may have arisen from the CNT’s during the electrospinning process
may have been lost during stabilization. With the addition of the mechanical treatment of
the PAN-CNT sample there is a noticeable improvement in the order as seen in Figure 5.4c.
The planes are orderly and more similar to that of the plain CNT sample seen in Figure
5.4d. Although it should be noted there are more defects (where the planes are broken).
This could be advantageous though as it adds more edge planes when compared to the pure
CNT’s. These edge planes will make the PANC-CNT-M samples more electrochemically

active when compared to the long defect free basal planes of plain CNT’s[211].

5.2 Heteroatom Content

The existence of heteroatoms (non-carbon atoms in the carbon structure) can allow for a
multitude of modifications including enhanced electrocatalytic properties which is impor-
tant for sensing applications. The Raman plot can be further deconvoluted to discover

I can be seen.

other peaks in the data. When fitting the Lorentzian, a peak at 1220cm™
This is demonstrated in Figure 5.5. The peak can often be interpreted as the presence of
heteroatoms[189, 4, 42, 124]. It is not entirely clear the reason for this peak as depending
on the form of the heteroatom could result in different spectra. There may be more defects
if the nitrogen is pyridinic as this could potentially create nanoholes[111]. Alternatively, if
the nitrogen is graphitic then there may not be any defects as a result. Further investi-
gation of heteroatoms was accomplished with X-ray Photoelectric Spectroscopy (XPS) on

a Kratos AXIS-SUPRA surface analysis instrument that was using an X-ray source of a

monochromatic Al Ka.

An XPS spectra is presented in Figure 5.6 of the PAN-CNT-M sample. From here various

peaks can be observed indicating presence of heteroatoms. There can be seen three major
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Figure 5.5: Raman spectra for PAN-CNT-M with Lorentzian fitting for the I ( 1220 cm™1),
D (1355 em™!), and G ( 1583 cm™!) peaks. Figure adapted from Pollack et al [148].

peaks, one for Oxygen (O 1s), a Nitrogen peak (N 1s), and a Carbon peak (C 1s). The
data obtained from these spectra shows that the composition of the sample has 94.5 £0.1
at. % (atomic ratio) carbon, 4.4 +0.5 at. % nitrogen and a small 1 £0.3 at. % of oxygen.
In contrast the pure PAN sample shows a concentration of 86.5 +0.1 at. % (atomic ratio)

carbon, 2.80 +0.5 at. % nitrogen and a much larger oxygen at 10.30 +0.3 at. % of oxygen.

There is an additional peak labeled ”C KVV” on the XPS spectra of Figure 5.6, this is around
1200 eV. This peak is from auger emissions [133]. When the X-ray from the XPS causes a
photoelectron to be emitted there will be a vacancy in a lower electron orbit which will be
filled by one from a higher orbit in what is known as relaxation. The excess energy from
this process will be emitted as an auger electron. Because these emissions where induced
by X-rays they will show up on the XPS spectra [80]. The nomenclature "KVV” refers to
the electron orbit that the initial vacancy was in (in this case K shell) followed by where the
double vacancy will be (here it is in the valence shell). This auger peak can provide data
on chemical speciation as well provide some insights on the ratios of sps and sps carbons
[2]. Further investigation of this peak would need a technique known as Auger Electron
Spectroscopy (AES) which is very similar to XPS except it uses electrons instead of X-rays

for excitation.
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Figure 5.6: Full XPS spectra of PAN-CNT-M sample. Figure from Pollack et al [148].

5.2.1 Nitrogen Heteroatoms

Nitrogen can be seen in the sample by the presence of a peak at around 400 eV. Further
examination of this peak is accomplished via deconvolution and the results are plotted in
Figure 5.7. Here the two samples that were examined under XPS are pure PAN and a PAN-
CNT-M in Figures 5.7a and 5.7b respectively. Fitting this deconvoluted N 1s region allows
for the determination of the various carbon-nitrogen bonds present in the region. A residual
of the plot fittings is shown at the bottom of the plot (and labeled as such). This value
provides a visualization of the plot fittings accuracy with the horizontal line representing the

fitted value and the other line is the measured value.

There are four different peaks shown in Figure 5.7 which correspond to the various types of
Nitrogen-Carbon bonding. These are pyridinic-N, pyrrolic-N, graphitic-N, and oxidized-N.
The values for these components are presented in Table 5.2. It should be noted that for
the PAN-CNT-M there is no peak corresponding for pyrrolic-N. This could potentially be a
result of pyrrolic-N being the least stable at high temperatures. Further investigation is nec-
essary for this. Additionally, there are peaks labeled as oxidized-N. The current XPS data is
not detailed enough to fully resolve what these peaks may correspond to. By using a higher

resolution XPS it may be possible to better understand the significance. One such possibil-
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Figure 5.7: N 1s XPS spectra for both (a) PAN and (b) PAN-CNT-M. Figure from Pollack
et al [148].

ity could include that these peaks relate to pyridinic-N oxide and graphitic-N oxide [127, 103].

