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Abstract
In this thesis, various materials and fabrication techniques were examined in an attempt to
develop a cathode material for a “green” magnesium reserve battery. The candidate cathode
materials could be classified as one of two types – conducting polymers and graphite materials –
both of which are carbon-based. Three important factors that influence the effectiveness of
cathode materials are surface area, electrical conductivity, and a large potential difference with
the anode which in this study is a magnesium alloy.
The surface of each candidate material (or substrate on which a material was deposited) was
examined using scanning electron microscopy. The candidate cathode materials were then
subjected to electrochemical experiments which enabled for the candidate electrodes to be
compared against one another. The anode material that was used in every experiment was a
chunk of bulk magnesium AZ91 alloy. Two different electrolytes – saturated sodium chloride
and artificial seawater – were tested as well.
Using the Gamry Reference 3000 potentiostat, the electrochemical cells were tested together in a
full cell configuration. The two main tests that were run were the read voltage experiment which
measures the cell voltage over time and the constant current discharge experiment which
measures the voltage response of the cell as a constant current is forced through the cell.
Read voltage experiments indicated that the conducting polymer cathodes, polypyrrole and
poly(3,4-ethylenedioxythiophene) (PEDOT), provided a stable cell voltage of over 1.8 V when
coupled with AZ91 in either electrolyte solution. However, the conducting polymer cathodes
failed in the constant current discharge tests likely due to the relatively low conductivity of the
samples. While the materials are “conducting” polymers, their conductivity is still orders of
magnitude lower than graphite and metallic materials.
The graphite cathodes displayed lower cell voltages of between 1.6 to 1.8 V, but were much
better in the constant current discharge experiments. Two materials that stood out among the
graphite materials were the Zorflex double weave graphite fabric and the pressed powder
graphite made using powder metallurgy techniques. The high surface area and electrical
conductivity of these materials allowed for large currents to run through the cell while the cell
voltage still remained high.
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Chapter 1: Introduction
1.1. Background
Battery technology has come a very long way since the Alessandro Volta’s invention of the
voltaic pile – the first battery capable of supplying continuous current to an external circuit – in
the year 1800. [1] Over the last 200 years, batteries have transformed from novelty items to
indispensable generators of power for a huge variety of applications. The average American
family has as many as 40-60 consumer batteries in and around the home at any particular time.
[2] Some of the most common uses for batteries today are:


Household: smoke detectors, telephones, doorbells, flashlights



Entertainment: portable televisions, toys, remote controls, gaming systems



Portable electronic devices: watches, cameras, MP3 players, cell phones, laptops



Health products: hearing aids, pacemakers, defibrillators



Automotive: car batteries



And many more. [2]

Batteries are firmly entrenched as the power source for such a wide array of technologies that it
is impossible to foresee the use of batteries declining any time soon. With the increased use of
portable electronics like cell phones, tablets, and laptops, the demand for battery power will only
increase. Considering that almost all batteries make use of large amounts of heavy metals and
toxic materials this is quite a frightening prospect. [3] Potentially hazardous materials often
found in batteries include mercury, lead, copper, zinc, cadmium, manganese, nickel, and lithium.
[4] The dumping of spent batteries containing these materials has raised concerns about soil
contamination and water pollution. In the past few decades the necessity for battery recycling
facilities has been realized, leading to legislative measures in Europe and North America. [3]
While battery recycling technology continues improving, perhaps a solution exists that
eliminates the need for battery recycling altogether. The reason that such dangerous materials are
used in battery fabrication is for increased performance. Creating a battery that uses no
hazardous materials that can perform at even a fraction of the current state-of-the-art would be a
great benefit to society.
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1.2. Objectives
Developing a battery that “leaves no trace” is the larger project under which the research of this
thesis falls. The idea is to use nonhazardous materials that will dissolve away after the lifetime of
the battery is over. This concept could be used for many different applications including those
where a power source is required for some length of time in the body. The biodegradability of
the battery could limit the number of necessary surgeries for the patient.
The first choice that was made in the project was to use a magnesium alloy as the anode material
for the battery. Magnesium is non-toxic and is found naturally in the body already. Using
magnesium does limit some of the versatility that other batteries offer in that magnesium
batteries are typically single-use batteries since the magnesium will continue dissolving
regardless of whether the battery is being used or not. This is what led to the goal of developing a
magnesium reserve battery. In this reserve battery, the electrolyte is not added to the system until
the time of use, thus eliminating the problem of the magnesium dissolving before serving as the
anode of the cell.
This thesis centers on the development and characterization of various non-toxic, high surface
area cathode materials for an environmentally friendly magnesium reserve battery. Particular
focus is placed on graphitic materials and conductive polymers. In a battery, positive ions in the
electrolyte solution flow toward the cathode creating a positive current from the cathode to the
anode. A high surface area cathode means that more reactions can take place in the cell because
more of the electrode is exposed to the electrolyte. This allows for a higher current flow through
the cell.
The cathode material must be electrically conductive in order to conduct this current. While
graphite and conductive polymers are not as conductive as metals (by about two orders of
magnitude), they are many orders of magnitude more conductive than semiconductors such as
germanium and silicon. [5,6] In addition to conductivity, the cathode must display a high
working voltage so that a large potential difference exists between the cathode and the
magnesium anode. Magnesium and graphite are on complete opposite ends of the galvanic
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series, meaning the potential difference between the two will be very high. This potential
difference is the driving force for current to flow and thus generate power.
In this thesis, different methods will be used to synthesize high surface area cathode materials.
These materials will be characterized using both optical and electron microscopy, and then will
be subjected to electrochemical testing to determine how they will perform as the positive
electrode in a battery. Using a full-cell test setup, the cathode materials can be paired with
magnesium and tested as a unit. This is different than typical electrochemical experiments that
can only test one electrode at a time.
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Chapter 2: Literature Review
2.1. Batteries
A battery is defined as a device that converts chemical energy into electrical energy. Chemical
energy contained within the battery’s active materials is converted to electrical energy by way of
an oxidation-reduction (or redox) reaction. [7] Benjamin Franklin was the first to use the word
“battery” to describe electrical devices when he compared multiple Leyden jars (early electrical
capacitors) to a battery of cannons. Alessandro Volta, an Italian physicist, is credited with
developing the first electrochemical cell in 1792, and also inventing the first battery (or “voltaic
pile”) in 1800 (shown in Figure 2-1). [7,8]

Figure 2-1: A "voltaic pile," considered to be the first ever battery. It was invented in the year 1800 by
Alessandro Volta. [Taken from Reference 9]

Battery technology has improved significantly in the last 200 years, and is now a multibillion
dollar industry. [10] The average American family has as many as 40-60 consumer batteries in
and around the home at any particular time. [2] The convenience of batteries lies in the wide
range of sizes in which they can be manufactured or assembled into packs, their ability to supply
electrical power instantly, their portability (for smaller size batteries), and the option of singleuse or multiple use units. [8]
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There are two broad categories into which batteries are classified: (1) primary batteries, which
can only be discharged one time before they are thrown away; (2) secondary or rechargeable
batteries, which can be recharged and used multiple times. [7,8]
Primary batteries are mostly confined to smaller sizes for the consumer market. They have been
around for well over 100 years. The earliest primary batteries were mostly zinc-carbon batteries,
which had a specific energy of less than 50 Wh/kg. The most common primary batteries today
are lithium batteries which have a specific energy of more than 400 Wh/kg. [7]
In rechargeable batteries, the electrochemical reactions are reversible. This allows the battery to
be charged and discharged for many cycles. The most common secondary batteries are lead-acid,
nickel-cadmium (Ni-Cd), nickel metal hydride (Ni-MH), lithium ion (Li-ion), and lithium ion
polymer (Li-ion polymer). [7]
Primary and secondary batteries are employed for many different uses:


Household: smoke detectors, telephones, door bells, flashlights



Entertainment: portable TVs, toys, remote controls



Portable electronic devices: watches, cameras, MP3 players, laptops, cellular phones



Health products: hearing aids, pacemakers



Automotive: car batteries



And many more. [2]

Because of the wide array of applications, batteries are built in many different shapes and
configurations – cylindrical, button, flat, and prismatic – and their components are designed
according to the particular shape of the battery. [7]
2.1.1. Principles of Battery Operation
The “cell” is the most basic electrochemical unit. The term “battery” is often misused when
referring to a single electrochemical cell. A battery consists of one or more of these
electrochemical cells, connected in series or parallel, or both, depending on the desired output
voltage and capacity. [7]
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Figure 2-2: The two above images show the results of connecting cells in series or in parallel. The image
on the left shows how connecting four cells in series will result in an additive potential, while the image
on the right shows that connecting four cells in parallel will result in an additive current. [Taken from
Reference 10]

The above image shows two scenarios in which multiple cells are connected in different parallel
or serial configurations, resulting in two different systems. Connecting cells in parallel allows for
increased current flow, while connecting cells in series allows for higher potential. The desired
configuration of cells for every battery is unique to the application for which it will be used. [10]
The electrochemical cell consists of three major components:
1. The negative electrode (anode) – The anode gives up electrons to the external circuit and
is oxidized during the electrochemical reaction. (M → Mn+ + ne-) Positive current flows
into the anode.
2. The positive electrode (cathode) – The cathode accepts electrons from the external circuit
and is reduced during the electrochemical reaction. (nX + ne- → nX-) Positive current
flows out of the cathode.
3. The electrolyte – The electrolyte is an ionic conductor that provides the medium for the
transfer of charge inside the cell between the positive and negative electrodes.
Electrolytes are typically liquids, but some batteries use solid electrolytes. [7]
Optimal combinations of anode and cathode materials are those that are lightweight and give
high cell voltage and capacity. [7]
During the discharge of a cell, which is shown in the schematic below in Figure 2-3, the
electrons flow from the anode, which is oxidized, through the external load to the cathode, where
6

the electrons are accepted and the cathode material is reduced. The electrolyte completes the
electric circuit by allowing the flow of anions (negative ions) to the anode and cations (positive
ions) to the cathode [7]

Figure 2-3: The schematic shown above illustrates the discharge of a galvanic cell. [Taken from
Reference 7]

The potential of a battery is determined by the combination of the materials that are used to make
up the system. The anode, cathode, electrolyte, and the load are all variables that affect the
voltage that the battery will produce. A primary battery is essentially just a galvanic couple. A
galvanic couple is simply a system with two dissimilar metals that are electrically connected.
Figure 2-4 shows a galvanic series in flowing seawater at 25˚C, where the potential of each
material in the series is measured versus a reference electrode. In the case of the galvanic series
pictured below, the reference electrode being used is the saturated calomel electrode. [11]
Coupling a noble material like graphite or platinum with an active metal like zinc or magnesium
will create an electrochemical cell with a large potential. This potential difference will initiate a
flow of electrons that can be turned into electrical energy. This is the basic idea behind the
operation of batteries. [7]
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Figure 2-4: The galvanic series ranks materials from most to least active in a particular environment. The
galvanic series above is for materials in flowing seawater at 25˚C. The potential is measured against a
saturated calomel reference electrode. [Taken from Reference 11]

The most basic of primary batteries can be assembled simply by having two dissimilar metals in
an electrolyte. However, all commercially available batteries are significantly more complex.
Battery technology, having been around for such a long time, is a very mature technology. The
batteries that are sold to consumers are highly engineered to be extremely efficient and can
generate large amounts of energy. [2]
Figure 2-5 is a diagram of the interior of the typical consumer battery. It shows not only the
anode and cathode, but also many of the other components that are needed to make the battery
work properly.

8

Figure 2-5: The above schematic shows the components of a typical consumer battery. [Take from
Reference 2]

