Design of a Molten Salt Metal-Air Battery with High-Energy Density —

Proof of Concept, Modeling, and Recharging



Abstract

The decarbonization of the shipping industry, among other long-haul transportation, is a significant
challenge for eliminating greenhouse emissions. However, a promising solution lies in molten salt
magnesium-air batteries, which can offer a high-energy density and cost-effective alternative to
lithium-ion batteries. This work investigates a novel molten salt magnesium-air battery using an
MgCl.-NaCI-KCI-MgO electrolyte operating at 420-620°C Maximum open-circuit voltage is 1.9
V, which is the highest to date for an Mg-air battery. Experiments and modeling presented here
indicate this battery has the potential to deliver 60-90 MWh of energy in a 20-foot shipping
container, 15-22 times the energy of containerized lithium-ion batteries, at an upfront cost of about
$3-6/kWh. However, the battery's high-temperature operation poses limitations on its scalability,
and its round-trip efficiency is lower than that of Li-ion batteries. Future research should focus on
the stability of the cathode material and the removal of MgO products from the electrolyte through
directional solidification to develop larger-scale cells. Overall, the molten salt magnesium-air
battery offers a promising solution for decarbonizing long-haul transportation and reducing

greenhouse emissions.
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Nomenclature

Mact Activation polarization TL Liquidus temperature
\/ Actual cell voltage Lel Lorenz number (2.44e-8 W. Q.K?)
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cathodic reactions
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each species in the reactions
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Dcathode | Diffusion  coefficient  of | OCR Oxygen consumption ratio
cathode
D Diffusion coefficient of charge | n Polarization
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DL Diffusivity in the liquid Ts Solidus temperature
F Faraday’s constant AT Temperature above that of environment
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Q Reaction quotient

12




Chapter 1- Background

1.1 Literature Review

Batteries have become an integral part of our daily lives, powering various portable and stationary
devices, from smartphones to electric vehicles. The development of advanced battery technologies
has enabled us to store more energy in smaller packages, making them more efficient and reliable.
In this literature review, we will explore the recent advancements in battery technology and their

potential applications.

Lithium-ion batteries (LIBs) are widely used in portable devices due to their high energy density,
long cycle life, and low self-discharge rate. Recent developments have focused on improving the
safety and sustainability of LIBs, as well as increasing their energy density. One approach is to
replace the traditional graphite anode with silicon, which has a higher capacity for lithium ions.
Another approach is to use solid-state electrolytes instead of liquid electrolytes, which can improve
the safety and stability of the battery. A recent study demonstrated a solid-state lithium-ion battery

with a high energy density of 350 Wh/kg and a long cycle life of over 1000 cycles [1].

Sodium-ion batteries (NIBs) have gained attention as an alternative to lithium-ion batteries due to
the abundance of sodium and its low cost. However, NIBs have lower energy density and cycle
life compared to LIBs. Recent research has focused on developing new electrode materials and
electrolytes to improve the performance of NIBs. A study demonstrated a sodium-ion battery with
a high energy density of 250 Wh/kg and a long cycle life of over 1000 cycles using a high-capacity
cathode material [2].

Zinc-based batteries are attractive for their low cost, safety, and environmental friendliness. Recent
advancements have focused on improving the energy density and cycle life of zinc-based batteries.

One approach is to use a zinc-air battery, which has a high theoretical energy density of 1088
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Wh/kg. A study demonstrated a rechargeable zinc-air battery with a high energy density of 450
Wh/kg and a long cycle life of over 1000 cycles [3].

Redox flow batteries (RFBSs) are a type of rechargeable battery that uses two tanks of electrolytes
to store and release energy. RFBs are attractive for stationary energy storage applications due to
their scalability and long cycle life. Recent research has focused on developing new electrode
materials and electrolytes to improve the performance of RFBs. A study demonstrated an RFB
with a high energy density of 23 Wh/L and a long cycle life of over 1000 cycles using a high-

capacity electrolyte material [4].

In Licht et al study in 2013 [5], the authors introduce a new class of high-energy batteries called
"molten air batteries,” which use air and a molten electrolyte to achieve high intrinsic energy
storage capacities. The paper [5] provides examples of three different types of molten air batteries
with varying energy densities, highlighting the potential for this technology to be used in a wide
range of applications. The three batteries studied in this work [5] are iron, carbon, and VB2 molten
air batteries with respective intrinsic volumetric energy capacities of 10 000, 19 000, and 27 000
Wh/L, compared to 6200 Wh/L for the lithium-air battery. In the following year, Licht et al
published a paper focusing on iron air batteries [6]. This technology can operate at temperatures
suitable for electric vehicle (EV) applications, which is an important step toward the practical
implementation of this technology [6]. The authors demonstrated the successful operation of a
low-temperature iron molten air battery, with an average coulombic efficiency of 62% at 1.0 V
charge and 0.5 V constant load discharge [6]. The authors attribute this performance to the use of
a eutectic electrolyte with soluble LiFeO> and an optimized cell configuration [6]. In a more recent
work from Liu et al. [7] the authors demonstrated a new design that overcomes some of the
challenges typically faced with traditional zinc-air batteries, such as low energy density, poor cycle
life, and limited rechargeability. The proposed battery design uses a molten salt electrolyte
consisting of a mixture of lithium nitrate and potassium nitrate, which can function at temperatures
up to 350 °C [7]. The electrolyte is contained within a ceramic membrane and separates the anode

and cathode. The anode is made of zinc, while the cathode is a carbon foam catalyst. The

14



researchers conducted various tests to evaluate the battery's performance, including discharge-
charge cycling tests, electrochemical impedance spectroscopy, and cyclic voltammetry [7]. The
results of the experiments showed that the proposed battery design had a high energy density of
725 Wh/kg, a long cycle life of over 200 cycles, and excellent rechargeability. Additionally, the
researchers found that the battery could be recharged using a simple process of immersing the zinc

electrode in a zinc salt solution and circulating air through the cathode chamber [7].

Battery technology is rapidly evolving, with new materials and designs being developed to
improve their performance and reduce their environmental impact. Lithium-ion batteries were the
dominant technology for portable devices, but alternative technologies such as magnesium-air,
sodium-ion, and zinc-based batteries are gaining attention due to their low cost and environmental
friendliness. Redox flow batteries are attractive for stationary energy storage applications, but
further research is needed to improve their performance and reduce their cost. Overall, the
development of advanced battery technologies will play a crucial role in enabling the transition to

a more sustainable and electrified future.

Lithium-ion batteries (L1Bs) have a wide variety of applications. They are used in portable battery-
powered electronic devices, especially in notebook computers and mobile phone applications as
well as electric vehicles (EV) and electric motor bicycles [8]. Despite the widespread use of LIBs,
they face several challenges for the most demanding applications. These challenges include high
cost, lower energy density than fossil fuels, safety, and environmental hazard which makes them
less favorable for some energy storage needs [9]. Metal-air batteries on the other hand have been
studied since the 1960s [10] and have been intensely focused upon as promising next-generation
high-energy batteries [11].

Metal-air batteries use metal as the anodic reactant and oxygen from the air as the cathode. This
cathode allows battery weight to drop and makes valuable space available for storing energy. Table
1 provides an overview of metal-air batteries' properties and their costs along with other common

or potential shipping energy sources. It is important to note that H> with the highest fuel-specific
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energy (39.7 kWh/kg), has very low stored fuel-specific energy which is around 1-3 kWh/kg. The

next highest fuel-specific energy is for bunker fuels; however, they emit CO: as well as SO and

soot, the former being the principal greenhouse gas contributing to global warming [12]. Similarly,

Alumina (Al>0s) is produced when using Al as the anode which can accumulate in organs and

leads to health problems. With a molten salt electrolyte, this process also produces aluminum salts

(AICI3) which are highly toxic [13]. However, considering resource availability, Magnesium is an

emission-free energy source commercially extracted from seawater that has high fuel and storage-

specific energy as well as high energy density and minimal toxicity which make it a suitable

alternative for high-energy applications.

Table 1, Comparison of potential fuels and batteries for long-range transportation. The red color
illustrated the cons of the energy source while the green illustrates the optimal property

Energy source Bunker fuel|Mg NHs Ha Li-ion |Fe |Al
Fuel-specific energy, kWh/kg |12.8 6.9 5.2 39.7 (0.2 1.4 |8.6
Stored fuel sp. energy, kWh/kg|10 5 3 1-3 0.2
(Round-trip) efficiency 50% 40- 30% 40% (90% |50%
95%
Delivered energy cost, $/kWh (0.03 0.3 0.4 03 |<0.1
Energy storage cost, $/kWh  |Small 1-3 10 23 100 2-4
Direct operating emissions CO2, SO. |- NOx, NHs |- - Al203 AICI3

1.2 Current Metal-Air Battery Challenges

Despite the acceptable range of specific energy of metal-air batteries, efficient direct recovery of

electrical energy from most of the metal oxidation enthalpy in a fuel cell is challenging for four

primary reasons:
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1) Metal oxidation forms a passivating oxide film, and in the case of aqueous electrolytes
presence, a hydroxide film. oxide or hydroxide films slow or shut down the reaction.

2) Reactive metals with the highest energy per ion such as Li, Ca, Mg, and Al undergo a
parasitic reaction with aqueous electrolytes to form hydrogen [14].

3) The oxygen reduction reaction requires precious metal catalysts such as platinum or
palladium.

4) 1t is necessary to remove the oxidation product from the electrolyte [15].

These challenges are all addressed in the molten air batteries of Licht et al[5]-[7], of which the
present MAB design is a new candidate. Starting with the first challenge, the electrolyte also has
sufficient metal oxide solubility to avoid oxide film formation. Second, an anhydrous molten salt
electrolyte eliminates hydrogen production which helps with both the first and second challenges.
The third challenge is resolved by operating at high temperatures which removes the need for
precious metal catalysts [5], [6], [16]. The most common cathode material is nickel, which is
practically oxidized in situ to NiO [5], [6], [16], [17]. Finally, to mitigate the last problem, one can
remove the metal oxide reaction product from the electrolyte by directional solidification or
filtration as in [15].

1.3 Magnesium Properties

Magnesium metal is potentially a viable zero-emission fuel for shipping propulsion due to: its
higher energy density than liquid fuels, higher specific energy than alkanes, high potential battery
efficiency, the prevalence in seawater, fewer health issues than Al and Si, and recyclable products
such as MgO, Mg(OH). and MgCOz. As presented in last section, an efficient Mg-air battery could
cleanly deliver the energy needed for long-haul shipping, and the Mg is an ideal energy shipping
medium: Mg specific energy is 3.7 times that of methylcyclohexane-toluene which is considered

the most practical way to ship hydrogen.
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Batteries are essential for powering various devices, ranging from small electronics to electric
vehicles. One promising technology for next-generation batteries is metal-air batteries, which use
metals like magnesium as the anode and oxygen from the air as the cathode. Magnesium-air
batteries have gained significant attention due to their high energy density, low cost, and
environmental friendliness. The following sections include an overview of magnesium-air

batteries, including their working principle, advantages, limitations, and current research progress.