Table 5.2: Nitrogen composition (values obtained from Pollack et al[148])

Element | Binding Energy (eV) | at. % PAN | at. % PAN-CNT-M
Carbon 285 86.5 94.5
Nitrogen 400 2.8 4.4
Oxygen 533 10.3 1.0
Pyridinic-N 398.5 24.14 19.21
Pyrrolic-N 400.1 35.29 0
Graphitic-N 401.3 30.58 56.97
Oxidized-N 405 & 402.6 9.99 & 0 13.97 & 9.85

From the results presented in Table 5.2 a direct comparison can be made between that of
the pure PAN and the PAN-CNT-M. The clearest distinction comes from the difference in
graphitic-N between the two where PAN has 30.58% compared to a 56.97% of the PAN-
CNT-M. This large increase in graphitic-N is what would be expected based on the higher

level of graphitization that is seen from the Raman and TEM data.
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5.2.2 Oxygen Heteroatoms

In addition to the nitrogen peak there can also be a peak associated with oxygen bonds.
This peak (O 1s) is deconvoluted in Figure 5.8 with its various peaks labeled. The presence
of oxygen is interesting as it could be theorized it was doped in from the environment (either
the stabilization or pyrolysis). While pure PAN, (C3H3N3),, has no oxygen groups, when it
is stabilized it will gain some because of oxidation. Potentially these oxygen’s may remain
in the final carbon structure. Alternatively, the oxygen could be from inside the furnace.
During the normal procedure the furnace is purged of oxygen via a nitrogen flow for multiple
hours. This purge may either be insignificant or there is a leak allowing some oxygen to flow
into the furnace but just in low enough concentrations that the polymer does not burn.
This could be a very interesting area to pursue further in how to control the remaining final
oxygen content as well as the potential applications for having oxygen on the final structure

such as with supercapacitors [202, 61, 184, 168|.
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Figure 5.8: O 1s XPS spectra of PAN-CNT-M sample. Figure from Pollack et al [148]
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Chapter 6

Electrochemical Characterization of

Carbon

Electrochemical characterization was performed on the CNF materials to better understand
the electrochemical performance. In this section the CNF mats where prepared as described
in Section 4.1 and are referred to as the Working Electrode (WE) or simply the electrode.
The electrode can be characterized using well understood analytes which can help to solve
for parameters such as the electrode kinetics. Initially it is important to understand the

electrodes surface area.

6.1 Surface Area of Carbon Nanofiber Electrodes

There are a variety of factors that can affect the surface area of the CNF electrodes and thus
making the usage of the simple geometric area insufficient. The electrode is comprised of a
complex 3D geometry that would invalidate some analytical methods such as the Randles-

Sevcik equation from Eq. 4.4[26]. Additionally, because the electrode is reinforced with
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PDMS there is potential to have the PDMS cover more area then anticipated before curing.
When the PDMS cures it is optically clear and thin layers can be very difficult to detect. As
such the EIS method for determining the surface area was chosen. This also has the benefit
of determining the electrochemically active surface area rather than simply the uncoated

surface area (that is the surface area that will react).

For EIS characterization an equivalent circuit was designed and fitted to the raw data from
the experiment. The equivalent circuit was described and shown in Figure 4.6 from page 61.
From the fitting of the data, the double layer capacitance can be calculated. From there the

electrochemically active surface area can be solved as described from Eq. 4.5 on page 62.
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Figure 6.1: Electrochemical impedance spectroscopy plot of a commercially obtained Toray
graphitic fiber mat, pure PAN mat, and a PAN-CNT-M mat. Figure adapted from Pollack
et al[148]

When calculating the active surface area a useful parameter is the fraction (f) of the active
surface area over the geometric (Eq. 6.1[46]). This fraction can provide some perspective on
the increase in surface area. This ratio on its own does not necessarily provide insight but

is useful when comparing between samples that allows for an appreciation of the increase in
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active surface area due to processing.

f= (6.1)

The various values obtained from the EIS tests are shown in Table 6.1 for some representative
samples. The double layer capacitance (Cy) is in units of (C‘:n—FZ) The geometric (A,) and
active surface (Aqe) areas are given in units of (¢cm?) and the area fraction, f, is unit-less.
Notably from this table is the improvements from the pure PAN sample to the Mechanically
treated PAN and CNT sample (PAN-CNT-M). From the surface area fraction, it can be
seen that the gains in surface area is almost twice as large then the gains in the untreated
sample. This increase in active surface area could allow the electrode to be much smaller
while still maintaining the same signal response as a pure PAN counterpart. Additionally,
it would allow for higher sensitivity and lower limit of detection in sensing applications.
Further surface area calculations can be tested via techniques such as nitrogen adsorption
(also known as the Brunauer-Emmett-Teller or BET'). This could provide additional details
on the surface area (although not the active surface area). This could have been useful in

determining the amount of electrode that became covered by the PDMS.

Table 6.1: Surface area of PAN and PAN-CNT-M electrodes (values obtained from Pollack
et al[148])

Electrode ‘ Cdl(c’in—ﬁ;) ‘ Ay(em?) ‘ Aget(em?) ‘ f
PAN 65.6 0.15 0.882 2.88
PAN-CNT-M 291.0 0.1 1.13 11.3
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6.2 Heterogeneous Electron Transfer Rate of Electrodes

To better understand the electrodes electrochemical kinetics a redox probe was used. This
is a well understood analyte that can be used to help determine the electrode kinetics of a
material. An important consideration of an electrode material is the standard electrochemical
rate constant, k°, which only applies for a heterogeneous electron transfer. The kinetics of

an electrode are important as it is related to the mass transport though-out the system.

In electrochemistry the reversibility of a reaction is defined by the electron transfer rate. A
system is defined as reversible if the electron transfer rate between the electrode and the
analyte is fast enough that there are no barriers presented by thermodynamics. This will
manifest in cyclic voltammograms as a consistent peak seperation regardless of the scan rate.
That is, the reaction becomes diffusion limited at the same potential regardless of how fast
the potential is swept. This is considered an ideal situation and is rarely seen in practice.
If the electron transfer rate is slow because of outside complications then the system is
considered irreversible. A system in the middle would be considered quasi-reversible and
this is the case as see from the cyclic voltammograms of the CNF electrodes. For quasi-
reversible reactions the k% can be solved using the Nicholson method[12, 26] as seen in Eq.

6.2.