The anode and cathode must be electronically isolated in the cell to prevent short circuiting. In
most cell designs, a permeable separator prevents physical contact between the two electrodes
while still allowing the electrolyte to flow unencumbered between them. [7] Electrochemical
cells, especially those containing liquid electrolytes, must be properly enclosed to prevent
leakage and the drying out of the cell. Steel cases are often used as containers for the cell. [8]
2.1.2. Reserve Batteries
Reserve batteries, also known as stand-by batteries, are a type of primary battery where one of
the three components – anode, cathode, or electrolyte – remains separate from the rest of the
device until use. [12] This prevents self-discharge, a common problem in batteries where the
internal chemical reactions reduce the stored charge of the battery without any of the electrodes
being connected. Self-discharge significantly limits the storage life of a battery. [7] Alkalinemanganese primary cells have a storage life of a few years at ambient temperatures, and lithiummanganese-dioxide batteries have an ever longer shelf life. An area where particularly long shelf
lives are desired is in the defense field. Weapons may be in storage for many years before being
called upon to operate reliably at a moment’s notice. [8]
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Reserve batteries are uncommon for everyday consumer use because they can only be used one
time. Most consumer applications require a battery that can sporadically supply power for
extended periods of time. A reserve battery, once activated, does not have a significantly long
life and does not stop discharging. [12] Typical anode materials for reserve batteries include
zinc, magnesium, aluminum, and lithium (although lithium reserve batteries are still in the early
stages of development). [7]
A common reserve battery is the water-activated battery, which uses salt or fresh water to start
the generation of current flow. [13] There are also reserve battery systems that are activated
when a gas, such as oxygen, is introduced into the cell. The gas is typically the electrolyte in
these systems, but there are also examples of the gas being used as the positive electrode. Heat
activated batteries, or thermal batteries, have a solid salt electrolyte that when heated becomes
ionically conductive, thus activating the cell. [7]
Typical applications for reserve batteries are those that require the delivery of high power for
relatively short periods of time. [7] An example of a reserve battery being used in a domestic
application is the dry-charged lead-acid (car) battery in which a sulfuric acid electrolyte is not
added until the battery is sold. Another example is the zinc-air hearing aid battery. [13] As was
previously mentioned, reserve batteries are also ideal for certain military applications where long
storage life is of utmost importance. Missile and torpedo deployment are examples of situations
where great amounts of power are necessary after very long periods of inactivity. [7,8]
2.1.3. Disposal and Recycling of Batteries
Battery technology has considerably advanced throughout the years, but battery disposal and
recycling are areas where new ideas and technologies are required. [3] The potentially hazardous
components of batteries include mercury, lead, copper, zinc, cadmium, manganese, nickel,
lithium, and harmful chemical electrolytes. [4] While disposal services for many types of
batteries do exist, many are inconvenient or not highly publicized, leading most household
batteries to be simply thrown away with other household waste and then taken to landfills. This
allows for the harmful materials contained in batteries to leech into the soil and groundwater.
The manner in which batteries are disposed or recycled depends on the battery type. The most
common disposal process for the most common type of household battery, the alkaline battery, is
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incineration. This process effectively removes tangible waste from the battery but results in the
release of harmful gases and chemical byproducts. [14]
Lead-acid automotive batteries are much more readily recycled than other battery types. Car
batteries account for almost all of the planet’s lead consumption, [15] and due to the toxicity of
lead, almost 90% of these batteries of recycled. [16] They are recycled by a grinding process
where the acid is neutralized and the polymers are separated from the lead. The recovered
materials are often used to make new batteries. [15]
Button cells are another variety of batteries more frequently recycled than typical household
batteries. [16] Button cells are usually single cell batteries used to power small portable
electronics like wristwatches and hearing aids. They are often recycled because of the value and
toxicity – they often contain mercury – of their chemicals. [16]
Almost all batteries, primary and secondary, can also be recycled. This includes alkaline, Ni-Cd,
Ni-MH, lithium, Li-ion, silver-oxide, and Ni-Zn batteries. Making recycling programs for these
battery systems more readily available to the public should be a major priority for the world’s
governments as battery usage continues to rise.
2.2. Battery Anodes
Oxidation takes place at the negative electrode, or anode, of the cell. The anode gives up
electrons to the external circuit and is oxidized during an electrochemical reaction. The anode is
also called the reducing or fuel electrode. [7] Anodes are designed with the following properties
in mind: efficiency as a reducing agent, high coulombic output (Ah/g), good conductivity,
stability, ease of fabrication, and low cost. [7]
2.2.1. Magnesium
Magnesium is the world’s lightest structural metal with a density of 1.74 g/cm3. It is also one of
the most abundant elements found in nature. [17,18] Seawater in particular is an almost
unlimited source of magnesium with an estimated 6 million tons per cubic mile according to a
study by DOW Chemical. [19] There are approximately 320 million cubic miles of seawater on
the planet. Magnesium and magnesium alloys are non-magnetic, have relatively high thermal and
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electrical conductivity, and good vibration and shock absorption. [17,18,20] Magnesium presents
no toxicity hazard and can be shaped and worked by all known methods. [20]
2.2.1.1. Corrosion of Magnesium
A major issue regarding the use of magnesium and magnesium alloys for structural applications
is its corrosion behavior. In battery applications, however, the corrosion of the anode is what
provides the fuel to make the system work. Understanding the mechanisms of magnesium
corrosion is vital to understanding the operation of an electrochemical cell with a magnesium
electrode.
The corrosion resistance of magnesium is especially poor when the material contains specific
metal impurities (Fe, Ni, Cu,…) or is exposed to aggressive electrolyte species such as those
containing chloride (Cl-) ions. [18] Because of its poor corrosion resistance, magnesium is rarely
used in its unalloyed form. In engineering applications, magnesium is usually alloyed with one or
more elements (aluminum, manganese, rare earth metals, lithium, zinc, and zirconium). [19]
Magnesium has the lowest standard potential of all engineering materials, as is shown in Figure
2-6 below. Under standard conditions at 25˚C, magnesium (Mg2+/Mg) has a standard electrode
potential of -2.37 Vnhe (with respect to a hydrogen reference) for bare magnesium metal in
contact with solution containing magnesium divalent ions. [21,22]
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Figure 2-6: The electromotive force series shows the potential of reversible electrodes at standard state
with respect to a hydrogen reference. Magnesium has a standard electrode potential of -2.37 V. [Taken
from Reference 22]

The actual corrosion potential of magnesium is usually about -1.7 Vnhe in dilute chloride
solutions. The difference in potential between the theoretical standard potential and the actual
corrosion potential is due to the formation of a surface film of magnesium hydroxide (Mg(OH)2),
or perhaps magnesium oxide (MgO). [23,24] The film provides some protection over a wide pH
range. Figure 2-7 shows a theoretical potential-pH (Pourbaix) diagram for pure magnesium in
water. This diagram shows that the magnesium is thermodynamically favored to corrode in
almost all environments. In very basic solution, a passive film of Mg(OH)2 will protect the
surface from oxidizing. [25]
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Figure 2-7: Pourbaix diagrams show the equilibrium phases for an aqueous electrochemical system. The
diagram above is for pure magnesium in water. It shows that magnesium is thermodynamically favored to
corrode in almost all environments. [Taken from Reference 25]

The Pourbaix diagram provides information on where corrosion is thermodynamically favorable;
it tells nothing about the corrosion mechanism or corrosion rate. And even at lower pH values,
the oxide film on the metal surface can offer some considerable corrosion prevention. [18] A
later thermodynamic study by Perrault concluded that no thermodynamic equilibrium could exist
for a magnesium electrode in contact with an aqueous solution. [26]
There is no material that exhibits high corrosion resistance in all types of environments. A
particular material may have a high resistance to corrosion in one environment but a low
corrosion resistance in another environment. There are fewer media that are suitable for
magnesium alloys compared to other materials. Typically, magnesium alloys will be stable in
basic solution, but will corrode rapidly in neutral and acidic solutions. [18]
In most cases, the corrosion of magnesium and magnesium alloys initiates from localized
corrosion, especially in immersed conditions. [18] They naturally undergo pitting corrosion at
the free corrosion potential (Ecorr) when exposed to chloride ions in a non-oxidizing medium. As
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a result, the manner in which magnesium and its alloys corrode in neutral or alkaline solutions is
by pitting corrosion. [24]
Magnesium alloys are very highly vulnerable to galvanic corrosion since magnesium is anodic to
all other engineering metals. [17] Cathodes can be either external as other metals in contact with
the magnesium anode, or they could be internal as second or impurity phases. [18] Both of these
types of galvanic corrosion are shown in Figure 2-8.

Figure 2-8: The top schematic shows galvanic corrosion due to external contact with another metal. The
bottom schematic shows galvanic corrosion due to the presence of internal cathode. [Taken from
Reference 18]

The galvanic corrosion rate is increased by the following factors: high conductivity of the
medium, large potential difference between anode and cathode, low polarizability of anode and
cathode, large area ratio of cathode to anode, and small physical distance between anode and
cathode. [27] Galvanic corrosion on magnesium typically takes the form of pitting. [17,18]
The corrosion reaction of pure magnesium provides the basis for understanding not only the
corrosion of pure magnesium, but the corrosion of magnesium alloys as well. [18] In aqueous
environments, magnesium dissolution usually proceeds by an electrochemical reaction with

15

water to produce magnesium hydroxide and hydrogen gas.

[18,23] The overall corrosion

reaction is:
Mg

2

→ Mg(

2

)2

2

The overall reaction can also be expressed as the sum of the partial reactions below:
Mg →Mg2
2

2e →

2

Mg2

2

2e (anodic reaction)
2

2

(cathodic reaction)

→Mg(

)2 (product formation)

While the overall corrosion reaction of magnesium alloys has yet to receive systematic study,
Song believes it is reasonable to expect that the corrosion mechanisms of magnesium alloys are
similar to those of pure magnesium. [28]
2.2.2. Magnesium Batteries
Magnesium and magnesium alloys are appealing candidates for use as negative electrode
materials in primary batteries for many reasons. They have a very high standard potential which
leads to a higher voltage battery system. [29] They are also lightweight and abundant. [17,18,29]
Table 2-1 below illustrates some of the advantages and disadvantages of magnesium batteries as
opposed to zinc-carbon and Leclanché batteries.
During the Vietnam War, magnesium batteries replaced Leclanché batteries (zinc-carbon
batteries where the electrolyte was manually added to the system) [7] for long shelf life
applications. [13] The magnesium batteries could be stored under higher temperature conditions
and also had twice the storage capacity of the Leclanché systems. [30]
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Table 2-1: This table shows the advantages and disadvantages of magnesium batteries compared to zinccarbon and LeClanché systems. [Taken from Reference 29]

Magnesium alloys possess several characteristics that make them excellent candidates for anode
materials in seawater battery systems. These include rapid activation, high cell voltage, wide
voltage range, high power density capability, relatively low density, low electrode potential, and
long unactivated storage life. [31] Magnesium seawater activated batteries are a type of reserve
batteries used for applications such as sonobuoys, beacons, emergency equipment, balloon
batteries, and life jackets. [13,31]

Figure 2-9: An example of a magnesium water-activated battery [Taken from Reference 13]

In battery configurations, magnesium will act as the fuel electrode, providing electrons to the
system through oxidation. The magnesium will be a part of a galvanic couple, meaning that
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galvanic corrosion is the mechanism requiring further investigation. Galvanic corrosion of
magnesium is detailed in Chapter 2.2.1.1.
Voltage delay is one of the major issues with magnesium batteries shown in Table 2-1. Voltage
delay in magnesium batteries is a direct consequence of the passive film present on the metal
surface. The delay occurs while the protective film on the surface of a passive metal (in this case
magnesium) becomes disrupted by the flow of current, exposing the bare metal to the electrolyte.
This results in the delayed action in the battery’s ability to deliver full output voltage after being
placed under load. [29] Figure 2-10 shows how voltage delay in magnesium batteries affects the
battery’s potential immediately after activation.

Figure 2-10: Voltage profile of magnesium primary battery at 20˚C [Taken from Reference 29]

Once the discharge of the cell has stopped, the passive film reforms on the magnesium surface,
but not nearly to its original protective state. This makes both magnesium and aluminum
batteries poor candidates for applications requiring the intermittent use of power. [33]
Figure 2-11 below show two different constructions of magnesium batteries. The standard
cylindrical construction shown on the left is similar to the cylindrical zinc-carbon battery. In this
design, the magnesium anode is also the external casing of the battery with the cathode being
contained inside. The inside-out design utilizes a carbon cathode current collector that is also the
container that holds the cell together. [29]
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Figure 2-11: (Left) The cylindrical construction of a magnesium primary battery is shown. (Right) An
inside-out construction of a magnesium primary battery is shown. [Taken from Reference 29]

In all magnesium water-activated batteries – batteries where a liquid electrolyte is added at the
intended time of use – there are some other very important components besides just the anode
and cathode. Some of these components are briefly mentioned in Chapter 2.1.1.
Separators are nonconductive materials designed to prevent the short circuit of the cell by
physically separating the anode and cathode. [13] Woven fabrics or papers can be used as
separators in cells with liquid electrolytes. [34] Electrical connections, both between the different
cells internal to the battery as well as terminations, are important in battery design. Batteries
must be contained in a rigid encasement which has openings at each ends allowing for the entry
of the electrolyte and the emission of corrosion products. [13]
2.3. Battery Cathodes
The positive electrode of the electrochemical cell is where the reduction reaction takes place.
During the discharge of the cell, electrons flow from the anode to the cathode, meaning that
positive current flow from the cathode to the anode. [7] The cathode must be an effective
oxidizing agent, be stable when in contact with the electrolyte, and have a useful working
voltage. [7] The candidate cathode materials discussed in this are conductive polymers and
graphitic materials.
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2.3.1. Conductive Polymers
Conductive polymers are organic polymers capable of conducting electricity. [35] Their
electrical properties can be tailored for the desired application using organic synthesis methods
[36] and advanced dispersion techniques. [37] The high conductivity is acquired due to the
incorporation of dopants into the matrix of the initial polyconjugated polymers. [38] The two
types of conducting polymers discussed in detail in this chapter are the nitrogen-containing
polypyrrole and the sulfur-containing poly(3,4-ethylenedioxythiophene) (PEDOT).
2.3.1.1. PEDOT
Poly(3,4-ethylenedioxythiophene)

(PEDOT)

is

a

conductive

polymer

based

on

the

ethylenedioxythiophene (EDOT) monomer. Some of the attractive properties of PEDOT (in its
conducting state) include high stability, moderate band gap (1.6-1.7 eV), and thermal stability of
its electrical properties compared with other thiophenes. [6] It is insoluble in many common
solvents and unstable in its neutral state, as it oxidizes quickly in air. Excellent electrochemical
activity and electronic conductivity is attainable with this material. [39] The chemical structure
of PEDOT is shown in Figure 2-12.

Figure 2-12: The chemical structure of the EDOT monomer is shown. The PEDOT polymer consists of
long chains of EDOT monomers. PEDOT is a sulfur-containing conducting polymer where the sulfur
atom is in the aromatic cycle.

PEDOT has been examined as a potential electrode for lithium/lithium-ion rechargeable
batteries. It has been studied as part of a composite material for the anode of the battery as well
as for the cathode. [39,40] Nanocomposites of PEDOT with silver nanoparticles [41] and aligned
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carbon nanotube/PEDOT composites [39] have been examined as possible anode materials for
Li/Li-ion batteries. Composites of PEDOT with Poly[dithio-2,5-(1,3,4-thiadiazole)] (PDMcT)
[40] and lithium cobalt oxide (LiCoO2) [42] were evaluated as potential cathode materials.
In the study performed by Kiya, an organosulfur-composite cathode made with PDMcT and
PEDOT was tested to have an initial capacity of 205 mAh/g, which is very high, but this capacity
significantly decreased in subsequent charge/discharge tests due to dissolution of the reduction
products in the electrolyte. [40] The decrease in capacity after multiple cycles is unacceptable
for secondary batteries, but this problem is not of importance in reserve batteries, which are a
type of primary battery.
2.3.1.2. PEDOT:PSS
Because it is not easily produced, PEDOT is combined with a polyelectrolyte solution
(polystyrenesulfonate) to create a macromolecular salt called PEDOT:PSS. In this configuration,
PEDOT is in its oxidized state. [6] PEDOT:PSS has a much higher solubility than PEDOT by
itself. It also displays exceptionally high conductivity. [6] PSS has a much higher molecular
weight than PEDOT, and its role in the macromolecular salt is to act as a counter ion and keep
the PEDOT chain segments dispersed in an aqueous solution.
2.3.1.3. Polypyrrole
Polypyrrole is formed by the polymerization of the pyrrole monomer. Polypyrrole, like PEDOT,
is a conducting polymer. It has been used for various sensor applications including the sensing of
humidity, toxins, and even biomolecules. [43,44] It could also be used as a vehicle for drug
delivery, with the polymer matrix serving as a container for proteins. [45] The chemical structure
of polypyrrole is shown in Figure 2-13. Polypyrrole is part of the nitrogen-containing class of
conducting polymers, along with polyaniline.
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Figure 2-13: The chemical structure of the pyrrole monomer is shown. The polypyrrole polymer consists
of long chains of pyrrole monomers. Polypyrrole is a nitrogen-containing conducting polymer where the
nitrogen atom is in the aromatic cycle.