MAB generates electricity through the electrochemical reaction between magnesium and oxygen
from the air. The anode in MAB is made of magnesium, which oxidizes and releases electrons as
it reacts with oxygen to form magnesium oxide. The oxygen from the air acts as the cathode, which
turns into oxygen ions by consuming electrons. The overall reaction produces electricity and
magnesium oxide. MAB is considered to have a high energy density because magnesium is highly

reactive and lightweight, with a theoretical capacity of 2205 mAh/g [18].

MAB has several advantages compared to other battery technologies. These include high energy
density, low cost, and environmental friendliness [19]. Magnesium is abundant and inexpensive,
which makes it a suitable candidate for large-scale energy storage applications. MAB also do not
produce harmful pollutants during operation, making them a cleaner alternative to traditional
batteries. Another advantage is their high theoretical energy density, which can potentially be
higher than that of lithium-ion batteries [19].

Despite their advantages, MAB also has several limitations. One major limitation is their low
efficiency due to the difficulty in recharging magnesium. Recharging involves the oxidation of
magnesium hydroxide back to magnesium, which requires high energy and is challenging to
achieve. Another limitation is their short lifespan, as magnesium anodes tend to degrade quickly
during cycling. Magnesium also has high reactivity with water and can produce hydrogen gas

during operation, which can lead to safety concerns [18].
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Recent studies have explored different approaches to improve the efficiency and lifespan of
magnesiume-air batteries, such as using different cathode materials, optimizing the design of the
battery, and developing new electrolytes. In this work, we demonstrated the high energy density
and good cycling stability of magnesium-air batteries under certain conditions. Moreover, we
further studied the need to overcome the limitations of magnesium-air batteries and develop

practical applications.

Magnesium-air batteries are a promising technology with high energy density, low cost, and
environmental friendliness. However, they also face several challenges, including low efficiency,
short lifespan, and safety concerns. These works include efforts to improve the performance and
address the limitations of magnesium-air batteries. The development of practical magnesium-air
batteries has the potential to revolutionize the energy storage industry and accelerate the transition

to clean energy sources.

In a study conducted by Blurton and Sammells [10], a comprehensive overview of metal/air
batteries was provided, including their working principles, various types, and potential
applications. The authors have conducted extensive research on metal/air batteries and provided

valuable insights into their current status, challenges, and prospects.

The paper begins with an introduction to metal/air batteries, highlighting their advantages over
other battery technologies, including their high energy density, low cost, and environmental
friendliness. The authors then provide a detailed description of the working principles of metal/air
batteries, explaining how they generate electricity through the electrochemical reaction between
metal anodes and air cathodes.

The authors also discuss the different types of metal/air batteries, including aluminum-air, zinc-

air, and lithium-air batteries. They compare the advantages and limitations of each type,
highlighting their unique properties and potential applications. The paper also discusses the current
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status of metal/air batteries, including their commercialization and the challenges they face, such

as low efficiency, short lifespan, and safety concerns.

The authors conclude the paper by discussing the prospects of metal/air batteries, including the
potential for developing high-performance batteries for various applications, including electric
vehicles and grid energy storage. They also emphasize that different metal-air batteries have their
protagonists and they each have a more suitable application. This approach has been followed in
this study and the targeted industry for this technology was studied through an NSF ICorps

program discussed in Section 1.7.

In another paper authored by Rahman et al. [20] detailed overview of high-energy density metal-
air batteries was conducted. The authors identify one of the main advantages of metal-air batteries
as their high energy density, which can potentially provide longer battery life and greater storage
capacity compared to other types of batteries. They also mention that metal-air batteries are also
potentially less expensive and more environmentally friendly than traditional lithium-ion batteries
because they do not require the use of toxic materials in their construction. The challenge of these
batteries is the need for efficient oxygen diffusion and the potential for the metal anode to degrade

over time [20].

A similar study was performed by Olabi et al. [18] provides a comprehensive overview of metal-
air batteries, including their working principles, various types, and potential applications. One of
the points identified as essential for the commercialization of metal-air batteries is a thermally and
mechanically porous cathode electrode that can perform Oxygen Reduction Reaction (ORR) and
Oxygen Evolution Reaction (OER) effectively [18]. This paper identifies Al-air and Fe-air

batteries as good candidates for large-scale production of metal-air batteries.

As identified by Li et al. [21] to be a preferred electrochemical energy storage solution in the future
a battery should have an energy density above 500 Wh/kg and a life cycle over 1000 cycles at a
cost lower than $100/kWh [21]. This means with an energy density of 500 Wh/kg, a battery pack
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including necessary ancillaries weighing no more than 300 kg would provide sufficient energy to
drive EVs for at least 500 km [21].

Cao et al. [22] identified four points that should be further improved in metal-air batteries to
develop a highly efficient metal-air battery. First is to optimizing catalytic activity requires careful
interface design, as ORR and OER involve multiple phases. Hydrophobicity and porosity must be
controlled in electrodes and catalysts to prevent active site flooding due to the relatively low
solubility of oxygen in the liquid electrolytes [22]. Secondly, for effective current collection, the
electrode or catalyst materials should have a high electrical conductivity. By using highly
conductive current collectors/substrates, the inadequate electrical conductivity of catalysts must
be reduced. To enable simple electron movement across the interfaces, the contact between
catalysts and current collectors also needs to be appropriate [22]. Thirdly, the geometric and
electronic structure of a catalyst, which correlates with the binding affinity of oxygen on the
surface of active sites, may have a significant impact on the catalyst's ability to catalyze reactions.
The design of catalyst materials and the prediction of catalytic activity may both benefit from
computational quantum chemistry. Moreover, the orientation and binding energy of oxygen
adsorbed to active sites may be impacted by the surface nanostructure and local morphology of
the catalysts [22]. Lastly, structures drawn from nature may be helpful in the construction of an air
electrode system that can breathe oxygen. Excellent air electrode architectures for metal-air
batteries may be provided by bio-inspired structures [22].

Lee et al. [23] provided a fully detailed comparison of Li-air batteries to Zn-air. Zinc morphology
can affect the electrochemical behavior of Zn-air batteries because zinc particles with a high
surface area can react efficiently with electrolytes [23]. This can be applied to the Mg in Mg-air
batteries. Another point that is mutual between the Zn-air and Mg-air is that the architecture of air
electrodes is also an important criterion affecting the overall performance of cathode electrodes
[23].
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1.4 Current Energy Storage Technology

An energy storage system usually comprises mainly batteries, a control and power conditioning
system, and the rest of the plant [24]. The batteries, which are the major components are made of
stacked cells in which the chemical energy is converted to electrical energy and vice versa [24].
The desired battery voltage and current levels are obtained by electrically connecting the cells in
parallel and series [24]. Energy and power capacity are the main features for rating different
batteries [24]. Roundtrip efficiency, cycle life, operating temperature, depth of discharge (the
extent to which a battery can discharge less than %100), self-discharge, and energy density are
other important features describing a battery [16], [25].

Researchers now study multiple battery technologies, some of which are commercially available,
and some are still in the experimental stage [26]. Current power systems batteries applications are
deep cycle batteries with energy capacity ranging from 17 to 40 MWh and an efficiency of 70-
80% [24]. Some of the most widely used batteries in this category along with other energy sources
are listed below:

e Lithium-ion (Li-ion): These batteries have lithium metal oxide for the cathode and
graphitic carbon with a layer structure for the anode [27]. The electrolyte is lithium salts
dissolved in organic carbonates [27]. Li-ion batteries with high energy density (up to 705
Wh/L) and power density (up to 10,000 W/L) are widely used in power sources for cell
phones, laptops, and other portable devices [28]. The acceptable temperature region for
these batteries is -20°C to 60°C [28] with an optimal range of 15°C to 35°C [28].

e Lead acid: these batteries comprise a cathode electrode of lead dioxide and an anode
electrode of sponge lead separated by a micro-porous material. Anode and cathode pairs
are immersed in an aqueous sulfuric acid electrolyte.

e Sodium sulfur (NaS): The cathode in these batteries consists of molten sulfur and the anode
is molten sodium separated by a solid beta alumina ceramic electrolyte. The operating
temperature for these batteries is about 300°C to keep the electrode materials in a molten

state [29].
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e Metal air: The cathodes in these batteries are air electrodes often made of porous carbon
structure, metal mesh covered with proper catalysts [30]. The anodes are commonly
available metals with high energy density such as aluminum [31], zinc [32], iron [33], or
magnesium [34] that release electrons when oxidized. The electrolytes are often a good
hydroxide (OH-) ion conductor in liquid form, a saturated solid polymer membrane [33],
or in the case of Mg-air molten chloride salt [34].

e Ammonia: Ammonia is a good energy vector with 22.5 MJ/kg specific energy at a higher
heating value (HHV) and 11.5 MJ/L energy density for raw ammonia. It has drawn a lot of
attention as its only product is water from either combustion or fuel cells [35]. However,
ammonia’s toxicity is the major drawback of this technology [36]. Ammonia has a much
lower cost to store, and deliver when compared to hydrogen [28].

e Hydrogen: Hydrogen is a non-toxic, clean energy carrier and has higher specific energy
than gasoline [37]. With 8.491 MJ/L energy density [35] and 141.9 MJ/Kg specific energy
[38], hydrogen has good advantages as a clean energy media, however, storage of hydrogen

in liquid form is difficult and requires very low temperatures and/or high pressures [38].

Mg metal is potentially a viable zero-emission fuel with higher energy/volume than hydrocarbons
and five times the energy/mass of iron as shown in Figure 1 [39]. It is also abundant with 2x10"15
tons of it in the oceans, and a non-toxic [34]. Comparing Mg-air battery to other metal-air batteries,
although the energy density of similar Si-air and Al-air is in principle higher than Mg-air, the

volatility of SiCl4, which boils at —60 °C, and toxicity of AIClz makes Mg a more suitable material.
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Figure 1, Specific Energy and Energy Density comparison of most popular energy sources

1.5 Current Technologies With Their Criteria Performance

Pressure to reduce shipping’s Greenhouse Gas (GHG) footprint has risen sharply and keeps
growing [40]. The International Maritime Organization (IMO) is the most influential regulator in
the shipping industry and requires them to reduce their shipping emissions [40].

A fully electric cruise ship, Yangtze River Three Gorges 1, started its first voyage in March
2022. 1t has a 7.5 MWh battery capacity which is equivalent to over 100 EVs. Using this ship
will result in 1,660 fewer tons of toxic emissions each year, however, the current range for each
charge of this ship is very limited at about 100 km [41].

Another current fully electric ship, the Danish ferry Ellen, is an all-electric ferry with a battery of
4.3 MWh capacity and a travel distance of 40 km. This is also, the first ferry with no emergency
diesel generator on board [42].