(1)

U(AE ) = ~2 (6.2)
eak: - o 1 N

' (mDo f U)%

Here W is the kinetic parameter which was tabulated by Nicholson [135] for various peak-to-

peak separation distances (AE,.qx) for one step one electron processes. The charge transfer

coefficient is given by a. The diffusion coefficients for the oxidized and reduced species are

given by Dy and Dpg respectively. The scan rate is v given in % The term f is simplified
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from what is typically taken as a constant of f = %. Where the Faraday Constant, F,
is calculated by the constants F' = eN,4. Here the elementary charge of an electron, e, is
approximately 1.602%10'C and Avogadro constant, Ny, is approximately 6.022x10*mol L.

This results in the Faraday constant as 96485.333%. The universal gas constant, R, is

8.314—7/— and the temperature, T, is typically at room temperature of 300K (25 °C).

molx K

From Eq. 6.2 the system kinetics can be solved if the diffusion coefficient of the oxidezed
and reduced species is known. As such ferri/ferrocynaide (Fe(CN )27/ 7 is commonly used
as an electrochemical probe[12]. With the knowledge of the diffusion coefficient[40] for ferri-
cynaide as 7.26 10_6% and ferrocynaide as 6.67 10_6% then cyclic voltammetry could

be performed as seen in Figure 6.2.
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Figure 6.2: Cyclic voltammograms in 2M of KCl and 5mM Fe(C'N )2_/ = at various scan
rates of a (a) Pure PAN and (b) PAN-CNT-M electrodes. Inset plots the current density
versus the square root of the scan rates. Figures adapted from Ghazinejad et al[69]

In Figure 6.2 the peak currents are plotted with a red dotted line. In the case of pure PAN
electrodes (Figure 6.2a) it can clearly be seen that as the scan rates increase the peak-to-
peak also increases. In comparison there is the PAN-CNT-M electrode (Figure 6.2b) shows a
much more consistent peak-to-peak separation which remains the same separation regardless
of the scan rate. The insets of the plots show the comparison of the current density versus the

square root of the scan rate. The square root is taken because of the Randles-Sevcik equation
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(Eq. 4.4 on page 59). As this plot deviates from linearity it is a sign of the reversibility of

the system (i.e. the complications during electron transfer).

The kinetics, k°, can now be calculated from Eq. 6.2 and Figure 6.2 which results in 0.0029
“% for the Pure PAN electrodes and 0.0312 <* for the PAN-CNT-M electrodes. This large
increase in kinetics is expected as there are an increase in graphitic edges because of the
addition of the mechanical treatment and CNT’s[69, 26]. The PAN-CNT-M electrodes shows
kinetic performance that is comparable with both graphene and graphene oxide which have

values of 1.4 % 107% to 0.152[185, 23].

Adsorption of Fe(CN )2_/ *~ on Electrodes

An additional observation can be made when running an addition cyclic voltammetry on
the electrodes immediately after the Fe(CN )27/ *~ experiments. This was done in a blank

electrolyte with the results plotted in Figure 6.3.
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Figure 6.3: Cyclic voltammograms at a scan rate of 10 mV/s of Pure PAN and PAN-
CNT-M electrodes immediately after Fe(C'N )3*/ 4~ Cyelic voltammetry in 2M KCl. Figures
adapted from Ghazinejad et al[69]

The purpose of the of running a cyclic voltammograms in a blank electrolyte (2M KCl) is to
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show any adsorption of the Fe(CN)gf/‘l* onto the electrode. Adsorption of Fe(CN)gf/élf
has been shown to occur on the graphitic edges of carbon[27, 40]. Figure 6.3 demonstrates
that there is a larger peak remaining on the electrode in the PAN-CNT-M compared to
the pure PAN. Both electrodes have similar morphology’s so it can be concluded that the
Fe(C’N)g_/4_ is adsorbed rather than some remaining Fe(CN)g_M_ liquid trapped in the

vacancies of the nanofiber mats.
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Chapter 7

Theory For Unwinding Polymer

Chain Towards Graphitization

The first step towards graphitization involves the alignment of the molecules from the elec-
trospinning process. One area to note is that when speaking of molecular alignment, it is
being referred to the polymer chains, not the alignment of the polymer nanofibers. This
is also known as unwinding the molecular chain[69]. During the electrospinning there is
an electrostatic force that applies a large shear force on the polymer. This shear force is
strong enough that it will cause the macromolecules of the polymer to align[11, 100] along
the axis of the polymer nanofiber. Depending on the solvent and polymer used there may be
some relaxation of the stresses on the polymer fiber and as such the molecular orientation
will become isotropic (randomly oriented) again[58]. One area to note is that it is typically
accepted that in fully crystalline polymers, the formation of their crystals will occur faster
and thus the collector plate may have no effect on the molecular orientation. Conversely
when a polymer is fully amorphous the gains in molecular alignment from electrospinning
will be lost if it’s glass transition temperature (T, the temperature for when an amorphous

polymer transitions from a hard glass like state to a softer one). If an amorphous polymer is
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spun at the T then the orientation will not be preserved. Finally, semi-crystalline polymers
(polymers with both regions of amorphous and regions of crystalline) such as in PAN, will
have little effect in regards of the Tg to the molecular orientation[157]. The shear forces

causing the alignment produce is known as the confinement mechanism7].

An important observation about molecular alignment comes from the observations of how
relative strength of a fiber increased exponentially as the fibers radius decreases. This was
noted by Ji et al[90] where it was proposed that the large shear force applied to the nanofiber
would cause orientation to occur along the shell of the fiber. The fiber unwinding depends on
a ratio between the radius of the fiber, R, and the radius of gyration of the polymer (Rg, the
size of the polymer coil). The ratio R/R¢ could be used to predict the amount of polymer
unwinding. As the ratio increased (that is, the fiber radius increased) then the properties of
the fiber will be like that of the bulk polymer. This can be seen in Figure 7.1a where the
fiber radius is close to that of the Rg. Additionally, in Figure 7.1b there is a much larger

radius and as such only the fiber walls see any sort of unwinding.

