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The work was financed by the European Space Agency (ESA) under the ESA OSIP project

“Electrochemical splitting of CO2 for carbon and oxygen production in Mars conditions”.

The main focus of this research was to evaluate different eutectic salt mixtures for
application as an electrolyte in Mars conditions. The aim was to find out the best candidate
for carbon and oxygen production in future Mars missions in terms of electrolyte stability.
For this purpose, three different eutectic salt mixtures were prepared and characterized.
The characterization studies showed that two of the mixtures (Li2CO3-Na2CO3 and Li>COs-
K2CO3) are promising electrolyte candidates for Mars conditions while Li>CO3-K2CO3 can
be even more suitable as the carbon produced with this mixture was found to be useful

for applications such as a fuel cell catalyst support.

Keywords: Carbon and oxygen production, eutectic mixtures, molten salt carbon capture

and electrochemical transformation, mars conditions, master thesis.
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INTRODUCTION

The Terraforming of Mars is one of the most discussed topics of the XXI century. But it is
quite challenging to develop new technologies in this field due to issues like cost,
equipment and so on. Some projects have tried to solve these kinds of challenges and one
of these projects is called The Mars Oxygen In-Situ Resource Utilization Experiment also
known as MOXIE.

MOXIE's mission on Mars is to show that solid oxide electrolysis can break down the carbon
dioxide in the Martian atmosphere into carbon monoxide and oxygen. Carbon monoxide is
released into the atmosphere, whereas oxygen is collected and utilized in several ways.
MOXIE has already completed two successful runs, producing 5.4 grams of 98 per cent
pure oxygen in an hour. Although 5.4 grams is not much, it is enough to provide an
astronaut with around 10 minutes of breathable oxygen and to show that the technology
works [1].

However, the major drawback of the MOXIE technology is that carbon monoxide produced
in electrolysis is emitted into the atmosphere while it could be used for some other
application. At the same time, with the operating temperature of 800°C and the pressure
of 1 bar, 75% of MOXIE's power is used by the compressor and heater leaving only 12%
for oxygen production [2]. That is why there is a need for an alternative technology which
does not have such limitations. Currently, there is a promising alternative that can produce
various carbon nanomaterials which can be used in a variety of applications in the space
industry, including battery and ultracapacitor technologies, conductive and strengthening
coatings, polymer formulations, water filters, and so on [3]. This technology is called
Molten Salt Carbon Capture and Electrochemical Transformation (MSCC-ET) in which
carbonate salt electrolyte is used to break CO2 molecule into solid carbon and molecular
oxygen.

There are different eutectic mixtures of carbonate salts used as an electrolyte for the
MSCC-ET process such as Li-Na-K carbonate, Li-K carbonate and Li-Na carbonate
mixtures. Although certain general knowledge about these salts exists in the literature,
there is a lack of some key research data related to the MSCC-ET. For example, the
evaporation rates of chosen electrolytes under simulated Mars conditions must be

investigated to find the most suitable eutectic mixture for the given conditions.

In this work, Mars conditions were imitated in a laboratory-made reactor set up to run the

reaction in three different steps. For the first step, each salt mixture was melted under



Argon flow to understand the decay rate in the neutral state without any CO:2 presence.
As the next step, the same salt mixtures were melted under a simulated Martian
atmosphere (CO2, N2 and Ar). Finally, the electrodes were placed in the electrolyte to
produce carbon and oxygen for further characterization.



1. LITERATURE REVIEW AND STUDY OBJECTIVES

1.1 The need for terraforming of Mars and its challenges

The desire to find and colonize uninhabited areas has always been part of the human
nature. This has encouraged homo sapiens to create tools that would help to survive in
extreme environments and conditions. At the same time, the need to travel over long
distances has led to the invention of transportation vehicles which in turn made it possible

to populate very far places in the planet.

The Earth is roughly 4.5 billion years old and during the early development stages of the
solar system, our planet's atmosphere would have been unbreathable, containing only
nitrogen and carbon dioxide and no oxygen. The earliest life appeared in that period,
around 3.7 billion years ago, most likely in the oceans. Archeobacteria and other kinds of
life that followed began to use the massive amounts of carbon dioxide in the atmosphere
to produce oxygen. This gradually changed the composition of the planetary atmosphere,
allowing it to host forms of life that breathe oxygen, including humans. It can be said that

the first planet to be terraformed was Earth itself [4].