Polypyrrole has been examined as a potential cathode material for an environmentally
responsible battery. Kong et al developed a magnesium/PPy battery for a biomedical application.
[46] The battery used polypyrrole doped with a biological polyelectrolyte as the cathode and a
magnesium alloy (AZ61) as the anode. The electrolyte used in the tested was phosphate buffered
saline (PBS), an electrolyte commonly used to simulate internal body fluids. With an exhibited
energy density of ~790 Wh/kg, they concluded that this system could be used to power
implantable devices requiring low power densities such as pacemakers or biomonitoring systems.
[46]
2.3.1.4. Electrospinning
Electrospinning is a process by which polymer nanofibers can be produced using an
electrostatically driven jet of polymer solution. It can be used to assemble fibrous polymer mats
ranging in thickness from several microns down to fibers with diameters less than 100 nm. [47]
Electrospinning is used for applications in several scientific areas, such as biomedicine,
filtration, electronics, sensors, catalysts, and composites. [48] Some of the unique properties of
nanofibers are their extraordinarily high surface area per unit mass, very high porosity, tunable
pore size, tunable surface properties, layer thinness, high permeability, low basic weight, ability
to retain electrostatic charges, and cost effectiveness. [49] Electrospinning could be used to
synthesize high surface area cathode materials for battery applications.
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The setup for electrospinning consists of three major components: a high-voltage power supply,
a spinneret, and a collector (grounded conductor). A direct current (DC) power supply is
typically used although it is possible to use alternating current (AC) potentials. [49] A diagram
illustrating the electrospinning setup is shown below in Figure 2-14.

Figure 2-14: The electrospinning setup is shown. [Taken from Reference 49]

A high-voltage electrostatic field is used to charge the surface of a polymer-solution droplet,
which induces the ejection of a liquid jet through the spinneret. A charged jet of polymer
solution is ejected, which then solidifies into an electrically charged fiber through solvent
evaporation or cooling. [48,50]
The electric field is the most crucial parameter in electrospinning. It was observed through
experimentation that all regions are highly influenced by the applied and induced electric fields
which result in a considerable variation in the morphology of the nanofibers. [51] Recently,
researchers have identified the effect of the size of the fibers on the structural and mechanical
properties of the fibers. Fiber diameter is affected by the concentration of the polymer in the
solution, the type of solvent used, the conductivity of the solution, and the feeding rate of the
solution. The nature of the collector influences the morphological and physical characteristics of
the spun fibers. [52]
Electrospinning can also be used to create high surface area fibers for numerous applications. It
can be used to synthesize biocompatible thin films with a useful coating design and surface
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structure that can be deposited on implantable devices in order to facilitate the integration of
these devices in the body. [48] Electrospun mats can also be used in thermoelectrical and
piezoelectric materials. [53]
In terms of battery applications, electrospun nanofibers could be employed for various purposes.
Porous membranes of electrospun fibers are good matrices for holding polymer electrolytes and
might find immediate use in the fabrication of high-performance lithium batteries. [54]
Electrospun nanofiber membrane-containing polymer electrolytes show improved ionic
conductivity, electrochemical stability, and improved charge-discharge performance than those
prepared from conventional membranes. Batteries with non-woven electrospun separators have
increased cycle life. The nanofibers can also be used as working electrodes in lithium-ion
batteries, and high surface area carbon nanofibers can be utilized in supercapacitors. [55]
Nair et al have examined the fabrication of both polypyrrole and PEDOT nanofibers via
electrospinning and vapor phase polymerization. [43,56] In both cases, they electrospun
nanofibers of polystyrene along with a polymerizing catalyst. The fibrous mats were then
exposed to EDOT and pyrrole vapors at slightly elevated temperatures (~60˚C), and the vapors
would polymerize onto the surface of the fibers creating conductive nanofiber mats of
polypyrrole and PEDOT. The sheet conductivity of the PS-PPy were between 10-3 to 10-1 S/cm,
[43] while the PS-PEDOT showed sheet conductivity values of about 1 S/cm. [56]

Figure 2-15: SEM images of polystyrene nanofibers with EDOT vapor deposited at 70C for 6h [Taken
from Reference 56]
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Typical electrospinning apparatuses yield nonwoven mats of fibers, but many developments have
been made in trying to control the deposition of the electrospinning jet to form more ordered
patters. Modifications to the standard setup can also allow for atypical nanofiber morphologies
such as hollow or coaxial nanofibers. [57]
2.3.2. Graphite
Graphite is a common allotrope of carbon and is in fact the most stable form of carbon under
standard conditions. It is one of three forms of crystalline carbon; the others being diamond and
fullerenes. [58] Unlike diamond, graphite is electronically conductive. This is due to the
graphite’s crystalline structure, which allows for electron delocalization. The valence electrons
are free to move around and thus conduct electricity. It is primarily conducted within the plane of
the layers.
As shown in Figure 2-16 below, graphite is composed of a series of stacked layer planes. In the
layer plane, each carbon atom is covalently (σ) bonded to three other carbon atoms to form a
series of continuous hexagons. The covalent bond is short in length (0.141 nm) and high strength
(524 kJ/mol). The hybridized fourth valence electron is paired with another delocalized electron
in an adjacent layer plane by a much weaker van der Waals (π) bond (7 kJ/mol). [5]
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Figure 2-16: The crystal structure of graphite showing ABAB stacking sequence and the unit cell. The
diagram shows the spacing between electrons and layer planes. [Taken from Reference 5]

The stacking of the layer planes occurs in two slightly different ways: hexagonal and
rhombohedral. Each structure has different physical properties. Hexagonal stacking is far more
common and more stable than rhombohedral stacking. [5] These stacking sequences are
illustrated below in Figure 2-17. The hexagonal stacking sequence is also pictured above in
Figure 2-16.
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Figure 2-17: The left image shows the hexagonal stacking sequence of graphite layer planes. The image
on the right shows the less common and more unstable rhombohedral stacking sequence of graphite layer
planes. [Taken from Reference 5]

Electrically, graphite can be considered as a “semi-metal,” meaning that it acts as a conductor in
the basal plane and as an insulator normal to the basal plane. In some cases, the electrical
resistivity of the material can be 10,000 times higher in the c direction than in the ab directions.
[59] Graphite’s often quoted resistivity values are 3000

10-6 Ω∙m in the c direction and 2.5-5.0

10-6 Ω∙m in the ab directions. [5]
Due to the weak van der Waals interactions between graphite layers, graphite is very fragile upon
the application of mechanical stresses. This mechanical weakness is a reason why electronic
applications of graphite hadn’t been studied in great detail in the last few decades. [60] To avoid
problems associated with mechanical weakness, but also the high preparation temperature of
graphite, thin film formation of graphite on solid substrates at low temperatures is a viable
option. Thin film formation of graphite via chemical vapor deposition (CVD) has been studied
during the past few decades. [61]
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2.3.2.1. Graphite in Current Battery Technology
Graphite use in batteries has been increasing in the last few decades. Natural and synthetic
graphite are used to construct the anode of all major battery technologies. [62] This is due to its
conductivity (>100 S/cm), high mechanical strength, good chemical stability, low cost, and
availability. [63] These same characteristics, coupled with its high electrochemical potential,
make graphite a viable as a cathode material in batteries also.
The most common anode material in lithium-ion batteries is graphite. When the cell discharges,
the positive ion is extracted from the graphite anode and inserted into a lithium containing
cathode. During the charging process, the reverse reaction occurs.
2.3.3. Cathodes Used in Magnesium Reserve Systems
Magnesium is already being successfully used as a battery anode for reserve systems for various
specialty applications. Table 2-2 below shows some of the cathode materials already being used
in magnesium water-activated batteries and their characteristics. Some of the cathodes in the
table will be discussed in greater depth later in this section.
Table 2-2: The table below shows some of the properties of magnesium water-activated batteries with
different cathode materials. [Taken from Reference 13]
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The open circuit voltage of all of the magnesium reserve battery systems is very high (1.5-1.7 V)
with the exception of the lead chloride/magnesium cell. The low open circuit potential of the
magnesium (-1.7 V vs. SCE) allows for higher voltage batteries than any other metal.
2.3.3.1. Silver Chloride Cathodes
The magnesium/silver chloride reserve battery was first developed by Bell Telephone
Laboratories to power electric torpedoes. The overall redox reaction for the magnesium/silver
chloride battery is [13]:
Mg 2AgCl→MgCl2 2Ag
The silver chloride cathode is used in magnesium reserve systems for many kinds of underwater
applications such as sonobuoys, lifebuoys, life rafts, and detection devices [64] to go along with
torpedoes. Activation of these batteries requires less than a second to deliver the full desired
power output. [65]

Figure 2-18: Mg/AgCl batteries [Taken from Reference 13]

Silver chloride has the highest energy density per unit weight and volume. [13] Table 2-2
illustrates the superiority of AgCl cathodes over other cathode materials in these two areas. AgCl
is also highly reliable for many strategic applications, which is why it is used despite its high
cost. [65]
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2.3.3.2. Cuprous Chloride Cathodes
Magnesium/cuprous chloride systems are significantly less expensive than silver chloride
systems, but the performance of the battery suffers. [13] It is not physically or electronically
capable of powering electric torpedoes, but can be used as an inexpensive substitute for
magnesium/silver chloride systems for many other applications.
Besides decreased performance, another issue with using cuprous chloride cathodes in wateractivated magnesium reserve systems is the solubility of the copper ions. This solubility leads to
the corrosion of the magnesium anode as well as overheating. It is also an environmental hazard.
[66]
2.3.3.3. Manganese Dioxide Cathodes
Manganese dioxide (MnO2) is known as a non-toxic chemical [66] and has been studied for its
viability as a cathode material. [67] MnO2 is also inexpensive, practically insoluble, and
lightweight. [66] Figure 2-19 shows the discharge curves of 12 Mg/MnO2 cells connected in
series in different aqueous electrolytes.

Figure 2-19: The discharge curves of 12 Mg/MnO2 cells connected in series in various aqueous
electrolytes are shown. The discharge test was run at a constant current of 150 mA (10 mA/cm2). [Taken
from Reference 66]
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When compared to the Mg/CuCl water-activated battery, the Mg/MnO2 water-activated battery
gives a slightly lower voltage, but the voltage is more stable. The two systems have very similar
capacities as well. The main difference between the two systems is the environmental impact, as
the Mg/MnO2 battery does not contain any heavy metal salts. Vuorilehto concludes that the
Mg/MnO2 battery can be used for all of the same applications as the Mg/CuCl battery while
being an environmentally friendly alternative.
Another common electrolyte used for these batteries is aqueous magnesium perchlorate which is
poured into the cell at the time of use. The electrolyte is absorbed into the separators within a
few seconds at above freezing conditions but the absorption requires more time in colder
temperatures due to the electrolyte’s viscosity. [68]
2.3.4. Thin Film Electrodes
Thin films are intriguing for battery technology because of the customizability of the features
that can be obtained. It is well known that the structure and properties of thin films of a material
are usually quite different from the respective bulk material. [69] Thin films allow for the
tailoring of materials to a specific purpose with characteristics that may be unattainable using
bulk samples. There is a continuous effort to engineer surface properties to enhance the life of
components under harsh environmental conditions where temperature, corrosion, and wear are
concerns. [70]
Thin films are often used for coating applications. The three main industrial coating techniques
(besides painting and electroplating) can be broadly classified into three categories: physical
vapor deposition (PVD), chemical vapor deposition (CVD), and spray processes. The choice of
technique is determined by the applications for the coating, its desired properties, financial cost,
production rate, substrate limitations, and process consistency. [70] In battery technology, the
ability to create high surface area electrodes that facilitate large currents is of great importance.
Magnesium thin films are of particular interest because it has been shown that depositing
magnesium films can greatly improve resistance to localized forms of corrosion. Schlüter found
that resistance to localized attack was significantly enhanced in thin film specimens because the
films do not contain any precipitates. Precipitates present in bulk samples enhance localized
corrosion. [71]
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Chapter 3: Experimental Design and Methods
This study employed numerous techniques of fabricating, characterizing, and testing a variety of
candidate cathode materials for the reserve battery system. The two main candidates were
graphitic materials and conductive polymers. These materials, when coupled with a magnesium
anode, provide large cell voltages, are electronically conductive and are not hazardous to the
environment.
Some of the cathode materials were simply bought and then characterized and tested. Others
were fabricated using various synthesis techniques to try to tailor the material for the specific
application. The methods in which materials were constructed are explained in detail for each
material that was tested in this study. All candidate cathode materials were characterized using
optical microscopy and scanning electron microscopy to examine the surface of the materials.
The materials were then electrochemically tested using a Gamry Instruments Reference 3000
potentiostat, and the data from these tests were collected and analyzed using Gamry Instruments
software (Gamry Framework Version 6.10 and Gamry EChem Analyst Version 6.10).
3.1. Fabrication of Cathode Materials
In this thesis, conductive polymers, carbon materials, and combinations of both were synthesized
to be tested as cathode materials for a magnesium reserve battery. Various methods were used to
make the cathode samples and these methods are explained in detail in this section.
3.1.1. Conducting Polymers
Some of the simpler methods for generating conducting polymer electrodes were developed
through trial and error. The more complex methods, such as electrospinning and chemical vapor
deposition, were developed through a study of the literature. The key characteristics required of
the electrode materials were high conductivity and high surface area.
3.1.1.1. Direct Deposition onto a Substrate
Certain conducting polymers can be purchased in liquid form. One of the simplest methods of
creating a high surface area conducting polymer electrode is to directly deposit the liquid
conducting polymer onto an inert high surface area substrate. When the liquid polymer dries,
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what is left is a porous material that now has a coat of conducting polymer. The preferred
substrate that was used for this process was glass fiber paper, because it is highly porous as well
as very chemically inert. The only conducting polymer that was able to be purchased in its
already conductive and polymerized form was PEDOT:PSS.
3.1.1.2. Chemical Vapor Deposition
The vapor deposition of the polymers onto various paper substrates was done by first coating the
substrates in the polymerizing catalyst iron (III) chloride (FeCl3). Next, the monomer (EDOT or
pyrrole) was dropped into a petri dish in close proximity but not in physical contact with the
substrates. After several hours, the monomer would interact with the catalyst, causing it to
polymerize on the surface of the substrate in a vapor deposition. This process is shown and
explained in Figure 3-1.