—_— T ~

0 = = \No g oo

_— — —
_

O > COCeN

(a) (b)

Figure 7.1: Molecular orientation diagram where the ratio of R/R¢ is what will determine
the molecular orientation. In (a) the fiber diameter is much larger, therefore only unwinding
occurs at the edges of the fiber. The addition of CNT’s in (b) allows for an additional
interface to add shear force and unwind the molecular chain.

The addition of CNT’s plays an important role in the molecular orientation as in the case
seen in Figure 7.1b where the CNT acts as an additional interface. The CN'T’s will align

with the fiber axis and provide an area of local shear forces which will allow for thicker fibers
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to have more molecular alignment.

7.1 Carbon Nanotubes and Dielectrophoresis

Carbon Nanotubes (CNT) have long been added to various polymers during electrospinning
to affect the nanofibers properties. Some common uses include the the increase in mechanical
properties[82] and/or increasing electrical conductivity[186]. While the addition of CNT’s
into the CNF mats aided in these added properties, the larger reason is to be used for
additional interfaces to increase the confinement effect and allow for thicker nanofibers to

have aligned molecular chains[90].

During the electrospinning of a pure PAN solution (lacking CN'T’s), the solution is subjected
to a uniform electric field. The addition of CNT’s will introduce what is known as a dielectric
phenomena. That is, the CNT’s will cause local electric fields and thus the overall electric
field would be non-uniform. A diagram of the Taylor region can be seen in Figure 7.2 with
CNT’s in the solution. Here the CNT’s and polymer solution are being subjected to the

electrostatic force. As the polymer jet forms, it will drag along the CNT.

As the CNT is being dragged by the polymer jet it will also be subjected to other forces
as well. When any object moves through a fluid there will be a drag force in the opposite
direction of motion. Here the CNT is being subjected to a drag force which will slow down
the CNT relative to the polymer jet it is flowing in. As such this difference in velocity will
cause a shear force to apply between the two. In addition, there will also be a force from

the electric field known as a the dielectrophoretic force (Fpgp).

The dielectric field will induce a force which will act differently depending on the properties
of the various elements inside the field. In the solution there are three elements with their

own properties. There is the CNT’s which were dispersed in a polymer, PAN, which is dis-
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Figure 7.2: The effect of CNT’s on unwinding the molecular chain of PAN. In the Taylor
cone section, the electrostatic force is pulling and aligning the CNT’s and polymer. As the

polymer fiber narrows there is local shear fields against the surface of the CN'T’s. Figure
adapted from Ref. [69]

solved in a solvent (DMF, Dimethylformamide). Key dielectrophoretic properties of these

elements are listed in Table 7.1.

Table 7.1: Dielectrophoretic constants for PAN, CNT, and DMF (values obtained from
Ghazinejad et al[69])

Material | CNT | PAN | DMF

Relative electrical permittivity, €, | > 10° — j10* | 5.5 36.7
Conductivity, o(S/m) 10° 1071 | 107!
Polarizability in DMF, Re{K} +1 -0.395 | N/A

From these properties the insight can be gained on the directions of various particles. The
Fpgp occurs because the non-uniform electric field will induce a dipole moment. This will
cause movement towards or away from the field’s peaks based on the elements polarizability
in its medium. This polarizability is given in Table 7.1 as the Re{K} which is the real
portion of the Clausius-Mossotti factor [17, 132, 192]. This Clausius-Mossotti factor is made
up of the complex permittivities of the particle and the medium (€ = € — j2), where € is the

permittivity, o is the conductivity, and w is the angular frequency. The Clausius-Mossotti
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factor can be calculated as seen in Eq. 7.1 where the subscripts "p” and "m” refer to the

particle and medium respectively.

€p — €m

K - =
(w) € + 26,

(7.1)

The direction of the elements due to the Fppp can then be seen in Eq. 7.2[147, 192, 69]:

Fpep o 6, Re{K (w)}VE? (7.2)

Where VE? is the gradient of the electric field (calculated as the root-mean-square, rms).
By using the values from Table 7.1 the direction of the Fpgp force on the CNT’s are in the
opposite direction of that from the polymer flow and away from the collector. This Fpgp and
the drag increase the shear forces experienced on the polymer chain helping to unwind it.
These forces are displayed in Figure 7.2. Although CN'T’s are ideal in this scenario, it may be
desirable to replace them with a less expensive nanostructure so long as that nanostructure
has dimensions smaller then that of the polymer jet and the polarizability is opposite than

that of the polymer in the solvent. This should be investigated in future research.

Once the molecular alignment has been achieved via the above mechanisms then it must be
maintained. When the solvent is fully evaporated the molecular orientation will be fixed.
Prior to carbonization the polymer must be stabilized so cross-linking can occur between
the polymer chains. In this process there is the potential for curling of the molecular chains

and many of the gains from electrospinning could be lost.
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7.2 Mechanically Stressed Polymer Stabilization

Prior to the pyrolysis step the PAN nanofibers need to undergo the process of stabilization.
This process seems simple as it is the heat treatment of the polymer at ambient air pressure.
It should be noted that the chemistry and reactions occurring in this process are compli-
cated and still debated[149]. The crucial purpose of this process is to prepare the polymer
for pyrolysis. During stabilization the PAN molecules undergo cross-linking[44] between
neighboring atoms. This ladder causes the PAN to be more stable as the C==N become
C==N. The remaining bond will then form the cross-links between molecules of PAN as

seen in Figure 7.3a.

