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A BST R A C T

“Green” battery research is becoming more important as the push socially, militarily and
governmentally for less environmental impact increases. It is important to develop a (reserve)
battery that has the same capability as current battery technologies but is made from materials
that are nontoxic and biodegradable. Along with those parameters (and an emphasis on military
applications) the battery materials must also be lightweight, readily available and simple to use.
The three major aspects of a battery that need to be developed are the cathode material,
the anode material and the electrolyte. In Dr. Barbara Shaw’s corrosion lab in 401 EES building,
research had been started for both the anode and cathode material. This thesis hopes to determine
the electrolyte that is best suited to aid in increasing the production of power from the chemical
interaction (oxidation/ reduction reaction) that occurs between the anode and cathode materials.
After selecting the basic materials of AZ91 to use as an anode and pyrolytic graphite to
use as a cathode, electrolyte evaluation began. Next, preliminary results found by using the
electrolytes of artificial seawater (ASW), Hank’s Buffered Salt solution (Hank’s solution) and
1M NaCl solution (which had previously been employed during anode and cathode research)
were evaluated and a more extensive list of electrolytes could be found for further investigation.
The list of electrolytes included tap water, ASW, Hank’s solution, various molarities of NaCl,
MgCl2, and table salt solutions along with the commercial products Pepto Bismol, Tums tablets
dissolved in DI water, and Pepsi.
After evaluating the various electrolytes using a discharge experiment, the average
discharge voltage capabilities were determined for each electrolyte. Solutions containing NaCl
were the electrolytes that provided the most consistent, constant and largest voltage discharge, in
particular the saturated NaCl solution. That solution was then evaluated using further experiments
such as the addition of aeration and an extended discharge timeframe.
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C hapter 1
Introduction
There has been a major push towards “green” energy in the recent years. This push not
only has affected societal thinking, but has also impacted technological advancements as well as
governmental/military divisions as well.
One of the largest areas of interest for environmental preservation has been in the energy
field. This includes everything from automobiles to power production for use in homes. This also
includes batteries. One of the major issues when considering batteries is that most current battery
technologies are not environmentally friendly. A majority of current batteries are not made of
biodegradable materials and the materials that are used are also hazardous to the environment.
Current batteries include toxic metals such as lead or lithium and hazardous electrolytes such as
sulfuric acid.
Another important aspect of battery technologies is their usability. With a significant
portion of the armed forces relying on batteries for power, it is important that the batteries not
only produce enough power, but also are simple to use and light weight. These considerations are
particularly important to evaluate when considering the electrolyte. To eliminate weigh
(important for ease of transport), electrolytes can be added to batteries when the battery is needed.
This would then require the electrolyte to be readily available, as well as nonhazardous since the
user will most likely come directly into contact with it.

Problem Statement and O bjectives
The objective of this thesis is to aid in the development of a “green” battery by evaluating
a wide base of electrolytes. By evaluating electrolytes that are nonhazardous and readily
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available, a “green” battery can be developed that will satisfy societal, political, and military
power necessities while helping to protect the environment and battery users from toxic agents.
With an emphasis on safe and readily available electrolytes, the evaluation will include
tap water, artificial seawater, varying molarity solutions of sodium chloride (NaCl), solutions
containing magnesium chloride (MgCl2), solutions containing table salt, Hank’s buffered salt
solution, Pepto Bismol, Tums, and Pepsi. These electrolytes cover a wide range of characteristics
that are important to evaluate (such as pH and chemical composition). Then, after analyzing the
results of the electrolyte evaluations, a few of the electrolytes will be suggested for further
evaluation and possible use in the development of a “green” battery.
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C hapter 2
L iterature Review

Battery O verview
Batteries have become a critical technology for today. Almost any device now has some
battery in it: cellular phones, laptops, watches, cars, boats, and even torpedoes need a battery. A
battery, being an electrochemical device, uses a chemical reaction and the flow of electrons to
create electrical energy [1]. The basic design of a battery includes an anode, cathode, electrolyte
and electrical connection (between the anode and cathode). The chemical reaction occurs between
the anode and cathode (both being a different metal/ alloy), with the electrolyte acting as the
conductor. The general design of a battery can be seen in Figure 2-1.

F igure 2-1: Diagram of the discharge of a battery cell with separate containers containing
the electrolyte and either the A node or C athode; the containers are connected by the Salt B ridge
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The anode in a battery is the negative charged terminal while the cathode is the positive
charged terminal in a battery. Due to the chemical reactions, electrons from the anode flow to the
cathode. The electrolyte acts as the conducting mechanism between the anode and cathode. There
is also an electrical connection made between the anode and cathode (essential for the flow of
electrons). In a battery, the basic chemical reaction that produces the electron flow and therefore
the electrical energy is an oxidation/ reduction reaction.
In an oxidation/ reduction reaction there are two reactions occurring. During oxidation
(which occurs at the anode) the metal/ alloy loses electrons [2]. These electrons then flow towards
the cathode via the electrical connection. The oxidation is what causes the corrosion of the anode.
The oxidation reaction can be seen in Equation (1).

Mg + 2OH-  Mg(OH)2 + 2e-

(1)

During reduction (which occurs on the surface of the cathode), the oxygen at the surface
of the cathode gains electrons [2]. The reduction reaction can be seen in Equation (2).

O2 + 2 H2O + 4e-  4OH-

(2)

The flow of electrons from the anode to the cathode due to the oxidation/ reduction
reaction is what creates the electrical energy. With the anode corroding, the cathode will be
protected from corrosion. This corrosion protection, along with the reasoning for which materials
are best suited for a battery can be explained using the Galvanic Series.
The galvanic series is a list of potentials of various metals and alloys measured versus a
SCE (Standard Calomel Electrode) [2]. When choosing an anode and cathode to be used for a
battery, it is best to pick metals with a significant difference in potential. The greater the potential
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difference according to the galvanic series, the greater the rate of galvanic corrosion will be.
Furthermore, the greater the corrosion rate, the greater the electrical energy that will be produced
[2]. The metal/ alloy with the more negative potential (more active) will act as the anode and will
consequently corrode, while the metal with the more positive potential will act as the cathode and
will be protected from corrosion. For instance, if graphite was paired with magnesium, with
magnesium having a more negative potential (approximately -1.6 Volts vs. SCE) it would act as
the anode and corrode while graphite would be the cathode and protected from corrosion (its
potential being approximately +0.2 to +0.3 Volts vs. SCE) [2]. There are numerous metal/ alloy
pairs that are suited to create a battery according to the galvanic series since a difference in
potentials is enough for some galvanic corrosion to occur, resulting in electron flow. However,
the effectiveness of the battery is directly related to the potential differences between the metals/
alloys, so there are pairs that are better suited for creating an efficient and useful battery. Potential
is not the only thing that determines battery voltage though. Other factors such as polarization
characteristics and the exposed (to the electrolyte) areas of the anode and cathode will also effect
the voltage capabilities.

C ur rent Battery T echnologies
There are two types of batteries that are available; primary batteries (which includes
secondary or “rechargeable” batteries) and reserve batteries. Primary and secondary batteries are
created with the anode, cathode and electrolyte assembled together. This means that the chemical
reaction occurs even if the battery is not necessarily in use. As a consequence, the battery will
eventually lose its ability to produce electrical energy. In a primary battery, this would mean that
the battery is spent, meaning it will no longer produce energy, and should be disposed of.
Secondary batteries can be recharged; however, after a certain amount of recharges (depending on
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the battery, type of battery, and manufacturer) it will eventually need to be disposed of as well.
Reserve batteries separate the anode and cathode (by not including the electrolyte) until it is
needed. This would mean that theoretically a reserve battery would have an infinite shelf life
while the electrolyte is not added to the reserve battery. Realistically, their shelf life is not
infinite, as environmental effects can decrease the abilities of the battery’s anode and cathode. A
consequence is that the electrolyte must be added in order for the battery to be useful. This would
also mean that the electrolyte being added must be readily available and safe to handle.

Primary and Secondary Batteries
There are two general forms a primary and secondary battery can be made into; close cell
batteries and open cell batteries. In close cell batteries, the anode, cathode and electrolyte are
sealed together in a cell or cavity. These types of batteries are most often found in commercial
applications, especially in households [1]. Common designs include cylindrical batteries (like the
AA batteries seen in Figure 2-2), button batteries (like the ones used for watches or hearing aids
seen in Figure 2-3), and prismatic batteries (like computer or cellular phone batteries seen in
Figure 2-4) [1]. Open cell batteries are most often used in industrial applications [1]. Open cell
batteries, like a car battery, are sealed batteries; however, they can be opened to replace or add the
necessary electrolyte. A diagram of a car battery can be seen if Figure 2-5.
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F igure 2-2: Image of a A A Duracell battery (cylindrical battery) [3]

F igure 2-3: Image of a button battery [3]

F igure 2-4: Image of a prismatic battery [3]
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F igure 2-5: Image of a car battery [4]

Leclanche Cell
There have been significant advances in battery technologies, especially in the past fifty
years. Most of the modern dry cell batteries created have been based on the Leclanche cell [5],
which was actually patented in 1866. A diagram of the Leclanche cell can be seen if Figure 2-6.
A dry cell battery has an electrolyte paste rather than an actual liquid to help minimize hazardous
spills and other complications that can arise from a liquid. The Leclanche cell was a zinc/
manganese battery cell. The zinc acted as the anode while a carbon rod was used for the cathode.
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F igure 2-6: Diagram of a L eclanche C ell [6]

There is enough liquid in the paste to still allow current to flow. In the Leclanche cell,
the electrolyte that was used was a solution of ammonium chloride and zinc chloride [5]. The cell
also included manganese acting as a depolarizer, which generally helps to break up the creation of
hydrogen (or in the case of the Leclanche cell ammonia) on the cathode surface, eliminating the
loss of current flow into the cathode [5].

Single Use Primary Cell Batteries (Bernardes paper)
Today there are many types of primary cell batteries that are in use. A few of the major
types include the zinc-carbon, alkaline-manganese, lithium, and lead-acid batteries.
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The zinc-carbon battery utilizes a zinc anode with a carbon rod in contact with carbon
and MnO2 acting as a cathode [1]. A diagram of a zinc-carbon battery can be seen in Figure 2-7.
The zinc anode initially contained lead and cadmium, which increased the battery’s performance,
as well as mercury which helped to protect the zinc from corroding [5]. Most of those elements
were removed, however, since they are toxic to the environment, the manufacturer, and
potentially to the user [5]. Since the zinc-carbon battery is a dry cell battery, the electrolyte that is
used is a paste of NH4Cl and ZnCl2.

