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ABSTRACT

Torres, Omar, Lead-doped Carbon Nanofibers in Li-lon Batteries, Master of Science

Engineering (MSE), May, 2018, 70 pp., 2 tables, 44 figures, references, 74 titles.

Lead acid batteries have been a very reliable rechargeable battery since its inception in
the mid-1800s. Lithium-lon batteries have been sought out for their light-weight and capacity of
holding large amounts of energy in a small amount of space. Few studies have been conducted in

the use of lead in lithium-ion batteries.

In this thesis, lead-doped carbon nanofibers were produced by using the Forcespinning®
method and used as an anode on a lithium-ion battery. The morphology, material
characterization and thermal properties of the anode material were analyzed using the Scanning
Electron Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDS), Thermogravimetric
Analysis (TGA) and X-Ray Photoelectron Spectroscopy (XPS). Electrochemical studies on the

batteries cells were cycle performance, cyclic voltammetry and rate performance.
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CHAPTER I

INTRODUCTION

Since the origin of the lead-acid battery, many rechargeable batteries have been developed, the
lithium-ion battery is the most popular to date.! Both lead-acid and lithium-ion batteries are
almost complete opposites when it comes to their capabilities however in principle they function

similar.?

For the past couple of years there has been an interest in the battery industry and the
scientific community in exploring the possibility combining lead and lithium to potentially
improve the performance and capabilities of both batteries. There have been few studies have
been conducted in the lab due to the toxicity of lead and hazard is present to the environment
when not disposed or recycled properly. Due to these concerns the battery industry in general is
gearing toward using less lead because of this.®

However, the consumption of lithium globally has been increasing at an exponential rate
and if the rate of consumption does not stabilize or decrease, we could see ourselves running out
of lithium in a few decades.

Lead can still provide further use and has not been as investigated as its counterpart. With
the use of nanotechnology, its high recyclability and its affordability; lead can potentially give
the industry a cheaper, safer and affordable option by exploring the material further.

There are two parts to accomplish in this thesis, first, the development and optimization

of lead-doped carbon nanofibers through centrifugal spinning, technology developed at The
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University of Texas Pan-American by Dr. Karen Lozano that resulted in the first startup at the
university, a company named Fiberio Technology Corporation. The second part of this thesis is
to use the newly developed material anodes in half-cell Li-ion batteries and characterize its
electrochemical performance.

Chapter 2 focuses on providing a literature review to lead-acid and lithium-ion batteries
and the effect that nanotechnology has had on battery development over the last couple of
decades. This chapter introduces the reader to different types of batteries, mostly related to lead
and lithium batteries as well as depicting processes used to manufacture these batteries with their
respective characterization.

Chapter 3 presents the instrumentation used throughout the project. The theory, principles
and specific functions are described.

Chapter 4 presents the experimental setup and procedures used to develop the fibers as
well as its characterization and electrochemical testing parameters.

Chapter 5 presents the results and discussion related to the characterization and
electrochemical tests conducted on the lead-doped carbon nanofibers and lead-lithium-ion
batteries.

Chapter 6 concludes with lessons learned and presents an overview of future work that
could help improve the production of lead-doped carbon nanofibers and lead-lithium-ion

batteries.



CHAPTER II

REVIEW OF LITERATURE

2.1 Introduction

The origin of this research began with advances made in the production of carbon fibers
used as anodes for Li-ion batteries and the need to further improve the electrochemical
performance of these batteries. There is a strong push to move away from lead, through there are
many advantages that could play a pivotal role in the manufacturing of affordable and reliable
lead batteries though with significantly less lead content given the use of lead-based nanofiber
membranes; and thus, worth exploring. Throughout the literature review it was found that lead
has been tested in Li-ion batteries.

The literature review will be divided into 3 sections: Lead-acid batteries, Lithium-lon

batteries and Carbon.

2.2 Lead-Acid Batteries (LABS)
Lead-acid batteries (LABs) have come a long way from its initial inception when Gaston
Plante initially introduced the word, his discovery dates back to 1859.% The structure of the LAB
has not changed much since still consists of; plates, separators and an electrolyte. Figure 1

represents a basic schematic of a LAB.
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Figure 1 — Schematic representing a flooded LAB.>

2.2.1 Plates

Plates is a synonym for batteries electrodes. These are placed in series to add up to the
voltage needed to be produced. The most common type of plates is composed of Lead and Lead
Oxide (also referred to leady oxide). When submerged in a diluted solution of sulfuric acid, a
circuit is made and the battery starts to discharge. These plates are made up of a metallic grid and
the active material that is placed on the grid and later submerged in the electrolyte. The first grids
used were of pure lead, this later proved to be troublesome since the material is too soft and
cannot support itself. Manufacturers began adding different type of materials into the grid to
increase its mechanical strength and improve electrical properties.

A study conducted by Alex Nuzhny explored into the effects of corrosion of low-
antimony lead-cadmium alloys in continuous operation in a LAB.® It was found that low-
antimony lead-cadmium alloy doped by silver and selenium possessed significant resistance

compared to pure lead grids. It was also found that the increased corrosion resistance of the alloy



was done specifically through the reduction of grains and the suppression of development of
highly branched dendrites.

A common problem for plates it’s the aggregation of lead sulfate particles in the electrode
may result in a reduced capacity plate. Another modification that can be done to the plates is to
modify the surfaces of the grids. A study conducted by M.S. Rahmanifar, lead grids were
anodized to produce a layer of lead dioxide that interacts with aniline solution and produces
polyanile which reduced the accumulation of lead sulfate in the grids.’

Investigations have also looked into reducing the weight of the battery through using
lighter materials. Such studies are like the one conducted by Liang-xing Jiang et al, where the Pb
plated Al was investigated.® It was found that not only the weight of the Al/Pb was 55.4% lighter
than the Pb-alloy grid, but it also reduced the electrical resistance of the plate which improved its

conductivity and had a lower internal resistance.

2.2.2 Separators

The separators are placed in between the opposite charging plates to insulate the plates to
prevent short-circuiting each other but still maintain adequate permeability to allow the
electrolyte to flow therefore promoting the free travel of electrons when the battery is either
charging or discharging.

The initial LAB prototypes used a variety of materials for the separators, for example
strips of rubber (first one tried by Gaston Plante) to wood, rubber glass fier mate, cellulose and

other polymeric materials.



2.2.3 Electrolyte

The electrolyte of a battery is the chemical medium that is needed in order to allow the
flow of ions between the cathode and anode. The electrolyte found in the lead acid battery is a
diluted form of sulfuric acid (H2SOa). Different LABs will have different dilutions; however,
they are close to 35-38% diluted with water when the LAB is fully charged. When the battery is
discharged, the electrolyte is mainly composed of water. This is due for the chemical reaction

that happens within the electrolyte and the electrodes in the battery.®

anode: Pb + SOi_ — PbSOy4 + 2e~
cathode: PbOy + SO3™ + 4H' 4 2¢~ — PbSO4 + 2H,0

net: Pb + 2H,SO, + PbOy — 2PbSO,4 + 2H-0O

Figure 2 — LAB chemical equation.°

Figure 2 shows the electrochemical reaction that takes place within the LAB while its
discharging. The anode of the LAB is Pb (also known as spongy lead) and the cathode is PbO2,
when the battery is being discharged, both electrodes become lead sulfate (PbSO4, also known as
sulfation). While the battery is being charged, the reaction that took place while it was

discharging is reversable and reconverts the electrons back to their original elements.