(a) HC=N
°W — Stabalization —» " T T~ Qs

o N N
(b)
No Mechanical _
Treatment

(c)
Mechanical
Treatment

Figure 7.3: PAN stabilization (a) simplified PAN stabilization schematic. (b) When there
is no mechanical treatment there can be a tendency to curl up which will lead to fullerene like
structures after pyrolysis. (c) Alternatively, if there is mechanical treatment it can prevent
the curling of the polymer chain which will help in the formation of graphitic structures after
pyrolysis. Figure adapted from Ref. [69]

This formation of a ring is known as cyclization. In this process the undesirable sp? bonds
are formed. The polymer chain will have a tendency to bend and curve. During pyrolysis
this will result in penta- and hepta- carbon rings[69] as is seen in Figure 7.3b. Depend-
ing on the temperature of pyrolysis this could form either amorphous carbon or fullerenes.

Once fullerenes are formed they become very difficult to break even at high temperatures.
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This aspect of PAN is what has made it be called "non-graphitizing” since it will remain

amorphous.

Ideally, the more sp? bonds which will lead to a more graphitic nature. During the heat
treatment of stabilization, the fibers will tend towards curling up. By adding a mechanical
compressive force, such as pressure, this is theorized to prevent the curling. From this
conclusion there may be other methods of maintaining the gains from electrospinning beyond
mechanical compressive force. With the polymer locked in place after stabilization then there

will be less sp® bonds being formed and more sp? bonds, thus a more graphitic structure.
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Chapter 8

Sensing Applications

The carbon nanofibers presented here with high graphitic content present the opportunity
for many applications. A major area and the focus of this work is that of electrochemical
devices. One of the simplest to prove is the area of sensing, that is where a voltage or
current is applied to the electrode. This results in a current or voltage, respectively, which
is produced via the electrochemical reaction occurring. The signal can then potentially be
used to determine the type and quantity of a substance in the environment. Additionally,
many other devices exist which could be found to have an advantage for using graphitic
nanofibers. Sensing proves to be one of the simpler electrochemical devices to set up and
as such it is one of the first applications to be attempted. Various analytes where tested,

starting with hydrogen peroxide (H>0s).

8.1 Determination of Hydrogen Peroxide in a Solution

Hydrogen peroxide is an extremely important substance that can be found in everything from

biochemistry to industrial products (such as in the paper, electronics, textile, wastewater,
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or many others[29]). In terms of biochemistry, the hydrogen peroxide can be a product of
many reactions and be used to indirectly monitor a substance. Its generation (and subsequent
measuring) has been found to be a useful and accurate way in determining levels of important
biological chemicals such as glucose, lactate, cholesterol, and many others[191]. As such, the
ability to sense hydrogen peroxide is a very sought-after tool that has been accomplished

using many methods.

The history of electrochemical sensing of hydrogen peroxide can arguably starts with enzy-
matic electrodes. Initially proposed by Clark et al[39], an enzyme will catalyze a reaction
on the electrodes surface. A glucose sensor was able to me made by Updike et al[181] which
determined glucose levels directly by attaching the enzyme glucose oxidase (GOx) to a gel
on an oxygen electrode. When GOx and oxygen contacts with glucose it is reduced into
hydrogen peroxide and gluconic acid. There will be a measurable current that is directly
correlated to the amount of glucose in the system being measured. While there have been
many generations of improvements to enzymatic sensors there are still some downsides such
as the stability of the enzyme[141]. Even the most stable enzymes will be affected by various
elements such as thermal fluctuations (as might be seen when being stored). Additionally,
there is an innate complexity to electrode fabrication as the enzyme must be immobilized
on the electrode. As such alternative sensing mechanisms have been investigated such as
non-enzymatic electrodes. This is typically done via metals such as platinum and gold[36].
Here nanometal particles are placed on a conductive substrate (such as glass-like carbon)
and act as a electrocatalyis for hydrogen peroxide. Metal based sensors have proven to be
very capable but tend to be expensive. In the search for alternatives the carbon nanofiber
as an electrode from the previous sections has shown promise in electrocatalyis for hydrogen

peroxide and thus sensing.
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8.1.1 Theory of Hydrogen Peroxide Sensing

There have been many studies on the active areas of nitrogen-doped carbons in their ability
for electrocatalysis. The form of nitrogen takes on in the doped carbon can determine
the electrochemical properties and as such is important to understand when optimizing the
carbon structure. It has been shown that in regard to oxygen reduction the graphitic-N would
enhance electron transfer because of the higher electronegativity of nitrogen compared with
carbon. This will cause carbon to donate electrons to the nitrogen which would in turn back-
donate an electron to an adjacent carbon causing an increase in current density[49, 105]. As
such there will be enhanced charges of the carbons next to nitrogen when compared with a
defect free graphene[197]. Alternatively, there are pyridinic-N sites which, because located on
an edge plane, will have the nitrogen directly interact with the analyte using the nitrogen’s

lone electron. This in turn can cause the onset potential to be more positive[3].

when turning specifically to hydrogen peroxide the addition of nitrogen allows it to once
again react differently depending on the surface of the carbon structure. For pyridinic-N and
pyrrolic-N structures it was shown via modeling that they show stronger adsorption when
compared to graphitic-N or pristine graphene[3]. This adsorption is based on a physisorption
model. The O——O0O bonds in H,0, can be broken in two different manners. In one the
bond breaks into an a H*, H,O, and OH where the OH will stay bound to the carbon. In the
second option the O ——0O bond will break into two OH groups which are both bonded to
the carbons surface. The nitrogen doping can then facilitate the weakening of this bond[204].
The steps of hydrogen peroxide reduction have been broken down as two steps as seen here

Equations 8.1 and 8.2[130, 81].

HyOy+e¢ ' - OH,y+OH™ (8.1)
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OHug+e ' — OH" (8.2)

With thees two steps then cumulate with the net reaction seen in Equation 8.3 [182].