F igure 2-7: Diagram of a zinc-carbon dry cell [7]

The alkaline-manganese battery utilizes a brass rod in contact with powdered zinc as an
anode. It used a steel case along with carbon and MnO2 as the cathode [1]. Similar to the zinccarbon battery, the alkaline-manganese battery is a dry cell battery, so it has a paste of KOH as
the alkaline electrolyte. The KOH paste has a pH of approximately 14 [1].
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Rechargeable-Secondary Batteries
Secondary batteries have become more prevalent with the progression of battery
technologies. Some of the more common rechargeable batteries include lithium batteries,
lead/acid batteries, nickel/ cadmium batteries, nickel/metal hydride batteries, alkaline electrolyte
batteries.
There are many types of lithium batteries. Most consist of a lithium or lithium alloy
anode. The cathode of a lithium battery can change depending on the company that manufactures
it. The electrolytes mostly consist of lithium salts, such as LiPF6, LiBF4, or LiClO4 in an organic
solvent like ethylene carbonate, dimethyl carbonate, and diethyl carbonate [8].
One of the most widely known types of batteries is a lead/ acid battery. Lead/ acid
batteries consist of spongy lead as the negative electrode and lead oxide as the positive electrode.
The electrolyte that the electrodes are submerged in is sulfuric acid (H2SO4) [5]. The sulfuric acid
is diluted with water to create a solution containing about 35% sulfuric acid and 65% water [9].
Depending on the depth of discharge (how much of the battery is used before recharging), the
lifespan of a lead/acid battery can vary anywhere from approximately 200 (for close to 100%
discharge) to 1200 (close to only 30% discharge) charging cycles [10]. A diagram of a lead/acid
battery can be seen in Figure 2-8. In this battery, electrons flow from the lead oxide to the spongy
lead during discharge and in the opposite direction during charging.
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F igure 2-8: Diagram of a lead-acid battery [11]

Another rechargeable battery would be the nickel/ cadmium battery.

The

nickel/cadmium battery consists of a cadmium anode with a Ni(OH) cathode. The electrolyte for
this battery is usually a mixture of KOH and Li(OH)2 [1]. Nickel/Cadmium batteries have a life
span of up to 3,000 charge/discharge cycles, which is pretty significant especially compared to
lead/acid batteries [12].
Nickel/Metal Hydride batteries are also common among rechargeable batteries. It is
similar to the Nickel/ Cadmium battery. The cathode consists of a nickel alloy while the anode is
a hydrogen-absorbing alloy. The electrolyte is usually Potassium hydroxide [1]. The Nickel/Metal
Hydride batteries according to the battery company Energizer can be recharged hundreds of times
but should be replaced between 2 and 5 years depending on the amount of use [13].

General Problems and Concerns
Current battery technologies have been effective at producing the required electrical
energy needed to fulfill the energy requirements. However, there are consequences to using the
batteries that are available today.
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One of the major concerns is the hazard of using toxic materials in the manufacturing,
operating and recycling of the batteries. Most batteries used today could contain materials such as
mercury, lead, copper, zinc, cadmium, manganese, nickel, and lithium [1]. That does not include
the electrolytes, such as sulfuric acid, as well. All of these materials could pose as a hazard to the
manufacturer, the user, or the environment during disposal if not recycled properly.
Another critical aspect of current battery technologies is their lack of recyclability. All
batteries, even the secondary (rechargeable) batteries, will eventually need to be disposed of, and
in the proper manner. Most of the materials are not biodegradable, and some materials are
dangerous for the environment [1]. The United States government, more specifically the
Environmental Protection Agency, has provided guidelines for the recycling of all types of
batteries, including primary, secondary, close cell and open cell batteries [14].
A drawback to most primary and secondary batteries used today is that they also have a
finite shelf life and can be cumbersome. Primary and secondary batteries will lose their charge or
electrical energy production with time, rendering them useless (they can be recharged in the case
of the secondary batteries). For instance, just recently Duracell advertised a new product line
including multiple sizes of batteries ranging from alkaline to lithium batteries designated
Duralock. Duracell states that this product line has a shelf life of up to ten years, which in some
categories is a 50% improvement over current batteries [3]. Since primary and secondary batteries
are manufactured with the anode, cathode and electrolyte assembled together, the size and weight
of the battery could be an issue depending on battery needed. This is one of the concerns
specifically for the military, since soldiers need to carry everything they might need with them,
including batteries.
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Reserve Batteries
Another form of battery is a reserve battery. It is also referred to as a stand-by battery.
The main difference between a reserve battery as opposed to a primary or secondary battery is
that part of the battery is not included in the initial assembly of the battery and is added to the
battery when the electrical energy is needed. The electrolyte is commonly the part of the battery
not initially included. The positive benefit to this design is that the battery essentially has an
infinite shelf life as long as the electrolyte is not added. Another benefit to a reserve battery is that
they have high power capabilities. Reserve batteries’ long shelf life and power capabilities make
them useful for military applications [15]. Also, the ability for a battery to remain dry until
needed eliminates weight, making it less burdensome for the carrier, which is another benefit for
military considerations. Reserve batteries are normally used in situations when long storage time
is needed since self-discharge is not a major concern [16].
With the development of more powerful and longer lasting primary and secondary
lithium batteries, there has been a transition from reserve batteries to the improved primary and
secondary batteries in some applications [15]. However, the lithium batteries do present a hazard
and most materials will not degrade well with time. To eliminate the harm caused by current
battery materials and waste from spent batteries, it is important to develop batteries that are
nontoxic and biodegradable, whether they be reserve batteries or primary/secondary batteries.

Reserve Battery E xamples
A major component of the reserve batteries are “water-activated” batteries. Water activated
batteries were first developed in the 1940s mainly for military applications. It allowed for the
battery to be constructed and stored dry, until needed at which point water was added. Most of the
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water-activated batteries were constructed using magnesium as the anode, but there are several
different types of materials used for the cathode: silver chloride, cuprous iodide, cuprous
thiocyanate, lead chloride, and cuprous chloride. Silver chloride is the most effective; however, it
was very costly to use [16].
There are three types of water-activated batteries: immersion, forced flow and dunk-type.
Immersion batteries are batteries in which all battery parts are submerged in water. They produce
1 to several hundred volts with a current of up to 50 amperes [16]. An example of an immersion
battery is the battery used for emergency tracking (and in some cases, light) on life vests. As soon
as the battery is filled with water, the signal begins to transmit. A diagram of an immersion
battery can be seen in Figure 2-9. The discharge can last from a few seconds to days. Forced flow
batteries are effective as water is forced through the battery. They are commonly used in
torpedoes, and an example of their construction can be seen if Figure 2-10. They are constructed
to produce 25 to 460 kilowatts of power (118 to 460 cells in the battery) and can perform at
current densities up to 500mA/cm2 of the cathode surface area [16]. However, the discharge time
is typically between 10 to 15 minutes. Dunk-type batteries are constructed with a separator that
absorbs the added electrolyte. The separators separate the anode and cathode material and there
can be multiple segments constructed in this manner [16]. A diagram of a dunk-type battery can
be seen in Figure 2-11. They can produce from 1.5 to 130 volts at currents up to 10 ampere.
Discharge varies form 0.5 to 15 hours [16].
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F igure 2-9: Diagram of an immersion type reserve battery taken directly from Linden's
H andbook of Batteries [16]

F igure 2-10: Diagram ta ken directly from Linden's H andbook of Batteries of the construction
of a forced flow type reserve battery for a torpedo with (a) depicting the battery design and (b)
designating the battery configuration [16]
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F igure 2-11: Diagram of a dunk-type battery taken directly from Linden's H andbook of
Batteries. T his diagram depicts the layout of a magnesium/cuprous cholride battery [16]

An example of a water-activated battery that is currently available is the NoPoPo (No
Pollution Power) battery (image can be seen in Figure 2-9). This battery is an immersion-type
water activated battery. It is equivalent to a AA battery and produces similar energy. The NoPoPo
battery runs on tap water and is said to have a shelf life of 20 years. The battery can be refilled up
to 5 times and will produce approximately 1.5 volts at 500 mA [17].

F igure 2-12: Image of a NoPoPo battery [17]
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Designing a Battery
In designing a battery, there are a few parameters that are important for the development of
an effective battery. When selecting an anode and cathode, to create a respectable power source
(producing enough voltage to power the device the battery is used for), materials should be
chosen based off their respective potentials (including a consideration on respective polarization
as well). By choosing materials whose potentials (when considering the galvanic series) that are
significantly different, the overall output potential increases, which allows for more production of
energy.
Another critical part of the development of a battery is the selection of an electrolyte.
Currently, most reserve batteries use water or seawater to run (it is abundant and safe to handle).
In primary and secondary batteries, the electrolyte can vary depending on the particular anode
and cathode. However, since primary and secondary batteries are assembled completely the user
does not need to add the electrolyte, so the hazard presented by handling the electrolyte is almost
eliminated (open cell batteries still present a hazard). This allows for a wide range of electrolytes
to be used, regardless of how unsafe or toxic they might be.

With reserve batteries, the

electrolyte is added by the user, which presents a possible hazard if the electrolyte is made of
materials that are dangerous to the handler or the environment (possible spills or leaks). So
careful consideration is needed when considering electrolytes to be used in a reserve battery.
Another consideration would also be the acidity of the electrolyte. If the solution is
significantly acidic (below a pH of 4), then the anode corrodes quickly, decreasing the life and
effectiveness of the battery. One way to eliminate the corrosion of the anode is to include other
metals into the anode that slow its corrosion down. This is partially why alloys are more effective
than pure metals (such as pure magnesium). One such alloy is AZ91. AZ91 is a magnesium-based
alloy consisting of approximately 9% aluminum and 1% zinc [18]. If the solution is significantly
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basic (above a pH of 9), then in some cases (like with magnesium) a hydroxide layer can form on
the surface of the anode, decreasing the effectiveness of the battery and reducing voltage output.
An effective way to remove the hydroxide layer that might form and also increase the presence of
oxygen (which can increase the chemical reaction, increasing output voltage) in the solution is to
have a forced-flow battery. A forced-flow battery circulates the solution, which limits the
increase in pH near the anode and also allows for more oxygen to be present near the cathode,
allowing for more chemical reactions to occur. Solution resistance (the natural impedance of a
solution) should also be considered. As solution resistance increases, the amount of energy
(voltage) consumed by the solution increases, decreasing the useful voltage output.
When considering the energy production of a battery, it is important to have a consistent
potential output with a constant current over an extended period of time. This allows for a
consistent production of power. The equation for power can be seen in Equation (3). For instance,
when considering a standard Duracell AA battery, there was a consistent potential output of
approximately 1.615V when a current of 50μA was applied (see Figure 2-13) for 24 hours. That
consistency is important because without a constant voltage output, the device the battery is used
in might not have enough power to work.