2.3 Types of Lead-Acid Batteries
The most common LABs are starting, lighting & ignition batteries (SLI), stationary
batteries and/or deep-cycle batteries. LABs can either be designed to focus on either power or

energy density.!! In cases where power delivery is needed, the more surface area where the



electrolyte is interacting with the electrodes the more power dense the battery will become for a
short period of time. This is due to the sulfation process that the LAB goes through during the
electrochemical process while discharging. When lead sulfate particles are formed in the surface
of the electrode, there is less active material of which the electrolyte can react with.

In order to counter this, when an energy dense LAB is designed the following either need
to happen: 1) increase the size of the electrode, 2) increase the distance between the electrode
and 3) have a larger space at the bottom of the battery.

In order for the battery to be more energy dense, it will need more material for the
electrolyte to interact with. In order to accomplish this the size of the electrode must increase.
Due to the formation of PbSOs, these crystals form at the surface of the electrodes which
increase them in size which increase the probability of the battery of suffering a pre-mature
failure by short-circuiting. In order to counter this from happening, the distance between the
electrodes so when these crystals form on the electrode it does not touch the other electrode. For
the last point, these PbSQO4 crystals are large enough that they fall from the surface of the
electrode and accumulate at the bottom of the battery. This raises the possibility of having a large
amount of PbSO, at the bottom that it can create a path from one electrode to another one which
causes a short-circuit in the battery. To counter this, a larger space at the bottom of the battery so

the PbSO4 particulates can accumulate without risking touching either of the electrodes.

2.3.1 Starting, Lighting & Ignition batteries (SLI)
These are the most common LABs. An SLI battery is commonly used in automobiles as
their starting battery that cracks the alternator to life. The job of this battery is to deliver a high

current which discharges the battery, functions like a supercapacitor, once the alternator gets



going, the SLI battery recharges to its original level. These types of batteries are not designed to
be for deep discharge.

In order to deliver large current, this battery has multiple thin parallel plates (approx. 0.50
mm) in order to increase the maximum surface area.'? Although it could deliver a large current, it
will damage the battery if it goes through a deep discharge. This is where it depends on what

application the battery will be used for, either for power or energy delivery.

2.3.2 Stationary Batteries

Stationary batteries, sometimes also referred to as secondary batteries, are often used for
emergency power and/or for uninterruptable power supply. These batteries have shallow cycle
and usually left fully charged at all times during their lifetime with an occasional discharge that
could happen when the main power source goes out.

Due to the reliability of the LABs, it is commonly used as a stationary battery in large

buildings, hospitals and other areas where power supply cannot not be cut off.

2.3.3 Deep-cycle Batteries

These types of batteries discharge large amounts of their energy, typically over 80% to be
considered a deep-cycle battery for at least several thousands of cycles. Several design
modifications have been made in LABs in order to perform well in a deep-cycle environment,
some of these modifications are to increase the space between the electrodes, increase the size of
the electrodes, and added volume to the bottom of the battery to avoid damage from potential
deposition of PbSO4 particles which could affect the electrodes causing a short-circuit and

ultimately premature failure.



2.3.4 Flooded Batteries

Flooded batteries, also referred to as “wet cells” are the most common batteries currently
in the market. These are similar to the battery that Gaston Plante designed where the electrolyte
is liquid, it is not sealed and the gases do not recombine with the liquids within the battery when
recharging. Due to this, the battery requires maintenance by verifying water levels and making

sure the battery is not trapping any gases that could cause an incident.

2.3.5 Sealed (SLA) / Valve Regulated Lead Acid (VRLA) / Absorbed Glass Matte (AGM)

As the LAB was improving, many versions and names for the batteries were given. The
first sealed battery was developed in the 1970s, which was maintenance-free. This type of battery
did not require watering and could be used in any orientation, it contained less electrolyte than a
flooded type.

The Valve-Regulated Lead Acid batteries (VRLA) has the ability to combine oxygen and
hydrogen to create water and prevent drying conditions during cycling. In addition to that, the
absorbed glass matte (AGM) also emerged which is where the electrolyte is absorbed by the

separators where the battery won’t spill anymore.

2.4  LAB Problems and Drawbacks
Unfortunately, the LAB also comes with some problems and drawbacks due to the nature
of the materials used and chemical properties related to the use of lead. Such concerns are
addressed in the following sections.
Lead is a heavy metal with a large atomic number, therefore its usage independent of its

application, is linked to high weight systems. A good example of heavy weight systems, are



secondary batteries that are used as a backup energy source. Although extremely reliable when
they are needed, they are heavy and need a large space to be in storage.

One of the major causes of failure in LAB is due to sulfation.®® This happens when the
battery is discharging and both plates crystallized to PbSOa. Failure due to sulfation becomes an
issue when the crystals formed during the chemical discharge become too large that it short-
circuits the electrodes. Sulfonation tens to occur during deep cycles, sometimes the thickness of
the PbSO4 grows too much preventing the recharging process, current applied to the battery is no
longer enough to reverse the material and in essence the battery cannot be effectively charged.'*

Some of the effects of sulfonation are related to loss of capacity, loss of voltage, an
increase of internal resistance and decrease in the concentration of sulfuric acid.

A method to counteract the negative effects of sulfation is to immediately recharge the
battery after use. Batteries that go through this have high internal resistance and will only be able
to deliver a small fraction of what it was rated to discharge current. This also affects the charging
cycle, which will take longer to recharge therefore becoming less efficient.

There are many concerns regarding lead in the industry due to being a carcinogen and
many industries have taken steps to lower the lead footprint used in paints and fuels to mention
some. Due to unsafe practices, long-term exposure even through a small percentage of these
materials can cause irreparable damage to the brain, kidney, hearing and even learning problems
in kids.

Attempts to mitigate the issue have been ongoing for years and new methods for
disposals and lead smelting are ongoing. In the past couple of years, improvements on recycling

LABs have been extremely successful. For example, it was reported in the Battery Council
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International that approximately 98% of all lead found in LABs was recycled between the years

2007 —2011.°

2.5 Lithium-lon Batteries (LIBs)

Fast-forward approximately 120 years, the lithium-ion battery was developed. It was first
proposed in the 1970s by British chemist M Stanley Whittingham who was working at the time
with Exxon. Whittingham proposed using titanium (1V) sulfide and lithium metal as electrodes
for his battery, although it was rechargeable it was an impractical design due to hazards it
created. Titanium (1V) Sulfide had to be synthesized and to be completely sealed and at the time
it was being made it cost approximately $1000 per kilogram in raw material. When the material
was exposed to air it would react and form hydrogen sulfide, H.S, which is an extremely toxic
gas. Due to this the development of the titanium sulfide lithium-ion battery was discontinued.
Even without the titanium sulfide, the use of lithium was a challenge of its own. When using
lithium electrodes, safety issues became apparent due to its high reactivity. Lithium burns at
ambient conditions due to its spontaneous reactions with water and oxygen. Due to this,
researchers focused their efforts in developing batteries where instead of just using lithium metal,
lithium compounds were considered. These compounds were still capable of accepting and

releasing lithium ions throughout the charge/discharge of the electrodes.
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Figure 3 — Diagram of the specific energy density and volumetric energy density of the
most common batteries in the industry.®

Lithium is an attractive material to use due to being a high electrode potential for having
a low atomic mass, with high power/charge to weight potential and high energy density. Figure 3
shows how well Lithium-lon batteries stand relatively LIB is generally constructed very
similarly to LABs, which can be broken down in three main components: Electrodes, Separators
and Electrolyte.