Figure 3-1: A timeline of the chemical vapor deposition process of polypyrrole is shown. The catalystcoated paper substrates are placed in a petri dish and drops of the monomer pyrrole are dropped around
the samples. (Left) The samples are covered and placed in an oven (~65˚C) where vapors of the monomer
start to polymerize on the surface of the samples. This is evidenced in the darker color. (Middle) After
several hours, the monomer is completely polymerized on the surface of the samples. The samples are
now coated in the conducting polymer polypyrrole. (Right)

The vapor deposition was done both at room temperature and at slightly elevated temperatures
(65˚C). The higher temperature depositions sped up the reaction. The polymerization process for
both PEDOT and polypyrrole only took about three hours at 65˚C while it took anywhere from
12 hours to 24 hours at room temperature. Other substrates made from carbon or carbon-based
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materials were used as well. The deposition was done on charcoal air vents, woven graphite
cloth, and bamboo-based cloth.
3.1.1.3. Electrospinning
Fully assembled electrospinning setups can be purchased, but they are very expensive. They can
also be assembled fairly inexpensively which is what was done for this research study. The major
components in an electrospinning setup are shown below in Figure 3-2. Each of these
components had to be assembled to create a fully functioning electrospinning system.

Figure 3-2: The components of the electrospinning apparatus are shown. [Taken from Reference 72]

The spinneret was fabricated from a typical laboratory glass pipet. Because the opening at the
bottom of the pipet is far too large for the application of electrospinning, the pipet required
significant physical alteration. Figure 3-3 shows the process of elongating the pipet end using a
Meker-Fisher burner.
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Figure 3-3: The process for fabricating the spinneret used in the electrospinning setup is shown.

The end of the pipet is drawn out until it is very thin and then is removed from the heat so that
the glass solidifies again. The stretched out end is then cut very precisely so the remaining
product is a pipet with a much smaller opening. The process is more of an art than it is a science.
Figure 3-4 shows an optical micrograph of one of these engineering electrospinning spinnerets
that was made using this technique.

Figure 3-4: Optical micrograph of an engineered electrospinning spinneret made from a glass pipet

In the electrospinning setup, the spinneret is held directly above the collecting substrate. The
collector used in this electrospinning setup was aluminum foil which was grounded to the outside
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of a fume hood. The electrospinning process requires a very high voltage in order to force the
polymer solution out of the small opening at the bottom of the spinneret. The polymer solution
used was made by putting a mixture of polystyrene (M.W. 400,000) and iron (III) chloride into a
tetrahydrofuran (THF)-acetone-butanol solvent system. A stable high voltage power supply is
necessary to force this solution out of the spinneret. A 20 kV power supply from Gamma High
Voltage Research Inc. was used to supply the needed voltage. Figure 3-5 shows the
electrospinning setup during an actual run.

Figure 3-5: This image shows the electrospinning process in action. The electrospun product is deposited
on the glass slides below the spinneret.

The large potential difference between the grounded aluminum foil collector and the polymer
solution inside the spinneret force a jet of liquid through the opening at the bottom of the
spinneret. The liquid solidifies into fibers when exposed to the air and the fibers collect on the
glass slides sitting on top of the aluminum foil collector.
The thickness of the fibers is dependent upon the size of the opening of the spinneret, the
distance between the collector and the spinneret tip, the composition of the polymer solution, and
the applied potential. The diameter of the tip opening varied but all were only a few microns.
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The tip was held at around 6 inches from the collector and the applied potential was between 1012 kV depending on how the jet of liquid came out from the spinneret.
3.1.2. Graphite Materials
The goal of the project initially was to develop a polymer cathode, but as the research evolved, it
became clear that looking at graphitic materials would be necessary, at least to make a
comparison. Graphite is electrically conductive, inexpensive, versatile, and has a high open
circuit potential (which is necessary for a large potential difference between anode and cathode).
Another intriguing prospect of using graphite is that a huge variety of conductive carbon
materials with high surface area are already available, making it possible to start characterizing
and testing the material immediately.
3.1.2.1. Graphite Foil
Graphite foil is available in many different varieties for many different applications. It is used as
a sealing material in harsh environments due to its ability to withstand high temperature and
pressure. It is also chemically inert and will not react with chemicals and corrosives. Because foil
is smooth by nature, it has a relatively low surface area. However, it is electronically conductive,
flexible, and is more mechanically robust than many of the other candidate electrodes (papers
and fabrics). The foil was electrochemically tested as a candidate material, but its main purpose
was to serve as a substrate material for higher surface area graphite materials.

Figure 3-6: Graphite foil
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Figure 3-6 shows the graphite foil used in this research. The graphite foil is 0.5 mm thick and has
a purity of 99.8%. It was obtained from Alfa Aesar. From the image above, it can be seen that
the foil has a very smooth surface with a low surface area.
3.1.2.2. Woven Graphite Cloth
Another material that was able to be purchased and then characterized and tested with little to no
additional preparation was graphite fabric. Conductive woven cloths made from graphite fibers
already possess the desired characteristics of a battery cathode material. They are lightweight,
flexible, and conductive.

Figure 3-7: Two woven carbon fabrics are shown. The black fabric is Zorflex double weave graphite
cloth, and the silver fabric is ECO Fabric bamboo charcoal nanoparticle fabric.

Two different carbon cloths were purchased for examination in this study. Each is shown above
in Figure 3-7. The two different carbon fabrics that were used were Zorflex double weave
activated carbon cloth (ACC) and ECO Fabric bamboo charcoal nanoparticle fabric. These
fabrics are typically used for water and air purification as filters. The Zorflex ACC is
electronically conductive while the ECO Fabric is not.
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Zorflex activated carbon fiber cloth has an extremely large surface area, and the double weave
has an even higher surface area, which is why it was purchased as a candidate cathode material.
The product description states that the material has a surface area of 1000-2000 m2/g. It also
mentions that the cloth is not a stand-alone product due to its poor mechanical strength and
suggests supporting the cloth with a more durable material.
The ECO Fabric bamboo charcoal nanoparticle fabric is a much less expensive material than the
Zorflex activated carbon cloth. It consists of entirely “green” materials including bamboo stalks
from the mountains of Taiwan. While the material is porous, it does not display nearly the
surface area of the Zorflex material, and it also is not electronically conductive. It does display
excellent durability, and is used in this study as a substrate material for conductive graphite
paints and inks.
3.1.2.3. Carbon Paint
Conductive carbon paint was deposited directly onto various substrates using a paintbrush. The
carbon paint that was used was colloidal graphite paint from Ted Pella Inc. This paint is typically
used to make electrical connections.
The paint that was used possesses various desirable properties including its excellent coverage of
woven materials, its adhesion to various substrates, its ability to air dry, environmentally friendly
(no ozone-depleting chemicals), and its high electrical conductivity. Figure 3-8 shows the Ted
Pella colloidal graphite paint.
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Figure 3-8: Ted Pella colloidal graphite paint

Carbon paint was used for a variety of purposes in this study. It was deposited on various
substrates including ECO Fabric bamboo charcoal nanoparticle fabric, glass fiber paper, filter
paper, and graphite foil. It was also used as an adhesive to adhere the structurally weak Zorflex
activated carbon fiber cloth to the mechanically stronger graphite foil.
3.1.2.4. Carbon Ink
Conductive carbon ink was used to coat different substrates and then was tested as a cathode
material. To make the conductive ink, graphite powder, liquid tape, and toluene were mixed.
Using a recipe found online, three parts graphite powder, two parts liquid tape, and six parts
toluene are mixed to make the ink. This ink was then painted directly onto different substrate
materials and was then tested. Image 3-9 shows graphite ink being painted onto a glass fiber
paper substrate.
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Figure 3-9: Graphite ink is being painted onto a glass fiber paper substrate. Due to the porosity of the
substrates used, large amounts of ink were needed for the substrate to be fully coated.

The materials used as substrates for the graphite ink included glass fiber paper, filter paper, and
ECO Fabric bamboo charcoal nanoparticle fabric. The ink did not adhere well to the graphite foil
substrate.
3.1.2.5. Pressed Graphite Powders
Using powder metallurgy, high surface area samples were generated by pressing fine powders
into the desired shape. Powdered graphite was pressed this way to make high surface area
samples to test as electrodes. A press supplied over 26 tons of pressure to create the shapes
shown in Figure 3-10.
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Figure 3-10: This image shows the pressed powder graphite samples that were used for testing. Fine
graphite powder was pressed into this shape using over 26 tons of pressure.

The powder that was used was high purity graphite from Asbury Mills. Despite the high pressure
used to press the graphite powder together, graphite does not adhere to itself very well and the
samples were mechanically very weak. Using a wax binder to make a stronger product was
considered, but it would too greatly affect the electrical conductivity of the graphite.
3.1.3. Summary of Prepared Candidate Materials
In the two classes (conducting polymers, graphite materials) of materials tested as potential
cathode materials for the magnesium reserve battery, many different materials and synthesis
techniques were utilized. Section 3.1 of this chapter discusses each material individually, but
many combinations of materials and techniques were also utilized in order to maximize the
desirable characteristics of the materials. A list of all materials that were prepared for
characterization and electrochemical testing is included in this summary. Table 3-1 is a list of all
conducting polymers and Table 3-2 is a list of all graphite materials.
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Table 3-1: List of all conducting polymer materials prepared for characterization and electrochemical
testing

Table 3-2: List of all graphite materials prepared for characterization and electrochemical testing

3.2. Characterization
Different characterization tests were used to determine some of the properties of the cathode
materials. Optical microscopy and scanning electron microscopy were used to get an up-close
look at the texture of the materials to get an idea of the surface area. Although the materials used
for the cathode need to be conductive, the samples were carbon coated prior to examination in
the SEM to ensure conductivity and to limit charging effects. The microscope that was used was
the Philips XL30 Environmental Scanning Electron Microscope (ESEM). This instrument allows
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for a wide range of magnifications enabling the observation of micron-sized features in the
woven papers and cloths to nano-scale features of the fibers produced in electrospinning.

Figure 3-11: Philips XL 30 Environmental Scanning Electron Microscope

All of the images taken using the SEM were obtained with relatively low electron beam energy
(between 2 and 5 keV). Higher magnification and higher resolution are possible at higher beam
energies, but these high energies can also damage the samples.
3.3. Conductivity Testing
A key characteristic of battery electrodes is electrical conductivity. The electrode must be able to
allow for the flow of electrons through the circuit. Low electrode conductivity will provide
circuit resistance that lowers the available energy that the battery can provide. The energy that is
supposed to go to the external circuit will instead be dissipated in the electrode itself.
To quickly test the electrical conductivity of the samples, a continuity test was run using a digital
multimeter. This test is typically run to make sure two circuit elements are electrically connected,
but in this instance it was used to make sure the cathode samples were electronically conductive.
The multimeter will beep loudly if its leads are connected electronically (as they would be if both
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were connected to a conductive material) and it will remain silent if the leads are not connected
electronically.
3.4. Electrochemical Testing
Electrochemical tests were performed on the different cathode materials to determine their
electrochemical properties. The purpose of this was to determine comparisons to known values
of other cathode materials and batteries that are currently being used. All electrochemical tests
were conducted using the Gamry Reference 3000 Potentiostat/Galvanostat/ZRA with data being
collected by Gamry Framework data acquisition software (Version 6.10). The data was then
analyzed using Gamry EChem Analyst software (Version 6.10). Figure 3-12 below shows two
different test setups utilized during the electrochemical experiments in this study.

Figure 3-12: Two different test setups were used depending on the materials being tested. On the left, the
beaker-cell setup is shown. The image on the right shows a flat cell setup. In the flat cell, the anode and
cathode are 7 cm apart. In the beaker cell test setup, an attempt was made to hold the electrodes 7 cm
apart as well.

The beaker-cell setup is used to test materials that are either too large or too small to fit in the flat
cell. Using the flat cells is greatly preferred because of the importance of anode-cathode area
ratios. The flat cell provides equal “apparent area” for each electrode. Also, the flat cell will have
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the same distance between electrodes every time. While attempts were made to hold the
electrodes the same distance apart in the beaker cell, this distance could not be guaranteed as it is
in the flat cell setup.
3.4.1. Sample Preparation
Section 3.1 provided information about the fabrication of various cathode materials. However,
the preparation of samples (both anode and cathode) for electrochemical testing required for
additional provisions to be made.
In this thesis, all electrochemical tests were done using a bulk magnesium AZ91 alloy as the
anode material. Comparing cathode materials required for the magnesium alloy samples to be the
same for each experiment. The procedure for preparing the anode samples included a wet
sanding process to create a smooth polished surface that was the same each time. Figure 3-13
shows the wet sanding procedure.

Figure 3-13: To prepare the magnesium alloy samples used as the anode material during electrochemical
tests, a wet sanding process was used to ensure that the anode material would be consistent throughout all
experiments.