P (power) = V(potential)*I(current)

T he G reen Battery

(3)
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A green battery is a battery made from materials that fully biodegradable and completely
non-toxic. This battery is environmentally safe to manufacture, use and recycle. It would also be

F igure 2-13: G raph of the voltage discharge of a Duracell A A battery with an applied 50microampere constant
cur rent for 24 hours at ambient room temperature and pressure (blue line indicates voltage and green line indicat es
cur rent) [19]

safe for those working with the battery as well.
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C hapter 3
E xperimental Design

M aterials
To evaluate possible electrolytes for use in a green battery, discharge experiments were
run to test voltage output while a constant current is applied. For a discharge experiment, a flat
cell, electrolytes, cathode, anode and potentiostat (Gamry reference 3000) with Gamry software
were used. The flat cell holds the cathode, anode and electrolyte, while the potentiostat applies
the constant current and measures the electrical changes that occur as the experiment runs. An
image of the flat cell can be seen in Figure 3-1.

F igure 3-1: Image of the flat cell with the A Z91 anode secured on the left side and the
graphite cathode secured on the left side

For the cathode, pyrolytic graphite was chosen (previous research in the lab suggested
using graphite for a basic cathode) and for the anode, both pure magnesium (99.9%) and a
magnesium alloy, AZ91 (theoretically consisting of approximately 9% aluminum, 1% zinc and
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90% magnesium) were chosen (again due to previous research in the lab). Since the main focus
of research was on evaluating electrolytes that would be suitable for a battery, multiple
electrolytes were chosen. These include Pepto Bismol, Tums, Hank’s solution, NaCl (1 molar, 3
molar and saturated solution), artificial seawater, 5 molar MgCl2, table salt (1 molar), tap water
and Pepsi. This provided a range of solution types that include testing general ions present in
bodily fluids as well as solutions that can be found commercially and environmentally.

M aterial Preparation
To prepare the anode (magnesium or AZ91), a piece needed to be cut (cautiously, since
magnesium dust is flammable) using a hacksaw from a large sample so that its size was
manageable enough to test. Pieces approximately 3 inches long, 1 inch wide and ½ inch thick
were cut from a large sample of magnesium and AZ91. Since a flat cell was being used, one side
of the material had to be smoothed and polished to create a flat, clean surface to ensure a seal and
to remove any contaminants or oxide layers that formed. The polished magnesium anode can be
seen in figure 3-1 and a polished AZ91 anode can be seen in figure 3-2.
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F igure 3-2: Image of the polished magnesium anode

F igure 3-3: Image of the polished A Z91 anode

During the polishing of the anode samples, to eliminate any sparks caused by the
polishing, the pieces were smoothed using a wet sanding technique, in which the sandpaper
(varying grit values) as well as the sample is submerged in water (in this case DI water was used
to insure no contamination) in a Pyrex glass dish. Finally, after the pieces were smoothed using
the wet sanding technique and dried, they were rubbed on paper towels and degreased using
acetone, which further polished the metal/alloy and helped to remove any unwanted materials.
The anode was then ready to be used for testing. To make the anode easier to connect to the
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potentiostat, a piece of copper tape was applied to the edge and a tab was created, which can be
seen in Figure 3-1.
The graphite (pyrolytic graphite) was precut into smooth 3-inch square by ¼ inch pieces,
so no major preparation was needed. To use the graphite for experimentation, it was simply wet
sanded with 1200grit sandpaper, rinsed using DI water and then rubbed dry using a paper towel,
which cleaned the surface before the experiments were run. An image of the graphite cathode can
be seen in figure 3-4.

F igure 3-4: Image of the graphite cathode

When the anode and cathode were secured into the flat cell, they were separated by
approximately 5cm and the exposed areas of both the anode and cathode were equal and
approximately 1cm2.

E lectrolyte Preparation
There were eleven electrolytes tested to evaluate their abilities to help create a usable
battery: tap water, artificial seawater, sodium chloride (NaCl) (1 molar, 3 molar and saturated
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solutions), magnesium chloride (MgCl2) (5 molar solution), table salt (1 molar solution), Hank’s
buffered salt solution, Pepto Bismol, Tums, and Pepsi. Approximately 75mL (volume of the flat
cell) of the electrolyte was needed for each discharge experiment. Also, all solutions were tested
at ambient room temperature (approximately 22°C) and pressure.
The Pepto-Bismol and Pepsi were used directly from the bottle since they were already in
liquid form. To prepare the Tums, one Tums tablet was dissolved in 75mL of DI water. The
artificial seawater was prepared with DI water as directed from ASTM D1141-98, which is the
ASTM standard for the preparation of ocean water [20]. The tap water was taken directly from
the faucet in the lab (401 EES building). When creating the solutions for NaCl, MgCl2 and table
salt, the molar mass was used to determine the mass in grams needed to create the respective
molar solutions in 1L of DI water. For example, dissolving 58.44g of NaCl (molar mass of NaCl)
in 1 L of water created the one molar NaCl solution. Multiplying that mass in grams (58.44g) by
three gave the mass in grams of NaCl needed to create a 3 molar solution in 1 L of water. To
create the saturated NaCl solution, NaCl was continuously added to 1L of DI water and mixed
until salt remained undiluted in the solution (salt remained in its original state at the bottom of the
container of solution). To create the table salt solution, table salt was considered NaCl and the
molar mass of NaCl was used to determine the grams of table salt needed for particular molarity
solutions. Hank’s solution was prepared using DI water as directed from ASTM F1903-10, which
describes the creation of multiple biologically focused testing solutions [21]. The recipe can be
seen in Appendix D.

E xperimental Setup
To test the effectiveness of the different solutions as electrolytes in a battery, a discharge
experiment was conducted using a potentiostat (Gamry Reference 3000) and the Gamry
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Instruments F ramework software package (version 5.85). A discharge experiment applies a
constant current, while measuring the voltage output.
The experiment was set up using a flat cell. The graphite cathode was clamped on one
side, while the magnesium or AZ91 anode was clamped on the opposite side. After both the
anode and cathode were attached to the flat cell (sealing the cell’s ends), the electrolyte being
evaluated was added.
The potentiostat was connected to the flat cell (the anode and cathode) by connecting the
poentiostat’s Working (green) and Working Sense (blue) cell leads to the positive terminal (the
graphite cathode) of the flat cell. Then, the potentiostat’s Counter (red) and Reference (white) cell
leads were attached to the negative terminal (the magnesium or AZ91 anode) of the flat cell. The
orange and black leads on the potentiostat were not needed to run discharge experiments. This
type of potentiostat connection is referred to as full-cell. An image of the proper connections can
be seen in Figure 3-5. After the proper connections were made, the discharge experiment could
then be run.

F igure 3-5: Image of the proper connections to the cathode and anode to run a discharge
experiment
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To run the discharge experiment, Gamry Instruments Framework software was opened.
Within that software, the Electrochemical Energy software package was used and within this
package, Discharge was chosen. Then experimental parameters such as applied current and
discharge time were manipulated based on user preferences. After the discharge experiment was
run, the saved file (which could be found in the My Gamry Data software folder) was opened
directly into Microsoft Excel and data analysis could be performed.
It is important to note that there is a glitch in the software system that interfaced with the
Gamry Potentiostat Reference 3000. When the current was inputted into the computer and the
experiment was run, the actual applied current was off by a multiple of ten. For instance, when
50μA (5.0E-05 A) was submitted in the input screen, the potentiostat would actually apply
500μA. So the experiment needed to be aborted and then run again. Simply re-clicking on the

Discharge experiment, and clicking O K to run (all experimental parameters initially chosen
should have been saved) would correct the initial glitch and the proper current would be applied.

Data A nalysis
To analyze the data, the experiment file (a .DTA file) was opened in Microsoft Excel .
When the file was opened, there were multiple columns containing information such as time in
seconds, output voltage Vf in volts (which was used for analysis), applied current in amperes
(which should be approximately equal to the inputted value in the experimental parameters),
power given in watts, and a few other columns of variables not pertinent to the research. The
voltage Vf was plotted versus time to evaluate the voltage production with the applied current as a
function of time. The goal is to have a fairly consistent voltage output with respect to time;
meaning that when voltage is plotted versus time, the graph produced ideally would be a straight
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horizontal line. This is particularly important when considering long-term power supply
applications.
As a point of comparison for the electrolyte evaluations, the results from the discharge of
a Duracell AA battery can be seen in Figure 2-13 as well as in Figure 3-6. Figure 2-13 has an
applied current of 50A and Figure 3-6 has an applied current of 100A. The goal would be to
have the discharge experiments run using the electrolytes to produce voltage versus time graphs
similar to the discharge results of the Duracell AA battery, which consist of an almost perfectly
horizontal line on the voltage versus time graph at approximately 1.5V (standard voltage for a AA
battery) over the 24-hour discharge timeframe.

F igure 3-6: G raph depicting the voltage discharge of a Duracell A A battery with an applied
100microampere constant cur rent at ambient room temperature and pressure for 24 hours (blue line is
voltage and green line is cur rent) [19]

The consistent voltage output would then lead to a consistent power production, which is
important when considering battery cell applications. However, when the data was analyzed from
the discharge experiments, most of the graphs of voltage versus time provided a negative slope,
meaning that the voltage production, and therefore power production, decreased quickly as a
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function of time. This is how a normal battery operates, however full discharge (a dead battery)
occurs after a much longer timeframe with current batteries. A quick discharge is not a good
result if the application of the battery needs a longer duration of supplied power. However, shortterm applications of quick discharge, such as in torpedo guidance systems, would still be
plausible as long as the target is reached before the voltage production slows to the point of
uselessness. For long-term requirements, even with simpler applications such as a flashlight, the
power production would need to be consistent; therefore, the voltage discharge would need to be
consistent as well.
When evaluating other aspects of the experimental data, it should be noted that the
current is negative and furthermore so is the power. Since current is multiplied by voltage to find
power, the power is negative due to the negative current. The current is negative in this situation
because a discharge experiment was used to evaluate the electrolytes (discharge referring to the
drawing out of current, creating a negative value). So when considering the power provided by
the software, it would be appropriate to consider the negative power value as the power supplied
to the device in which the battery is being used.
Another part of the experimental analysis was the inspection of the anode and cathode.
Since the actual electrochemical reaction that occurs to produce the voltage output occurs on the
surface of the cathode, the cathode should not be majorly physically affected during the
experiment. However, the anode is being oxidized and corroding, so the exposed surface will be
affected. Upon inspection of the anode, almost every electrolyte provided the same physical
results of pitting, which a sample can be seen in Figure 3-7(b). When Pepsi was analyzed, highly
uniform corrosion could be seen, which is most likely due to its low pH (high acidity). An image
of the corrosion due to the Pepsi can be seen in Figure 3-7(c).
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F igure 3-7: V arious images of the A Z91 anode. (a) Image before the discharge
experiment was run, (b) Common physical results after most electrolytes were used (c)
Uniform cor rosion after the discharge experiment was run using Pepsi as the electrolyte

Discharge E xperiments Using the G amry Potentiostat 3000
With the electrolyte evaluation being based mostly on discharge experiments run using