H202 + 2H" + 2671 — QHQO (83)

8.1.2 Sensitivity and Limit of Detection of Hydrogen Peroxide

To demonstrate the ability of the mechanically treated CNF electrodes (PAN-CNT-M) to
reduce hydrogen peroxide, electrochemical cyclic voltammetry and chronoamperometry were
performed. Cyclic voltammetry (CV) was carried out to investigate the aptitude of the PAN-
CNT-M electrodes in reduction and it was compared against other electrodes including a
commercially available Toray@®) graphitic paper and a pure PAN CNF electrode. Phosphate
Buffered Saline (PBS) was used as the background electrolyte since it will help mimic biolog-
ical systems and will help eliminate effects from pH differences. Initially EIS was conducted
and the active surface area was found so that the following results could be normalized and

thus more easily compared. All results are thus viewed against the current density (A/cm?).

In initial tests it was seen that hydrogen peroxide and oxygen will have very similar reduction
peaks and as such it would be difficult to determine which is being reduced. As such all
test cells were purged with nitrogen gas. A CV (not shown) was run in a blank solution
of 1X PBS to determine the appropriate time for nitrogen purging for our testing. The
time required to minimize the oxygen reduction peak was seen to be adequate after 20 min.

In Figure 8.1a there is a comparison of the same PAN-CNT-M electrode run in a blank
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electrolyte and then with the addition of 2.5 mM of HyOs there is a very clear beak from the
reduction current observed. This helps to confirm the removal of oxygen from the solution.
There is still seen a small peak for the 1X PBS experiment which could be attributed to
residual oxygen in the test cell. This provides further evidence that he electrode performs

oxygen reduction.

The next CV was performed for the PAN-CNT-M electrode, a pure PAN electrode, and a
Toray electrode in Figure 8.1b. All the electrodes were prepared in the same manner as
described in Section 4.1. The results from the CV help to further demonstrate the increased
performance of the PAN-CNT-M electrode. It is expected that the Toray electrode would
show little electocatalysis as it is mostly graphitic structure lacking any nitrogen heteroatoms.
Additionally, the Pure PAN electrode also demonstrates poor performance. This can be
attributed to the amorphous nature of the CNF mat. Finally, the electrode with the largest
signal is the PAN-CNT-M electrode. It is very clear from Figure 8.1b that the PAN-CNT-M
sample shows the largest amount of reduction as well as the onset potential is increased
compared to the other electrodes. This corresponds with what is seen in literature [49, 105]

for graphitic N-doped materials.
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Figure 8.1: Cyclic voltammogram of the various CNF mats run at 50 mV /s vs Ag/AgCl.
(a) The PAN-CNT-M electrode tested in 1X PBS and in 2.5mM H,0y; (b) Electrodes of
PAN-CNT-M, Pure PAN, and Toray in 2.5mM H;0; Figure from Pollack et al[148]

From the Cyclic voltammogram of PAN-CNT-M there is the reduction peak seen when the
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current density is at a maximum. This can be seen from Figure 8.1b at -0.5V vs Ag/AgCl.
As such this was the potential chosen to run chronoamperometry (CA) which was used to

better understand the electrodes sensitivity and lower limit of detection (LOD).

The use of CA would help determine the electrodes response to the carious additions of the
H>05 being added. Once the CA was started the current additions of HyO, were added in
fixed concentrations. The concentrations were added as 5, 10, 20, 100, 200, and 400 puM
which summed up to a total concentration of about 2.5 mM H,0,. Each addition of H,O,
was added after the current stabilized from the previous addition and each concentration

was added three times. The results as well as a calibration curve is shown in Figure 8.2.
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Figure 8.2: (a) Chronoamperometry at -0.5 V vs Ag/AgCl of the PAN-CNT-M electrode
and its response to the addition of HyO, at the indicated concentrations. The inset plot is
a zoomed in portion. The results were plotted as a standard curve (b) as concentration vs
current density. Figure from Pollack et al [148]

From the CA plot in Figure 8.2a there can be seen an increase in current at right around
the concentration of 20 pM, although more clearly at around 100 uM. At these insertions
it can be seen that the change in current is larger than the noise of the system. As expected
the increasing concentrations of HoOs would result in a larger increase in current response
where by the 100 pM additions the step response is very well defined. By looking at these
step responses an average response time of about 4.6 seconds can be observed. The response

time was calculated manually from the point of insertion of the analyte to the point of
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stabilization. Various times were calculated and averaged out. From each step in Figure
8.2a the current vs concentration can then be plotted to make a calibration curve as was
done in Figure 8.2b. To find the sensitivity a linear regression curve was calculated, and the

slope was used. This can be seen in Equation 8.4.

I = —2.54C — 0.604 (8.4)

Here I is the current density in C‘:n—AQ and the concentration is C' in mM. This results in a

sensitivity of 2.54 — z\ﬁiml’ and a correlation coefficient (R?) of 0.9948. The limit of detection
(LOD) could then be calculated using Equation 4.3 on page 59 which would result in a LOD
of 0.609 uM. The results are compared with other carbon-based sensors and tabulated in
Table 8.1. Here it can be seen that the PAN-CNT-M electrodes produce very competitive
results when compared to the other electrodes. A large advantage of the PAN-CNT-M elec-

trode is its simplicity in fabrication where other carbon based sensors are using difficult to

produce materials such as reduced graphene oxide (rGO) and/or expensive metals including

gold (Au).