Once sanded, the magnesium alloy sample was thoroughly rinsed to dispose of any excess
particles leftover from the sanding process. When the sample was completely dry, electrical
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connections were made to the sample using 3M copper electrical tape. Figure 3-14 shows a
magnesium anode sample with a copper tape electrical connection.

Figure 3-14: A magnesium alloy AZ91 anode sample with an electrical connection made from copper
tape is shown. While it would have been possible to connect the potentiostat leads directly to the
magnesium itself, the copper tape makes the connection much easier.

Cathode materials also required electrical connections to be made. The connections were also
made using the copper electrical tape. In many cases, the porosity of the cathode materials also
meant that provisions needed to be made to prevent the leaking of the electrolyte inside of the
flat cell. Figure 3-15 shows how this problem was combatted using a simple masking process.
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Figure 3-15: A masked Zorflex fabric electrode is shown. The masking tape (3M electroplater’s tape)
prevented leaking of the electrolyte out of the cell. Again copper tape was used to make the electrical
connection.

The 3M electroplater’s tape pressed up against the O-ring of the flat cell sealing the porous
cathode materials and preventing any solution from leaking out of the cell. This masking
technique was used for the Zorflex fabric and all of the samples that used a fabric or a paper as
the substrate material.
3.4.2. Solution Preparation
A few different electrolyte solutions were used in this study. Each was prepared in the laboratory
by mixing solid chemical ingredients into solution. The consistency in electrolyte preparation is
extremely important because of how much a subtle change in pH or solution resistance can
impact the response of an electrochemical system.
The electrolytes that were used were saturated sodium chloride and artificial seawater. Artificial
seawater was chosen because many magnesium reserve batteries are “seawater-activated”
batteries, and saltwater is an electrolyte that can be found in nature so that the battery’s user may
not need to carry around a liquid electrolyte to add to the system. The choice to test with
saturated sodium chloride stemmed from the research of Penn State undergraduate student Jon
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Steiner, who tested many different electrolytes for this project and determined saturated sodium
chloride to be the best candidate. [73] The solutions were carefully mixed with deionized water,
and then tested for their pH.

Figure 3-16: The setup for testing the solution pH of the tested electrolytes is shown.

The pH values for the as-mixed artificial seawater ranged from around 7.9-8.4, which is right
about where they should have been. The pH of sodium chloride should be exactly 7.0 because
the ions will not increase or decrease H+ or OH- concentration. The measured values for pH of
these solutions were about 6.5-7.0.
3.4.3. Half-Cell Tests
When performing electrochemical tests in the half-cell format, only one of the electrodes (the
working electrode) is being examined with respect to the counter electrode, the reference
electrode, and the electrolyte. This is the standard setup for almost all corrosion experiments.
Figure 3-17 shows how the leads are connected in this setup.
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Figure 3-17: The half-cell setup is shown. The counter (red) and counter sense (orange) leads are
connected to the counter electrode. The working (green) and working sense (blue) leads are connected to
the working electrode. The reference (white) lead is connected to the reference electrode.

The simplest electrochemical test is the open circuit potential. In this experiment, the potential
difference between the working electrode (in this case the cathode material) and a reference
electrode in measured. The reference electrode used in all experiments was the saturated calomel
electrode.
This configuration was used for potentiostatic electrochemical impedance spectroscopy (EIS)
experiments to determine the solution resistances of saturated sodium chloride and artificial
seawater.
3.4.4. Full-Cell Tests
The Gamry Reference 3000 potentiostat allows for the ability to conduct full cell experiments,
meaning an anode and cathode can be hooked up together and tested as a cell. The setup for full
cell experiments is shown in Figure 3-18.

50

Figure 3-18: The full cell test setup is shown. In the full cell setup, the lead connections are different
from the half-cell setup. The working and working sense leads are connected to the cathode, the counter
and reference leads are connected to the anode, and the ground and counter sense leads (not pictured) are
connected to each other.

In this setup, the working and working sense leads are connected to the positive electrode
(candidate cathode material) of the cell while the counter and reference leads are connected to
the negative electrode (magnesium anode material) of the cell. This is reasonable because the
potential difference is measured between the positive and negative electrodes of the cell rather
than with respect to an arbitrary reference. The counter sense lead and ground lead are also
connected to each other to ground the cell.
3.4.4.1. Read Voltage
The most simple full cell test is the read voltage experiment, which measures the potential
difference between the anode and cathode in whatever electrolyte is present. To test the various
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cathode materials, read voltage tests were run using the magnesium alloy AZ91 as the anode and
changing the cathode material. Each cathode material was tested as a part of a single cell test, as
well as in setups where multiple cells were connected in series or in parallel to create a battery.
The read voltage test is relatively nondestructive and was run for long periods of time to
determine the voltage of the cell. The read voltage test was also run before every discharge test
(although typically not for nearly as long) to ensure that the cell voltage was stable before
forcing a current through the system.
3.4.4.2. Constant Current Discharge
The Reference 3000 potentiostat also allows for the ability to discharge the cell in a fashion
similar to using a battery. The discharge test forces a current through the cell and measures the
voltage response of the cell. Over time as the anode material is corroded, the voltage of the cell
will drop, hence the term discharge. Figure 3-19 shows constant current discharge curves for a
Duracell AA alkaline battery. The commercially available battery from Duracell is capable of
maintaining a high voltage that is stable for relatively long periods of time.
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Figure 3-19: The constant current discharge curves for a Duracell AA alkaline battery are shown. The
time axis is on a log scale. The battery displays a very stable voltage for pretty long periods of time. This
is an example of the discharge tests that are run in this study.

The first round of discharge testing was a control test using bulk magnesium AZ91 as the anode
and bulk graphite as the cathode. The bulk graphite is the standard to which subsequent cathode
materials are compared. The discharge tests are run first at low currents and the current is then
increased in later tests until the cell shows it can no longer handle any more current without its
potential immediately dropping below usable values. If the potential dropped below 0.8 V during
the discharge experiment, discharge experiments were not continued at higher currents because a
cell providing a voltage this low is unsuitable for battery applications. Figure 3-20 shows the
parameters that were entered for one of the discharge experiments.
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Figure 3-20: The parameters of a constant current discharge experiment of a Zorflex/AZ91/artificial
seawater cell are shown. All discharge tests were run for three hours in the constant current discharge
mode. This particular experiment was run at 100 μA.

The actual cells that were tested varied due to the different cathodes and electrolytes that were
used, but the only parameter on the screen shown in Figure 3-20 that changed was the discharge
current. All discharge experiments were run for three hours in the constant current discharge
mode. Also, the cell type was full cell meaning the cell was set up in the configuration shown in
Figure 3-18. The working connection was selected as positive because the cathode of the cell
was connected to the working and working sense cell leads. In the experiment shown above, the
Zorflex/AZ91/artificial seawater cell is tested at a constant current of 100 μA.
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Chapter 4: Results and Discussion
4.1. Characterization
Many candidate materials were examined in the course of this study. Optical and scanning
electron microscopy helped to determine the relative porosity and surface area of the candidate
cathodes. In this section, micrographs of the cathode materials are shown.
4.1.1. Surface Morphology
The most important reason for examining the surface of the candidate cathode materials under
the microscope is to observe the surface area. It becomes possible to see highly magnified views
of the surface and thus make determinations about the relative surface areas of the materials
being viewed. The images in this section were taken using a Philips XL 30 Environmental
Scanning Electron Microscope. For each material, images were taken at low magnification to
illustrate the overall structure of the material. Then, higher magnification images were taken to
show the microstructure of the surface of the material.
4.1.1.1. Conducting Polymers
The conducting polymers PEDOT and polypyrrole were deposited via a few different methods as
was discussed in Section 3.1.1. None of these conducting polymers were stand-alone materials
and each had to be deposited onto a substrate material.
The most complex method for fabricating a conducting polymer cathode was the combination of
creating a high surface area mat of polystyrene via electrospinning and then depositing the
conducting polymer (PEDOT or polystyrene) via chemical vapor deposition on top of the
polystyrene mat. This method was the most difficult and time consuming. Figure 4-1 shows
scanning electron micrographs of the product of these processes.
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Figure 4-1: The scanning electron micrographs of electrospun PEDOT shows that the liquid jet of
polymer from the electrospinning procedure actually produced small globs of material rather than a mat
of fibers.

Rather than the expected mats of nanofibers (Figure 2-15), the product of the electrospinning
process was small globs of fibers. Many different factors could have contributed to the
unexpected product, but it was most likely due to the tip geometry of the spinneret. It is likely
that the images above represent the result of an “electrospraying” rather than electrospinning.
Because of the nature of the application, all that was really desired from the process was a high
surface area conducting polymer, which was still achieved. The major issue was that only very
small amounts of conducting polymers could be generated through these methods. Not nearly
enough electrospun product was produced to even make an attempt at electrochemical testing.
With more sophisticated electrospinning equipment, this process can be made much easier and is
less time consuming.
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Conducting polymers were also deposited onto filter paper substrates, with the idea being to coat
an already high surface area material with the conducting polymer to create a high surface area
electrode. Figure 4-2 shows the scanning electron micrographs of a filter paper substrate after the
deposition of the conducting polymer polypyrrole.

Figure 4-2: The scanning electron micrographs of polypyrrole electrodes are shown. The polypyrrole was
deposited onto filter paper substrates via a chemical vapor deposition. The top left image is at low
magnification showing the woven fibers of the filter paper, while the other three micrographs show the
surface of individual fibers.

The tangled fibers of the paper make for a very high surface area. The average width of the paper
fibers is about 15 to 20 μm. While the surface area is definitely not as high as it would be for a
mat of electrospun fibers, it is still a very high surface area electrode with a much easier
fabrication process.
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4.1.1.2. Graphite Materials
Unlike the conducting polymers which all needed to be deposited onto a substrate of a different
material, many of the graphite materials that were tested could stand alone as an electrode.
Figure 4-3 shows the scanning electron micrographs of Zorflex double weave graphite fiber
cloth.

Figure 4-3: Scanning electron micrographs of Zorflex double weave graphite cloth show the material's
very high surface area. The structure of the fabric can be seen in the two lower magnification images on
top. The images on the bottom were taken at higher magnification and indicate that the individual
graphite fibers are about 10 μm thick.

These SEM images provide a nice representation of the structure of the cloth’s weave and the
actual surface area of the material. The low magnification images show how the fibers fit
together to make up the cloth while the higher magnification images give an idea of how thick
the individual fibers are. Because the cloth is double woven, the material has a higher density of
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fibers which increases the surface area of the material while also providing some better strength.
The fibers in this material are about 10 μm thick.
Graphite electrodes were also made using a powder metallurgy process. Fine graphite powder,
which is actually often used to lubricate the presses, was subjected to very large amounts of
pressure which forced the powder into a solid shape. This procedure is explained in the Section
3.1.2.5 of the Experimental Chapter. Figure 4-4 shows the scanning electron micrographs of the
surface of the pressed powder graphite samples.

Figure 4-4: The scanning electron micrographs of pressed powder graphite samples are shown. There
seem to be some surface artifacts on the material surface. In the 5000x image, it is possible to see the
surface structure of the material.

There seem to be artifacts on the surface of the material, although it is uncertain what these
artifacts could be. The highest magnification image provides the best idea of how the surface of
the material actually looks. The flat scale-like surface structure definitely looks like graphite.
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However, the images do not seem to show that the material has a very high surface area as was
expected using the powder metallurgy process.
Many of the graphite materials tested could not stand alone as an electrode material and were
deposited onto carbon-based substrate materials. The substrates were chosen for their high
surface area and the thought that the organic carbon-based substrates would not interact with and
change the properties of the conductive graphite that would then be deposited on the surface.
Figure 4-5 shows scanning electron micrographs of a charcoal air vent. The charcoal air vent is
purposefully designed to have high porosity and a high surface area.

Figure 4-5: Scanning electron micrographs of a charcoal air vent material that was used as a substrate
material for many depositions. The top left image shows the porous structure of the air vent at low
magnification. The other two images show the textured surface of the fibers that make up that porous
structure.
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The SEM images of charcoal air vent show that the fibers of the air vent vary in thickness, but
have a textured surface which increases the surface area. The drawback to the charcoal air vent is
the low density of fibers. When compared to the SEM images of some of the other substrates, the
charcoal air vent has only a fraction of the number of fibers, which greatly decreases the surface
area of the material.
Figure 4-6 shows the scanning electron micrographs of ECO Fabric bamboo carbon nanoparticle
cloth. This carbon-based cloth is very mechanically stable and the SEM images show that the
woven fibers provide a nice amount of surface area for the deposition of conductive graphite.

Figure 4-6: Scanning electron micrographs of ECO Fabric bamboo carbon nanoparticle cloth which was
used as a substrate material for many different cathodes. The two images on top show the structure of the
woven fabric. The bottom image shows individual threads at higher magnification. The threads of the
EC fabric are about 15 μm thick.
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The images of the ECO Fabric indicate the individual fibers of the material have a thickness of
about 15 μm. The amount of fibers in the cloth is also significantly more than that of the charcoal
air vent meaning the ECO Fabric cloth has a higher surface area.
4.2. Electrochemical Testing
The viability of each candidate cathode material ultimately depended on its performance while
connected as the positive electrode in an electrochemical cell. The tests used for determining
each material’s potential as a cathode were the open circuit potential of the cathode material, the
read voltage potential of the full cell with a magnesium alloy AZ91 anode connected to each
cathode material, and the constant current discharge of the full cell. These experiments are
explained in detail in Section 3.4. The results of these tests are presented here.
4.2.1. Read Voltage Experiments
Each cathode was connected in the full cell arrangement with magnesium alloy AZ91 as the
anode. Both saturated sodium chloride and artificial seawater were used as electrolytes. For each
experiment, two replicate runs of the test were completed. The read voltage test provides the
potential difference between anode and cathode in an electrolyte solution. This potential is the
driving force that eventually creates electrical power in a battery.
This section of the thesis contains a summary of all of the read voltage experiments that were
run, but does not show every single experiment. The complete collection of read voltage data can
be found in Appendix B.
Figure 4-7 shows a single run of a 12 hour read voltage test for each cell that was tested with the
saturated sodium chloride electrolyte. Each test was run at ambient lab temperature with the
potentiostat taking a new data point every five seconds.
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Figure 4-7: The graphs above represent the read voltage curves for each candidate cathode material when
that material is in a cell with a bulk magnesium AZ91 anode and saturated sodium chloride electrolyte.
All experiments were run at ambient lab temperature.