With two high-end technologies at the same time, Yara Birkeland will be the world’s first fully

electric and autonomous container vessel producing zero emissions [43]. With a 6.8 MWh
24
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battery, Yara Birkeland will sail between Hergya and Brevik (only 13 km) carrying chemicals
and fertilizer [44].

MV Ampere is an electric car ferry currently operating in Norway. It has two onboard 450kW
electric motors, powered by lithium-ion batteries and an overall output of 1 MWh traveling 7km
in Norway [45].

The current challenge with fully electric ships is the battery’s energy density and consequently
short travel distances. The Mg-air battery is designed to solve the toughest transportation
decarbonization challenges, by efficiently electrifying long-distance shipping.

1.6 Emission-Free Transportation

The transportation sector is responsible for approximately 28% of the country's total greenhouse
gas emissions [46]. Some of the strategies to reduce emissions are developing more fuel-efficient

vehicles, adopting alternative fuel vehicles, and improving public transportation systems [46].

Federal policies and regulations have a critical role in driving emission reductions in the
transportation sector, such as the Corporate Average Fuel Economy (CAFE) standards and the
Clean Air Act [46]. Besides them, state and local governments also play a role in promoting
sustainable transportation solutions [46]. The United States needs to take a comprehensive and
coordinated approach to address transportation emissions, including the adoption of more
sustainable transportation solutions, the development of new technologies, and the implementation
of supportive policies and regulations; otherwise, the goal of zero net GHG emissions by 2050

cannot be met [46].

Khalil [47] studied hydrogen as an energy carrier and an emission-free transportation fuel. The
author presents a detailed analysis of the potential safety risks and hazards associated with
hydrogen, as well as the various strategies and frameworks that can be employed to mitigate these
risks [47]. For example, Ammonia borane (NH3zBHS3) dust cloud in the air is highly reactive

and explosive and discharged alane (AlHz) dust cloud in the air is more reactive com-
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pared to its charged state [47]. The first mitigation strategy is Hydride powder compaction which
is an effective risk mitigation strategy that eliminated pyrophoricity and reactivity of hydrides
like NaAlH4, 2LiBH4 + MgH2, and 3Mg(NH2)2.sLiH [47]. Therefore, it is important to develop a
science-based framework to ensure the safe use of hydrogen as an energy carrier and transportation
fuel [47]. The article presents a detailed analysis of the various safety standards, codes, and
regulations that have been developed to govern the use of hydrogen, including the International
Organization for Standardization (ISO) and the National Fire Protection Association (NFPA)
standards [47].

Hasanvand et al. [48] present a novel approach for scheduling the power distribution of an
emission-free ship. The purpose of this study is to optimize the power distribution of the ship in
real-time, while simultaneously minimizing operating costs and maximizing the reliability of the
power system using a deep learning approach [48]. The authors have considered two standards:
DNVGL-ST-0033 [49] and DNVGL-ST-0373 [50]. These standards were developed by DNV GL,
a global quality assurance, and risk management company, to provide guidelines for the
certification of offshore wind turbines. The standard specifies the technical requirements,
assessment methods, and documentation needed for certification of offshore wind turbines,
including design, manufacturing, installation, and operation. It also covers topics such as structural
integrity, safety, and environmental considerations. The DNVGL-ST-0033 standard [49] is widely
recognized in the offshore wind industry as a benchmark for quality and safety in wind turbine
certification. Moreover, the DNVGL-ST-0373 [50] standard focus on wind turbine manufacturers,
as it demonstrates that their turbines meet the industry's technical and quality standards, as well as
regulatory requirements. Hasanvand et al. were able to conduct a real-time simulation and
successfully showed the performance and efficacy of the proposed method for emission-free ships
[48].

In a similar study by Anantharaman et al. [51] the urgent need to reduce greenhouse gas emissions
from the shipping industry, which is responsible for a significant portion of global carbon
emissions was highlighted. The paper also points out that the International Maritime Organization

(IMO) has always been proactive in dealing with this matter to reach the target which is to reduce
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GHG emissions by 50% in 2050 compared to the emissions figure of 2008 [51]. The authors
discuss the trade-offs of using emission-free alternatives in terms of other environmental impacts
such as human toxicity (cancer and noncancer effects) and freshwater ecotoxicity. Anantharaman
et al. [51] conclude that hydrogen is the cleaner alternative because of cleaner combustion in
internal combustion engines; hence, eLH2ICE and HyMethShip options have a lower impact on

the environmental impact categories.

The HyMethShip option was further studied by Malmgren et al. [52] in which they evaluate the
environmental performance of a fossil-free ship propulsion system with onboard carbon capture.
In this paper, the HyMethShip concept, which uses a combination of hydrogen and methanol as
fuel, is analyzed using a life cycle assessment (LCA) approach [52]. This paper indicates that
HyMethShip could be an alternative to reduce the climate impact of shipping [52]. Their result has
proven a lower impact on acidification, climate change, marine eutrophication, particulate matter,
photochemical ozone formation, and terrestrial eutrophication compared to internal combustion
engines run on either marine gas oil (0.1% sulfur content), biogenic methanol, fossil methanol, or
electro-methanol [52]. Malmgren [52] and Anantharaman et al. [51] both identified toxicity impact
as one of the trade-offs of the HyMethShip concept compared to most other options, due to metal

needs in wind power plants.

The shipping industry is responsible for approximately 2-3% of global greenhouse gas (GHG)
emissions, and this is expected to increase in the coming years. This has led to an increased focus
on finding ways to reduce emissions from the shipping industry[53]. Most emissions from the
shipping industry come from the burning of fossil fuels in ships' engines. The most common fuels
used in the shipping industry are heavy fuel oil (HFO), marine diesel oil (MDO), and liquefied
natural gas (LNG). HFO is the most used fuel, but it is also the most polluting, emitting high levels
of sulfur oxides (SOx) and nitrogen oxides (NOXx), as well as particulate matter (PM). MDO and
LNG emit lower levels of SOx, NOx, and PM, but still, contribute to GHG emissions [53].

The following alternatives were studied for the shipping industry [53]-[56]:
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a. Low-sulfur fuels: One solution is to switch to low-sulfur fuels such as marine gas oil (MGO) or
ultra-low-sulfur fuel oil (ULSFO). This can significantly reduce SOx emissions, but it does not
address the issue of GHG emissions [53].

b. Alternative fuels: Another solution is to switch to alternative fuels such as biofuels, hydrogen,
or ammonia. These fuels have the potential to significantly reduce GHG emissions, but they are
currently more expensive and less widely available than traditional fossil fuels [54], [55].

c. Electric or hybrid ships: Electric or hybrid ships that use batteries or fuel cells to power their
engines are another potential solution. These ships emit zero emissions during operation and have
the potential to significantly reduce GHG emissions. However, they are currently more expensive
than traditional ships and have a limited range [53]. This section is the target of Mg-air batteries
which are high-energy density cost-efficient energy sources for turning the shipping industry

emission-free.

d. Improved efficiency: Improving the efficiency of ships can also reduce emissions. This can be
achieved through measures such as optimizing ship design, reducing ship speed, and improving

maintenance practices [54].

Regulatory measures can also play a role in reducing emissions from the shipping industry. The
International Maritime Organization (IMO) has introduced regulations such as the International
Convention for the Prevention of Pollution from Ships (MARPOL) and the Energy Efficiency
Design Index (EEDI) to reduce emissions from ships. In addition, the European Union has
introduced the Emissions Trading System (ETS) and the Monitoring, Reporting, and Verification

(MRV) regulation to monitor and reduce emissions from ships operating in European waters [53].

Reducing emissions from the shipping industry is crucial to address the issue of climate change.

The industry has several potential solutions available, including low-sulfur fuels, alternative fuels,
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electric or hybrid ships, and improved efficiency. Regulatory measures can also play a role in
reducing emissions from the industry. Further research and investment are needed to develop and

implement these solutions on a larger scale [56].

1.7 1-Corps Study

I-Corps (short for Innovation Corps) is a program funded by the National Science Foundation
(NSF) in the United States that aims to help researchers and entrepreneurs commercialize their
technology and turn it into viable products or services.
The program includes a curriculum designed to help teams identify the target market and potential
customers for their technology, as well as to refine their business model and value proposition.
The curriculum also includes training on customer discovery, product development, and creating
a sustainable business model.
An |-Corps study was conducted as a part of this work. 31 interviews with industry leads were
performed and the shipping industry was chosen as the main targeted industry. This is because the
main pain point of this industry is its requirement to go emission free by 2050 according to
International Maritime Organization (IMO). The key points from the conducted interviews are
listed below:
e Onaverage each shipping company owns 7 ships. Big companies (Maersk) own about 1000
ships. Smaller companies follow the innovation chosen by bigger ones.
e The space required for fuel tanks is very large as some ships require a double bottom for
safety, about 20 20-foot container
e Nuclear energy is used in US Military submarines and other vessels
¢ Implementation of the emission-free requirement will be applied by ports, where the ships

are operating out of

The business model canvas from this study is shown below:
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The Business Model Canvas
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Figure 2, Overview of the business model Canvas, developed for MAB during the 1-Corps

1.8 Overview

program

The following chapter discusses the theoretical and analytical studies on Mg-air batteries. The next

four chapters go through the experimental effort to prove the concept, improve its efficiency, and

study long-time discharge and rechargeability. A 1D diffusion model is developed to describe the

directional solidification of MgO from this molten salt bath. Finally, Cost modeling analysis is

performed. The key findings of this technology are summaries at the end of this work.
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Chapter 2 — Analytical Model of Mg-Air Batteries

2.1 Mg-Air Technology

The Mg-air battery presented here consists of the Mg metal anode, the air cathode, and the molten
salt electrolyte as shown in Figure 4. The molten salt electrolyte consists of NaCI-KCI-MgCl, with
~0.5% MgO solubility. Moreover, its eutectic [124] is around 400°C and the Mg melting point at
650°C bound the operating temperature range of approximately 420-620°C.