Gamry Instruments F ramework software and the Gamry Potentiostat Reference 3000, it is
important to convey the purpose of a discharge experiment along with common results.
Discharge, when considering a battery, is by definition the release of electrical energy
[22]. A discharge experiment is used to test the electrolytes by evaluating the change in voltage
between the anode and cathode due to the application of a selected constant current. The applied
current will affect the initial basic cell voltage, which is a function of the potential differences of
the materials used for the anode and cathode. The affect on the voltage is what is measured and
used to determine the effectiveness of the electrolyte in aiding to the power production of the cell.
By observing the effects the applied current has on the voltage over a period of time, the
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effectiveness of the electrolyte in aiding to sustained power production can be evaluated, which
serves as an adequate method for determining which solutions best serve the necessities of the
battery cell for a particular application.
Theoretically, during a discharge experiment, the measured voltage response (or
discharge voltage) should only ever decrease, even if ever so slightly as in Figure 3-6. This is due
to the fact that a battery cell can only produce a certain amount of power before it must be
replaced or recharged. However, with a short discharge experiment timeframe, such as 2-hours,
the goal when considering long-term power supply would be to have a fairly consistent constant
measured discharge voltage. Other short-term applications might not require long consistent
discharge capabilities, but in the case of evaluation of the electrolyte, the goal is to view a
consistent near-horizontal voltage with the applied current (not considering the initial voltage
fluctuations due to the on-set application of the current).
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C hapter 4
Results

Preliminary Results

M agnesium A node
Initially, the goal was to evaluate which anode (99.9% pure magnesium and AZ91) as
well as electrolyte would produce more voltage during discharge using three basic solutions of
artificial seawater (ASW), Hank’s Buffered Salt Solutions (Hank’s) and 1 molar NaCl (1M
NaCl). These solutions were chosen in particular because they had all been used in previous
experiments evaluating cathode and anode materials. The results of the three solutions using the
pure magnesium can be seen in Table 4-1. The voltage aimed at maintaining was 1.5V, which is
the standard voltage for a AA battery.
An important note is that the applied current was inputted as 10A, but the computer
glitch that multiplied the input value by ten, resulting in an actual applied current of 100A. Then
after observing the current as 100A for the ASW and Hank’s solution and not realizing the
computer glitch, the input current was set to 100A, resulting in an actual applied current of
1000A. This is the main cause in the initial differences in applied current for both the pure
magnesium and AZ91 preliminary results.
Aside, all the current values that are presented and discussed in the tables are the values
that were actually applied during the experiments.
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T able 4-1: T able of values from the potentiostat after running voltage discharge for 1 hour
(per solution) using multiple electrolytes and a pure magnesium anode at ambient room temperature
and pressure

Solution
ASW

Current
(μA)
100

Average
Vf (V)
1.16

Max
Vf (V)
1.46

Average
Power (W)
‐1.16E‐04

8.30

Temp.
(°C)
22.3

Hank’s

100

1.14

1.4

‐1.14E‐04

7.96

22.0

1M NaCl

1000

0.641

1.15

‐6.43E‐04

6.55

22.0

pH

When evaluating the results, it is clear at this stage that the ASW produced the best
overall average voltage and also reached the highest voltage output. However, due to the
discrepancy with the current being ten times higher for the 1M NaCl, the 1M NaCl produced the
greatest amount of average power even with the low voltage output (the power is considered
negative because the experiment is a discharge experiment, which results in a negatively applied
current to represent power consumption from the device).
As can be seen in the voltage versus time graph for ASW (Figure 4-1) with an applied
current of 100A at ambient room and temperature, after an initial drop in voltage discharge, the
graph produced is a fairly consistent horizontal line, indicating a consistent voltage production
and therefore a consistent power production over the time frame of the experiment. The voltage is
approximately 1.16 volts for a 1 hour discharge experiment.
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Ar ficial Seawater with an applied 100microampere constant current
at ambient room temperature and pressure: 1 hour discharge with
magnesium anode
1.50

1.40

Voltage (V)

1.30

1.20

1.10

1.00

0.90

0.80
0

500

1000

1500

2000

2500

3000

3500

4000

Time (s)

F igure 4-1: G raph of the voltage discharge using artificial seawater as the electrolyte, a
magnesium anode and a constant applied cur rent of 100microampere for 1 hour at ambient room
temperature and pressure

Similar graphical results can be seen for the voltage versus time graph produced from the
results of a discharge experiment using Hank’s solution as the electrolyte with an applied current
of 100A at ambient room temperature and pressure (Figure 4-2). The voltage after an initial
drop levels-out for 1 hour at approximately 1.14 volts.
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F igure 4-2: G raph of the voltage discharge with H ank's solution as the electrolyte,
magnesium as the anode and constant applied cur rent of 100microampere for 1 hour at ambient
room temperature and pressure

Furthermore, the graphical results of plotting the voltage versus time look similar for the
1M NaCl solution experiment with a constant applied current of 1000A at ambient room
temperature and pressure. An important note to make is that even though the graph does look
similar, the discharge voltage is significantly lower than the ASW and Hank’s discharge voltage,
which makes overall comparison difficult, especially when focusing on the voltage output. The
graph of voltage versus time for the 1M NaCl solution using the magnesium anode can be seen in
Figure 4-3. The voltage output leveled off at approximately 0.64 volts.
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1M NaCl with an applied 1mA constant current at ambient room
temperature and pressure: 1 hour discharge with magnesium anode
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F igure 4-3: G raph of the voltage discharge with a 1M Na C l electrolyte, magnesium as the
anode and constant applied cur rent of 1000microampere for 1 hour at ambient room temperature
and pressure

After the experiments using the pure magnesium anode were finished, the average
voltage output was not high enough to reach the average voltage goal of 1.5V. So in order to
achieve the voltage output, the current was lowered (from 100A to 50A) to evaluate the effects
of a lower current on the voltage discharge.

A Z91 A node
After replacing the pure magnesium anode with the AZ91 anode, the same three
electrolytes (ASW, Hank’s and 1M NaCl) were used to evaluate the effectiveness of the AZ91 as
well as the electrolytes themselves at producing the goal average voltage output of 1.5V.
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As can be seen in Table 4-2, the computer glitch was only corrected for the 1M NaCl
solution, which also helps to explain why the 1M NaCl average and maximum voltage output is
significantly higher than the ASW and Hank’s solution discharge voltage. This made the
comparison of the three solutions based on voltage output and power production as well as the
effectiveness of the anode material difficult.

T able 4-2: T able of values from the potentiostat after running voltage discharge (ASW and
H ank's for 1 hour, 1M Na C l for 2 hours) of multiple electrolytes and an A Z91 anode at ambient
room temperature and pressure

Solution

Current
(μA)

Average
Vf (V)

Max
Vf (V)

Average
Power (W)

pH

Temp.
(°C)

ASW

500

0.667

1.09

‐3.35E‐04

8.30

22.3

Hank’s

500

0.518

0.988

‐2.60E‐04

7.96

22.0

1M NaCl

50

1.32

1.38

‐6.63E‐05

6.55

22.0

After graphing the voltage versus time values for the ASW with an applied constant
current of 500A at ambient room temperature and pressure, the graphical results were very
similar to the results (visually) found when utilizing the magnesium anode. As can be seen in
Figure 4-4, the voltage versus time plot shows, after an initial decrease, that the discharge voltage
levels out at approximately 0.67 volts for one hour. It is important to note that the voltage output
for the 1M NaCl when using the magnesium anode was approximately the same as the voltage
output of both the Hank’s solution and the ASW using the AZ91 anode with double the applied
current (ASW and Hank’s had an applied current of 500A, 1M NaCl had an applied current of
1000A using magnesium anode). This is significant as it initially indicates that 1M NaCl might
be more suited than Hank’s solution or ASW for use in a battery cell.
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Ar ficial Seawater with an applied 500microampere constant current
at ambient room temperature and pressure: 1 hour discharge
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F igure 4-4: G raph of the voltage discharge with artificial seawater as the electrolyte, A Z91
as the anode and a constant applied cur rent of 500microampere for 1 hour at ambient room
temperature and pressure

Similarly for the Hank’s solution evaluated using a constant current of 500A at ambient
room temperature and pressure, the voltage versus time plot is similar to the results found using
the magnesium anode. The graph of voltage versus time for Hank’s solution can be seen in Figure
4-5. The voltage drops initially, but then levels off at approximately 0.518 volts, which is the
lowest average discharge voltage of all preliminary results. Due to the low voltage production, the
experiment was stopped short of 1 hour.
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Hank's solu on with an applied 500microampere constant current at
ambient room temperature and pressure: 48 minute discharge
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F igure 4-5: G raph of the voltage discharge with H ank's solution as the electrolyte, A Z91 as
the anode and a constant applied cur rent of 500microampere for approximately 1 hour at room
temperature and pressure

Finally, to finish the preliminary evaluation of the three electrolytes and anode materials,
the graph of the voltage versus time for the 1M NaCl solution can be seen in Figure 4-6. The
constant applied current was 50A, which was the inputted value (the glitch was compensated
for) at ambient room temperature and pressure. As can be seen in the graph, there is an initial
drop in voltage, but then there is a positive slope. The average discharge voltage was
approximately 1.32 volts, which was the highest average voltage that was found throughout the
preliminary results. Due to the discharge remaining relatively high, the experiment was run for
two hours to see if there would be another decrease in voltage production, which did not occur.
There is a section between approximately 4800 to 5200 seconds in which the voltage spikes. This
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spike could be due to exterior effects such as accidental bumping or touching of the wires
connecting the potentiostat to the flat cell.

1 M NaCl with an applied 50 microampere constant current at ambient
room temperature and pressure: 2 hour discharge
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F igure 4-6: G raph of the voltage discharge with 1M Na Cl solution as the electrolyte, A Z91 as
the anode and a constant applied cur rent of 50microampere for 2 hours at ambient room
temperature and pressure

E valuation of Several E lectrolytes
After analyzing the data collected from the preliminary evaluation of the 1M NaCl, ASW
and Hank’s solution using both the magnesium and AZ91 anodes, two currents were chosen to
continue to evaluate the electrolytes; 25A and 50A. After observing an approximately 1.32V
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discharge using 50A with the 1M NaCl solution, the goal voltage of 1.5V should be found
between the 25A and 50A. Also to help eliminate the possibility of a delayed voltage
production increase (or significant decrease), all the electrolytes were evaluated over a 2-hour
discharge timeframe at ambient room temperature and pressure. Furthermore, after comparing the
results between the magnesium and AZ91 anode samples, the AZ91 anode sample was chosen
based on its increased resistance to corrosion, which might affect the results when different
electrolytes with varying pH concentrations were evaluated.

T ap W ater
To help to establish a basis for evaluation, regular tap water from the lab (401EES) was
used to see its effects on a cell’s discharge capabilities. The results after observing the discharge
voltage using tap water at ambient room temperature and pressure can be found in Table 4-3.