The electrodes consist of a positive and negative electrode. Typically, the positive
electrode is made out of a metal oxide and the negative electrode of a composite with carbon.
Currently the most commercially popular negative electrode material is graphite. Graphite is a
favorite due to its mechanical and electrical properties.

Separators similar to the separators in LABs, have the purpose of separating the
electrodes from physically touching each other and avoid short circuiting as well-being porous
for the ions to can transfer from the electrodes with the electrolyte during the electrochemical

process. Common materials used to create separators have ranged from simple microporous
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polymer membranes to engineered polymers membranes. Changes have occurred due to the need
to design separators as thin as possible to minimize the weight and volume within the cell and

battery. Figure 4 represents a basic schematic of a LIB.

Fiseary
«——e- | Voltage — &
Sourc

Cathode
Lithium Metal Oxide

<~y

Lithium lon Battery: Charging

Figure 4 — Schematic of a lithium ion cell.®

The electrolyte used in LIBs is usually a mixture of organic carbonates such as ethylene
carbonate or diethyl carbonation, which contain a variety of lithium ions. Also, non-liquid
electrolytes are used, such examples are lithium triflate (LiCF3SO3), lithium tetrafuoroborate
(LiBF3), lithium perchlorate (LiClO4), lithium hexafluoroarsenate monohydrate (LiAsFg) and

lithium hexafluorophosphate (LiPFs).

2.6 Types of Lithium-lon Batteries
Like LAB, there are many types of LIB in the market, each battery performs better in
different types of environments. The following section will cover the most common types of LIB

and the conditions under these works most efficiently.
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Handheld electronics are mainly based out of lithium cobalt oxide (LiCoOy) that is
designed to offer high energy density with very stable capacities However, one of the main
drawbacks of this type of battery is it susceptibility to thermal runaway, overcharging and safety
hazards, especially when it is damaged.

Lithium Manganese Oxide (LiMn204) (LMO) batteries offer less energy density than
lithium cobalt oxide but have a longer life expectancy and reduced probability of having
catastrophic failures. One of the ways to mitigate these issues is through the exploration of
different methods of production of the material, in one case it was studied how processing
parameters in electrospinning (nanofiber making method) and the use of a polymer as a precursor
resulted in an increased in surface area, which provided a shorter diffusion path for lithium ions
and prevented self-aggregation which resulted in excellent high rate capability and cycling
performance.’

Another study conducted with electrospinning lithium manganese oxide nanoribbons
showed higher surface area and presented lower amounts of impurities when compared with
nanoparticles.'® In addition to nanoribbons, LMO nanotubes (NT) have been also synthesized
and explored where it can have a capacity retention of over 98% after 100 cycles with an
excellent high-rate capability; this is due to the hollow structure and network structure of the
one-dimensional NTs which allows for a reduced diffusion distance for Li-ions.°

There has been publications regarding the possible use of lithium and lead.?’ A particular
study conducted in 2002 in the University of Cordoba in Spain, tests done with lithium and
different concentrations of lead and lead oxide were performed. When these samples were tested,

in all samples the specific capacity when cycling decreased dramatically compared to how the
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material started and did not improve until other additional processes added into the material
improved the batteries performance.?

Since then, there has not been many studies conducted in the lab regarding lead and
lithium testing. An article by Cheol-Min Park et al, did a broad study on lithium alloyed based
anodes materials for Li secondary batteries and summarized that although Pb can theoretically
can accommodate lithium up to Lii7Pbs, it has not gathered enough attention due to the possible
toxicity of Pb.?2

The following year, Liwen Ji et al found that although Li can be electrochemically
alloyed with Pb, the main challenge for these anodes was the large volume change during the Li
alloying/dealloying processes.? Due to the large volume changes that the anodes go through, it
experience severe cracking and crumbling which causes the battery to experience irreversible
capacity. Some of the strategies that the study reported that have been investigated in order to
mitigate the large volume change and keep the structural integrity of the anode has been through
the addition of nanostructures, the addition of a second component to form a nanocomposite or
the formation of an alloy to absorb the volume change. When discussing the second approach of
addition a second component, the addition of carbon was used as an example which showed that
the carbon matrix could act like a buffer for the volume change and with its good electrical
properties improve the electrical conductivity as well the suppression of the formation of the SEI

layer.

2.7 LIB Problems and Drawbacks
A major concern regarding LIBs is the instability of metallic lithium and the high energy

density that it has when it becomes unstable. When LIBs were being developed, one of the major
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challenges was the prevention of a thermal runaway during the charging period. Thermal
runaway occurs when an increase of temperature charges the dynamics within the batteries
increasing operating temperature beyond its melting point and eventually resulting in a
destructive reaction. In order to mitigate this issue, researchers began exploring other types of
electrodes minimizing the amount of active metallic lithium material to potentially increase

safety in LIBs.

2.7.1 Metallic Lithium

Lithium in this state is extremely dangerous, it will ignite and burn when exposed to
oxygen and has the potential of exploding when exposed to either air or water. Due to this issue,
research has been geared towards replacing metallic lithium into lithium compounds that have
the ability to release/accept Li-ions in order to perform the chemical reaction that
discharges/charges a LIB. These new lithium compounds have significantly increased the safety

of LIB.

2.7.2 Dendrites

Dendrite growth presents a safety concern in batteries.?® When dendrites accumulate, the
probability of piercing the separator increases causing short-circuits between the electrodes and
potentially leading to thermal runaway. The formation of dendrites take place over time through
various charge/discharge cycles and when the battery is cycled at a fast rate. When this happens,
lithium fibers or “wires” form and start growing until the separator is pierced and short circuits

the battery.
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Thermal runaway takes place after dendrites accumulate and over time pierces the
separator. This process continues until it combusts or explodes.?*% A potential reason why
smartphones have been spontaneously combusting is because thermal runaway is taking place

within the battery due to the accumulation of dendrites.?’

2.8  Carbon
In the past couple of decades, many studies have evaluated the mechanical and electrical
properties of carbon within LAB and LIBs.?83¢
Moseley et al presented in a short communication how carbon enhanced the performance
of LABs. Figure 5 show a variety where carbon has been used in different areas of the battery,

such as grid and paste where it can serve as active material for the battery.

(a) (b)
/ Lead grid / Lead grid
il Sponge lead
Sponge lead +
carbon
Conventional lead-acid Conventional lead-acid
with extra carbon
(c) P Lead grid (d) o Lead grid
Carbon Sponge lead
Carbon
PbC™ Axion UltraBattery®

(e)

Carbon

Sponge lead

i i
ArcActive

Figure 5 — Types of LAB configurations with carbon.®’
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These studies have shown that there is evidence to suggest there are at least three ways
that the addition of carbon can change the performance on a LAB which are 1) capacitive
contribution, 2) increasing the surface-area where the electrochemical processes can take place
the physical process.®’

In LIBs, it has been found that carbon allows to construct flexible electrodes which
would expand the type of environment that the battery can be exposed without being easily
damaged.3840

Activated Carbon is a type of carbon that has been processed to have a large surface area
therefore facilitating chemical reactions and/or absorption-desorption. A study conducted in
North Carolina in 2009 explored how activated carbon nanofibers performed in a LIB.*! Results
showed that the electrochemical behavior of such anodes presented improvements in the lithium-
ion storage capability and better cyclic stability when compared to the inactivated materials.
Additional studies collaborate with similar findings that activated carbon exhibits higher
efficiency and rate of performance when incorporated into the material.*2