Cathode: 02 (air) + 4 ¢ (cathode) — 2 O* (bath)
Anode: 2Mg (anode) — 2Mg?* (bath) + 4 e~ (anode)

Total reaction: 2 Mg+ O,=2MgO

Besides the individual ions, other components can be formed during the battery performance and recharging
which should be further studied for these batteries. A similar idea was performed for molten salts using
a combination of experimental techniques (X-ray scattering and Raman spectroscopy) and
computational methods (ab initio molecular dynamics) [57]. The combination of experimental and
computational techniques is a powerful approach in materials science research, as it allows for a
more comprehensive understanding of complex systems. As shown in Figure 3, from [58], the
ternary phase diagram of MgCI2-KCI-NaCl shows the possible phases and their compositions that
can exist at different temperatures and concentration conditions for a mixture of these three salts.
Based on [57], it is possible that magnesium forms MgCls? or MgCls> complex ions in this type
of molten salt. Further analysis will be necessary to confirm presence of those species in this

system.
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Figure 3, MgClz, KCI, NaCl ternary phase diagram [58]

2.2 Theoretical Voltage Measurement
The voltage produced by a magnesium-based electrochemical cell can be calculated using the

Nernst equation, which relates the cell potential to the concentrations of the species involved in

the redox reaction:
Ecell = E°ell - (RT/nF) In(Q) Equation 1
where:

Ecen is the cell potential, or voltage, in volts (V)
32



E°cell is the standard cell potential, in V, which depends on the specific reaction and can be looked
up in tables

R is the gas constant (8.314 J/mol*K)

T is the temperature in Kelvin (K)

n is the number of electrons transferred in the reaction

F is the Faraday constant (96,485 C/mol)

Q is the reaction quotient, which is calculated based on the concentrations of the reactants and
products in the electrochemical cell

For a magnesium-based electrochemical cell, the half-reaction at the negative electrode (the anode)

is:

Mg(s) — Mg?*+ 2 e

This half-reaction has a standard reduction potential of -2.37 V vs. SHE. The half-reaction at the
positive electrode (the cathode) and the electrolyte used will depend on the specific application of
the cell.

To calculate the voltage produced by the cell, you would use the Nernst equation with the specific
values for the reaction and conditions used in your application. Keep in mind that this is a
theoretical calculation and the actual voltage produced may be different due to factors such as

electrode materials, electrolyte composition, and other variables.
The reaction quotient, Q, is a measure of the relative concentrations of reactants and products in
an electrochemical cell at a given point in time. It is used in the Nernst equation to calculate the

cell potential, and it can be calculated using the following equation:

Q = [CIID]"/ [A[BT°

33



where [A], [B], [C], and [D] are the molar concentrations of the species involved in the cell
reaction, and a, b, ¢, and d are the stoichiometric coefficients of the species in the balanced

chemical equation aA+bB —-cC+dD

To determine the molar concentrations of the species, you can measure them directly if possible,
or estimate them using other information, such as the amount of material added to the cell, the

volume of the solution, and the known stoichiometry of the reaction.

For example, suppose you have a magnesium-based electrochemical cell with a magnesium

electrode and a copper electrode, and the half-reactions are:

Mg?*+ 2e- — Mg(s)
20" — Opt+2e”

The overall balanced reaction for this cell is:

2MgO —2Mg(s) + O2

With the magnesium anode always at unit activity, the reaction quotient Q can be written as:
Q =P_0y/ amgo Equation 2

As the reaction proceeds and more MgO is formed, the activity of amgo increases, Q decreases, and
according to Equation 1, Ecen increases which means AG increases and the reaction becomes

thermodynamically less favorable.

This study discusses an Mg-air battery designed to address prior metal-air battery challenges. The
modeling section of this study includes a numerical model elaborated to estimate the
Voltage/Current relation of the cell. The experimental setup is then tested which showed the
highest open-circuit voltage for an Mg-air battery to date: 1.9 V.
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Electrolyte: NaCl-KC1-MgCl, molten salt

Frozen MgO

Porous Nickel, Titanium or Stainless-Steel cathode
Air injected and travels through the pores
Half cell reaction:
O: (air) + 4 e (cathode) — 2 O* (bath)
Magnesium anode

Mg is dissolved through the process
Half cell reaction:
2Mg (anode) — 2Mg?* (bath) + 4 e~ (anode)

Bubbles

Bubbles detach and rise in the bath, driving bath flow
Slanted to minimize the interaction between air bubbles and next anode pair

MgO precipitation
The produced MgO can be filtered out or frozen out

Full battery reaction:
2 Mg+ Oy=2MgO

Figure 4, Design on MAB and component description

2.3Analytical Model & Polarization

Polarization in batteries refers to the accumulation of charges at the electrodes of the battery, which

can cause a decrease in the battery's performance. When a battery is in use, chemical reactions take

place at the electrodes to produce an electric current. As the battery discharges, the concentration

of reactants at the electrodes decreases, which can lead to an accumulation of charge at the

electrodes. This charge buildup can create a potential barrier that opposes the flow of current,

reducing the battery's efficiency and capacity.

To reduce polarization, various techniques are used in battery design, such as incorporating

conductive additives in the electrodes or using high surface area electrode materials. In addition,

periodic recharging of batteries can help to reverse polarization and restore the battery's

performance.
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Activation polarization in batteries is a type of polarization that occurs when a battery is initially
activated or started up. When a battery is not in use, the reactants at the electrodes are in a state of
equilibrium and the chemical reactions do not occur. However, when a load is connected to the

battery, chemical reactions start to occur, and the current flows through the battery.

During the initial activation of the battery, a certain amount of energy is required to initiate the
chemical reactions at the electrode surfaces. This energy is referred to as activation energy, and
the amount of energy required depends on factors such as the nature of the electrodes, the type of

electrolyte used, and the temperature of the battery.

Activation polarization occurs when the activation energy required to initiate the charge transfer
electrochemical reactions is higher than the energy available in the battery, which can lead to a
decrease in the battery's performance. This can be particularly problematic for batteries with high

internal resistance or low-temperature operation.

To reduce activation polarization, battery designers may use materials with lower activation
energies, such as catalysts or high surface area electrodes. They may also adjust the operating
temperature of the battery or optimize the battery's internal resistance to reduce the amount of
activation energy required. Higher temperatures, such as those of this MAB, tend to reduce the
activation polarization dramatically, in this battery it is likely negligible (<0.1 V).

Ohmic polarization in batteries is a type of polarization that occurs due to the resistance of the
battery's components to the flow of current. When a current flows through a battery, it encounters
resistance as it passes through the electrodes, electrolytes, and other components. This resistance,
also known as the internal resistance of the battery, can lead to a voltage drop across the battery,
which reduces the voltage available to the load and can cause a decrease in the battery's

performance.
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Ohmic polarization is caused by the resistance of the battery's components to the flow of current.
This resistance depends on factors such as the size and geometry of the electrodes, the conductivity
of the electrolyte, and the temperature of the battery. The higher the resistance, the greater the
voltage drop across the battery and the greater the ohmic polarization.

To reduce ohmic polarization, battery designers may use materials with higher conductivities, such
as electrolytes with higher ionic conductivities or electrodes with higher electrical conductivities.
They may also optimize the size and geometry of the electrodes to reduce resistance or adjust the
temperature of the battery to reduce the viscosity of the electrolyte, which can improve its
conductivity. In addition, using larger cross-sectional area conductive paths can also help to reduce

the internal resistance of the battery.

Concentration polarization in batteries is a type of polarization that occurs due to the depletion of
reactants or excessive accumulation of products at the electrode surfaces, which can limit the rate
of the electrochemical reactions in the battery. During battery discharge, the reactants at the
electrodes are consumed to produce electrical energy, and as a result, the concentration of reactants
at the electrode surfaces decreases. This decrease in concentration can create a concentration

gradient, which can limit the rate of the electrochemical reactions.

Concentration polarization is most observed in batteries that use liquid electrolytes. In such
batteries, as the concentration of the reactants decreases, the concentration gradient across the
electrolyte-electrode interface increases, leading to a decrease in the rate of the electrochemical

reactions. This can reduce the performance of the battery and limit its overall capacity.

To reduce concentration polarization, battery designers may use materials or additives that
improve the availability of reactants at the electrode surfaces, such as high surface area electrodes
or porous electrodes that increase the effective surface area. In addition, increasing the flow of the
electrolyte or agitation of the electrolyte can help to reduce concentration polarization by
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increasing the transport of reactants to the electrode surfaces. By minimizing concentration

polarization, the battery's performance can be improved, and its overall capacity can be increased.

2.4 Electrochemical Model

The energy balance modeling of the proposed Mg-air battery was calculated based on former solid
oxide fuel cell studies [59]-[63]. Pure magnesium was used as the anode material and porous
nickel was used as the cathode. MgCl.-NaCI-KCI-MgO (19.9-32-48-0.1 wt%) molten salt was
used as the electrolyte. Due to the losses in the cell, the actual cell voltage (V) is less than the
theoretical open circuit voltage [59], Ew, and illustrated in Equation 3 where n shows the
polarization and AVieag Shows the voltage loss from the leads. Moreover, Kakac et al. found these
polarizations by categorizing them into three separate groups: activation polarization, ohmic
polarization, and concentration polarization which are shown by Tact, Mohm, and nconc respectively.
The nact is insignificant and ignored in this study. According to electromotive force (EMF), the
theoretical open-circuit voltage can be calculated based on Gibbs's free energy of the cell reaction

as shown in Equation 4 and 3.

V=E-L05seS=Eth- N-AVead Equation 3
V=Ei- Nact= Nohm= Nconc-AVlead Equation 4
V:% - Mact~ Nohm-= Nconc-AVead Equation 5

Furthermore, one can calculate the three polarizations using Equation 6 [64]. In the later equation,

jLis the limit of the current density of the electrode is calculated using Equation 9 [64].

=R () = Lin (- Equation 6
naCt_ nF (aa ln (joa) Ac ln (]0(:)) q
Nohm= JASR ohm Equation 7
—RT 1 Ju_ Equation 8
Mcone nF (1 + ai) In (]L—])
jL=nFD—fC Equation 9
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Finally, the voltage corresponding to energy loss in the leads (AVieaq) is calculated using Equation

10.
AVieat=2/Lo; T AT

The parameters and assumptions used for this
study are shown in Table 2 [62], [65]. Using this
information, the limiting current density of the
anode and the cathode was found as 7.72 and
2.92 Alcm? respectively. Oxygen consumption
ratio and heat exchanger efficiency are model
50% and 90%

respectively. Furthermore, the energy loss per

parameters assumed as

cell was 0.04V. As shown in Figure 5, the%

value for the designed cell was 3.2 V. The

Equation 10

3.07

2.62

(=]
2

in

Voltage (V)

Voltage after total loss

05 +

Theoretical Voltage, AH/nF- lead loss AH/nF- lead loss - air
Eth heat exchange

AH/nF

Figure 5, The voltage loss through entropy, lead loss, and
Mg and air heat exchange

theoretical voltage was found as%‘FG =2.62 V. Similarly, the voltage after lead loss and air heat

exchange loss was found as 3.07 V.

Table 2, Battery performance model parameters

L Thickness of electrode 0.5cm

Eth Theoretical open circuit voltage 2.624195 V/mol
T0 Ambient temperature 293.15K

T Operating temperature 823.15 K
Dcathode Diffusion coefficient of cathode 0.9615 cm2/s
CL cathode Limiting MgO molar density 3.94E-06 mol/cm?
Mg Charge transfer coefficients of MgO for cathode 2

Mg Charge transfer coefficients of Mg for anode 2

Nieads Number of leads 2

Neells Number of cells in a “stack” 10

ASRohm Electrolyte area-specific resistance for ohmic polarization | 0.5626 Q-cm?
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OCR

Oxygen consumption ratio

50%

HEF

Heat exchanger efficiency

90%
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Chapter 3 — High-Temperature Experiments

3.1 Experimental Setup and Procedure

The high-temperature experiments explained in this section were designed as a proof of concept
for the described Mg-air battery and to measure the open-circuit voltage (OCV) of the battery.