Each of the candidate materials with the exception of PEDOT:PSS provides a cell voltage greater
than the control material of bulk graphite. The two highest cell voltages were observed in cells
with conducting polymer cathodes. The PEDOT and polypyrrole cells both provided cell
voltages higher than 1.8 V. The graphite materials – Zorflex, graphite foil, and pressed powder
graphite – each display stable cell voltages between 1.7 and 1.8 V. The control cell that used
bulk graphite as the cathode material had a cell voltage between 1.65 and 1.7 V.
Figure 4-8 depicts the exact same experiment as Figure 4-7 with one major difference. The
electrolyte used for the read voltage tests in Figure 4-8 was artificial seawater rather than
saturated sodium chloride. Once again, all experiments were run at ambient lab temperature with
the potentiostat taking a new data point every five seconds for the duration of the 12 hour
experiments.
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Figure 4-8: The graphs above represent the read voltage curves for each candidate cathode material when
that material is in a cell with a bulk AZ91 anode and artificial seawater electrolyte. All experiments were
run at ambient lab temperature.

Once again, the cells with conducting polymer cathodes made of PEDOT and polypyrrole had
the highest cell voltage. Both maintained a stable cell voltage above 1.8 V for the entire length of
the experiment. PEDOT:PSS again exhibits by far the lowest potential of the candidate materials
with cell voltages between 0.9 and 1.1 V.
In the artificial seawater electrolyte, the cells with graphite cathodes tended to display slightly
lower cell voltages than they did in saturated sodium chloride. Cells with Zorflex, graphite foil,
and pressed powder graphite cathodes all had higher cell voltages than the bulk graphite plate
used as the control material. The graphite paint cathode had a slightly lower cell voltage than the
control, but all of the graphite materials still had a voltage between 1.6 and 1.75 V.
The results of all of the read voltage experiments are summarized even more succinctly in Table
4-1. The table gives the range of cell voltages for each cathode material in both saturated sodium
chloride and artificial seawater electrolytes.
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Table 4-1: This table summarizes all of the read voltage experiments by showing the range of cell
voltages for each cell that was tested. All tests were run with a magnesium AZ91 anode at ambient lab
temperature. The table shows the range of cell voltages for cells containing each cathode material in both
saturated sodium chloride and artificial seawater electrolytes.

At the conclusion of the read voltage experiments, it seemed as though all of the candidate
materials except PEDOT:PSS would be viable options for the cathode of the magnesium reserve
battery. The conducting polymers polypyrrole and PEDOT were especially promising
considering the observed cell voltages between 1.8 and 2.0 V when coupled with the magnesium
AZ91 anode in either electrolyte.
4.2.2. Constant Current Discharge Tests
The running time for the constant current discharge tests varied based on the materials being
tested and the current flowing through the cell. Because the anode material is a bulk magnesium
alloy, it was not possible to run the discharge tests where the anode could completely dissolve.
Magnesium thin film anodes are currently being synthesized and evaluated in conjunction with
this research but the two electrodes were not able to be tested together. This prevents the ability
to determine the battery’s capacity using the discharge test.

ow the corrosion of the thin film

magnesium anode will occur also cannot be determined from these tests. It may in fact be
considerably different than how the bulk material corrodes during the discharge experiments.
Figure 4-9 shows an area of a bulk AZ91 anode after a constant current discharge test.
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Figure 4-9: The exposed area of the bulk AZ91 anode experiences significant pitting attack during the
constant current discharge experiments. Longer tests and higher currents lead to deeper pits on the surface
of the metal.

The above image shows the pitting attack that the anode experiences during the experiment. This
was to be expected as galvanic corrosion of magnesium generally results in pitting. Higher
currents and longer tests produced deeper and more prevalent pits on the surface of the
magnesium alloy. It will be interesting to see in the future how the degradation of the structured
thin film magnesium anodes will occur.
Each curve represents a single run at a certain current. Two replicate runs were completed at
each current, but only one run is shown in the figures in this section. All of the data for both runs
of all experiments are accessible in Appendix C.
4.2.2.1. Control Tests
All candidate materials are compared to the control test series with bulk graphite being used as
the cathode material. The data from these tests is presented in this section. In Figure 4-10, a
series of constant current discharge tests for a bulk graphite/AZ91/saturated NaCl cell are shown.
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Figure 4-10: The first constant current discharge tests that were run were the control tests. The cathode
material in the control was once again bulk graphite. The anode was bulk AZ91 and the electrolyte was
saturated sodium chloride. All tests were run at ambient lab temperature in a flat cell with a distance of 7
cm between electrodes. Tests were run from 50 μA to 1000 μA.

At currents up to 600 μA, the cell displayed a stable and usable voltage of at least 1.1 V. The
figure also clearly illustrates how increasing the current through the cell effectively lowers the
cell voltage. At currents higher than 600 μA, the potential of the cell becomes far too low to be
effective as a battery.
Figure 4-11 shows the constant current discharge curves for a bulk graphite/AZ91/ASW cell.
The first current tested was 50 μA and subsequent tests were run at increased currents until the
cell could no longer maintain a usable cell voltage.
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Figure 4-11: This graph shows the series of constant current discharge tests with the cell containing the
bulk graphite plate control material as its cathode. The anode was bulk magnesium AZ91 and the
electrolyte was artificial seawater. All tests were run at ambient lab temperature in a flat cell with a
distance of 7 cm between electrodes.

It is quite clear when comparing Figure 4-10 and Figure 4-11 that the cells with saturated sodium
chloride as the electrolyte were able to facilitate greater amounts of current flow than cells with
artificial seawater electrolyte. At currents as low as 300 μA, the voltage of the bulk
graphite/AZ91/ASW cell dropped almost immediately to around 0.7 V. The same cell with
saturated sodium chloride as the electrolyte could maintain a potential of over 1.1 V at currents
twice as high.
This observation stresses the importance of the solution resistance in the electrolyte solutions.
While artificial seawater is highly conductive, it does not contain nearly as many ions in solution
as a saturated sodium chloride solution. It is also important to point out that all of the discharge
experiments were run in a flat cell where the anode and cathode were separated by a distance of
about 7 cm. The actual battery design will not have nearly as much distance between electrodes
which will lower the resistance of the solution.
68

4.2.2.2. Conducting Polymers
With the exception of the electrospun conducting polymer samples, all of the conducting
polymers were deposited onto filter paper substrates. Because of this all electrochemical tests
involving conducting polymers had to be run in an open beaker cell setup (see Figure 3-12). In
this setup, the exposed areas of the electrodes are not equivalent like they are in the flat cell
setup. This is not a problem for read voltage experiments, but it greatly affects the discharge
experiments because now current is involved and the flow of electrons depends greatly on the
surface area of the electrodes.
Many different strategies were employed in order to try to obtain discharge data from the
conducting polymer electrodes, but none of these strategies yielded any viable data. As soon as
current began flowing at the onset of the experiment, the output voltage of the cell immediately
dropped from the high cell voltages found during the read voltage tests to very low voltages
incapable of producing any power if used as a battery.
4.2.2.3. Graphite Materials
The constant current discharge experiments involving cells with graphite cathodes varied
substantially based on a few different factors. In this section, the data from discharge
experiments involving each graphite cathode material is presented. At the end of the section, the
data is summarized and the materials are compared against one another and against the control
experiments.
Figure 4-12 shows a series of discharge curves for a cell consisting of a Zorflex double weave
graphite fabric cathode, bulk magnesium AZ91 anode, and saturated sodium chloride electrolyte.
The discharge tests were run for three hours at ambient lab temperature. The current was
increased gradually from an initial value of 100 μA until the cell could no longer maintain a
voltage above 1.0 V at the end of the three hour test.
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Figure 4-12: The constant current discharge graphs of a cell with a Zorflex cathode, AZ91 anode, and
saturated NaCl electrolyte are shown. All tests were run at ambient lab temperature in the flat cell with a
distance of 7 cm between anode and cathode. The Zorflex cathode performed significantly better than the
bulk graphite used in the control series of experiments as the cell was able to withstand currents in the
milliamp range.

The high surface area Zorflex is able to facilitate significantly larger currents than the bulk
graphite material used in the control experiments. While the bulk graphite/AZ91/saturated NaCl
cell only had a cell voltage of about 0.9 V at 800 μA, the Zorflex cell did not drop below a cell
voltage of 1.0 V until the very end of the three hour test at a constant current of 4000 μA.
Figure 4-13 shows a series of constant current discharge tests for a Zorflex/AZ91/ASW cell.
After observing the difference between the discharge curves in Figures 4-10 and 4-11 where the
difference in solution greatly affected the cell voltage of the control cells, the expectation was
that a similar drop in performance would be seen in cells with the Zorflex cathode material.
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Figure 4-13: The constant current discharge graphs of a cell with a Zorflex cathode, bulk magnesium
AZ91 anode, and artificial seawater electrolyte are shown. All tests were run at ambient lab temperature
in the flat cell with a distance of 7 cm between anode and cathode. The Zorflex cathode performs
significantly better with the artificial seawater electrolyte than the bulk graphite did in the control series
of experiments.

This expectation proved to be true as the Zorflex/AZ91/ASW cell did not perform quite as well
as the Zorflex/AZ91/saturated NaCl cell. However, the drop-off in performance was not nearly
as pronounced as it was in the case of the control experiments (Figures 4-10 and 4-11). The cell
was still able to maintain voltages around 1.3 V at currents up to 1500 μA.
Figure 4-14 shows the constant current discharge curves for a graphite foil/AZ91/saturated NaCl
cell. Like the bulk graphite plate that was tested as the control material, graphite foil is a very
smooth material with a low surface area.
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Figure 4-14: The constant current discharge curves of the graphite foil/AZ91/saturated NaCl cell are
shown. All tests were run at ambient lab temperature in the flat cell with a distance of 7 cm between
anode and cathode. The low surface area of the cathode prevents the cell from maintaining a high voltage
even at currents as low as 200 μA.

The low surface area graphite foil was not expected to be able facilitate very high currents
through the cell, and that expectation was confirmed during the experiment. At 200 μA, the cell
voltage immediately dropped to around 0.8 V.
Figure 4-15 shows the constant current discharge curves of the graphite foil/AZ91/artificial
seawater cell.
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Figure 4-15: The constant current discharge curves of the graphite foil/AZ91/ASW cell are shown. All
tests were run at ambient lab temperature in the flat cell with a distance of 7 cm between anode and
cathode. The low surface area of the cathode prevents the cell from maintaining a high voltage even at
currents as low as 200 μA.

This cell performed just as poorly as the graphite foil/AZ91/saturated NaCl cell. The graphite
foil simply does not provide the necessary surface area to act as an effective electrode material in
a battery. A higher surface area cathode is essential for the battery to function effectively.
Figure 4-16 shows the discharge curves of a cell with a much higher surface area cathode
material. The cathode in this cell was made from graphite powder which was pressed into a solid
shape using powder metallurgy techniques. The process for fabricating these electrodes is
explained in Section 3.1.2.5. The anode material was once again bulk magnesium AZ91 and the
electrolyte was saturated sodium chloride.
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Figure 4-16: The discharge curves of a cell with a cathode made from graphite powder that has been
pressed into a solid electrode. The anode is bulk AZ91 and the electrolyte is saturated sodium chloride.
All tests were run at ambient lab temperature in the flat cell with a distance of 7 cm between anode and
cathode.

This cell was capable of maintaining a stable voltage of over 1.3 V at currents up to 3000 μA. In
the 4000 μA constant current discharge test, the cell had a stable voltage of about 1.3 V for about
two hours before the potential finally began decreasing.
Figure 4-17 shows the series of discharge curves for the pressed powder graphite/AZ91/artificial
seawater cell.
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Figure 4-17: The discharge curves of a cell with a cathode made from graphite powder that has been
pressed into a solid electrode. The anode is bulk AZ91 and the electrolyte is artificial seawater. All tests
were run at ambient lab temperature in the flat cell with a distance of 7 cm between anode and cathode.

As with the other cells that were tested, the change in electrolyte made a difference in the voltage
response of the cell during the constant current discharge tests. When compared to the cells with
saturated sodium chloride electrolyte, the cells with artificial seawater electrolyte had an
operating voltage about 200 mV lower for each current interval.
4.2.2.4. Summary of Constant Current Discharge Experiments
The constant current discharge test is the most effective way of observing how the cell voltage of
an electrochemical cell will hold up as it is exposed to the types of current that would be needed
to operate a battery. The cell’s ability to maintain a stable working voltage at increasingly higher
currents shows whether or not a given combination of materials will be successful.
Comparing the cell voltage of cells containing each different cathode material at the same current
value will illustrate how well each cell performs at a given current. The graph in Figure 4-18
shows the discharge curves of each cathode material at a constant current of 100 μA.
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Figure 4-18: This graph is a comparison of each of the cells that were tested with a constant current of
100 μA.

At the low current of 100 μA, the cell should not discharge very much at all. The cell voltage
should remain near its initial open circuit value (from the read voltage experiments) for the
duration of the experiment. In Figure 4-18, three cells stand out – the Zorflex/AZ91/saturated
NaCl cell, the Zorflex/AZ91/artificial seawater cell, and the P/M graphite/AZ91/saturated
sodium chloride cell – by maintaining a stable cell voltage above 1.6 V for the entire three
discharge test.
As was previously mentioned, the cells with graphite foil cathodes do a poor job holding a high
voltage. The two control cells with bulk graphite as their cathode material maintain a stable
voltage although it is much lower (about 1.4 V in saturated NaCl and 1.25 V in artificial
seawater)

than

the

three

cells

mentioned

in

the

previous

paragraph.