Graphite, an allotrope of carbon has been increasingly used in batteries for the past
couple of decades. It is commonly used for LIBs in portable electronics and electrical vehicles.
In LIBs, it has been shown to deliver lower-cost and safer batteries when compared to the usage
of metallic lithium. It was found that when natural graphite was used it exhibited a high
reversible capacity and high coulombic efficiency. It was also noted that that even though it has a
better performance when it goes through high-rate discharge, it has a poor performance at low
temperatures because the low diffusion of the lithium to the graphite.*

Graphite is also used in LABs, Fernandez et al. investigated when graphite is added to

the negative added material to the electrode.** The battery was tested until failure without the
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addition of graphite and observed that lead sulphate tends to accumulate on the outer part of the
plate which created a dense layer which prevented the electrolyte from properly reaching the
active material of the electrode. When graphite was added to the active material of the negative
electrode, it was found that lead sulphate was generated while the battery is discharging; but the
lead sulphate was distributed evenly along the thickness of the plate which did not inhibit the
electrolyte from the active material.

Graphene is a form of carbon consisting of a single layer of atoms that is arranged in
hexagonal lattice. When used in LABs, it has been found that graphene increases the surface area
and has a great electrical conductivity from where the graphene was mixed with the graphite
nanopowders and increased the recoveries were acceptable and ranged from 65.8% to 113.5%
for Lead.*®

Polyacrylonitrile (PAN) is commonly used as a precursor of choice when carbon fibers
will be needed for high performance characteristics. A recent study conducted at the University
of Texas — Rio Grande Valley investigated polyvinyl alcohol (PVA) and polyvinyl butyral
(PVB) as potential low cost precursors for the production of carbon fine fibers.*®4” After the
material was spun into fibers, these were subjected to a dehydration process by being exposed to
sulfuric acid vapors. Once the mats were partially carbonized, the sample was calcinated to 850°.
The developed nonwoven mats demonstrated promising electrical properties (i.e. high shielding
effectiveness of electromagnetic interference) coupled with mechanical integrity therefore
making these membranes promising for electrochemical applications.

2.9  Nanotechnology
Nanotechnology has changed the way materials are looked and developed when creating

materials down to the nanoscale. Through these improvements, processes and applications have
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revolutionized how items are now created. In battery applications, the use of nanotubes,
nanowires and nanofibers to name a few have been deeply investigated.

Specifically, carbon nanotubes have shown to be valuable for LAB. Carbon nanotubes
have excellent electrical and thermal conductivities, mechanical flexibility and significant large
surface area. Studies conducted, for example by Swogger et al, show that discrete carbon
nanotubes (ACNT) uniformly dispersed in the battery negative paste increase the charge
acceptance of the LAB by over 200% and reduce energy losses by more than 15%.%¢ In a
different study from the same group, the effect of dACNT in battery performance was evaluated
upon adding these to both electrodes. By doing so, the addition of the carbon nanotubes showed
no effect on the past density, it increased the cycle life to over 60% and decreased the water loss
per cycle by over 19%.4°

Adding carbon nanotubes to the negative added material or positive added material, has
shown signs of enhancing conductivity which aids in avoiding sulfation along the electrodes and
prolongs the cycle-life.>°

For LIB, carbon nanotubes have shown significant improvements when use as additives
in the electrodes. > Studies conducted at Florida International University have shown that when
carbon nanotubes are added as alternative anode materials, either as an allotrope of graphite or a
composite, it can alleviate the degradation of the electrode which has a significant volume
change with charging and discharging process.®

Over the years the development of spinning processes in producing fibers have been
evolving to where it is possible to manufacture fibers with diameters of a few nanometers to few
hundred of nanometers. The types of spinning can be summarized into the following: wet

spinning, dry spinning, melt spinning, gel spinning, electrospinning and forcespinning®.
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Wet spinning is considered the oldest fiber manufacturing method. In order to produce
the fibers, the spinneret is submerged in a chemical bath which causes the fiber to precipitate and
solidify.>? These fibers can be collected either as continuous tow or rope.> One of the drawbacks
of using wet spinning relies on the inability to obtain nano or submicron scale fibers at industrial
yield.

In the case of dry spinning fibers are produced upon evaporation of the solvent which
typically occurs under a stream of inert gas or air. The benefit of using dry spinning over wet
spinning is not having to dry the fiber.>

In the case of melt spinning, fibers are directly produced from the polymer without the
need of a solvent, mostly toxic organic solvents, this process results in significant savings given
the absence of the solvent and costs associated with solvent recovery steps. The process is
usually performed through extrusion of pellets or granules from a solid polymer which are
shaped into fibers.>®

Most of the reports found in the literature use the electrospinning technology for the
development of nanofibers. This technology was developed in the 1930s, but became attractive
for nanofiber development in the early 90s.°® Electrospinning works through the use of an
electric field to create a charged jet on a polymer solution.®” The setup for electrospinning
consists of three major components: a high-voltage power supply, a spinneret and a collector.>®
The production of fibers happens when the spinneret is connected to a syringe that contains the
solution that will be made into fibers. The solution is fed through the spinneret at a constant rate
and when a high voltage, anywhere from 1 to 50kV, is applied; the surface of the solution out of
the nozzle will become electrified. After the strength of the electric field overcomes the surface

tension of the solution, it forces the solution out of the nozzle. When the jet of charged solution
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travels through the air, the solvent evaporates and leaves behind a charged fiber that can be
collected. The fibers produced from this method can range from a couple of hundred
micrometers as small as a few tens of nanometers.>*%® Several studies have developed lead based
nanofibers using the electrospinning process, in particular studies involving perovskite lead
zirconate titanate (PZT) based materials.%2%2 N. Dharmaraj et al, synthesized and produced lead
zirconate titanate nanofibers in the range of 200 — 300 nm.

In order to address the production quantity of fibers developed by electrospinning, the use
of centrifugal force spinning resulted in a novel method called Forcespinning® to create fine
fibers. ®2 This technology replaces the need to use an electric field of which bring benefits of
increasing the materials choice to be produce into fibers, improves the production rate and
reduces the cost of operation.

Forcespinning machine are the following: spinneret, thermal system, collectors, control
system, chamber, motor and a break, detailed information about operating conditions and
diagrams can be found on found on Chapter 3 Section 2.

In the literature review conducted, there has not been any research conducted in the
development of the lead nanofibers for battery applications. As mentioned earlier, the potential
for studying the material was not looked into due to its toxicity and the hazard it can be to the
environment. However, with new breakthroughs that has been found recently through
nanotechnology in current applications and the limitations that lithium will bring in the future, it
is important to explore the production of lead-based nanofibers and its performance on a lithium-
ion battery. The ability to produce nanofibers could promote the usage of lead but at much lower

quantities therefore decreasing the hazardous effects while improving performance.
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CHAPTER IlI

EXPERIMENTAL SETUP

3.1 Introduction

This chapter discusses the experimental setup that was used to produce and collect the data that
is presented in this thesis. A description of all the equipment used is provided along with their

application for nanofibers development/characterization and battery fabrication.

3.2  Fabrication Equipment
3.2.1 Magnetic Stirrer with Hot Plate
A magnetic stirrer with hot plate was used to mix the solutes and solvent into a
homogenous solution for pre-determined about of time. Temperature throughout the mixing

process was kept constant.