Compared to the energy balance modeling the voltage was expected to be around 2.6 V.

5.5”

Figure 6 shows the experimental setup schematic. The salt (MgCl> 40 wt%, NaCl 27.5 wt%, and
KCI 32.5 wt%) was added to the crucible and placed into the furnace. The anode and cathode were
set up to stay above the crucible at the start of the process. The Mg anode was in the shape of a
cylinder with a 2.5cm diameter and 1.5-8 cm height. Nickel mesh, with a 2 cm? exposed area was
attached at the end of the cathode. Before the start of the experiment, the oxygen partial pressure
of the chamber was verified to stay below 0.05 bar by injecting Argon gas. This prevented the
burning of the graphite components as well as the oxidation of the other components. The furnace
temperature was then increased and kept at 450°C to stabilize. Next, the temperature was ramped
up to 500°C and stabilized. Similarly, two more steps were taken to stabilize the temperature to
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550°C and 600°C. All temperature ramping-up rates in this experiment were 10°C/min. The setup
was ready to start the test once all the salt was molten. Then, the anode and cathode were inserted
into the molten salt bath, airflow through the nickel mesh cathode began at 1 standard liter/minute,
and the voltage and current were measured at variable resistance using the voltmeter. Both anode

and cathode were drawn out of the bath before shutting off the furnace and ending the experiment.

| Flange
l Spacers
Table ledge

|| <Air inlet

Supplemental
insulation

Crucible with
molten salt

310 SS tube

11 Furnace

Frame

Figure 6, Schematic of MAB experimental setup and electrical wiring
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3.2 Experimental overview

Exp # Goals Main Findings Max
ocvVv
Expl | Proof of concept and show the OCV of With only passive cooling of the | NA
the battery top plate, it gets too hot
The use of baffles and a cooling
fan is necessary
Exp2 |e The OCV around 2.6V at 550 °C Max voltage of 1.83 V was 1.83V
e The current is around 6A at 0V achieved
The current of 2.4 A was
achieved
Exp3 | e The OCV around 2.6V at 550 °C Max voltage of 1.25 V was 125V
e The around 6A at OV achieved
e Operating time longer than 33 min The current of 2.94 A was
based on the previous experiment achieved
Proof of concept achieved
Exp4 | e The OCV around 2.6V at 550 °C Max voltage of 1.94 V was 1.94V
e The around 6A at OV achieved
e Operating time longer than 33 min The current of 2.41 A was
based on the previous experiment achieved
EXpS |e The OCV around 2.6V at 550 °C Max voltage of 1.78 V was 1.78 V
e The around 6A at OV achieved
e Operating time longer than 33 min The current of 2.96 A was
based on the previous experiment achieved
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Exp6 | Repetition of the previous experiment Max voltage of 0.9 V was 09V
achieved
Exp7 | Repetition of the previous experiment Max voltage of 1.38 V was 1.38V
achieved
Exp 8 | Study the effect of cold finger starting Using a cold finger increased 16V
mid-test OCV almost as high as the initial
value
Cold finger reduces voltage
fluctuations
Exp9 | e Repeat Exp8 to verify the effect of a Using a cold finger increased 126V
cold finger OCV almost as high as the initial
e Use adesiccant to dry the injected air value
through the cathode Cold finger reduces voltage
fluctuations
Exp 10 | ¢ Use a data logger to measure data At the moment of starting the 117V
e Study how the voltage change during cold finger, the voltage drops but
inserting the cold finger then gradually increases up to
almost the initial OCV
Isolation problem found between
the cathode and the furnace's top
plate
Expll | ¢ Ensuring electrical isolation of the Isolation problem still exists 1.23V
cathode by using an insulating tube
e |Isolating the top plate from the
furnace body by adding tapes
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EXP12

No prebaking of the salt, holding the
salt at 250C for 3h during heating in

the experiment to dry it

Isolating ceramic plates were missing
under the crucible

Skipping prebaking and drying the
salt inside the furnace does not

significantly affect the results

1.2V

EXP13 Higher cold finger flow (higher than | e Higher cold finger flow did not 16V
the rotameter range) affect the voltage plot
Set the potentiometer to R=1ohm and significantly
run for a long time discharge e However, it ensured keeping the
Not missing ceramic isolations for the voltage at around 0.15 V for a
crucible relatively long time
No prebaking of the salt
EXP14 Connect potentiosatat e Unable to use the data from the 1.13Vv
Apply_resistance sweeps by a potentiostat
potentiostat
No prebaking of the salt e Potentiostat does not match the
current range of our battery
EXP15 Second potential stat test e Unable to use potentiostat NA
Put the cathode in epoxy and cutitin | e The cathode was epoxied and
half studied
No prebaking of the salt
EXP Long rung e Adding ammonia chloride 18V
16 Adding ammonia chloride for high resulted in higher OCV

ocv

Preheating as usual

e Current loss exists in the system
e Measured Mg dissolved
e Cold finger used from early on in

the experiment
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EXP17

Very long run, 30h run time

Preheating as usual

Discharge for more than 30h
Current-Voltage plots dropped
over time

Lower current than expected

131V

dense Ti

Discharge only

EXP18 First recharging Three recharging sweeps 0.96 V
Multiple recharging sweeps performed
Preheating as usual Other elements rather than Mg
were deposited on the anode
Thin Mg dendrites were formed
around Mg as seen in EDS
Expl19 Second recharging Five recharging sweeps 1.5V
Constant current recharging Ti deposited on the original Mg
anode
Exp20 Changing cathode mesh from Ni to Unstable battery voltage 146V

3.3 Experiment 1

In the first experiment, the goal was to study the heat up and cool down of the system. Only

passive cooling was applied on the top plate and there was no insulation around the baffles. This
will make the top plate heat up to around 200 °C which is approaching the O-ring service

temperature. Based on this experiment, a fan was used to cool down the top plate and prevent

any damage to the O-ring and furnace seal.

3.4 Experiment 2
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In the second experiment, the goal was to achieve the theoretical values calculated in Section 02.3.

the expected OCV at 550°C was estimated as 2.6 V and the maximum current of around 6 A.

3.5 Experiment 3

A similar goal to as of experiment 2, was applied to experiment 3. To identify the performance of
the Mg-air battery discussed in this work, the voltages measured from the experiments were
compared with modeling results and are shown in Figure 8. Figure 8 compares the calculated
power from the experiments with the modeling results. As discussed in Chapter 2, OCV expected
from the cell was 2.62 V. As the current increases the voltage decreases due to the concentration
and ohmic polarization. The result from the electrochemical modeling illustrated that the Mg-air
battery can operate under 0.5 A/cm? current density and 1.17 W/cm? power density at 73%
efficiency. Similarly, 36% efficiency was achieved when operating under 2.5 A/cm? current
density and 2.89 W/cm? power density.

The two experiments showed reasonable agreement with the model as shown in Figure 8. Lower
measured cell performance than the model prediction is likely due to the presence of MgO reaction
product in the bath, which the model does not include. The first experiment reached a very high
current density of 2.9 A/cm? which is almost equal to the limiting current density (2.92 A/cm?).
Moreover, the second experiment reached 1.86 V which is 71% of the theoretical OCV. In both
experiments, following the initial run, both OCV and current density fell over time. After each
experiment, the nickel mesh cathode was partially blocked, with most pores filled with solid salt

and some remaining open.
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Figure 7, MAB results from the analytical model and initial three experiments which prooved the
concept

3.6 Experiment 4

After proofing the concept of Mg-air batteries in experiments 1 and 2, the following four
experiments were conducted to reassure and double-check the voltages. The results from
experiment 4 are shown in Figure 8, which shows the high OCV of 1.94 V and maximum current

of 241 A.
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Figure 8, V-I Plot from experiment 4

3.7 Experiment 5

In a similar study as the previous experiment max voltage of 1.78 V and a maximum current of
2.96 A were achieved. The experimental results from this experiment are shown in Figure 9. As
shown in this Figure 9, the voltage-current drop over time is most probably due to the increase of
MgO in the molten salt electrolyte which decreases the thermodynamical tendency for the Mg to

turn into MgO as explained in Section 2.2.
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Figure 9, V-I Plot from experiment 4

3.8 Experiment 6

The approach taken in experiment 6 is similar to the one from experiment 5 and the results also
show a similar trend as shown in Figure 10. In this experiment, the drop in current is much more

significant than the drop in current. This has been explained in the following experiment.
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3.9 Experiment 7

Experiment 7 illustrated a similar trend in voltage drop throughout the experiment. This leads the
team to an innovative idea of using the cold finger to keep the MgO concentration low in the
molten salt electrolyte.
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Chapter 4- Efficiency Improvement Using Cold Finger

4.1 Experiment 8

The eighth Mg-air battery experiment started similarly to the previous one. The electrolyte salt
(MgCl2 20 wt%, NaCl 32 wt%, and KCI 48 wt%, eutectic temperature 403°C) was added to the
crucible and placed in a furnace of 300°C to prebake and eliminate its excess moisture content.
The crucible was then put in the experimental cage as shown Figure 11. Next, the cathode which
consisted of a stainless-steel tube with porous nickel mesh at the bottom was set up to stay above
the crucible. The nickel mesh has 2 cm? of exposed area. Similarly, the anode which was a
stainless-steel threaded rod with a cylinder shape Mg with a 2.5 cm diameter and 5 cm height
screwed to the bottom was set on top of the crucible. What was new in this experiment was the use
of a cold finger. The cold finger consists of two tubes nested within one another. The inner tube is
a 304 stainless steel tube with a 0.125°” outer diameter (OD) and was used for injecting the
compressed air. The outer tube was a stainless-steel tube with 3/8”” OD with a close-ended Yor-
Lok connection. After isolating the crucible from the cage and connecting the thermocouples to
the system, the experimental cage was inserted into the furnace and the system was sealed to
minimize oxygen interaction during temperature ramp-up. Before starting the heated ramp-up, the
oxygen partial pressure was reduced to below 0.05 bar by injecting argon gas into the furnace.
First, the temperature was set to 250°C at 10°C/minute and held for 60 minutes to remove water
with minimal oxide formation. Then the temperature was increased to 550°C at the same rate. The
battery was ready to perform once the salt was fully molten. Next, the cathode’s air flow of 1
standard liter/minute was started and inserted into the molten salt bath along with the anode. OCV
and voltage vs. current data were recorded using a potentiometer to sweep resistance from 0 to 25
ohms. After 1.5 h of battery operation and data logging, the cold finger flow was started, and it
was inserted into the molten salt. Due to the cool-down effect of the cold finger, the MgO will
most likely deposit on the cold finger and filter out from the molten salt, reducing the MgO

concentration in the salt. When ending the test, all anode, cathode, and cold finger leads were
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drawn out of the bath, the cathode and cold finger flows were shut off and lastly, the furnace was

turned off.