T able 4-3: T able of values from the potentiostat of the voltage discharge using tap water as
the electrolyte at ambient room temperature and pressure with A Z91 as the anode

Current
(μA)
25

Time (hrs)
2

Average
Vf (V)
1.13

Max
Vf (V)
1.58

Average
Power (W)
‐2.83E‐05

pH
6.87

Temp.
(°C)
22.0

As can be seen, the average voltage discharge was significantly lower than the goal value
of 1.5V, which was established due to common AA battery voltage production. However, the
maximum voltage discharge did reach the goal voltage.
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When evaluating the graph of voltage versus time (Figure 4-7) for tap water with an
applied constant current of 25A, there was a significant decrease in voltage production as time
progressed and no indication of it increasing. Based on these results, there was no reason to
continue the evaluation of tap water to the increased current of 50A. As was seen in the
preliminary results, as the current increased, the voltage discharge decreased.

Tap Water with an applied 25microampere constant current at
ambient room temperature and pressure: 2 hour discharge
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F igure 4-7: G raph of the voltage discharge with tap water as the electrolyte, A Z91 as the
anode and a constant applied cur rent of 25 microampere for 2 hours at ambient room temperature
and pressure
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A rtificial Seawater
Since a majority of previous research in the lab used artificial seawater (ASW), it was
important to continue to evaluate its effectiveness for future use. The results from the discharge
experiments for ASW at ambient room temperature and pressure can be seen in Table 4-4.

T able 4-4: T able of values from the potentiostat of the voltage discharge using artificial
seawater as the electrolyte at ambient room temperature with A Z91 as the anode

Current
(μA)

Time (hrs)

Average
Vf (V)

Max
Vf (V)

Average
Power (W)

25

2

1.38

1.47

‐3.47E‐05

50

2

1.34

1.41

‐6.72E‐05

pH

Temp.
(°C)

8.30

22.3

After the ASW was evaluated using an applied constant current of 25A, the average
discharge voltage was approximately 1.38V with a maximum value of 1.47V. With these values
being close to the goal voltage of 1.5V, the electrolyte was then tested using an applied constant
current of 50A to evaluate the effect of doubling the current. There was no major effect to the
average voltage discharge (only an approximately 0.04V drop) and the maximum voltage
discharge saw a 0.06V drop with the applied current increase. The doubled current did have a
significant impact on the power, which can also be seen in Table 4-4. The doubled current nearly
doubled the power. Aside from the goal average voltage discharge of 1.5V, power is also a
significant property of a battery because without a decent power supply, the device the battery is
in will not work.
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It is important to have a consistent voltage output, which is why the voltage was plotted
versus time, which can be seen for the 25A and 50A applied current in Figure 4-8.

F igure 4-8: G raph of the 2 voltage discharge experiments with artificial seawater as the
electrolyte, A Z91 as the anode and a constant applied cur rent of 25 and 50 microampere for 2 hours
at ambient room temperature and pressure

In Figure 4-8, voltage discharge decreased steadily for the first 3000 seconds for the
applied current of 25A, and then increased rapidly for approximately 400 seconds before
leveling off between 1.37V and 1.38V. For the applied current of 50A, there was a significant
rapid decrease in voltage discharge, however it appeared to level off relatively quickly and stay
between 1.32V and 1.34V. As can be seen in Figure 4-8, there was a decrease in discharge
voltage as the current was increased from 25A to 50A. The 25A curve also started at a higher
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voltage (approximately 1.47V) as compared to the when the applied current was 50A (with a
starting voltage of approximately 1.41V).

Hank’s Solution
With the possibility of the battery being used in remote places with limited resources, it is
also important to test a simulated body fluid to evaluate the possibility of using a solution
containing salts and ions similar to those found in the body. Hank’s (Hank’s Buffered Salt
solution) is a solution commonly used for in-vitro testing to represent body fluids.
The data after running discharge experiments with an applied current of both 25A and
50A with Hank’s solution at ambient room temperature and pressure can be seen in Table 4-5.

T able 4-5: T able of values from the potentiostat of the voltage discharge using H ank's
solution as the electrolyte at ambient room temperature and pressure with A Z91 as the anode

Current
(μA)

Time (hrs)

Average
Vf (V)

Max
Vf (V)

Average
Power (W)

25

2

1.33

1.45

‐3.34E‐05

50

2

1.21

1.54

‐6.09E‐05

pH

Temp.
(°C)

7.96

22.0

The average voltage discharge for a 2-hour timeframe is approximately 1.33V with the
constant applied current of 25A. After observing the average voltage output of 1.33V, Hank’s
solution was then evaluated with an applied current of 50A. There was a more significant
difference found when evaluating Hank’s solution than there was when evaluating ASW, but still
not a major difference, with the average voltage discharge only decreasing by 0.12V when
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increasing the current from 25A to 50A. The power doubled due to the doubling of the applied
current. One important observation is that there was a higher maximum voltage discharge value
(approximately 1.54V) found during the 50A evaluation than compared to the 25A evaluation.
This does not adequately represent the nature of the data, which is why the average voltage
discharge is more important during this evaluation.
The voltage versus time graph for the voltage discharge with an applied constant current
of 25A and 50A can both be seen in Figure 4-9.

F igure 4-9: G raph of the 2 discharge voltages with H ank' solution as the electrolyte, A Z91 as
the anode and a constant applied cur rent of 25 and 50 microampere at ambient room temperature
and pressure
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In Figure 4-9, the voltage discharge drops steadily for the first 400 to 600 seconds during
the experiment with an applied current of 25A, but then begins to fluctuate between 1.30V to
1.34V. That is not a large fluctuation, especially considering that the experiment ran over a period
of almost 2 hours. This is an encouraging indication that even though there is a quick significant
decrease, the voltage discharge when using Hank’s solution as the electrolyte levels off relatively
quickly.
When the voltage was plotted versus time for Hank’s solution with an applied current of
50A (Figure 4-9), the graphical results were similar (visually) to the graphical results of Hank’s
solution with an applied current of 25A, except that the overall voltage discharge is consistently
lower. There was a significant and quick drop in voltage discharge initially, but then it quickly
leveled off to a value of approximately 1.21V. A notable difference is that with the applied
current of 50A, the graph is initially much more consistent and smooth as compared to the
results gathered from the applied 25A current, even though the average voltage discharge is
lower (the fluctuation is only a few mV however, which is not a major difference but clearly
visible with the scale of the graph). This variation might be due to the lower corrosion rate of the
AZ91 at the lower current.
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Pepto Bismol
It was also important to gather information on commercially available products, which
would provide an electrolyte without needing any type of preparation. Since Pepto Bismol is used
to relieve symptoms associated with acid in the digestive system, it might also provide a relief to
corrosion for the anode and possibly aid in sustained voltage discharge.
The results of the discharge experiments for Pepto Bismol can be seen in Table 4-6. One
important note to make is that even though Pepto Bismol is used to relieve symptoms due to acid,
it is also acidic. The goal voltage discharge of an average 1.5V can be seen, however the applied
current is much lower than the other experiments at only 10A (which is partially why a full 2
hour discharge was not completed). Then, when the applied current was increased to 25A, there
was a significant decrease in the average voltage discharge. With such a low voltage production
at 25A, there was no reason to evaluate Pepto Bismol at 50A. The drop in discharge voltage
might be caused by the increased corrosion due to an acidic solution.

T able 4-6: T able of values from the potentiostat of the voltage discharge using Pepto Bismol
as the electrolyte at ambient room temperature and pressure with A Z91 as the anode

Current
Average Max
Average
Temp.
Time (hrs)
pH
(μA)
Vf (V) Vf (V) Power (W)
(°C)
10
~ 0.5
1.5
1.83 ‐1.50E‐05
3‐4 [23] 22.0
25
2
1.13
1.39 ‐2.83E‐05
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The voltage discharge versus time relationship for Pepto Bismol can be seen in Figure 410. In this graph, both discharge experiments presented in Table 4-6 can be observed.

F igure 4-10: G raph of 2 voltage discharges with Pepto Bismol as the electrolyte, A Z91 as the
anode and a constant applied cur rent of 10 and 25microampere for approximately 30 minutes for
10microampere and 2 hours for 25microampere at ambient room temperature and pressure

As can be seen in Figure 4-10, the average voltage discharge for an applied current of
10A is significantly higher than the average voltage discharge when a current of 25A is
applied. There is a slight negative slope when the 10A current is applied. However, when
observing the discharge graph when 25A is applied, there is a clear negative trend in the slope
of the line, ultimately indicating that the battery cell with Pepto Bismol is draining relatively
quickly and steadily, and would therefore after a short period of time be considered ineffective.
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T ums
Along with the consideration of Pepto Bismol, a Tums tablet was dissolved in DI water
(approximately 75mL) and evaluated as a possible electrolyte. Tums when dissolved is a basic
solution with a pH of approximately 10. The results from a discharge experiment with an applied
current of 10A and 25A can be seen in Table 4-7.
Even though the Tums solution is opposite in pH to Pepto Bismol (Pepto Bismol is
acidic, Tums is basic), the results are very similar. When a current of 10A is applied, the
average voltage discharge is close to the goal value of 1.5V. With such a low current, the
experiment was not evaluated for a full 2-hour discharge. However, when a current of 25A is
applied, the voltage production drops significantly. The average voltage for 10A current is
approximately 1.46V, compared to the average voltage of 1.23V with a current of 25A. The
significant drop in average voltage discharge from 10A to 25A explains why the Tums
solution was not evaluated using an applied current of 50A.
With pH being relatively high, the most-likely cause for such a low voltage discharge
would be the quicker formation of a hydroxide layer on the anode surface. The higher the pH, the
quicker a hydroxide layer will form on magnesium alloys, which inhibits voltage production.

T able 4-7: T able of values from the potentiostat for the voltage discharge using 1 T ums
tablet dissolved in 75mL of deionized water as the electrolyte at ambient room temperature and
pressure with A Z91 as the anode

Current
(μA)

Time (hrs)

Average
Vf (V)

Max
Vf (V)

Average
Power (W)

25

2

1.23

1.47

‐3.09E‐05

10

0.8

1.46

1.69

‐1.46E‐05

pH

Temp.
(°C)

10

22.0
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When the voltage discharge was plotted versus time for both the experiments run with an
applied current of 10A and 25A, the resulting comparison graph can be seen in Figure 4-11.

F igure 4-11: G raph of 2 voltage discharge experiments with a T ums solution as the
electrolyte, A Z91 as the anode and a constant applied cur rent of 10 and 25 microampere at ambient
room temperature and pressure

When observing Figure 4-11, it is clear that there is a decrease in discharge voltage as the
current was increased from 10A to 25A. Both sets of data corresponding to their respective
currents do provide a smooth almost perfectly linear negatively sloped relationship between
voltage and time. This indicates a steady discharge from a battery cell using Tums solution as an
electrolyte and that the Tums solution based battery cell would not be applicable for devices
needing a consistent long-duration supply of power.
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Pepsi
Another commercial product that was chosen for evaluation was the carbonated soft drink
Pepsi. With the evaluation of a higher pH Tums solution, it is also important to evaluate the
effects of a highly acidic (Pepsi has a pH of approximately 2.83) solution.
As can be seen in Table 4-8, when a current of 25A is applied to a battery using Pepsi as
an electrolyte, the resulting average voltage discharge is approximately 1.27V. One important
observation is that the maximum discharge voltage was measured at 1.73V, which most likely
occurred as the experiment was initiated.
The low average voltage discharge might be caused by the acidity of the solution. This
would ultimately increase the corrosion of the anode. With the average voltage discharge being
significantly lower than the goal voltage of 1.5V, it was unnecessary to further evaluate Pepsi at
the increased current of 50A.