3.2.2 Forcespinning Cyclone

Until recently, the most common technique to produce nanofiber fabrication was through
electrospinning but it came with a material production drawback and the electro hazard on
operating on voltages from 1 to 50 kV. The Cyclone from Fiberio Technology Corporation
addresses that issue by producing the amount of fibers produced by electrospinning in a day by

as little as a few minutes
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PAN fiber web Spinneret

assembly

Figure 6 — Schematic drawing of a typical setup inside the Cyclone showing the spinneret,
collectors, fan assembly.5
3.3 Characterization Analysis
3.3.1 Scanning Electron Microscopy (SEM)

The SEM images were obtained by using a Zeiss SEM. The scanning electron
microscope consists of a column and the cabinet.®® Figure 7 shows the column is the area where
the electrons travel from the emission until it interacts with the sample and where the detectors
are installed to capture the signals that results in the behavior of the electrons and the sample.
The detectors will transform the signals into an electrical signal which will be sent over to the

cabinet for processing that can be presented as images and/or graphs.
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Figure 7 — Schematic representation of an SEM.®

This is a type of electron microscope that produces a series of images by scanning the
surface of the sample by a focused beam of electrons also known as primary electrons (PE).
These electrons once they interact with the atoms with the sample provide information that can
be used to get information regarding its morphology, structural organization & chemical
composition in the form of secondary electrons (SE), backscatter electrons (BSE), auger
electrons (AE), characteristic X-rays, bremsstrahlung X-rays, cathodoluminescence (CL, visible
light) and heat. ® Images generated by the electron microscope can have magnification of over
100KX.

SEs are a result of the inelastic scattering of PEs that have a low energy, 3-50 electron
volts (eV). Since these possess low energy, they are usually collected and amplified by means of
an Everhart-Thornley detector, which is a combination of a scintillator and a photomultiplier.®’
Once amplified, the resulting signal is proportional to the amount of SE collect. With these

signals it is how an image is generated.
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BSEs are done by elastic scattering of PEs when it interacts with sample atoms. Because
these electrons have about 60-80% of the energy from the PEs, they are able to escape from the
region of the interaction volume. This signal is how it can be determined what type of material

the sample is and generate topography-sensitive signals.®’

Figure 8 — Zeiss SEM used to characterize the fibers.

Auger electrons are a relatively low energy signal that is generated by the creation when
electrons are knocked out of the inner electron shells due to the collision of PEs into the sample.
Since AEs have low energies it can only escape a few nanometers away. The
cathodoluminescence signal can be used as a signal for image formation as well as the secondary

electrons.5”

3.3.2 Energy-dispersive X-ray Spectroscopy (EDS)
The EDS analysis was conducted within the Zeiss SEM by a pre-mounted EDS. The

sensor picked up the backscattering electrons from the electrons focused in the sample. Through
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this, it is possible to having an elemental analysis through the fundamental principle that each
element has a different atomic structure of which are plotted on an electromagnetic emission

spectrum.

Characteristic
X-ray spectrum

Intensity

X-ray
continuum

-+

>
»

Ex

Figure 9 — Schematic representation of the EDS spectra.®®

All elements have a unique set of peaks throughout this spectrum of which it is used to
determine what elements are contained within the sample. These peaks are generated upon the

interaction between the electrons from the SEM and the nucleus of the atoms in the sample.®®

3.3.3 Thermogravimetric Analysis (TGA)
A TGA is a thermal analysis of which the mass of the sample is measured as a function of
temperature. The results can be plotted against temperature or time of which will show the mass

changes.®® There are three types of analysis that the TGA can perform: dynamic, isothermal and

quasistatic.
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The dynamic (also known as the constant heating rate) approach is based on the equation
on figure 10, where Ea is activation energy (J/mole), R is gas constant (8.314 J/mole K), b =

constant, = heating rate (°C/minute) and T = temperature of weight loss (°C).

-R) dInp
b d()

Figure 10 - Constant heating rate equation.’

Ea =

Figure 11 — TA Model 400 used to analyze fibers.

There are several different ways or reactions that can cause for the sample to experience a
mass change, which can either be a decrease or increase in mass through phase transitions,
absorption and desorption. These can include evaporation of volatile constituents, oxidation of

metals, oxidative decomposition of organic substances, thermal decomposition, heterogeneous
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chemical reactions and ferromagnetic materials where the magnetic properties of some materials

change with temperature.®

3.3.4 X-ray Photoelectron Spectroscopy (XPS)

To evaluate the composition of the surface of a sample, it will be necessary to use the
XPS. The XPS is a quantitative spectroscopic technique that measures the elemental composition
of the samples at the surface and a few levels right before the surface. The spectrum with a series
of photoelectron peaks is obtained by shooting a beam of X-rays while measuring the kinetic
energy and number of electrons that leave the sample from the surface down to 10 nm deep. This
technique is specific to surface due to the short range of the photoelectrons that are excited from
the sample.” Each element has a unique binding energy peaks that determines what the sample is
composed of. The XPS is also able to provide the chemical bonding information as well due to

the shape of each peak and the binding energy that it altered by the chemical state of the atom.

Figure 12 - The XPS was used to measure the elemental composition of the fibers.
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3.4  Electrochemical Analysis

3.4.1 Cycle Performance

A charge cycle is the process where a rechargeable battery is charging and later
discharged into a load. This is done to quantify the battery’s expected life. These tests might vary
given to how much the battery is required to be discharged. Typically, the number of cycles that
a rechargeable battery is rated for is either for how many times it can go through the process or
begins to lose its capacitance.

The electrochemical performance was evaluated by carrying out a galvanostatic charge —
discharge experiments at a current density of 100 mAg™ and 200 mAg™ between 0.05 and 3.0V.
Due to the different mass of the anodes, the specific charge/discharge capacities were calculated

based on the mass of the nanofiber anodes.

3.4.2 Cyclic Voltammetry (CV)

To have an understanding of the electrochemical reactions within the battery, a cyclic
voltammetry test is needed. The behavior of the CV curve will also be indicative of what type of
materials are interreacting within the cell. If peaks or valleys happen throughout the test which
was not expected, it could be indication of foreign material that contaminated the battery during
assembly. These cycles are repeated as many times is necessary for the experimentation to study
the electrochemical properties of the anodes. "

The cyclic voltammetry was conducted using an electrochemical impedance spectroscopy

(Autolab 128N) with a scan rate of 0.1 mVs™ to analyze the anodes.
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Figure 13 — Battery load station to the Autolab 128N

3.4.3 Rate Performance

The rate performance test involves in charging/discharging the battery at increasing rates
through a period of time and then charge back at its initial charge/discharge rate and compare
how much the quality of the charge is from its initial to what is currently charging. The
parameters used for this thesis was 50, 100, 200, 400 and 500 and back to 50 mAg™ for 10 cycles
each.

This test allows to see how the battery will behave in different charging rates and if it
reverts back to its initial performance before experiencing different types of charge/discharge

rates.
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CHAPTER IV

EXPERIMENTAL PROCEDURE

4.

1 Materials Used

Polyvinyl Alcohol (Kuraray, POVAL 27-96, 96%), Lead (I1) Acetate Trihydrate (99+%, Acros

Organics), distilled water, Lithium metal, glass microfiber separators, 1 M LiPF6 salt in ethylene

carbonate (EC) / dimethyl carbonate (DMC) (1:1 v/v) solvent and 2032 coin-type cells to

perform the electrochemical tests.