Figure 11, Cold finger experimental setup

To identify the cold finger effect on Mg-air battery performance, the voltage-current plots were
studied. The electrical circuit consists of the battery, a 0.02 Q shaft resistor, a 0-25 Q
potentiometer, and a voltmeter to measure the battery voltage. At the beginning of the test, the
OCV was 1.58+0.01V. Starting 10 minutes into the test four resistance sweep tests were performed
with a 10-minute interval between the first three tests and 40 minutes interval for the last one. In
these tests, the resistor was decreased from 25Q to 0Q and then back to 25Q. As shown in Figure
12, the voltage for different currents decreases as the battery is used which can be due to the
increasing composition of MgO in the molten electrolyte. After 2.5 h of the battery running the
cold finger cooling down flow was started at 1000 SCCM, and the cold finger was inserted into
the molten electrolyte. Five minutes after cold finger initiation the OCV started to increase from
0.55V to 1.35V. The cold finger flow was then increased which resulted in a further increase of
OCV to 1.39V as shown in Figure 13. Figure 13 shows the Mg and cold finger after the

experiments. It is visible that a layer of oxides was formed on the cold finger in this process.
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Figure 13, left) Voltage drop and recovery in experiment 8 showing the effect of the cold finger.
Right) Cold finger after the experiment showing the oxides formed on it

4.2 Experiment 9
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The effect of the cold finger was again verified in experiment 9. Starting from this experiment, a
desiccant air dryer was used on the way of the cathode in flow to ensure low humidity of inserted
air as shown in Figure 14. Results from this experiment are aligned with the results from the
prior experiment. Maximum OCV at the initiation of this experiment was 1.26 V. As shown in
Figure 15, the cold finger was started after the drop in the OCV which resulted in increasing the
OCV back to 1.1 V. The use of a cold finger has also resulted in more stability of the voltage and
fewer fluctuations as shown in Figure 16.

Figure 14, Desiccant air dryer used in experiment 9

55



Open circuit voltage (V)
O - =
- o RSN (@) ce —_ o AN

56

Figure 15, Effect of cold finger on OCV in experiment 9
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Figure 16, Effect of cold finger on OCV fluctuations in experiment 9

4.3 Experiment 10

In experiment 10, we planned to study how the voltage change when inserting the cold finger.
Figure 17 from this experiment shows the changes in OCV from the insertion of the cold finger.
Starting OCV in this experiment was 1.17 V but dropped shortly after the initiation of the test.
Right after inserting the cold finger the OCV which was decreased to 0.67 V starts to increase
gradually and then suddenly reached 1.08 V. The OCV stayed stable during this test and the test
ended after 42 minutes. One of the most important results of this experiment was that the top
plate and the anode are not isolated from one another. As a result of this, there was a high
voltage of 1.6 V between the cathode and the top plate. To overcome this issue, an isolating tube

was placed around the cathode in the following experiment.
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Figure 17, OCV during insertion of the cold finger in experiment 10

4.4 Experiment 11

As mentioned in the previous experiment, the purpose of experiment 11 was to ensure the isolation
of the cathode from the top plate. To do so, two ceramic plates were placed under the crucible to
isolate it from the cage. Moreover, a plastic tube was placed around the cathode to isolate it from
the top plate. The highest OCV in this experiment was 1.23 V however the voltage between the
cathode and the top plate was still 1.4 V. This showed that the isolation was not complete in this
setup. After finishing the test and analyzing the setup it was found that the isolation tube around
the cathode was placed too low and melted away during the high temperature. This is shown in
Figure 18 along with the isolating ceramics that were put under the crucible. The two main
conclusions from this experiment were to place the cathode isolating tube higher in the setup and
to isolate the furnace tube by applying tapes on the four pieces holding it. In this experiment, the
Mg was weighed before and after the experiment. It was 43.6 and 43.9 gr respectively. The 43.9
gr is the weight of the remaining Mg along with the oxidations formed on it. In the following
experiments, the Mg was put into a solution to dissolve the oxides from it so that the weight of the
Mg dissolved throughout the discharge is found.
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Figure 18, Left) Isolating ceramics Right) The experimental cage after experiment 11

4.5 Experiment 12

Experiment 12 was the first long-run experiment on the Mg-air battery. In this experiment, the
battery was discharged for 6h. Isolations were adjusted so that the cathode isolation is not
melted, the ceramic plates are placed under the crucible and the furnace tube is isolated from the
rest of the setup. To avoid the interaction of the stainless-steel threaded rod with the molten salt
the Mg anode was not inserted into the molten salt. This is shown in Figure 19. Another
difference between this experiment and the previous ones was that the salts were not pre-baked
before the test. Instead, they were placed in the furnace and the furnace was heated up and stayed
at 300 °C for three hours to make sure all the humidity leave the salts. The highest OCV in this
experiment was 1.224 V and the results are shown in Figure 20. This experiment started with a
high fluctuation within the battery voltage. Twelve minutes into the experiment the cold finger
(CF) was inserted into the salt and the CF flow was started. About fifty minutes into the test, the
voltage suddenly drops but started to recover to 1.2 V without any modifications. After about 1h
there was another voltage drop which continued with voltage fluctuation and the voltage was
dropped and stabilized at 0.02 V after that. Although this was not a successful long-run
experiment there were important findings based on this experiment. To start with the cold finger
flow was not open at the beginning of the test and was turned on when it was inserted into the
molten salt. This means, as opposed to the previous experiments, the cold finger was not as cool
as it can get to solidify the MgO formed in the molten chloride. Another point is that the cold
finger was previously used in another experiment. This means that it might have not been as heat
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conductive as a new one because it had oxidations formed on it. Moreover, not having the cold
finger working as expected, there are salts built up on the cathode and at the bottom of it that
blocks the oxygen air inlet. As shown in Figure 21, the cathode was fully blocked after the test
and there are salts formed on the cathode tube. This can be the reason behind the two drops in the
voltage. With minimal oxygen flow into the system, the voltage significantly dropped in the

experiment after three hours of operation.
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Figure 19, Mg anode after experiment 12, showing the dissolved Mg and the oxides formed on it
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Figure 20, Battery voltage in experiment 12

Oxides formed on cathode tube

Cathode end fully blocked due to salt formation

Figure 21, Left) Experimental cage after the experiment, Right) Cathode and anode after the
experiment showing the blocked cathode due to deposition of salts on the cathode’s outlet
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4.6 Experiment 13

In the thirteenth experiment, we aimed to repeat the long-run experiment and measure OCV for
more than 10h. Due to the misprogramming of the furnace, the furnace temperature started to go
beyond 550 to 800°C almost 8 hours into the experiment as shown in Figure 22. Although the
results beyond this time are not useful for the analysis of this study, they can be used for the
safety management of these cells. The cell ran at 800°C for more than two hours. During this
time there was a high increase in the OCV of the cell which shows that the last bit of Mg was
used up. After this time the cell was cooled down and opened for studying. This unexpected
increase in the temperature did not cause a safety problem. The Mg was completely evaporated
and the thermal shock within the cold finger made it break as shown in Figure 23. This shows
that if for any reason there is an overheat in the battery, its functionality of it will be negatively

affected but this will not result in a health hazard.

1.8 -
—~ ij Temp from 550 to 800 C
14 +

212 Temp 550 C

10 11 12

Time (h)

Figure 22, Battery voltage during discharge and higher than normal temperature in experiment
13
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Figure 23, Higher than normal temperature in experiment 13 broke the cold finger

4.7 Experiment 14

In a similar experiment, Exp 14, the cathode inlet tube popped off, and therefore cathode flow
was stopped. This caused the battery voltage to reach almost zero. When the cathode flow was

reconnected, the battery voltage was back to 1.1 V as shown in Figure 24.
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Figure 24, Battery voltage during experiment 14

4.8 Experiment 15

A similar approach was taken for the next experiment. To study the cathode flow the cathode end
was cut off and mounted in the epoxy after the experiment. It was then cut in half across its
length as shown in Figure 25. Based on this photo, the Nickel mesh is only blocked at the bottom
and its pores are empty in the center. This shows there is a great seal between the Ni mesh and

the stainless tube so that the cathode air passes through the Ni mesh and not around it.
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Figure 25, Cathode cross-section view after experiment 15, the cathode porosity looks intact and
the blockage is seen at the outlet of the cathode

4.9 Experiment16

The theoretical amount of electrical charge, or charge capacity, that can be generated by the
reaction of 1 gram of Mg in an electrochemical cell depends on the specific conditions of the cell,
such as the size and configuration of the electrodes, the type and concentration of the electrolyte,
and the overall reaction that takes place.

Assuming a simple electrochemical cell where magnesium is the anode and copper is the cathode,
and the half-reactions are:
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Mg->Mg?*+2e”
0%+2e>0.50;

The theoretical charge capacity of this cell can be calculated as follows:

Determine the number of moles of Mg in 1 gram of Mg by dividing the mass of Mg by its molar
mass:
moles of Mg =1 g/ 24.31 g/mol = 0.041 mol

Calculate the number of electrons transferred in the reaction, which is equal to the number of moles
of Mg multiplied by the number of electrons transferred in the half-reaction (2 electrons per Mg
atom):

number of electrons = 0.041 mol Mg x 2 electrons/mol = 0.082 C

Calculate the charge capacity of the cell, which is equal to the number of electrons transferred
multiplied by the Faraday constant (96,485 C/mol):
charge capacity = 0.082 C x 96,485 C/mol = 7,922 C

Therefore, the theoretical charge capacity of this cell would be 7,922 Coulombs (C), which is
equivalent to 7,922 ampere-seconds (A.s) or 2.2 ampere-hours (Ah) of electricity. However, in
reality, the actual amount of electrical charge that can be obtained from this reaction will be lower

due to losses from resistance, side reactions, and other factors.

One of the important aspects of this battery is to achieve high OCV. One reason that can
decrease OCV is the water content in the cell. Although the air desiccant is used to dry out the
inlet air in the experiment, in experiment 16, an extra step was taken. Here 50 grams of ammonia
chloride was added to the salt mixture. Ammonia chloride will react with humidity and reduce it
in the cell. As shown in Figure 26, the highest OCV has reached 1.815 V which is 61% higher
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than our general Max OCV from the previous test (1.2 V). Two hours into the test three
resistance sweeps were done as shown in Figure 27. Evan’s diagram based on these sweeps iS
shown in Figure 28. Based on this figure, the highest voltage of these plots reduce after each

sweep.