T able 4-8: T able of values from the potentiostat for the voltage discharge using Pepsi as the
electrolyte at ambient room temperature and pressure with A Z91 as the anode

Current
(μA)
25

Time (hrs)
2

Average
Vf (V)
1.27

Max
Vf (V)
1.73

Average
Power (W)
‐3.20E‐05

pH
2.83

Temp.
(°C)
22.1

The graph from the plotting of the voltage discharge versus time with Pepsi at ambient
room temperature and pressure can be seen in Figure 4-12.
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Pepsi with an applied 25microampere constant current at ambient
room temperature and pressure: 2 hour discharge
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F igure 4-12: G raph of the voltage discharge with Pepsi as the electrolyte, A Z91 as the anode
and a constant applied cur rent of 25 microampere for 2 hours at ambient room temperature a nd
pressure

When evaluating Figure 4-12, it is easy to observe the downward slope of the voltage
discharge. This would be due to the continual depletion of energy from the battery cell, indicating
that the battery cell is losing its ability to produce power. A battery cell with Pepsi as the
electrolyte would not be ideal in a device that requires a long-term power supply.

5 Molar MgC l 2
Magnesium chloride (MgCl2) was chosen as a possible electrolyte partially because of the
presence of magnesium in the MgCl2 solution. The goal was to evaluate the effects of having a
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solution already containing the anode material dissolved in it and the solution’s ability to help
slow corrosion of the anode itself, ultimately prolonging the life of the anode. Also, with MgCl2
being chemically similar to NaCl, the prediction was that MgCl2 might also produce voltage
discharge results similar to NaCl. The choice of evaluating an MgCl2 solution was further
supported by previous research done outside of Dr. Shaw’s lab on batteries with MgCl2 solutions
acting as the electrolyte, which was prevalent in the information gathered before conducting the
experiments.
When considering the simplicity of preparing the solutions, the easiest direction is to add
the salt (MgCl2) until it no longer dissolves, thereby reaching the solubility (saturation) limit.
However, with solubility limits being dependent on environmental conditions, the best way to
evaluate the effectiveness of the solution with a high concentration was to create a consistent and
easily repeatable high molar solution that could be used for further testing without a major
discrepancy due to solubility limits. This is why a 5 molar solution was chosen.
Discharge experiments were run using MgCl2 as the electrolyte with applied currents of
25A and 50A. The results can be seen in Table 4-9. The average voltage discharge when a
current of 25A was applied was approximately 1.45V, which is very close to the goal value of
1.5V. This supported its evaluation at 50A. However, after the electrolyte was tested with an
applied current of 50A, there was a significant drop in the average voltage discharge to 1.19V.
In both cases the maximum discharge voltages reached were approximately equal (1.51V with the
25A current and 1.49V with the 50A current).

55
T able 4-9: T able of values from the potentiostat of the voltage discharge using 5 M olar
MgC l2 as the electrolyte at ambient room temperature and pressure with A Z91 as the anode

Current
(μA)
25
50

2

Average
Vf (V)
1.45

Max
Vf (V)
1.51

Average
Power (W)
‐3.65E‐05

2

1.19

1.49

‐5.97E‐05

Time (hrs)

pH

Temp.
(°C)

4.38

22.0

The consistency in discharge voltage is observable when evaluating the voltage versus
time graph for the experiment run with an applied 25A current (Figure 4-13).

F igure 4-13: G raph of 2 voltage discharges with 5M M gC l2 as the electrolyte, A Z91 as the
anode and a constant applied cur rent of 25 and 50 microampere for 2 hours at ambient room
temperature and pressure
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The discharge experiment run with an applied current of 25A shows an almost
horizontal slope, indicating a consistent voltage discharge over the 2 hour discharge period. This
type of voltage production is ideal for devices needing a longer-term supply of power. The
horizontal trend in voltage discharge slightly lessened when a current of 50A was applied. When
a current of 50A was applied, the slope of the voltage versus time graph was slightly negative,
indicating a decrease in voltage production. However, the discharge for both experiments proved
to be uniform without any major fluctuations, which are common in other discharge graphs.

1 Molar Na C l
To continue from the preliminary results, 1M NaCl was evaluated at 25A and compared
to the data achieved in the preliminary results using the applied current of 50A.
A summary of the results from both discharge experiments can be seen in Table 4-10.
Even with the doubling of the applied current, the average voltage discharge only decreased by
0.1V (the average for 25A current was 1.42V, the average for 50A was 1.32V), indicating the
important consistency characteristic with NaCl.

T able 4-10: T able of values from the potentiostat of the voltage discharge using 1 M olar
Na C l as the electrolyte at ambient room temperature and pressure with A Z91 as the anode

Current
(μA)

Time (hrs)

Average
Vf (V)

Max
Vf (V)

Average
Power (W)

25

2

1.42

1.44

‐3.58E‐05

50

2

1.32

1.38

‐6.63E‐05

pH

Temp.
(°C)

6.55

22.0
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F igure 4-14: G raph of 2 voltage discharges with 1M Na C l as the electrolyte, A Z91 as the
anode and a constant applied cur rent of 25 and 50 microampere for 2 hours at ambient room
temperature and pressure

Figure 4-14 illustrates the relationship between voltage discharge and time for both
experiments using 25A and 50A. The 25A discharge depicts a generally linear trend, which is
important when considering longer-term uses, however the line fluctuates pretty consistently
throughout the entire 2-hour discharge and does not seem to settle. The discharge experiment
with an applied 25A current did show a higher, more uniform voltage discharge as compared to
the discharge experiment with an applied 50A current.
When observing the discharge with an applied 50A current, there is a notable level of
inconsistency in the graph (the fluctuation is only 0.1V, the scale on the graph exaggerates the
variation), lending to the idea that exterior forces (such as someone bumping the cell or working
in close proximity) may have affected the results. There is an unexplainable spike for almost 500
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seconds between 4800 seconds and 5200 seconds. Also within the first 1500 seconds, there is
inconsistency in the decreasing of voltage production.

1 Molar T able Salt
After evaluating the 1M NaCl solution and considering the constraint of being readily
available, a 1M table salt solution was tested to observe the effects that iodine (in iodized table
salt) would have on the production of voltage. Since table salt is a made of NaCl, the theory was
that the results should be similar to the results gathered from testing the 1M NaCl solution, unless
the iodine (which is present in the very low concentration of ~1%) makes a major impact.
The results of the discharge experiments using the 1M table salt solution with an applied
current of 25A and 50A can be seen in Table 4-11. Numerically, the results were encouraging.
The average voltage discharge for the experiment with an applied current of 25A was
approximately 1.45V and the average voltage for the experiment with an applied current of 50A
was 1.40V, which is only a 0.05V difference. These results were not only comparable to the 1M
NaCl solution but seemed to be even slightly higher. However, when observing the graph of the
voltage discharge versus time, the voltage discharge became much more inconsistent than the 1M
NaCl solution for both the 25A and 50A experiments. The discharge versus time graphs can be
seen in Figure 4-15.
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T able 4-11: T able of values from the potentiostat of the voltage discharge using 1 M olar
table salt solution as the electrolyte at ambient room temperature and pressure with A Z91 as the
anode

Current
(μA)
25
50

2

Average
Vf (V)
1.45

Max
Vf (V)
1.46

Average
Power (W)
‐3.64E‐05

2

1.40

1.43

‐7.04E‐05

Time (hrs)

pH

Temp.
(°C)

6.12

22.0

F igure 4-15: G raph of 2 voltage discharges with 1M table salt as the electrolyte, A Z91 as the
anode and constant applied cur rent of 25 and 50 microampere for 2 hours at ambient room
temperature and pressure

Figure 4-15 depicts inconsistency for both experiments (the scale of the voltage should be
noted, the variation is only of a few mV and can be expected but should still be observed). There
does not seem to be a major drop in the average voltage discharge however, which might indicate
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a possible application in longer-term power necessities. When evaluating the experiment with an
applied current of 50A, the initial portion of the discharge up until approximately 2800 seconds
looks similar to the type of fluctuation and variation present in the 1M NaCl results (Figure 4-14).
This might discredit the connection of the higher level of fluctuation being due to the iodine in
the iodized table salt that was used. It is also important to note that the NaCl present in the table
salt may not be as pure as the reagent grade chemical NaCl found in the lab. When comparing the
experiments that had an applied current of 25A using the 1M table salt and 1M NaCl, the
resulting voltage versus time graphs are very similar, with slightly greater fluctuations in the
graph relating to the 1M table salt.
After comparing the data between the 1M NaCl and 1M table salt for applied currents of
25A and 50A, the similarities between the data provide evidence that table salt could also be
used to the same effect as NaCl.

3 Molar Na C l
Another consideration to evaluate is the effect of the concentration of the salts dissolved
in the solution. Discharge experiments were run using a 3M NaCl solution and the results from an
applied current of 25A and 50A can be seen in Table 4-12.
The average voltage discharge for the experiment with an applied 25A current was
1.44V and the average voltage discharge for the experiment with an applied 50A current was
1.38V. Both of these values indicate a slight improvement over the voltages obtained using the
1M NaCl solution (which had an average discharge voltage of 1.42V and 1.32V with an applied
25A and 50A respectively). This lends to the idea that increasing molarity increases discharge
voltage. The maximum voltage values were also slightly improved with the increased molarity,
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with 1.45V and 1.39V corresponding to the experiments with an applied current of 25A and
50A respectively in 3M NaCl and 1.44V and 1.38V corresponding to the experiments with an
applied current of 25A and 50A respectively in 1M NaCl.
The increased molarity might also affect the solution resistance, which plays an integral
role in voltage discharge. The higher the resistance of the solution, the greater the voltage loss to
the solution is, which decreases the possible output voltage. The increase in voltage discharge
might be due to the decrease in solution resistance with the higher concentration of ions in the
solution.
T able 4-12: T able of values from the potentiostat of the voltage discharge using 3 molar
Na C l as the electrolyte at ambient room temperature and pressure with A Z91 as the anode

Current
(μA)
25
50

Time (hrs)
2
2

Average
Vf (V)
1.44
1.38

Max
Vf (V)
1.45
1.39

Average
Power (W)
‐3.63E‐05
‐6.92E‐05

pH

Temp.
(°C)