4.2

Solution Process

Solutions were made in 10 mL scintillation vials with magnetic stirrers and sealed with

parafilm to prevent potential solvent evaporation.

Lead Concentrations Used
Lead Concentrations (g) PVA Concentrations {g) | Distilled Water (g)
0.10 1.00 8.90
0.25 1.00 8.75
0.50 1.00 8.50
1.00 1.00 8.00
2.00 1.00 7.00
2.50 1.00 6.50

Table 1 — List of solutions used to spin into fibers
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Figure 14 — A sample prepared in scintillation vials and sealed with parafilm prior heated oil
bath.
Various of concentrations were made of Lead (I1) Acetate to the PVA to find to optimal
concentration needed to yield the maximum amount of fibers. The table below show which

solution concentration was optimum.

Lead Concentration

RPM 1% 2.50% 5% 10% 15%
3000
4000
5000
6000
7000 Legend
8000 Good
9000 Some
10000 No Fibers

Table 2 — Visual quantity of fibers produced when spinning 1 mL of solution.

1 gof PVA and 0.5 g of Lead (Il) Acetate were added to 8.5 g of distilled water. Once the
solutes and solvent were inside the scintillation vial along with the magnetic stirrer, the vial was

sealed with parafilm. The vial was later placed inside a heated silicon oil bath at 80°C for four
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hours while stirring at 400 rpm. After the solution has completed the time in the heated oil bath
and became homogenous, it is taken out and it is cooled to room temperature and continue to
magnetically stir overnight. This procedure was used by Cremar et al, when they successfully

created nonwoven fibers produced by water soluble precursors.*’

4.3  Fiber Production
After the solution was magnetically stirred overnight, it was taken over to the Cyclone
system where it was placed to produce PVA-PD fibers. 1 mL of solution was placed inside the

spinneret with 30-gauge needles attached at the end of the spinneret.

Figure 15 — Cyclone L1000 used to produce the PVA-Pb fibers.”™

Once the spinning cycle was completed, the unit was opened and a 3 x 3” aluminum
square was used to collect the fibers into a uniform mat. 10-ml solution yielded eight runs in the
Cyclone machine. Once the mat was collected, it was stored in an oxygen-free environment until

the carbonization process was set to begin.
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4.4  Carbonization Process
Prior to carbonizing the collected fiber mat, these were stabilized on an oven at 120°C for

24 hours at ambient atmosphere.

Figure 16 — Dehydration of mat prior carbonization.

After the dehydration process, the sample was carbonized the GSL — 1700X oven. The
sample was placed in the middle of the ceramic crucible where the heat will be at its highest
efficiency once placed inside the oven. The carbonization process was carried out under an
Argon atmosphere with a low rate of 80 ml/min to prevent further oxidation. The chamber was
stabilized for 120 minutes at 50°C followed by heating up to 850°C at a heat rate of 3°C/min.
Then sample was held at 850°C for 15 mins before cooling down to 500°C at a cooling rate of
3°C/min until the program is complete at 500°C. Once the furnace cooled to room temperature,
the sample is taken out of the chamber and visually inspected to analyze the flexibility of the mat

and potential for battery testing.
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Figure 17 — GSL — 1700X used to carbonize PVA-Pb fiber mats.

45  LIB Assembly
The developed lead-doped carbon nanofiber mat was used an anode to evaluate in a
lithium-ion battery and to evaluate its electrochemical properties. To build an Li-ion battery the
following items were used; top terminal (+ positive), anode, electrolyte in separator, cathode,
spacer, spring and a bottom terminal (- negative).
The electrochemical performance on the lead-carbon nanofibers anodes was performed
using 2032 coin-cells. The weight of each anode ranged from 3 — 11 mg which were punched

directly from the lead-carbon mat.
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Figure 18 — Two Lead Carbon Anodes punches from carbonized mat.
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Figure 19— Half-cell lithium-ion battery assembly

The anode was used as a binder-free electrode, no additives were used. Lithium metal
was used as a counter electrode, this is to keep the only variable when investigating the tests on

the anode since there are plenty of studies conducted with lithium electrodes. Glass microfibers
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were used as the separator. The electrolyte used was 1 M LiPFs salt in EC/DMC (1:1 v/v)
solvent. The cells were assembled in an argon-filled glove box (Mbraun, USA) with Oz and H20

concentrations of <0.5 ppm.

When assembling the half-cell lithium-ion battery, the casing bottom is placed on a flat
surface and we place our anode, which is the lead-carbon, inside. Then a separator is placed on
top of the anode and a few drops of electrolyte is dropped on the separator. Once this is
completed, a lithium metal cathode is placed on top of the separator. After the cathode was added
to the battery, the final components of the battery were added which were the spacer, spring and

bottom terminal then pressed at 1200 psi.
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CHAPTER V

RESULTS & DISCUSSION

This chapter discusses the results that were obtained during the production and characterization
of fibers and an electrochemical analysis in half-cell lithium ion batteries. At the end of the
results section, a post mortem analysis was also conducted to see the integrity of the lead carbon
fibers after 100 cycles.
5.1  Characterization
511 SEM
From the SEM images taken in Figures 20 and 21, the lead carbon fiber has a

homogenous and continuous morphology

BHT = 5.00 kV signal A = InLens Date :6 Mar 2017
WD = 4.8 mm Mag = 750 ¥ Sample ID = 0302Pb_C

Figure 20 — SEM image from a lead carbon sample at 750X.
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BHT = 10.00 kV signal A = InLens Date :10 Mar 2017
WD = 6.0 mm Mag = 10.00 X ¥ Sample ID = 0302Pb _C

EHT = 10.00 kv Signal A = Inlens Date :10 Mar 2017
WD = 6.0 mm Mag = 25.00 K X gample ID = 0302Pb_C

Figure 22 — SEM image from a lead carbon sample at 25KX.

Figure 22 show particulates scattered along the surface of the fiber. This resulted in lead
particles as found by the EDS in the following section. The diameter of the fibers ranged from

250 — 750 nm.
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512 EDS

An elemental mapping analysis was conducted on to analyze the material characteristics
and to verify what type of substance was deposited on the surface of the fibers. Figure 24
represents the EDS spectrum shows three materials present in the sample; Carbon, Lead and

Oxygen.

Figure 23— Section of the fiber analyzed with the EDS to determine material
characterization.
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Figure 24 — EDS Spectra of the lead carbon sample in Figure 23
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When the EDS focused solely into the granules found in the surface, it resulted to be

mainly Pb as shown in the EDS spectrum on Figure 26.

Figure 25 — Section of the fiber analyzed with the EDS to determine the material
characterization.
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Figure 26 — EDS Spectra of the lead carbon sample.

An elemental distribution shown in Figure 27 where it illustrates the quantity of the

material throughout the fiber, different colors are observed showing how the nanofibers are

predominantly composed of 52% Carbon and 44% Lead.
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Figure 27 — EDS mapping of the lead carbon fibers showing a 44% Pb content distributed
evenly among the fibers.

513 TGA
TGA analysis of PVA fiber only, PVA-Pb and Pb-C is shown on Figure 28. The analysis

was performed in a nitrogen environment.
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Figure 28 — TGA analysis of PVA, PVA-Pb & Lead Carbon fibers

For the PVA and PVA-Pb samples, it can be seen that approximately at 100°C there is a

minor weight reduction, which corresponds to the removal of physically absorbed water from the
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fibers. From the graph shown it can be seen how the PVA sample completely degrades after
reaching 463°C and goes down to less than 5%wt by the end of the analysis. This result
coincides with previous studies. On the PVA-Pb, which is the sample acquired right after
spinning the solution into fibers and prior carbonization, between temperatures 152°C and 364°C
there was multiple decompositions that could be attributed to the Poly(vinyl) Alcohol and Lead
(1) Acetate. Lastly, the lead carbon nanofibers were shown to retain most of its weight by

88%wt as the analysis was complete.