Table 8.1: Comparison of sensitivity of and LOD of various carbon based sensors on
hydrogen peroxide

Sensitivity | LOD

Material (m—M%) (uM) | Reference

PAN-CNT-M 2.54 0.609 | This work
Graphene—Carbon Nanotube Composite 32.91 9.4 [196]
rGO grafted with Aminothiophenol-Pd Nanoparticles | 492.09 0.016 210]
Graphene Oxide and Electrospun NiO Nanofibers 1100 0.77 216]
Gold Nanoparticles on Nitrogen-Doped Graphene 186.22 0.12 (93]
Au-Nanoparticle/Polyoxometalate/Graphene Nanohybrids 58.87 1.54 [112]
MnO, Nanotubes/rGO Nanocomposite 194.5 1.29 [122]
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The above tests were conducted in ideal conditions with precisely controlled concentrations.
For a sensor to be useful it must being not only be sensitive but also selective. In practical
applications there will be more than simply the desired analyte in the environment that is
to be measured. As such some common substances should be tested to measure interference
with that of HyO,. If another substance reduces at a potential near that of hydrogen perox-
ide, then it could add to the current response that is measured and give a false reading of the
quantity of determined in the solution. To measure this potential interference chronoamper-
ometry was conducted and additions of 1 mM H30,, 0.15 mM Absorbic Acid (AA), 1mM
Glucose (Glu), 0.5 mM Uric Acid (UA), and 1 mM H,0, was added. Each addition was
added only after the current had stabilized. The results are shown in Figure 8.3 where it
can be seen that the only major change in response is because of the HyOy additions. When
the other analytes are added the only current response could be attributed to that of noise
from the physical action of adding a solution into the test cell. This helps demonstrate the

high selectivity of the PAN-CNT-M electrode in regard to detecting HyOs.

J’HZOZ

0
1AA 1Glu LUA  1H,0,

Current Density (/:A/cmz)
A
& S o S &

&
S

-35

0 50 100 150 200 250 300 350 400 450
time (s)

Figure 8.3: Chronoamperometry test to show the response of the PAN-CNT-M to 1 mM
H505, 0.15 mM AA, ImM Glu, 0.5 mM UA, and 1 mM H;0, again. The potential is -0.5V
vs Ag/AgCl. Figure from Pollack et al [148]
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8.2 Other Analytes

The sensing of hydrogen peroxide is simply a case study of one analyte. In the interference
test in Figure 8.3 various other substances where shown to have no effect on the overall
current response from when at the -0.5V potential. This does not necessarily imply that
these substances cannot be reduced by the electrode. Running a CV over a wide range of
potentials allows for the determination for what potential is needed for each substance (if it
even exists). In Figure 8.4 a cyclic voltammetry was performed with a potential window of
-0.2 to 0.6 V in a 1X PBS solution with 2.5 mM of Ascorbic Acid (AA), Dopamine (DA),
and Uric Acid (UA).

Current Density (;1A/cm2)

Combined DA, UA, and AA
Blank 1X PBS

-0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Potential (V)

Figure 8.4: Cyclic voltammogram at 50 mV /s of a PAN-CNT-M electrode in the presence
of Ascorbic Acid (AA), Dopamine (DA), and Uric Acid (UA)

From this figure there are three distinguished peaks that are labeled with their corresponding
analyte respectively. This demonstrates the PAN-CNT-M sample’s ability to reduce these
analytes and subsequent chronoamperometry could be run at the potentials of 23, 207, and
330 mV for the AA, DA, and UA analytes respectively. The same procedure as what was done
for the hydrogen peroxide could be completed to characterize the PAN-CNT-M electrode in
terms of sensitivity and LOD. Interference tests should be run as well as some of the peaks
may be interfering and distorting the signal such as the DA an UA peaks. Deconvolution
methods could also potentially be used to separate the signals. This experiment also opens

the possibility of sensing multiple substances with the electrode by switching potentials.

96



Other electrochemical techniques could be employed to sense other substances. A common
technique could include stripping voltammetry[24] which has been used to detect extremely
small concentrations of metals such as lead. In this technique the electrode is placed in
a solution containing the metal to be detected. A pre-concentration step occurs where a
current is run, and the metal will plate the electrode. After sufficient time there will be
a stripping step where the current is reversed, and the metal coating is stripped off which
causes cause an exchange of an electron. The peak potential will be indicative of what
substance was stripped off while the current will provide insight to the concentration of said

substance.
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Chapter 9

Looking Forward

9.1 Imnsight into Current Work

Carbon structures are an exciting area of research with applications in an extremely wide
range of fields from mechanical structures [113], electronics [188], energy generation [208],
energy storage[206], electrochemical detection [148], and many more applications. Carbon
can be presented in many forms and fabricated via many routes. A very popular route
involves the pyrolysis of a polymer precursor to decompose the non-carbon molecules. Via
this route one of the most popular precursors arouse as Polyacrylonitrile (PAN)[62]. The
PAN precursor has been demonstrated to be used in each one of the applications stated
above. One of the major issues with PAN is it is known as non-graphitizable[79]. As such
PAN structures will either form glassy carbon or will need to be pyrolyzed at extremely high
temperature such as 3000 °C[104]. The issue with high temperature pyrolysis involves both
cost of equipment as well as at high temperatures the carbon will result in no remaining
heteroatoms[218]. If heteroatoms are desired, they will need to be added via a doping post-

process. Here a solution is shown to fabricate graphitic carbon from PAN at relatively low
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temperatures (1000 °C). From this lower temperature the carbon was able to retain the
content of heteroatoms such as nitrogen without any additional post-processing steps. The
addition of nitrogen presents many advantages in carbon in both structural increases[98] as

well as electrocatalytic properties[205].

To accomplish the task of low temperature pyrolysis of PAN towards graphitic carbon, a
PAN solution was electrospun onto a rolling drum to produce a continuous randomly oriented
nanofiber mat. The forces of electrospinning, the diameter of the fiber, and the addition of
carbon nanotubes (CNT) caused the molecular chains of PAN to unwind and align as they
collect onto their target. This unwinding is thought to be typically lost when PAN is cross-
linked via stabilization. To maintain the molecular alignment mechanical stress was applied
to the nanofiber mats before and during the stabilization process. Finally, when the PAN
nanofiber mats were pyrolyzed the aligned molecular fibers allowed the carbon to be formed

with graphitic planes rather than curl up into fullerenes and become glass-like carbon.