A side effect of using Ammonia chloride in our salt is that the whole furnace tube and all its
components become coated in Ammonia chloride. This will make the gas outlet partially blocked

and the clean-up process longer.

The Mg sample after the experiment was studied under the SEM and the results are shown in
Figure 30. The Au shown as one of the elements in this study comes from the sputter coating

which uses Au and Pd.
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Figure 26, OCV at the start of experiment 16
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Figure 27, Battery voltage in experiment 16 showing three resistance sweeps in this experiment
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Figure 28, V-1 Plot from experiment 16 from the three sweeps
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Figure 29, Furnace door from the inside after experiment 16 showing the ammonia chloride
deposited around the furnace wall from inside
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Figure 30, SEM image of deposited material on the Mg showing that it mostly consists of the
salts

The current over time in this experiment is shown in Figure 31. The average current can be
estimated as 0.4 A and the operating time is 8.5h which gives us 3.4 Ah energy. As shown in
Figure 32 about 5.7 of Mg has turned into MgO during the test which results in 60% current

efficiency for this cell.

1.2 Potentiometer resistant sweep 1

1 Potentiometer resistant sweep 2 ——Battery

Potentiometer resistant sweep 3 —Current

Battery Voltage(V)- Current (A)

12
Time(h)

Figure 31, Voltage and current of the battery during discharge and sweeps in experiment 16
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Figure 32, The weight of the Mg anode before and after the experiment, after physical removal
after the oxides and after dissolving the oxides to calculate the amount of the Mg dissolved
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Chapter 5- Long Run Experiments

5.1Experiment 17-first long run
In experiment 17, we aimed for a very long run to study the battery performance for over 30 h.
We started the test at 8 am and finished it at 5 PM of the following day. During this time, the
resistance sweep was studied almost every hour. Each time two sweeps were run, one using two

0.2 ohm resistors and the other using two 0.02 ohm resistors.

Ammonia chloride was again used in the salts for this experiment, resulting in almost full
blockage of the outlet tube. This is shown in Figure 33 along with the huge solidified component

of the cold finger and the cathode.

The highest OCV in this experiment was 1.31 V and the battery voltage for the first 22 mins of

the experiment is shown in Figure 34.

Figure 35 shows all the sweeps in this experiment and Figure 36 shows three of the sweeps at a
time for different times. Based on these figures the voltage for these sweeps generally decreased

over time.
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solidified component formed on the cold finger as well as the cathode Left) the gas outlet pipe of
the furnace was blocked as a result of using ammonia chloride
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Figure 34, The battery voltage during the long discharge in experiment 17
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Figure 36, Sixteen V-1 Plot from experiment 17 from the three sweeps plotted separately

As shown in Figure 37, the average current in this experiment was about 0.15A with 30 h
operation time. As shown in Figure 38, 3.1 gr of Mg has dissolved in this experiment which
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results in 6.82 Ah energy. Using this information the current efficiency of the cell can be
estimated as 66%.
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Figure 37, Voltage and Current plot in experiment 17 showing multiple sweeps
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oxides in the solution Right) showing a piece of Mg before the experiment, and another one after
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Chapter 6- Rechargeability

6.1 Experiment 18

It is important to note that during the recharging of this cell, Oz is not produced because it needs a
Platinum electrode. Platinum is a widely used material for the construction of electrodes in various
electrochemical processes, including the production of oxygen. There are a few reasons why
platinum is a good choice for this purpose:

e Catalytic activity: Platinum is an excellent catalyst for the electrochemical reaction that
produces oxygen. A catalyst is a substance that increases the rate of a chemical reaction
without being consumed in the process. Platinum'’s unique electronic and crystal structure

properties make it highly efficient in catalyzing the reaction that produces oxygen.

e Stability: Platinum is a highly stable material, even at high temperatures and in the presence
of corrosive environments. This makes it an ideal choice for use as an electrode in high-

temperature and high-pressure electrochemical cells used to produce oxygen.

e Conductivity: Platinum is an excellent conductor of electricity. This property is essential

for ensuring efficient electron transfer during the oxygen production process.

In summary, platinum is a good choice for an electrode in the production of oxygen due to its
excellent catalytic activity, stability, and conductivity but it is out of the scope of these

experiments.

Experiment 18 was the first recharging experiment in this project. For the recharging experiment,

the battery was set up as normal and set to run for 13 h as shown in Figure 39. After that, the
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cold finger and cathode flow were shut off. The battery leads were then connected to the power
supply so that the Stainless steel/Ni is the positive and Mg is the negative lead. Then the sweeps
were started by applying voltage from 0 to 5V over 10 mins which means 0.1 V every 12
seconds. The current was then set to 0 and OCV and measured for 10 mins. Then the electrolysis
was started by running the system at a constant voltage of 2V for 30 mins. This was for the
impurities to leave the Mg surface so more pure Mg can be deposited at the next electrolysis.
During this process, it was possible to dissolve/oxidize some of the components in stainless steel
or Ni. After 10 mins of OCV measurement, another 0 to 5V sweep was done to give a more
clean 1-V plot as a result of reduced impurities. Next, another round of electrolysis was started at
4V for one hour followed by a 10-minute OCV measurement. The test was then finished with
another resistant sweep and 10 mins OCV recording. The results from the three sweeps are
shown in Figure 40 which shows that the chromium in stainless steel is either turning into Cr2O3

or chromium ions.
*  MgO+Cr->Cr203+Mg [forms Chromium oxide on the tube]
«  Mg®*+Cr>Mg+Cr?*/# /4 [Chromium ions dissolve in the salt]

The Mg was cut and studied under the SEM, and EDS. One study was on the cross-section of the
Mg and the other on the lump shape formed on its edge as shown with red boxes in Figure 41.
Figure 42 and Figure 43 show the EDS of the cross-section of the Mg in two different
magnifications. Some high Mg regions of the size of a couple of microns show that the Mg
dendrites were formed around the initial Mg anode. Figure 44 and Figure 45 show the EDS of
the Mg lump in two different magnitudes. Here also Mg regions are seen which are significantly

smaller and are on the order of 5 microns.
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Figure 39, The battery voltage during discharge in experiment 18
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Figure 40, The three recharging sweeps in experiment 18

Table 3, Possible reaction happening during MAB recharging and their standard voltage

Mg?* + 2e” = Mg(s) —2.356
02 (g) + e =02(aq) -0.33
Fe?* + 2e” == Fe(s) -0.44
Fe®" + 3e” == Fe(s) -0.037
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oo + o e Fo2* 0.771

Cr3+ + 87 ‘__\‘__\ Cr2+ —0.424

Cr?* + 2" == Cr(s) -0.90

Deposited lump
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Figure 41, The Mg after recharging showing the cross section and deposited lump from
’ experiment18
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Figure 42, SEM image of the cross-section of Mg after recharging in experiment 18
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Figure 43, Zoomed-in SEM image of the Mg cross-section after the recharging experiment
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Figure 44, SEM image of Mg lump after experiment 18 recharging
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Figure 45, Zoomed-in SEM image of the Mg lump after experiment 18 recharging

6.2 Experiment 19- Second recharging

In this experiment, the recharging of the Mg-air battery was restudied. Similar setup as the previous
experiments were performed and followed by a 10-hour discharge of the battery. The maximum
OCYV in this period was 1.5V.

During discharge, the anode of a battery is the negative terminal, while the cathode is the positive

terminal. However, during charging, the flow of electrons is reversed, and the anode becomes the
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positive terminal, while the cathode becomes the negative terminal. This is because, during
charging, an external voltage source is applied to the battery, which drives the flow of electrons in
the opposite direction to the flow during discharge. As a result, the charge carriers in the battery,
which are typically ions, move from the cathode to the anode during charging, whereas they move
from the anode to the cathode during discharge. Following this, after the 10-hour discharge, the
cathode was pulled up and removed from the molten salt and a Ti rod was inserted as the new
negative terminal.

At this point, five minutes of OCV was measured with the highest OCV of 1.25V. Two recharging
0-4 V sweeps were performed with the rate of 0.5V/min with a one-hour constant current of 1-
amps in between. The OCV in this period was 0.715V, 0.85V, and 0.85V. The voltage plots for
this part of the experiment are shown in Figure 46. The two recharging sweeps are shown in Figure
47 and the constant current plots and the resulting voltage are shown in Figure 48.
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time(h)
0.715V 0.85v 0.85V

Figure 46, Battery voltage of experiment 19 recharging showing recharging sweeps and the OCV
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Figure 47, V-1 Plots of Constant Current recharging in experiment 19
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Figure 48, Voltage and Current Plots during the constant recharging of the battery in experiment
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This test continued with two two-hour electrolysis and two voltage sweeps after that. The voltage
plot over time is shown in Figure 49 and the sweeps are shown in Figure 50. The constant current
and the resulting voltage are shown in Figure 51.

* 9144cm-81.5cm

« TiO2+2Mg-> 2MgO+Ti
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Figure 49, Battery voltage of experiment 19 recharging showing recharging sweeps and the OCV
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Figure 52 shows the Mg anode after the five-hour electrolysis. The deposited material on the initial
Mg was studied under SEM-EDS and the results are shown in Figure 53, Figure 54 and Figure 55.
Based on this result, mostly salts and some Ti was deposited on the charging positive terminal.
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Figure 52, Mg after experiment 19 recharging
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Figure 53, SEM image of Mg after experiment 19 recharging
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Figure 55, SEM image of Mg after experiment 19 recharging
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6.3Experiment 20- Ti mesh

The twenties experiment was a replica of the normal discharge experiment but this time a dense
Ti mesh was used instead of the original Ni mesh. As shown in Figure 56, the battery voltage was
unstable with a maximum OCV of 1.46 V. The Mg anode is getting dissolved in layers that are

different than how it was dissolved in previous experiments.

1.8
1.6
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Figure 56, Voltage of MAB using Ti mesh in experiment 20
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Figure 57, Experimental setup after experiment 20
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Three different counter electrodes were studied. Among these stainless steel was the most
promising one. Further options should be studied. Du et al. [66] presented a new type of electrode
for use in high-temperature electrolyzers, which are devices that use electricity to split water into
hydrogen and oxygen. Their electrode is made from an iron-based material and is designed
specifically for the oxygen-evolution reaction, which is one of the two reactions that occur during
water electrolysis. The authors of the paper describe the development of the electrode, including

the synthesis of the iron-based material and the fabrication of the electrode.

The Ellingham diagram is a graphical representation of the thermodynamic stability of metal
oxides under different temperatures and oxygen partial pressure conditions. It is used to predict
the feasibility of metal oxide reduction reactions, such as the reduction of iron oxide to produce

iron in a blast furnace.

The diagram plots the Gibbs free energy change of the reduction reaction for a given metal oxide
versus temperature. The slope of the line represents the entropy change, while the intercept with
the y-axis indicates the standard Gibbs free energy change for the reaction at 0 Kelvin.