6.59

22.1

When observing the voltage discharge versus time graphs resulting from an applied
current of 25A and 50A, there is a more consistent voltage discharge for the 3M NaCl (Figure
4-16) compared to the voltage discharges corresponding to their respective currents for the 1M
NaCl solution (which can be seen in Figure 4-14). The discharge voltage is higher when a current
of 25A is applied compared to the discharge voltage when a 50A current is applied.
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F igure 4-16: G raph of 2 discharge voltages with 3M Na Cl as the electrolyte, A Z91 as the
anode and constant cur rent of 25 and 50 microampere for 2 hours at ambient room temperature and
pressure

When evaluating Figure 4-16, the voltage discharge for both applied currents is much
smoother and more consistent than the voltage discharge for the 1M NaCl (Figure 4-14, noting
the variation in voltage scale and its effects on exaggerating the fluctuation). This further
indicates that an increase in molarity helps to regulate voltage discharge in a battery cell. These
results also provide further evidence that a concentrated NaCl solution would be suited for a
battery cell whose purpose might be to provide longer-term power.
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Saturated Na C l
To further evaluate the effects of sodium concentration on voltage discharge and also to
evaluate a simpler preparation method, saturated NaCl was tested. By calling for a saturated
solution, it allows anyone virtually anywhere to be able to create this solution simply by adding
salt until it no longer dissolves into the water and some remains in solid form on the bottom of the
container.
The summary of results after testing saturated NaCl can be found in Table 4-13. When
the applied current was increased from 25A to 50A, there was a slight decrease in voltage
discharge (from 1.43V to 1.37V), which is similar to the results found for the 3M NaCl solution
(which decreased from 1.44V to 1.38V). This shows a decrease in average voltage discharge from
the 3M NaCl to the saturated NaCl solution, which might indicate that the increase in molarity
might only minimally increase the voltage discharge up to a certain salt concentration, and after
that particular concentration, the molarity does not affect the results as significantly.
One note is the change in pH. The pH for both the 1M and 3M NaCl solutions was
approximately 6.5, but the pH of the saturated solution was measured to be 7.50. This also might
have affected the results since there was a slight increase in acidity.

T able 4-13: T able of values from the potentiostat of the voltage discharge using saturated
Na C l as the electrolyte at ambient room temperature and pressure with A Z91 as the anode

Current
(μA)
25
50

Time (hrs)
2
2

Average
Vf (V)
1.43
1.37

Max
Vf (V)
1.45
1.59

Average
Power (W)
‐3.61E‐05
‐6.92E‐05

pH

Temp.
(°C)

7.50

22.0
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When observing the discharge voltage versus time graphs for both the applied currents of
25A and 50A (figure 4-17), the resulting graphs (compared to the previous graphs using
various NaCl concentrated electrolytes) are much smoother and contain only minor fluctuations
throughout the entire 2 hour discharge. This is particularly noteworthy since most 50A voltage
discharge graphs show more variability in voltage (like in Figure 4-16). This further illustrates the
effect that salt concentration might have on the regulation of voltage discharge. Also, similar to
every other electrolyte tested using both 25A and 50A, the voltage discharge is clearly greater
when a current of 25A is applied as compared to when 50A is applied.

F igure 4-17: G raph of 2 voltage discharges with saturated Na C l as the electrolyte, A Z91 as
the anode and constant applied cur rent of 25 and 50 microampere for 2 hours at ambient room
temperature and pressure
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E lectrolyte G raphical Comparison
In order to gain a better understanding of the results found during the evaluation of all 11
electrolytes, a graph was compiled relating all discharge data versus time for both 25A and
50A. The 25A graph can be seen in Figure 4-18.

F igure 4-18: Compiled discharge voltage versus time graphs for all electrolytes evaluated.
T he anode is A Z91 and the constant applied cur rent is 25microampere for 2 hours at room
temperature and pressure

Figure 4-18 provides an observable difference in the abilities of each electrolyte to aid in
voltage discharge comparatively. The solutions such as Pepto Bismol, Tums, Pepsi, tap water and
Hank’s solution can be seen as having the lower voltage discharge as time progressed throughout
the two-hour discharge periods. The notable electrolytes that produced relatively high discharge
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(and closest to the goal voltage of 1.5V) when considering Figure 4-18 would be all the solutions
containing NaCl (including artificial seawater) and MgCl2. The graph comparing all discharge
voltages when a 25A current is applied would indicate that solutions containing NaCl and
MgCl2 would be best suited for use in simple reserve battery cells whose particular needs require
longer-term power requirements.
When a graph was compiled comparing all electrolytes tested at 50A, further evidence
supported the selection of NaCl solutions as good candidates for use a battery cell. The graph
corresponding to the 50A applied current can be seen in Figure 4-19.

F igure 4-19: compiled graph of voltage discharges for several electrolytes with respect to
time with an applied constant cur rent of 50microampere. T he anode material was A Z91 and the
discharge experiments were run for 2 hours at ambient room temperature and pressure
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As indicated in Figure 4-19, at the higher current of 50A, the MgCl2 as well as Hank’s
solution did not produce voltage discharges comparable to the solutions containing NaCl. The
MgCl2 solution began to decrease its discharge capabilities within the 2-hour experiment,
providing evidence that it would not be able to provide sustained voltage discharge at higher
currents and therefore would have a shorter lifespan (as compared to the battery cells utilizing
NaCl solutions). Figure 4-19 also indicated that even with the increase in current (from 25A to
50A), the NaCl solutions still produced the most consistent, constant and highest voltage
discharge over the 2-hour discharge timeframe.
Due to NaCl solutions’ effectiveness at producing constant, consistent voltage discharge,
further research was done focusing on NaCl solutions, in particular saturated NaCl due to it ease
in preparation and overall smooth and consistent result characteristics.

Continuation of Saturated Na C l E valuation

E xtended Discharge
One of the benefits of a discharge experiment is to be able to evaluate the lifespan of a
battery. Initially, the goal was to find a consistent voltage output of approximately 1.5V to
compare to a standard AA battery. However, the effect discharge time has on a battery is also an
important consideration.
To evaluate the effect time has on discharge and to find if the discharge voltage will drop
off (indicating the depletion of the battery and therefore the end of its “life cycle”), an extended
discharge experiment was run. The experiment extended over a period of 72 hours with an
applied current of 50A. The resulting voltage discharge versus time graph can be seen in Figure
4-20.
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Saturated NaCl with an applied 50microampere constant current at
ambient room temperature and pressure: 72 hour discharge
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F igure 4-20: G raph of the voltage discharge with saturated Na C l as the electrolyte, A Z91 as
the anode and a constant applied cur rent of 50microampere for 72 hours at ambient room
temperature and pressure

In examining Figure 4-20, over the period of 72 hours there was a consistent fluctuation
of voltage discharge. This is interesting because the assumption would be that as time progresses
either the discharge would consistently decrease, or equalize to the extent of creating an almost
perfectly horizontal line. After an initial significant drop to approximately 1.23V, for the first tenhours the voltage tended to increase. After ten hours, voltage dropped from approximately 1.4V
by almost 0.6V to approximately 1.34V, and began to fluctuate between 1.32 and 1.37V. There
was another significant drop around 50 hours to approximately 1.29V, but then it slightly
increased and fluctuated again between 1.32V and 1.37V.
It is important to mention that the water in the saturated NaCl solution evaporated from
the cell, so at approximately hour 50, DI water was added to prevent the exposure of the anode
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and cathode material. This could account for the increase in voltage discharge after hour 50. By
adding DI water, oxygen was added to the cell, increasing the concentration of the oxygen (one of
the primary species being reduced at the cathode) and thereby introducing more of the limiting
reagent of the oxidation/reduction reaction occurring.
It is particularly important to mention, especially when considering extended
experiments, the types of events that limit the capabilities of simple reserve batteries. For
example, any films or corrosion produce that build up on the anode can reduce voltage
production. The availability of reducing agents at that cathode surface as well as the ability of
hydrogen gas to escape from the cathode surface (thereby not interfering with cathodic reactions)
can also have a major impact on voltage production. Also, the electrolyte characteristics, such as
its conductivity, concentration of reducing agents and ability to remove films from the electrodes,
all affect the voltage discharge.

Aeration Effects
To further explain the effects additional oxygen (one of the primary reducible species in
the electrolyte) might have on voltage discharge, an experiment was designed using an aquarium
bubble stone (which is the blue device inserted into the flat cell that can be seen in Figure 4-21) to
provide additional oxygen to the electrolyte.
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F igure 4-21: Image of a flat cell with the aquarium bubble stone inserted to help aerate the
solution as the discharge experiment is performed (the blue bubble stone is attached to an aquarium
pump which is attached to the tube in the image)

The bubble stone (blue at the bottom of the cell) was attached to a standard aquarium
pump and a variable valve system that allowed for more control of the amount of bubbles that
were released from the bubble stone. There are two major benefits associated with the addition of
the aeration from the bubble stone: there is more oxygen introduced into the cell which can be
used in the reduction reaction (oxygen is one of the primary limiting reagents) and the hydroxide
layer (which forms as a protective layer on the anode but consequently decreases voltage
discharge) can be more readily removed by the slight churning caused by the bubbles.
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Based on those assumptions, aeration should increase discharge voltage, especially in
extended evaluations. To observe aeration effects on a battery cell, the discharge experiment was
run for 24-hours.
The voltage discharge versus time graph with an applied current of 50A with aeration
over a discharge time of 24 hours can be seen in Figure 4-22.

Saturated NaCl with an applied 50microampere constant current at
ambient room temperature and pressure: 24 hour discharge aera on
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F igure 4-22: G raph of the voltage discharge with saturated Na C l solution as the electrolyte,
A Z91 as the anode and a constant applied cur rent of 50microampere for 24 hours at ambient room
temperature and pressure. T he electrolyte was also aerated using an aquarium bubble stone

Figure 4-22 illustrates a significant improvement in voltage discharge as compared to the
72 hour extended evaluation (Figure 4-20) as well as compared to the discharge experiment run
for 2-hours with an applied current of 50A (Figure 4-17). This supports the assumption that
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aeration would have a positive effect on discharge. A graphical comparison of voltage discharge
with and without aeration can be seen in Figure 4-23, which contains the voltage discharge versus
time graphs for both the aeration experiment and the extended (72 hour) discharge experiment.

F igure 4-23: Comparison graph of the effect that aeration has on voltage discharge. T he
graphs used for comparison are voltage versus time graphs with saturated Na C l as the electrolyte,
A Z91 as the anode material and the experiments were run at ambient room tempe rature and
pressure

Figure 4-23 clearly indicates the benefit that aeration provides in voltage discharge (the
graphs used to create Figure 4-23 can be seen in Figure 4-22 for aerated solution and 4-20 for
extended (72 hour) evaluation. Based on the results from the aeration experiment, it can be
assumed that a flowing electrolyte might also produce similar results. The aeration technique used
in this evaluation could be improved upon in future work as well.
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E xtended Saturated Na Cl Results
To further evaluate the voltage discharge capability of a battery cell containing saturated
NaCl as the electrolyte, a discharge experiment was run for a period of two-hours with a constant
applied current of 100A. The results from this discharge experiment can be seen in Table 4-14.