5.1.4 XPS

XPS analysis shows the presence of lead at the surface of the fiber. The XPS data show
the survey done with a large range where all three materials are shown with their respective
binding energies. Figure 29 shows the XPS survey spectra the dominant peaks were those of
carbon, lead and oxygen. (i.e. C1s, Pb4f and O1s) at binding energies of C1s and O1s at ~284.5

and ~532 eV, respectively.
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Figure 29 — XPS spectra showing spectra of C1s, O1s & various Pb in the fiber.
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Figure 30 presents the range that is focused on the Pb binding energies; Pb 4f7, and 4fs»
peaks are observed at 138.9 and 143.5 eV, respectively, correlates to what other studies have

shown where Pb is bound to oxygen which indicates the presence of Pb ions on the fibers.”

Pb4f Scan
10 Scans, 1 m 40.5s, 400um, CAE 25.0
0.10 eV
1000
T Ph4f Scan
800+ Pb4f Scan

Pb4f Scan

Counts / s

6007

4007

152150 148 146144 142140 138 136 134
Binding Energy (eV)
Etch Time =0 s, Etch Level =0

Figure 30 — XPS spectra of the Pb4f scan

5.2  Electrochemical Analysis
The following are the findings found when testing the Lead Carbon and Carbon anode
batteries in the half-coin cells. The following three electrochemical tests were done to analyze
the electrochemical performance of the batteries: Charge/Discharge, Cyclic Voltammetry and

Rate Performance.

5.2.1 Cycle Performance

The electrochemical performance was evaluated at room temperature by carrying out a
galvanostratic charge-discharge experiments at a current density of 100mAg™ between 0.05 and
3.0V. Charge/discharge curves were obtained for the carbon and lead carbon anodes cycling at a

current density of 100 mAhg™ from 3.0V to 0.05V. The carbon anode exhibited a high initial
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capacity of 841 mAhg™ but quickly dropped to 272 mAhg™? by the following charge. The specific
capacity of the carbon anode stays stable on the 10", 50" and 100" cycle at 204 mAhg?, 191

mAhg? and 179 mAhg™.
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Figure 31 — Columbic Efficiency of the carbon fiber anode performed after 100 cycles at a
current density of 100 mAg™.
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Figure 32 — Cycle Performance of the carbon fiber anode performed after 100 cycles at a current
density of 100 mAg™.
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Charge and discharge results on the lead carbon anode were higher compared to the
carbon anode alone as shown in Figure 33. The lead carbon anode exhibited a high initial
capacity of 612 mAhg™and quickly dropped to 266 mAhg by the following charge. The
specific capacity of the carbon anode stays stable on the 10", 50" and 100" cycle at 265 mAhg?,
277 mAhg™ and 270 mAhg. Unlike the carbon anode, the lead carbon anode experienced a
capacity recovery from early cycling. It recovered from the 10" cycle to 50" cycle from 265
mAhg™ to 277 mAhg™ and from the 50" to 100", from 277 mAhg* to 270 mAhg*, although it
faded in specific capacity, the specific capacity of the 100" cycle is relatively higher than the 10%"
cycle the battery experienced during the test. The increase of capacitance during cycling could be
attributed to the increase of reactive sites within the lead carbon anode allowing more Li ions to
interact with the Pb and C.
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Figure 33 — Columbic Efficiency of the lead carbon fiber anode performed after 100 cycles at a
current density of 100 mAg™.
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Figure 34 — Cycle Performance of the lead carbon fiber anode performed after 100 cycles at a
current density of 100 mAg™.
When compared to carbon anode LIBs, the performance of the lead carbon nanofiber
anode had 51% higher specific capacity than the carbon anode when tested on a half-cell lithium-

ion battery.

5.2.2 Cyclic Voltammetry

In order to have an understanding of the interaction of lithium on the carbon and lead
carbon anode, cyclic voltammetry were conducted on both batteries. As shown in Figure 35,
there is a broad peak in the first cycle. This is due to the formation of the solid electrolyte
interphase (SEI) layer. Irreversible reactions occur during this first discharge at the surface of the
electrode and the remaining cycles do not have any more irreversible reactions and have
reversable reactions. The chemical interaction that is happening between the lithium and the
carbon anode intercalation and deintercalation of Li ions in the carbon. The chemical reactions
involved in the half-cell can be described as the following equation:

6C + xLi" + xe" <> LixCs ...(1)
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Figure 35 — Cyclic Voltammetry of carbon fibers between 0.01 and 3.0 V at a scan rate of
0.1 mvst

In the lead carbon anode, as shown in Figure 36, does not experience such a large
irreversible reaction due to the SEI layer. However, four peaks are recorded after the second
cycle, two while discharging and two while charging. These peaks also appear on cycle three and
four. This reaction is due to the alloying/dealloying of the lithium to the lead. This reaction can
be described in the following equation (2):

PbO> + xLi+ + xe" — Pb + Li2O ... (2)

Since the lead carbon fibers also contain fibers, the lithium ions also intercalate with the

carbon and equation (1) also applies in this electrochemical reaction since the lithium is reacting

to both alloying/dealloying with the lead and intercalation/deintercalation with the carbon.
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Figure 36 — Cyclic Voltammetry of lead carbon fibers between 0.01 and 3.0 V at a scan
rate of 0.1 mvs?!

5.2.3 Rate Performance

Rate performance tests were done to observe the performance of a lead carbon on a half-
cell lithium ion battery. As shown in Figure 37, the rate performances of the anodes correlate
with previous cycle performance tests. On the cyclic performance by the 100™ cycle the specific
capacity of the lead carbon nanofibers was 270 mAhg™ and by the end of the rate performance
test the specific capacity after being discharged through different current densities was 274

mAhg™.

The second set of cycling was done at 50 mAg™ and it matches with the cycle
performance tests done. The last cycle on the first set of 50 mAg™ yielded 303 mAhg™ and the
last set of 50 mAg™ yielded an average of 276 mAhg™* Once the battery was finished discharging
at 500 mAg, it was discharged at 50 mAg™ for the last 10 cycles and it stabilized at the

approximately the same specific capacity on which the first set finished. This shows how stable
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the lead carbon anode fibers are. The anode did not lost capacitance at any point even when the

current density increased.
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Figure 37 — Rate performance for the lead carbon anode performed at current densities of 50,
100, 200, 400 and 500 mAg™.

Another observation on the rate performance is how well the specific capacity of the lead
carbon anode retained even when the current density is increased. When the current density
increased to 100, 200, 400, and 500 mAhg?, the lead carbon anode retained 90.1, 91.9, 83.4 and

88.9% of its specific capacity from the previous current density it was cycling.
5.3 Post Mortem Analysis

A post mortem analysis was conducted to one of the half-cell lithium-ion batteries. Even
though none of the batteries failed, it is important to see what changes happened to the anode

after it cycled 100 times.
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Figure 38 — SEM imaging of the post cycled lead carbon anode at 1KX.