The diagram can also include lines representing the variation in Gibbs free energy change for the
formation of gaseous oxides, such as CO or CO, at different temperatures and oxygen partial
pressures. These lines can be used to determine the equilibrium partial pressure of oxygen required

for a given reduction reaction to occur.

By using the Ellingham diagram, it is possible to identify the temperature and oxygen partial
pressure conditions required for a particular reduction reaction to proceed, as well as the most
suitable reducing agent to use. It is a valuable tool in the design and optimization of metallurgical

processes.
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Chapter 7- 1D Diffusion Model

The following chapter includes a 1D model to calculate the boundary layer formed during
supercooled solidification and estimate the required recirculation velocity to make it smaller.

CL Concentration of solute (O%) in liquid mol/m"3
Cs Concentration of (O%) in liquid at the liquid-solid interface | mol/m"3
X Distance from phase boundary m
D Diffusivity in liquid m”2/s
C Solute concentration mol/m”3
G Thermal gradient K/m
Classical Constitutional Supercooling Criterion (CSC) is derived as follows:
dx ac
(CL'CS) E - D E
dx , dc _ [ dc
dt dx dx?
_ i
C=A+B exp (- B * X)
Boundary condition:
c=C Par dX; _p_
=CL-(CL-Cs) exp (- — % * x) > 4%/ 1. = R = growth rate

d
o | (X=0) = 7#(CL-Cs)

ar _%/yx 6D

ac  4¢/,  R(CL—Cs)

> (M) liquidus slope

G >R (C;—Cs)
R Oxygen rate m/s
Co Oxygen concentration mol/m"3
Jo Flux of oxygen mol/(m”2.s)
Cwmgo Oxygen in MgO mol/m"3
Co Oxygen in bulk molten salt mol/m”3
Cint Oxygen in salt at the MgO interface mol/m"3
) interface thickness m
du Velocity boundary layer
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oT Thermal boundary layer

v kinematic viscosity

M Liquidus line slope T/(mol/m”3)

In this case, the oxide ion concentration in MgO is very different from the bulk concentration in
the liquid so we need a new criterion. Whereas the mass transfer boundary layer thickness in the
traditional CSC is given by D/R, the much higher value of Cmgo than C.. means that the boundary
layer thickness dc must be much smaller. This section quantifies the boundary layer thickness

requirement.

Flux of oxygen: J,=RCo-D % = Constant

do_ =R % p d*Co
dx dx dx?
dC _ Coo—Cint

dx é

—Jo|(X = 0)=R (Cmgo— Cint) =D @ + Cin*R

= R (Cmgo—2Cint) =D @

D (Coo _Cint)

D §=
R (CMgO_ZCint)

Normally: § = D/R
But here because Cwmgo— 2Cint >>Co, — Cint

= & « D/R Very small boundary layer [Point1]

dT _ dT/dx _  G+§
dC ~ dC/dx  Coo—Cint

ar . . .
>z |(liquisus line)

. dr G*D*(Coo—C;j
Pointl= & = *D*(Coo~Cine)
dC  (Co—Cint)R(CMgo—2Cint)

ar . . .
>z |(liquidus line)

G/R S M CMgO_ZCint
D

In the classical format; G/R> @

Next: what is the effective 8c 6 (V)

(Co _Cint)

We can write: 6, = a7 7 x=0)
ax!' =
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ity BL: & = v__50
For velocity BL: <= 5.0 % T

The Sc number is the Schmidt number, which is a dimensionless quantity that relates
kinematic viscosity to diffusion rate. It is defined as the ratio of momentum diffusivity (kinematic

viscosity) to mass diffusivity, and is given by:
Sc=v/D

where v is the kinematic viscosity and D is the mass diffusivity. The Schmidt number is

commonly used in fluid mechanics to study transport phenomena, such as the diffusion of particles
in a fluid.

5
5—C = constant * Sc %2

2> v.eb
- D is very small, 10e-9 m"2/s
> L1720

du

&c concentration BL is so much smaller thand,, velocity BL, this is in our favor. We want a
smallé, because we want to avoid constitutional supercooling, so MgO grows with a plane front.

These are all under the assumption that we have a laminar flow

h convective heat transfer at the surface of a body | W/m2-K
conductive heat transfer through the body W/m-K

L characteristic length scale of the problem m

Kgq mass transfer coefficient m/s

The Sherwood number, denoted by Sh, is a dimensionless parameter used in mass transfer to

characterize the transfer of a species between a fluid and a surface. It relates the rate of mass
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transfer to the diffusive flux of the species and the length scale of the problem. The Sherwood
number is defined as the ratio of the convective mass transfer at the surface of a body to the

diffusive mass transfer through the fluid, and is given by:

Sh=hpL/D

where Sh is the Sherwood number, hp is the mass transfer coefficient, L is the characteristic
length scale of the problem (such as the diameter of a pipe or the length of a reactor), and D is the
diffusivity of the species in the fluid. Based on the approximate expression hp=D/dc, we can also

approximate Sh = L/dc.

The Sherwood number is used to characterize mass transfer in various applications, including
absorption, desorption, and distillation. It plays a crucial role in the design of mass transfer
equipment, as it provides a means of predicting the mass transfer coefficient for a given fluid and
flow condition. The Sherwood number is also used in conjunction with the Reynolds and Schmidt
numbers to characterize mass transfer in complex flows, such as turbulent and multi-phase flows.

The Sherwood number (Sh) is a dimensionless quantity used in the study of mass transfer in
fluid mechanics. It relates the mass transfer rate, or the rate of transport of a species in a fluid, to
the rate of diffusion of that species in the fluid. The Sherwood number can be expressed as a
function of the Reynolds number (Re) and the Schmidt number (Sc) as follows:

Sh=C * Re™a™* Sc"b

where C, a, and b are constants that depend on the geometry and flow conditions of the system

being studied.

The value of the constant C can be determined experimentally, and its value typically ranges
from 0.23 to 0.9 depending on the geometry of the system. The exponents a and b depend on the

type of flow regime and the physical properties of the fluid.
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For example, for laminar flow over a flat plate, the Sherwood number can be expressed as:
Sh =0.664 * Re™(1/2) * ScN(1/3)
where Re is the Reynolds number and Sc is the Schmidt number.

In general, the Sherwood number increases with increasing Reynolds number and decreasing
Schmidt number, indicating that the rate of mass transfer increases with increasing fluid velocity
and decreasing diffusivity of the species being transported. Therefore, in order to have a small dc,
it is necessary to have a large value of Sh, a large value of Re, and high velocity. It is likely that
the molten salt velocity due to gas lift from air bubbles will indeed be relatively large, but
estimating it is beyond the scope of this work.
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Chapter 8- Cost modeling

A single lab-scale Mg-air battery can achieve a current density of 2.3 A/cm? at 100%
transformation of one electron per atom of Mg when operating at maximum power. The theoretical
model predicts an open circuit voltage (OCV) of 2.6 V, and at this current density, the estimated
operating voltage is 1.3 V, resulting in a power density of 2.93 W/cm?,

Considering a single anode-cathode pair from the full-scale 20-foot battery, depicted in Figure 59,
the Mg slab's dimensions are 1.5 x 2 x 0.45 m3, resulting in a surface area of 30,000 cm?. Thus,
the power of a single cell can be estimated to be 87.96 kW, with an efficiency of 40.89% over 75

hours of operation.

A candidate 20-foot battery design consists of 10 anode and cathode pairs connected in series.
With a 40% efficiency, the theoretical current density of this cell is 2.3 A/cm?, and the cell voltage
is 1.3 V, producing a power density of 2.9 W/cm?. With 10 cells in a stack, the overall power in a
container ship is 880 kW, and the capacity of the cell is approximately 66 MWh over 75.1 hours
of operation, assuming perfect current efficiency and oxide removal from the bath. Alternatively,
at a lower current density of 0.2 A/cm?, the battery can achieve a voltage of 2.5 V, power density
of 0.5 W/cm2, 81% efficiency, 151 kW power, and 130 MWh capacity.

Based on experimental results, the Mg-air battery exhibited a power density of 0.4 W/cm2 or 109
kW power on a full scale. However, the voltage-current profile demonstrated only 50-80% of
theoretical voltage, likely due to dissolved oxide in the molten salt as mentioned above. If this
performance holds for a larger battery, it could result in an energy delivery of 60-90 MWh from

the 20-foot container battery.

The most significant cost drivers for Mg-air full-scale batteries are the nickel cathode materials, in
the worst-case scenario. The estimated cost for these cells ranges from $315-365k for a 20-foot

container battery delivering 60-90 MWh.

103



6 m (20 foot)

Air inlet

2.5m

Figure 59, Full-scale MAB in a 20-foot shipping container
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Key findings

With global warming being one of the most critical challenges of today’s world, this paper

proposes an innovative Mg-air battery as an emission-free alternative to conventional energy

sources. This work includes modeling and experimental investigation of Mg-air batteries. The key

findings of this work are listed below:

Mg-air batteries can provide the high energy density required for long-haul transportation.
The OCV of this battery was calculated as 2.62 V.

Experiments were able to reach as high as 71% OCV of Mg-air battery.

The maximum current density reached in the experiments was 2.9 which is almost equal to
the modeling expectations.

At 73% of efficiency, the Mg-air battery is expected to operate under 0.5 A/cm? current
density and 1.17 W/cm? power density.

At a current density of 2.5 A/cm?, power increases to 2.89 W/cm?, but efficiency falls to
36%.

For reaching the highest performance of the battery, MgO concentration should be kept as
low as possible in the electrolyte. This can be achieved by either freezing the MgO from
the bottom or filtering it out.

With 60-90 MWh battery capacity, the Mg-air battery has at least 8 times the battery
capacity of other shipping batteries making transpacific zero emission cruising possible.
The cold finger demonstrates that long-term battery operation is possible by selective
solidification of MgO to maintain MgO composition in the molten salt.

The MgO formed on the cold finger can be used for Mg electrolysis and recharging of the
battery

This molten salt Mg-air battery concept shows potential for much higher energy density at

comparable cost vs. other metal-air chemistries such as iron-air[125].
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Future Work

The following list includes some potential ideas for future work on this project:
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Study MgO directional solidification, required gradient, and the heat loss in the
system.

Study other materials as an inert counter-electrode for the recharging process and
look into the morphology of the magnesium deposit.

Investigate thermal modeling of the cell and AH of the half-reactions.

Studying the species formed during discharge and recharging.

Study the effect of operation temperature on battery performance.

Try out a different mixture of salts (Ex: Increase Mg ion concentration, Add
fluorides to the salts).

Get a cross-section of deposition on cold finger deposit to study the structure and
morphonology of the deposit and its oxygen concentration. This might require
sample preparation with oil polishing followed by EBSD.

Use pseudo reference electrode or reference electrode, to learn more about the
electrochemical reactions during charge and discharge.
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