The

P/M

graphite/AZ91/artificial seawater cell is also very stable although its cell voltage of 1.4 V is
about 200 mV lower than the same cell in saturated sodium chloride electrolyte.
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Figure 4-19 compares the discharge curves of the different cells at a slightly higher constant
current of 200 μA. This is still a relatively low current, so the cells should still have been able to
maintain high and stable voltages for the entire test.

Figure 4-19: This graph is a comparison of each of the cells that were tested with a constant current of
200 μA.

The three best cells at 100 μA were again the three best cells at 200 μA. The
Zorflex/AZ91/saturated NaCl cell in particular stands out as being extremely stable as well as
having the highest cell voltage of around 1.7 V at the end of the three hour test. The
Zorflex/AZ91/artificial seawater and P/M graphite/AZ91/saturated NaCl cells both stayed
around 1.6 V for the length of the experiment. The P/M graphite/AZ91/artificial seawater cell
was once again very stable but had a cell voltage 200 mV lower than the P/M
graphite/AZ91/saturated NaCl cell.
The control tests with bulk graphite cathodes were once again very stable but at much lower
potentials than the Zorflex or P/M graphite cells. Graphite foil again showed that it is not a viable
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option as a cathode material as the potential of the cells with graphite foil cathodes were below
1.0 V even at this very low current value.
Figure 4-20 compares the discharge curves of the different cells at a constant current of 500 μA.
Because the graphite foil cathodes were unable to provide any voltage at this high of a current,
the graph now only compares six different cells. There are three cathodes that are tested and each
is tested in both saturated sodium chloride and artificial seawater.

Figure 4-20: This graph is a comparison of each of the cells that were tested with a constant current of
500 μA.

The Zorflex/AZ91/saturated NaCl cell is still displaying a cell voltage of almost 1.7 V for the
entire three hours. The Zorflex/AZ91/artificial seawater cell was not nearly as stable at 500 μA
as it dropped to about 1.2 V after three hours. Both cells with pressed graphite powder cathodes
remained relatively stable at potentials of about 1.5 V in saturated sodium chloride and just under
1.4 V in artificial seawater. The low surface area of the bulk graphite cathodes used in the
control cells is the reason for the low cell voltages in the control experiments. The bulk
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graphite/AZ91/saturated NaCl cell maintained a stable voltage slightly under 1.2 V, but the same
cell in artificial seawater had a cell voltage of about 0.6 V.
Figure 4-21 compares the discharge curves of the different cells at a constant current of 1000 μA.
After displaying a very low cell voltage at 500 μA, the bulk graphite/AZ91/artificial seawater
cell was not tested at 1000 μA.

Figure 4-21: This graph is a comparison of each of the cells that were tested with a constant current of
1000 μA.

The results from the 1000 μA discharge curves are very similar to the results from the 500 μA
discharge curves. The Zorflex/AZ91/saturated NaCl cell once again provided a stable 1.7 V for
the full three hours while the Zorflex cell in artificial seawater was much less stable as its cell
voltage decreased to around 1.2 V. The P/M graphite/AZ91/saturated sodium chloride cell
provided a voltage of around 1.4 V while the P/M graphite/AZ91/artificial seawater cell provided
a voltage about 100 mV lower. The low surface area bulk graphite control cell saw its voltage
drop to less than 1 V at this current.
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Figure 4-22 compares the discharge curves of the different cells at a constant current of 2000 μA.
Only two cathode materials were tested at this high current value: the Zorflex double weave
graphite fiber fabric and the pressed graphite powder.

Figure 4-22: This graph is a comparison of each of the cells that were tested with a constant current of
2000 μA.

The Zorflex/AZ91/saturated sodium chloride cell finally dropped to below 1.6 V, but was still
very stable between 1.5 and 1.6 V. The Zorflex cell in artificial seawater was again much less
stable and its cell voltage steadily decreased from about 1.4 to 1.05 V after discharging for three
hours at 2000 μA. The two P/M graphite cells once more displayed flat discharge curves with the
potential of the saturated sodium chloride cell about 100-150 mV than the artificial seawater cell.
Figure 4-23 compares the discharge curves at 3000 μA. The same four cells that were tested at
2000 μA in Figure 4-22 were tested at a current of 3000 μA.
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Figure 4-23: This graph is a comparison of each of the cells that were tested with a constant current of
3000 μA.

Figure 4-23 is nearly identical to Figure 4-22 except that the cell voltage values for each cell are
a little bit lower at this higher current value. The Zorflex cell in saturated sodium chloride has the
highest cell voltage again and it stays between 1.4 and 1.5 V for the entire test. The Zorflex cell
in artificial seawater is once again much less stable and drops to about 0.8 V at the end of the
three hour discharge test. Both P/M graphite cells have relatively flat graphs with stable cell
voltages of about 1.35 V in saturated NaCl and 1.2 V in artificial seawater.
Figure 4-24 is a graph of the discharge curves at 4000 μA. The Zorflex/AZ91/artificial seawater
cell was eliminated at this current and the three remaining cells were compared to each other.
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Figure 4-24: This graph is a comparison of each of the cells that were tested with a constant current of
4000 μA.

There was evidence of the Zorflex/AZ91/saturated NaCl cell becoming less stable as the currents
steadily increased. In Figure 4-23, while this cell still had the highest cell voltage, the cell
voltage decreased during the experiment while the cell voltages of the P/M graphite cells
remained flat. The Zorflex/AZ91/saturated NaCl cell decreased over the entire test at 4000 μA
and could not even provide a cell voltage above 1 V at the end of the test.
The pressed powder graphite cathodes showed relatively stable voltages for the full three hours
even at a voltage of 4000 μA. In saturated sodium chloride, the cell provided a voltage of about
1.3 V for over two hours before starting to decrease to a potential of about 1.1 V at the end of the
experiment. The P/M graphite cell in artificial seawater provided a stable voltage of 1.1 V for the
full three hours.
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4.2.3. Potentiostatic EIS Experiments
After running all of the constant current discharge experiments for each candidate cathode
material in both saturated sodium chloride and artificial seawater, it became abundantly clear that
the performance of the battery would vary greatly depending on the electrolyte used. Although
artificial seawater is a highly conductive electrolyte, it does not have as many ions in solution as
saturated sodium chloride.
There are certainly many different reasons why the cells using saturated sodium chloride as their
electrolyte performed better than those with artificial seawater. This is because the anode
material that is being consumed will corrode differently depending on the solution, the cathode,
and a variety of other factors. However, the main reason for the discrepancy in performance was
believed to be because of the different solution resistances of the two solutions.
To test this theory, a series of electrochemical impedance spectroscopy (EIS) experiments were
run. EIS is a useful technique that can be used to model an electrochemical cell as an electrical
circuit. The resistance of the electrolyte solution is one of the pieces of information that can be
extracted from the data.
Figure 4-25 shows the Nyquist plots for two runs of a potentiostatic EIS experiment used to
determine the solution resistance of the saturated sodium chloride electrolyte. In this experiment,
bulk magnesium AZ91 is the anode, bulk graphite is the counter electrode, and a saturated
calomel electrode (SCE) is the reference electrode. It is important to recall that all experiments
were run in flat cells with an electrode separation distance of 7 cm.
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Figure 4-25: This graph shows the first 15 data points of two runs of a Nyquist plot from a potentiostatic
EIS experiment. AZ91 was the anode, bulk graphite was the counter electrode and a saturated calomel
electrode was the reference. The solution resistance can be obtained as the point where the curve crosses
the x axis where Zimag is equal to 0. The solution resistance of saturated sodium chloride in the flat cell is
between 4 and 5 Ω.

The solution resistance can be obtained from the Nyquist plot as the point where the curve
crosses the x axis (where Zimag=0). The solution resistance in Run 1 of the experiment was
around 4.8 Ω and in Run 2 it was 4.5 Ω. This low resistance was expected as saturated
electrolytes are very conductive.
Figure 4-26 shows the Nyquist plots for two runs of the same experiment in artificial seawater.
Once again, AZ91 is the anode, bulk graphite is the counter, and an SCE reference electrode is
used.
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Figure 4-26: This graph shows the first 15 data points of two runs of a Nyquist plot from a potentiostatic
EIS experiment. AZ91 was the anode, bulk graphite was the counter electrode and a saturated calomel
electrode was the reference. The solution resistance can be obtained as the point where the curve crosses
the x axis where Zimag is equal to 0. The solution resistance of artificial seawater is around 18 to 20 Ω.

The solution resistance of the artificial seawater is still pretty low although it is quite a bit higher
than the resistance of saturated sodium chloride. The solution resistance in Run 1 was 20.1 Ω and
in Run 2 it was 18.4 Ω.
Figures 4-25 and 4-26 help to reaffirm the hypothesis that the difference in the solution
resistance of saturated sodium chloride and artificial seawater led to a difference in performance.
The higher solution resistance in the artificial seawater made the flow of current more difficult
during constant current discharge tests.
4.2.2.6. Voltage Delay
It is worth noting that in almost every single discharge curve, a short voltage delay is visible in
the graphs. Discussed in Section 2.2.2, voltage delay is a phenomenon caused by the passive film
on the surface of the anode material. Figure 4-27 shows the beginning of a constant current
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discharge experiment. A high scan rate was used to show in detail the voltage response of the
cell immediately after the constant current is applied.

Figure 4-27: The first minute of a constant current discharge experiment is shown. It is the 100 μA
discharge curve of the Zorflex/AZ91/saturated NaCl cell. In the first 15 seconds of the experiment, the
potential dips before stabilizing at about 1.7 V. This is because of voltage delay caused because time is
required to disrupt the passive film on the surface of the AZ91 anode.

The graph shows that in the initial seconds after starting the experiment the cell voltage is very
low, but after about 5 seconds the cell voltage stabilizes. This voltage delay is noticeable at both
high and low current values and is present regardless of the cathode material or electrolyte.
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Chapter 5: Conclusions
Using various fabrication techniques, many high surface area cathode materials were constructed
for characterization and electrochemical analysis.
Cells consisting of an AZ91 anode and a conducting polymer cathode (PEDOT, polypyrrole) had
a very high cell voltage of over 1.8 V. However, the conducting polymers were unable to
perform the job of facilitating current through the cell as a cathode material during discharge
tests. Even when very low constant current discharge tests (10 μA), the cells with conducting
polymer cathodes did not work.
In the electrochemical tests, cells with graphite cathode materials displayed a slightly lower cell
voltage (1.6-1.7 V), but fared much better than conducting polymers in constant current
discharge experiments. While a few of the graphite materials (graphite paint, graphite ink) also
were not able to be tested, two graphite cathodes stood out as being the best candidates. The high
surface area Zorflex double weave graphite fabric and pressed powder graphite electrodes were
able to perform during higher current discharge tests at higher currents than any of the other
candidates.
Two different solutions were used as electrolytes for the tested cells. Cells with a saturated
sodium chloride electrolyte had higher cell voltages and could handle higher currents than cells
with artificial seawater electrolyte. The higher solution resistance of the less conductive artificial
seawater contributed to this observation. However, the cell that was used to test the materials had
an anode-cathode separation distance of about 7 cm which would not be the case in a typical
battery. Therefore, it can be concluded that the difference in electrolyte performance would not
be quite as much and artificial seawater could also be used as the battery’s electrolyte.
It is certainly possible to create batteries using only environmentally friendly electrodes and
electrolytes. However, one should not expect to see nearly the performance as commercially
available batteries.
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Chapter 6: Future Work
Unfortunately, the thin film magnesium alloy anode materials were not available for testing in
this study. Running full cell experiments on the Gamry Reference 3000 potentiostat with the
high surface area cathodes and thin film anodes would offer a better idea of the true performance
of the intended final battery design.
With the success of the high surface area graphite cathode materials like the Zorflex double
weave graphite cloth, it is certain that many other techniques for producing high surface area
graphite could also be employed to fabricate a cathode material. Because graphite is so widely
used for such a wide variety of applications, there exist many different ways of creating graphite
materials.
One of the most intriguing possibilities is a graphite thin film electrode. Coupled with a thin film
magnesium alloy anode, a battery consisting entirely of high surface area structured thin films
could facilitate large currents and thus generate more power. The thin film battery would be very
compact and lightweight, which are very important characteristics.
The main setback with the conducting polymer cathodes, which actually produced the highest
cell voltage when coupled with AZ91, seemed to be electrical conductivity. The lack of
conductivity made current flow within the cell impossible which rendered these materials useless
as battery electrode materials. In future research, finding ways to increase the conductivity of
these promising materials should definitely be examined.
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Appendix A: Glossary of Battery Terminology
Capacity: The capacity of a battery is the amount of electric charge it can deliver at its rated
voltage. Bigger cells with more electrode material will have higher capacities than smaller cells
made of the same materials. The unit for capacity is the amp-hour (A∙h).
Specific Energy: Specific energy is the amount of energy stored in a given amount of mass. The
unit for specific energy is Watt-hours per kilogram (Wh/kg).
Energy Density: The amount of energy stored in a specific region of space is its energy density.
The unit for energy density is Watt-hours per liter (Wh/L).
Power Density: Power density is the amount of power per unit volume. In batteries it is often
called volume power density. The unit for power density is Watt per cubic meter (W/m3).
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Appendix B: Read Voltage Experiments

Figure B-1: The graphs from a read voltage experiment are shown. The cathode was a bulk graphite
plate, the anode was bulk magnesium AZ91, and the electrolyte was saturated sodium chloride. The
experiments were run at ambient lab temperature in the flat cell with a distance of 7 cm between anode
and cathode. The cell voltage was between 1.65 and 1.70 V.

Figure B-2: The graphs from two runs of a read voltage experiment are shown. The cathode was a bulk
graphite plate, the anode was bulk magnesium AZ91, and the electrolyte was artificial seawater. The
experiments were run at ambient lab temperature in the flat cell with a distance of 7 cm between anode
and cathode. The cell voltage was between 1.6 and 1.7 V.
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Figure B-3: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a PEDOT cathode that was vapor deposited onto a filter paper substrate. The anode was bulk
magnesium AZ91 and the electrolyte was saturated sodium chloride. The experiments were run at
ambient lab temperature in the flat cell where the anode and cathode were separated by 7 cm. The cell
voltage was between 1.8 and 1.85 V.