Figure 38 it shows that the fibers seemed to be covered uniformly across the surface. This
IS more apparent as the magnification is increased on the SEM as shown in Figures 39, 40 and
41. One of the major concerns of using Pb on Li as mentioned in the literature review was the
alloying/dealloying process that would increase the volume of the electrode and potentially

would cause cracking and ultimately loss of specific capacity.
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Figure 39 - SEM imaging of the post cycled lead carbon anode at 10KX.
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Figure 40 - SEM imaging of the post cycled lead carbon anode at 25K X.
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Figure 41 - SEM imaging of the post cycled lead carbon anode at 25K X.

When inspecting the SEM images there is not any evidence of the fibers becoming
fractured. This can be credited to the carbon within the nanofibers that helped being the buffer
for the volume change. As shown earlier in the electrochemical tests, the lead carbon nanofiber
anode performed very stable throughout 100 cycles and could have potentially continued cycled

more.
532 EDS

It is evident through the EDS mapping that the surface is covered by the electrolyte

residue and that the anode has oxidized compared to how it was prior the electrochemical tests.
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Figure 43 — Elemental analysis mapping for the post cycled lead carbon anode.
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5.4  Discussion

Battery performance for the lead carbon anode showed to be stable and reliable for 100
cycles at difference discharge densities as shown in Fig 44. This is promising given that it shows
the reliability of this anode and its ability to retain its specific capacity through various cycles.

Some of the major drawbacks of this research was the production of making the fibers
“battery-ready,” which is to be producing fibers that are lead-doped carbon and still flexible.
When using the procedures done on previous experimentation the fibers would either come out
losing the lead material or simply be too fragile to even handle without it completely
disintegrating.

The process that ended up helping the fibers from retaining lead and retain some of its
flexibility was to pre-expose the fibers to a lower heat that the carbonization process would force
it to while the temperature is ramping up. By oxidizing the mat for approximately 24 hours at
120°C helped retain some to all the flexibility properties that the fibers had prior carbonization

and made these fibers good for battery testing.
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Figure 44 — Comparison from the specific capacities from the study mentioned earlier compared
to results gathered in the lab with the lead carbon anode.?
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When comparing the results gathered to what previous results have shown there has been
major improvements to the performance of the battery. The specific capacity of the lead-carbon
anode performed very stable and did not lose any significant capacitance throughout the 100
cycles it was tested. However, when three different materials were used in the study in 2002, all
three decreased in the specific capacity significantly by the 15" cycle whereas in the current lead
carbon anode it did not.?! By the 15™ cycle, the specific capacity of the lead carbon anode was
255 mAh/g compared to the approx. 45 and 85 mAh/g™, which yields to an improvement of

467% and 200%, respectively.
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CHAPTER VI

CONCLUSION & FUTURE WORK

6.1 Conclusion

Lead-doped carbon nanofibers were developed from Polyvinyl Alcohol (PVA) with Lead (1)
Acetate by using the Forcespinning® technology. These fibers were stabilized for 25 hours at
125°C prior carbonizing them at 850°C in an Argon atmosphere. The lead carbon nanofibers
diameter ranged from 250 - 750 nm and the lead contained in these fibers were found to be as
high as 44% concentration after calcination at 850°C.

This is the first reported time of lead carbon fibers have been produced and tested for
battery applications. Electrochemical tests were performed on half coin cell LIB with lead carbon
nanofibers being used as the anode. Tests showed improved results to what previous studies have
reported, having improvements of 200% to 467%, respectively. By creating a lead carbon anode,
it showed 51% improvement with a stable specific capacity of 270 mAhg™ under the same
parameters compared to the carbon anode. Cyclic Voltammetry showed that the anode undergoes
an alloying/dealloying reaction with lithium during the electrochemical reaction within the cell
and rate performance showed that the nanofibers stable cycling capacity. The lead carbon anode
shows promise that it can be used as electrode replacements for future batteries for either LAB
and/or LIB applications. These fibers demonstrated great cycling stability, stable specific

capacity and capacity retention at 100 cycles.

58



Post mortem analysis showed the fibers still integral and potentially could have lasted
more cycles before the battery failed. This can be attributed to the carbon within the lead fibers
to have acted as a buffer from breaking down the fiber and causing the anode to lose capacitance
and eventually leading the battery to fail.

6.2 Future Work

Future work could be to explore the possibility of increasing the quantity of lead
contained in the fibers by using the forcespinning technology given that it is an inexpensive way
to yield high quantities of nanofibers compared to its counterparts (electrospinning,
electrospinning-centrifugal spinning, etc.).

On LABES, testing the lead nanofibers as potential negative added material or positive
added material in an all lead-acid battery environment should be investigated to compare its
performance to other lead-acid battery types. This could reduce the size and weight of LAB used
in the SLI market which could bring manufacturers and consumers savings over time.

On LIBs, by having more stable materials and reduce the possibility of violent reactions
should be investigated. In all electrochemical tests, the batteries were still operational at the end
of 100 cycles. The specific capacity of the lead-carbon anode did not fluctuate, additional tests

could also be done to see how many cycles that battery can perform until failure.
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Table 1. State-of-the-Art Equipment

APPENDIX A

Equipment

Purpose

Results Obtained

Cyclone

Production of PVA and
PVA-Pb nanofibers

Yielded PVA &
PVA-Pb nanofibers.

Scanning Electron Microscope

To take images of the
produced nanofibers

Captured images for PVA,
PVA-Pb and lead carbon
fibers. Results canbe found in
Chapter 5.

Energy-dispersive X-Ray Spectroscopy

A qualitative method of
determining the

type of material the sample
contains

Verified the materials that the
fibers were composed off.
Results can be found in
Chapter 5.

Thermogravimetric Analysis

Thermal degradation of the
PVA, PVA-Pb
and lead carbon nanofibers

Obtained the temperatures
where the fibers degraded.
Results can be found in
Chapter 5.

X-Ray Photoelectron Spectroscopy

A quantitative method of
determining the

type of material the sample
contains

Verified the materials that the
fibers were composed off.
Results can be found in
Chapter 5.

LANHE Battery Testing Systems

Performed
Charge/Discharge on Li-ion
Batteries

Successfully cycled batteries
100 times. Results can be
found in Chapter 5.

Arbin Instruments

Performed Rate
Performance on
Lithium-ion Batteries

Successfully performed rate
performance test. Results can
be found in Chapter 5.

BioLogic Science Instruments

Performed Cyclic
Voltammetry on
Lithium-ion batteries

Successfully performed cyclic
voltammetry tests. Results
can be found in Chapter 5.
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Table 2. State-of-the-Art Software

Software

Purpose

Results Obtained

Texture and Elemental
Analytical Microscopy

Analysis of the
Energy-dispersive X-ray
Spectroscopy

Found material composition
of the nanofibers. Results can be
found in Chapter 5.

TA Analyzer

Analysis of TGA

Found deterioration points
from samples. Results can be
found in Chapter 5.

LAND Battery Testing System

Analysis of the
Charge/Discharge tests

Verified that lead carbon
nanofibers are a stable material
to use as an anode. Results can
be found in Chapter 5.

Analysis of the Cyclic

Acquired data to see
chemical reactions that took
place during charge and
discharge. Results can be

BT Lab Voltammetry found in Chapter 5.
Verified that lead carbon
nanofibers are a stable material
Analysis of the Rate to use as an anode. Results
MITS Pro Performance can be found in Chapter 5.
Successfully plotted curves
SigmaPlot Software to plot data used in various figures in thesis.
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