T able 4-14: T able of values taken from the potentiostat data describing the discharge
experiments for saturated Na C l with A Z91 as the anode at ambient room temperature and pressure

Current
(μA)
50
50
100

Time (hrs)
72
24 (aerated)
2

Average
Vf (V)
1.36
1.45
1.38

Max
Vf (V)
1.40
1.48
1.40

Average
Power (W)
‐6.82E‐05
‐7.31E‐05
‐1.39E‐04

pH

Temp.
(°C)

7.50

22.0

When considering the experiment with an applied current of 100A, the average voltage
production was approximately 1.38V. This is significant because the average voltage discharge
decreased by 0.06V when the current was doubled from 25A to 50A (1.43V with a 25A
current to 1.37V with a 50A current). Following the same trend, the average voltage discharge
should have decreased significantly from 1.37V (found with the applied 50A current). However,
the average discharge actually increased. Comparing the average voltage discharge to the
experiments which included aeration and an extended discharge time, the aeration has the largest
average voltage discharge (at 1.45V), followed by the 2 hour 100A current experiment (at
1.38V), and finally the extended 72 hour experiment (at 1.36V). Aside, as can be predicted based
on the equation for power, the greatest power production can be observed with the 100A
current.
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The graph of voltage discharge versus time for the 100A constant applied current with
saturated NaCl as the electrolyte can be seen in Figure 4-24.

F igure 4-24: G raph of the discharge voltage with saturated Na C l as the electrolyte, A Z91 as
the anode and a constant applied cur rent of 100microampere for 2 hours at ambient room
temperature and pressure

Figure 4-24 shows the discharge for the experiment with an applied current of 100A
over the extent of a 2-hour discharge. When evaluating the graph, it is evident that voltage
discharge fluctuated as time progressed with an initial increase from approximately 200 seconds
to 1000 seconds, then it decreased from 2400 seconds to approximately 4200 seconds and
increased again until the end of the 2-hour discharge. This proved to be an inconsistent trend as
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compared to the data collected from the 50A and 25A experiments as well as from the other
data collected from the tested electrolytes. Furthermore, the maximum voltage discharge (1.40V)
occurs at the end of the 2-hour experiment. With a discharge experiment, the discharge voltage
should mostly decrease as time progresses; meaning that the greatest voltage discharge
measurement should be taken as the experiment is initiated.

Discussion
From the evaluation of several electrolytes and further evaluation of saturated NaCl, the
results show that the most consistent and highest average voltage discharge for a simple reserve
battery cell was found using an NaCl solution. This is why saturated NaCl was chosen for further
research, which included an extended discharge experiment time frame and the addition of
aeration. This is just a preliminary evaluation of possible readily available electrolytes; so further
research needs to be done concerning the cell design to improve the voltage discharge and power
production capabilities. With such a low applied current used during the evaluation, the
application of the individual battery cells is very limited and comparison to current battery
capabilities is difficult.
Other areas of interest that should be evaluated also include the effects of varying the surface
areas of the anode and cathode, the effects of flow condition that aid in the removal of film buildup on the anode surface increase the supply of oxygen, and the effects of multiple battery cells in
parallel and series. By placing cells in parallel, an increased applied current can be used with
minimal effect on voltage production. By placing cells in series, a greater voltage discharge
would be achieved.
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C hapter 5
Summary and Conclusions
After the evaluation of 11 electrolytes, including tap water, artificial seawater, Hank’s
solution, Pepto Bismol, a Tums solution, Pepsi, MgCl2, NaCl and table salt, the most consistent,
constant and highest voltage discharge was found using NaCl solutions, and in particular the
saturated NaCl solution. So NaCl solutions are best suited for battery applications, especially
when considering applications that require longer-term power supply.
There was no major difference present in the data collected when considering the
performance of the pure magnesium anode versus the AZ91 anode, so AZ91 was chosen based on
its higher ability to resist corrosion, thereby increasing its life span.
When considering the pH of a solution, experimentation provided evidence that the lower
the pH (acidic) the less voltage can be produced. Similarly, the higher the pH (basic), the less
voltage can be produced. Based on the solution pH’s that produced the highest amount of voltage
discharge, the electrolyte pH used in battery cells containing AZ91 as the anode and graphite as
the cathode should be between a pH of approximately 6 to approximately 8.
Molarity of the solution (based on NaCl) does seem to slightly increase the voltage
discharge, particularly between lower molarities such as 1M to 3M. However, the experiments
showed that the increase in voltage discharge diminishes when the increase in molarity is between
already high molarity solutions (such as from 3M to saturated). Furthermore, the molarity of the
solution seems to affect the solution resistance. As the molarity increases, the solution resistance
decreases, aiding in an increase in voltage discharge.
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Aeration also has a positive affect on voltage discharge, which was to be expected. With
the addition of oxygen due to the aeration, there is therefore an increase in the limiting reagent of
the oxidation/ reduction reaction that is occurring and producing the voltage.
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C hapter 6
F uture Wor k
Future work should include the attempt to increase in power production, which is
important for the application of the battery. One way to increase power would be to increase the
cathode to anode area ratio. This would provide an increase in voltage discharge, however it
might also consequently increase the corrosion of the anode.
Another way to increase power might be to circulate the electrolyte. Further evaluation of
the effects that a flowing electrolyte has on voltage discharge is needed, especially concerning
oxygen concentration and anode surface film removal.
Finally, based on the power equation, power can also be increased by increasing the
applied current.
The lifespan of the battery should also be determined, which would provide another
comparative category between the developing “green” reserve battery and current battery
technologies. Research into anodic corrosion, its effects on voltage discharge and how an applied
current affects it should also be evaluated. This should include the study of anode surface
characteristics as a function of exposure and time.
Another important aspect of future work should be the inclusion of the developing anode
and cathode materials to the battery cell and developing electrolyte. By using the researched
materials, voltage discharge and applied current might both be increased, increasing the overall
power production of the cell.
Future work should also include the coupling of a few battery cells in series and parallel.
Most current batteries are not necessarily single battery cells, but multiple cells connected
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together. By connecting cells in series, the voltage would be summed, increasing the power
produced. Similarly, when cells are coupled in parallel, the overall applied current can be
increased without negatively affecting (reducing) the voltage discharge, thereby also increasing
power production.
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A dvisors

Dr. Barbara Shaw
Ph.D., Materials Engineering, Johns Hopkins University, 1989
M.S., Materials Engineering, Johns Hopkins University, 1985
B.S., Ocean Engineering, Florida Atlantic University, 1980

Dr. E lizabeth Sikora
B.S., M.S., Ph.D., in Chemistry and Material Science from University in Warsaw, Poland
Currently working with Dr. Shaw in research related to EIS (Electrochemical Impedance
Spectroscopy)

G raduate/ Undergraduate Students

Robert Gresh
B.S., Engineering Science, Pennsylvania State University, 2012
Currently working towards his M.S. degree in Engineering Science working with metal
deposition
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Daniel Cook
B.S., Engineering Science, Pennsylvania State University, 2011
Currently working towards his M.S. degree in Engineering Science working with bio related
research group and flexible substrates for corrosion detection

Beth Bimber
B.S., Engineering Science, Pennsylvania State University, 2011
Currently working towards her M.S. degree in Engineering Science working with bio related
research group

Anthony Naccarelli
B.S., Engineering Science, Pennsylvania State University, 2012
Currently working towards his M.S. degree in Engineering Science working with the battery
research group, particularly the anode

Robert Vadella
B.S., Engineering Science, Pennsylvania State University, 2012
Currently working towards his M.S. degree in Engineering Science working with the battery
research group, particularly the cathode

Jordan Bingaman
Currently working towards his B.S. degree in Engineering Science working with the bio related
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Ian Rineer
Currently working towards his B.S. degree in Engineering Science working with the battery
research group, particularly the cathode
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A ppendix B
Tools

Physical tools:


Gamry Potentiostat Reference 3000



Computer (containing necessary software)



pH meter



hot/ mixing plate



digital scale



various grits of sandpaper with Pyrex dish for wet sanding



Various corning glassware, funnels and salt spoons



Various chemicals to create electrolyte solutions

Computer programs:


Gamry Instruments Framework (version 5.85)



Microsoft Excel



Microsoft Word
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A ppendix C
B roader Impacts


E conomic impact
By using materials that are readily available, the cost of the batteries created will be
kept to a minimum. Also, by using common electrolytes, like seawater, the cost for
the electrolyte could be eliminated almost completely. This would mean that the
batteries would be both inexpensive to create and to buy.



E nvironmental impact
The battery will be made from material that is environmentally safe and
biodegradable, so there will be no negative impact on the environment. This is a
great improvement over current battery technologies that contain acids and materials
that do not degrade or pollute the environment.



Social impact
By creating batteries that are environmentally friendly and easy to dispose of, the
hassle of recycling batteries that currently exists would be eliminated, alleviating the
burden on society.

There would be less of a concern about pollution.

Also,

depending on the progression of the battery, it could alleviate the necessity of a
power cord and outlet to charge a battery, which could be a hassle for the user. All
that would be needed would be to add the electrolyte. Another issue deals with the
weight of current batteries.

With the battery being developed in the lab, the

electrolyte would only need to be added during times of use, so for transportation
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the battery could remain dry, eliminating the weight added by the electrolyte. This is
especially important for soldiers, who must carry everything with them.



G lobal impact
Globally, the “green” battery would cut down on pollution from toxic chemicals and
materials used to create current batteries. By creating a battery that runs based off
electrochemical reactions, power consumption could also be lowered because
batteries would not need to be recharged with an outlet, just refilled.



E thical concerns
Currently, there are no ethical concerns pertaining to the electrolyte or the anode.
Both are being developed using environmentally save and biodegradable materials
that also do not pollute the environment or harm the user during manufacturing.
However, the cathode that is being developed does not use biodegradable materials.
Ideally, to eliminate the burden that cathode would place on the environment when
the battery is no longer used, the cathode should be made of a biodegradable
material.



H ealth and safety issues
By creating a “green” battery, the harmful toxins that can affect peoples’ health and
pollute the environment would be eliminated. Also, the “green” batteries would be
much safer to use since they would not contain acids or toxic metals. Being made
from biodegradable materials, the batteries simply need to be thrown away or
buried, so they do not need to be recycled for safety reasons.
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A ppendix D
Hank’s Buffered Salt Solution Recipe
To create a 1L solution of Hank’s Buffered Salt Solution, add the following components
in their respective concentrations [21]:
1. CaCl22H2O (186 mg/L)
2. KCl (400 mg/L)
3. KH2PO4 (60mg/L)
4. MgSO4 (98mg/L)
5. NaCl (8000mg/L)
6. NaHCO3 (350mg/L)
7. Na2HPO47H2O (90mg/L)
8. Glucose (1000mg/L)
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