Figure B-4: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a PEDOT cathode that was vapor deposited onto a filter paper substrate. The anode was bulk
magnesium AZ91 and the electrolyte was artificial seawater. The experiments were run at ambient lab
temperature in the flat cell where the anode and cathode were separated by 7 cm. The cell voltage was
between 1.8 and 1.85 V.
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Figure B-5: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a PEDOT:PSS cathode on a filter paper substrate, a bulk magnesium AZ91 anode, and a
saturated sodium chloride electrolyte. The experiments were run at ambient lab temperature in the flat cell
where the anode and cathode were separated by 7 cm. The cell voltage was between 1.0 and 1.2 V.

Figure B-6: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a PEDOT:PSS cathode that was on a filter paper substrate. The anode was bulk AZ91 and the
electrolyte was artificial seawater. The experiments were run at ambient lab temperature in the flat cell
where the anode and cathode were separated by 7 cm. The cell voltage was between 0.9 and 1.1 V.
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Figure B-7: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a polypyrrole cathode on a filter paper substrate, a bulk AZ91 anode, and saturated sodium
chloride electrolyte. The experiments were run at ambient lab temperature in the flat cell where the anode
and cathode were separated by 7 cm. The cell voltage was between 1.9 and 2.0 V.

Figure B-8: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a polypyrrole cathode on a filter paper substrate, a bulk AZ91 anode, and artificial seawater
electrolyte. The experiments were run at ambient lab temperature in the flat cell where the anode and
cathode were separated by 7 cm. The cell voltage was between 1.85 and 1.9 V.
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Figure B-9: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a Zorflex double weave graphite fabric cathode, bulk AZ91 anode, and saturated sodium
chloride electrolyte. The experiments were run at ambient lab temperature in the flat cell where the anode
and cathode were separated by 7 cm. The cell voltage was between 1.75 and 1.85 V.

Figure B-10: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a Zorflex double weave graphite fabric cathode, bulk AZ91 anode, and artificial seawater
electrolyte. The experiments were run at ambient lab temperature in the flat cell where the anode and
cathode were separated by 7 cm. The cell voltage was between 1.7 and 1.75 V.
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Figure B-11: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a graphite foil cathode, bulk AZ91 anode, and saturated sodium chloride electrolyte. The
experiments were run at ambient lab temperature in the flat cell where the anode and cathode were
separated by 7 cm. The cell voltage was between 1.75 and 1.8 V.

Figure B-12: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a graphite foil cathode, bulk AZ91 anode, and artificial seawater electrolyte. The experiments
were run at ambient lab temperature in the flat cell where the anode and cathode were separated by 7 cm.
The cell voltage was between 1.7 and 1.75 V.
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Figure B-13: The graphs from two runs of a 12 hour read voltage experiment are shown. The cathode in
this cell was Ted Pella colloidal graphite paint which was painted onto an ECO Fabric bamboo carbon
nanoparticle fabric substrate. The anode was bulk AZ91 and the electrolyte was saturated sodium
chloride. The experiments were run at ambient lab temperature in the flat cell where the anode and
cathode were separated by 7 cm. The cell voltage was somewhat unstable but remained between 1.65 and
1.8 V for the duration of the experiment.

Figure B-14: The graphs from two runs of a 12 hour read voltage experiment are shown. The cathode in
this cell was Ted Pella colloidal graphite paint which was painted onto an ECO Fabric bamboo carbon
nanoparticle fabric substrate. The anode was bulk AZ91 and the electrolyte was artificial seawater. The
experiments were run at ambient lab temperature in the flat cell where the anode and cathode were
separated by 7 cm. The cell voltage was between 1.6 and 1.65 V.
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Figure B-15: The read voltage curves of a cell with a graphite ink cathode on a filter paper substrate. The
anode was bulk AZ91 and the electrolyte was saturated sodium chloride. The experiments were run at
ambient lab temperature in the flat cell where the anode and cathode were separated by 7 cm. The cell
voltage was somewhat unstable but remained between 1.65 and 1.75 V.

Figure B-16: The read voltage curves of a cell with a graphite ink cathode on a filter paper substrate. The
anode is AZ91 and the electrolyte is artificial seawater. The experiments were run at ambient lab
temperature in the flat cell where the anode and cathode were separated by 7 cm. The cell voltage was
between 1.68 and 1.75 V.
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Figure B-17: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a cathode made from pressed graphite powder, bulk AZ91 anode, and saturated sodium
chloride electrolyte. The experiments were run at ambient lab temperature in the flat cell where the anode
and cathode were separated by 7 cm. The cell voltage was between 1.74 and 1.78 V.

Figure B-18: The graphs from two runs of a 12 hour read voltage experiment are shown. The cell
consisted of a cathode made from pressed graphite powder, bulk AZ91 anode, and artificial seawater
electrolyte. The experiments were run at ambient lab temperature in the flat cell where the anode and
cathode were separated by 7 cm. The cell voltage was between 1.65 and 1.75 V.
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Appendix C: Constant Current Discharge Experiments
In the Section 4.2.2 of the thesis, many constant current discharge graphs are displayed. In the
main body of the text, only one run of each experiment at each current is depicted. Replicate
experiments were run for all of the experiments and that data is presented in this appendix. In the
tables below, the run in boldface text is the one that was included in the main body of the text.
The data from the second run is also displayed without the boldface.

Table C-1: Data points taken at the 30 minute, 1 hour, 2 hour, and three hour mark in the constant current
discharge graphs for the bulk graphite/AZ91/saturated sodium chloride cell are shown. The data from two
replicate runs is shown where the run that is highlighted in boldface text is the one represented in
graphical form in the main body of the thesis.

Current
100 μA
200 μA
500 μA
1000 μA

Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2

30 min
1.383 V
1.421 V
1.290 V
1.187 V
1.184 V
1.171 V
0.779 V
0.654 V

1 hour
1.387 V
1.398 V
1.297 V
1.219 V
1.162 V
1.174 V
0.815 V
0.711 V

2 hours
1.386 V
1.401 V
1.294 V
1.222 V
1.167 V
1.182 V
0.894 V
0.705 V

3 hours
1.383 V
1.388 V
1.297 V
1.215 V
1.165 V
1.185 V
0.936 V
0.739 V

Table C-2: Data points taken at the 30 minute, 1 hour, 2 hour, and three hour mark in the constant current
discharge graphs for the bulk graphite/AZ91/artificial seawater cell are shown. The data from two
replicate runs is shown where the run that is highlighted in boldface text is the one represented in
graphical form in the main body of the thesis.

Current
100 μA
200 μA
500 μA

Run 1
Run 2
Run 1
Run 2
Run 1
Run 2

30 min
1.202 V
1.239 V
1.070 V
1.044 V
0.613 V
0.720 V

1 hour
1.198 V
1.231 V
1.066 V
1.055 V
0.609 V
0.688 V
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2 hours
1.185 V
1.233 V
1.062 V
1.054 V
0.618 V
0.611 V

3 hours
1.192 V
1.237 V
1.075 V
1.032 V
0.629 V
0.583 V

Table C-3: Data points taken at the 30 minute, 1 hour, 2 hour, and three hour mark in the constant current
discharge graphs for the Zorflex/AZ91/saturated sodium chloride cell are shown. The data from two
replicate runs is shown where the run that is highlighted in boldface text is the one represented in
graphical form in the main body of the thesis.

Current
100 μA
200 μA
500 μA
1000 μA
1500 μA
2000 μA
3000 μA
4000 μA

Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2

30 min
1.675 V
1.707 V
1.716 V
1.715 V
1.661 V
1.670 V
1.639 V
1.678 V
1.637 V
1.563 V
1.585 V
1.569 V
1.422 V
1.498 V
1.395 V
1.226 V

1 hour
1.685 V
1.709 V
1.628 V
1.712 V
1.652 V
1.664 V
1.632 V
1.662 V
1.616 V
1.550 V
1.557 V
1.530 V
1.371 V
1.450 V
1.278 V
1.109 V

2 hours
1.689 V
1.704 V
1.622 V
1.696 V
1.638 V
1.648 V
1.605 V
1.622 V
1.569 V
1.523 V
1.520 V
1.491 V
1.300 V
1.381 V
1.106 V
1.098 V

3 hours
1.683 V
1.696 V
1.626 V
1.694 V
1.621 V
1.631 V
1.569 V
1.606 V
1.539 V
1.502 V
1.497 V
1.466 V
1.271 V
1.348 V
0.971 V
0.982 V

Table C-4: Data points taken at the 30 minute, 1 hour, 2 hour, and three hour mark in the constant current
discharge graphs for the Zorflex/AZ91/artificial seawater cell are shown. The data from two replicate runs
is shown where the run that is highlighted in boldface text is the one represented in graphical form in the
main body of the thesis.

Current
100 μA
200 μA
500 μA
1000 μA
1500 μA
2000 μA
3000 μA

Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2

30 min
1.685 V
1.706 V
1.645 V
1.682 V
1.571 V
1.409 V
1.494 V
1.520 V
1.501 V
1.392 V
1.307 V
1.289 V
1.345 V
1.319 V

1 hour
1.667 V
1.685 V
1.605 V
1.609 V
1.479 V
1.339 V
1.479 V
1.464 V
1.472 V
1.345 V
1.255 V
1.277 V
1.176 V
1.029 V

100

2 hours
1.638 V
1.657 V
1.544 V
1.564 V
1.335 V
1.226 V
1.441 V
1.360 V
1.419 V
1.322 V
1.147 V
1.198 V
0.952 V
0.912 V

3 hours
1.594 V
1.621 V
1.481 V
1.542 V
1.233 V
1.138 V
1.384 V
1.256 V
1.356 V
1.299 V
1.052 V
0.973 V
0.802 V
0.732 V

Table C-5: Data points taken at the 30 minute, 1 hour, 2 hour, and three hour mark in the constant current
discharge graphs for the graphite foil/AZ91/saturated sodium chloride cell are shown. The data from two
replicate runs is shown where the run that is highlighted in boldface text is the one represented in
graphical form in the main body of the thesis.

Current
100 μA
200 μA

Run 1
Run 2
Run 1
Run 2

30 min
1.169 V
1.094 V
0.781 V
0.744 V

1 hour
1.125 V
1.055 V
0.782 V
0.743 V

2 hours
1.098 V
1.007 V
0.802 V
0.755 V

3 hours
1.068 V
0.988 V
0.809 V
0.749 V

Table C-6: Data points taken at the 30 minute, 1 hour, 2 hour, and three hour mark in the constant current
discharge graphs for the graphite foil/AZ91/artificial seawater cell are shown. The data from two replicate
runs is shown where the run that is highlighted in boldface text is the one represented in graphical form in
the main body of the thesis.

Current
100 μA
200 μA

Run 1
Run 2
Run 1
Run 2

30 min
1.051 V
1.122 V
0.676 V
0.543 V

1 hour
1.021 V
1.087 V
0.700 V
0.541 V

2 hours
1.007 V
1.054 V
0.718 V
0.533 V

3 hours
1.008 V
1.043 V
0.721 V
0.536 V

Table C-7: Data points taken at the 30 minute, 1 hour, 2 hour, and three hour mark in the constant current
discharge graphs for the P/M graphite/AZ91/saturated sodium chloride cell are shown. The data from two
replicate runs is shown where the run that is highlighted in boldface text is the one represented in
graphical form in the main body of the thesis.

Current
100 μA
200 μA
500 μA
1000 μA
1500 μA
2000 μA
3000 μA
4000 μA

Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2

30 min
1.649 V
1.633 V
1.602 V
1.588 V
1.553 V
1.569 V
1.418 V
1.457 V
1.384 V
1.271 V
1.381 V
1.213 V
1.319 V
1.349 V
1.325 V
1.304 V

1 hour
1.637 V
1.624 V
1.591 V
1.569 V
1.518 V
1.502 V
1.404 V
1.444 V
1.368 V
1.288 V
1.374 V
1.199 V
1.312 V
1.341 V
1.311 V
1.256 V
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2 hours
1.614 V
1.618 V
1.538 V
1.566 V
1.472 V
1.465 V
1.394 V
1.401 V
1.363 V
1.278 V
1.368 V
1.182 V
1.297 V
1.332 V
1.255 V
1.122 V

3 hours
1.598 V
1.603 V
1.496 V
1.534 V
1.458 V
1.421 V
1.388 V
1.364 V
1.359 V
1.272 V
1.356 V
1.170 V
1.286 V
1.321 V
1.084 V
0.946 V

Table C-8: Data points taken at the 30 minute, 1 hour, 2 hour, and three hour mark in the constant current
discharge graphs for the P/M graphite/AZ91/artificial seawater cell are shown. The data from two
replicate runs is shown where the run that is highlighted in boldface text is the one represented in
graphical form in the main body of the thesis.

Current
100 μA
200 μA
500 μA
1000 μA
1500 μA
2000 μA
3000 μA
4000 μA

Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2
Run 1
Run 2

30 min
1.410 V
1.392 V
1.396 V
1.414 V
1.342 V
1.297 V
1.291 V
1.255 V
1.269 V
1.267 V
1.210 V
1.189 V
1.175 V
1.121 V
1.087 V
0.980 V

1 hour
1.418 V
1.395 V
1.391 V
1.378 V
1.327 V
1.301 V
1.273 V
1.242 V
1.254 V
1.259 V
1.220 V
1.195 V
1.181 V
1.119 V
1.105 V
0.989 V

102

2 hours
1.426 V
1.394 V
1.398 V
1.378 V
1.319 V
1.302 V
1.279 V
1.245 V
1.261 V
1.246 V
1.230 V
1.202 V
1.181 V
1.108 V
1.104 V
1.010 V

3 hours
1.420 V
1.389 V
1.398 V
1.375 V
1.309 V
1.308 V
1.277 V
1.246 V
1.258 V
1.243 V
1.229 V
1.204 V
1.176 V
1.106 V
1.093 V
1.008 V
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