The graphitic nature of the PAN carbon nanofiber mats (CNF) was shown via the utilization
of various characterization techniques. Conductivity measurement was performed with a
four-probe setup that showed the mechanically treated PAN CNF (PAN-CNT-M) had a
conductivity of over 33 times more than a simple PAN CNF. Raman spectroscopy was also
utilized to show about a 20% decrease in disorder in the PAN-CNT-M samples when looking
at the Ip/Ig peak ratios. Additionally, TEM was performed to look at the microstructure
where there is a very noticeable increase in the graphitic planes. Finally, XPS was able to
confirm the existence of nitrogen groups in the carbon structure as well as a large increase

in the graphitic nitrogen’s when compared to the pure PAN samples.

The benefits of the graphitic nature and presence of nitrogen were shown via electrochemical
testing. Electrochemically active surface areas were able to be determined using EIS. This
showed an almost twofold increase in the electrochemically active surface area between the

PAN-CNT-M and a pure PAN electrode. This potentially translated to better heterogeneous
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electron transfer rates as tested with ferri/ferrocynaide via cyclic voltammetry. The PAN-
CNT-M demonstrated an almost eleven-fold improvement in these kinetics. Additionally,
there was increased adsorption of ferri/ferrocynaide on the PAN-CNT-M electrodes as well.
These improved properties of the PAN-CNT-M electrodes helps to further demonstrate the

improved graphitization of the PAN electrode.

From these improved properties and the nitrogen function groups it became apparent that
the PAN-CNT-M electrodes would show promise for hydrogen peroxide reduction and thus as
a sensor. Cyclic voltammetry and chronoamperometry were performed to demonstrate and

characterize the PAN-CNT-M electrode as a sensor. From these experiments a sensitivity of

2.5 — A’jfch and a limit of detection of 0.609 uM was determined which are very competitive
results when compared with other carbon based hydrogen peroxide sensors. Many of these
competitive sensors involve much more complicated and expensive fabrication steps, some
involve graphene and rare metals such as gold. Hydrogen peroxide sensing is simply one
application possibility of the PAN-CNT-M electrode. The electrode showed good selectivity

with other common biological chemicals such as dopamine. There are many other potential

applications where the PAN-CNT-M material could show good potential.

9.2 Potential Applications

Beyond the sensing application shown in Chapter 8 there are other functions the mechanically
treated carbon nanofiber mats could be used in. While not an exhaustive list, there has been
enough data presented to suggest that using the CNF mats for energy generation in a fuel
cell could potentially replace expensive materials such as platinum. Additionally, the CNF

mat could be used in energy storage in the form of a super-capacitor.
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9.2.1 Fuel Cells

In the world of energy generation fuel cells look like a promising path forward compared to
traditional thermal methods. Typically, electricity is generated via mechanical work being
converted into electrical. A gas-powered generator (such as an internal combustion engine or
a gas turbine) will utilize chemical energy that it combusts. This combustion is transformed
into mechanical work in mechanisms such as a crank shaft or a turbine. The mechanical work
will then be used to generate electricity. Along this process there is a lot of waste energy.
A fuel cell simplifies this process greatly and thus is more efficient by extracting electrical
energy directly from a fuel via electrochemistry. In a simple fuel cell there is a anode which
may have hydrogen flowing thought it and a cathode which could have oxygen (from air)
flowing. They are separated by an electrolyte and a proton exchange barrier (which is a
membrane where only protons can pass). Hydrogen will be flowed into the fuel cell where
it will it is oxidized. This splits the hydrogen into a proton (H') and an electron (e™).
The electron is then flowed to power a load as well as to the opposite electrode where it
reduces the oxygen with the proton to produce water as waste. This is known as a Proton
exchange membrane (PEM) fuel cell. In both sides of the fuel cell there are catalysts which
typically are made of expensive platinum. A musch researched area is to replace the platinum
with a material such as carbon. From Chapter 8, it was discussed that with the hydrogen
peroxide reduction there was also strong electrocatalytic ability to reduce oxygen as well.
The reduction of oxygen is a much-studied area in fuel cells known as the oxygen reduction
reaction (ORR)[213]. In addition to using oxygen on the cathode there have been research
as using hydrogen peroxide[3]. Beyond the generation of energy via a device such as a fuel

cell, the carbon naonfiber mats present the opportunity to be used in the energy storage.
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9.2.2 Energy Storage

With the generation of energy, a way to store it is critical. Typically, this is done via
batteries or in capacitors. The main difference in the two is the method of storing energy. A
battery is an electrochemical device that stores the electrical energy in chemical form while
a capacitor will store the energy as an accumulation of charge (via an electric field). The

carbon nanofiber mats can be utilized in both applications.

Capacitors

Capacitors are a common electrical device used in almost every piece of electronics used
today. A capacitor is made up of two conductors that are separated by an dielectric (in-
sulating) material. Electrical charge will accumulate on the conducting plate in what is
known as capacitance. The level of capacitance is inversely proportional to that of the gap
between the conductors and as such the smaller the gap the higher the capacitance. The
common capacitor used in electronic devices is the electrolytic capacitors which can be made
between a metal foil sandwiched around a thin dielectric. To increase the capacitance to
much larger values (such that it becomes a super-capacitor) the phenomena of the electric
double layer can be utilized which would place the gap on the order of nanometers. The
carbon nanofiber mats (CNF) have a very high surface area compared to their flat analogs
which has been shown to increase the specific capacitance[115]. Additionally, the various
heteroatoms such as oxygen and nitrogen have been shown to increase the capacitance of

carbon materials[139, 202, 213].
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