However, some of the technologies that make our life easier also lead to serious issues
that need to be solved without delay. Perhaps, climate change with its terrible
repercussions and costly unfavorable effects may be the most urgent problem that
humanity has ever faced. It is expected that by 2030, we will already breach the goal of
keeping the temperature rise below 1.5°C at pre-industrial levels set in the Paris
agreement due to the “accelerated warming” (see Fig.1.1) of the Earth [5]. Such alarming
news about the future of our planet makes humanity think about alternatives and often

scientists focus on Mars as a viable option.
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Figure 1.1 Climate simulations predict that global warming will rise exponentially if
emissions go unchecked

Mars is attracting attention for a variety of practical, scientific, and strategic reasons. Mars
is the most reachable planet in the Solar System in terms of practicality [6]. It is, after

Venus, the second-closest planet to Earth, with a distance between the furthest and closest
places in its orbit averaging roughly 360 million kilometres. There are a lot of similarities
between Earth and Mars. Both planets, for example, spin at the same velocity and have
the same tilt angle. On Earth, a day is 24 hours long, while on Mars, it is 24 hours and 37
minutes long and a year is 365 days long on Earth, but on Mars, it is 687 days long. The
Earth's axis tilts at 23.5 degrees, while Mars tilts slightly more at 25.2 degrees. The former
orbits at 30 kilometres per second, whereas the latter orbits at 24 kilometres per second.
From a scientific standpoint, it is worth mentioning that investigating Mars offers the
potential to answer questions about the origin and evolution of life, as well as provide a
future destination for human existence. On July 15, 1965, the US Mariner 4 spacecraft
made the first successful approach to the red planet and took the first photos of Mars ever
sent back to Earth. (Figure 1.2) [7]
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Figure 1.2. Mariner 4 images, (a) first ever image of Mars taken at the limb of the
planet revealing high clouds, (b) image no. 11, showing large craters on the surface,

famous for dashing hopes of a living planet

In the case of Mars, the term 'terraforming' refers to the process of altering the Martian
environment to make it more conducive to the existence of terrestrial life [8]. There are
three main aspects of terraforming that need to be advanced[4] :

e Scientific-technological aspects. Terraforming is a highly interdisciplinary
endeavour including physics, chemistry, and biology, as well as electronics,
material science, nanotechnology, and other disciplines. Thus, significant
breakthroughs are required in these fields to satisfy the scientific-technological
aspects of terraforming.

e Ethical aspects. All technologies have a significant impact on the environment and
people's way of life, so there is a need to understand the ethical aspects of
terraforming before taking any important steps.

e Financial aspects. As terraforming is a huge financial undertaking, there is a need

for a detailed plan that can cover centuries of work.

Although there are important similarities between the environments of Mars and the Earth
certain key differences create challenges that need to be solved to make Mars habitable.
Scientific-technological terraforming of Mars can be achieved by tackling several major
obstacles such as warming the planet, thickening its atmosphere, activating its
hydrosphere and producing enough oxygen to make it a habitable place [9]. It can be
argued that efficient and large-scale oxygen production is the most difficult among these
tasks and significant technological progress needs to be made before it becomes

economically and practically viable.
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1.2 The current technologies for oxygen and carbon

production

While the COz-rich atmosphere of Mars is an issue on its own, it can also be considered an
opportunity for tandem oxygen and carbon production. Due to the ever-increasing level of
CO2 in our atmosphere, carbon capture and conversion have gotten a lot of scientific
interest in the previous two decades and there are mature technologies used in the field.

For instance, the Sabatier or Reverse Water-Gas Shift Reactions (RWGS), both of which

are used alongside polymer electrolyte membrane (PEM)-based water electrolysis, solid
oxide electrolysis (SOE), and the MSCC-ET process, are the key technologies that have
emerged for direct CO2 capture and transformation that can also be relevant in Mars
conditions [10] [11] [12]. All of these procedures rely on (electro)chemistry that has been
known to split CO:z for hundreds of years, but they are significantly different in terms of

what and how much they can produce.

1.2.1 Sabatier reaction

The Sabatier (or methanation) process for CO2 capture and transformation is based on

the exothermic reaction discovered by Paul Sabatier and Jean-Baptiste Senderens:

€0, + 4H, — CH, + 2H,0 (1.1),

The process is already in use on the International Space Station as an In-Situ Resource
Utilization (ISRU) method in combination with water electrolysis in which electricity is applied

to water to produce oxygen (for breathing) and hydrogen:

electrolysis

2H,0 ———0, + 2H, (1.2),

After the astronauts’ carbonate oxygen through breathing, it is again joined with two extra
hydrogen molecules via reaction (1.1) to reproduce the original two water molecules and
methane, which is then vented [13][14] or pyrolyzed to make carbon or CO with an
additional energy cost. The Sabatier process has several advantages, including a high
space technology readiness level (TRL), the ability to reclaim methane on Mars for heat

generation or the production of higher carbon molecules, and high selectivity (Ni and Ru
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catalysts have shown more than 95% conversion and 99% selectivity in multichannel
microreactors) [14] [15]. The Sabatier reactors (see Fig. 1.3) are rather simple with basic
units comprised of tubes filled with catalysts.

(a) | (¢)

Monochannel 16 channels 68 - 97 channels X channels
de.1-4mm s de-35cm — d.E:6-7,4CM  —
L:7-10cm L:8,5cm L:9-11cm

Pilot plant with 388 channels

Figure 1.3. Sabatier reactors in various scales were developed by Tecnalia [9]

However, there are certain disadvantages including the fact that the reaction is
exothermic, necessitating cooling, as well as the high pressure required (15-25 bar), which
would require a large compressor and energy budget to power it, as well as the
requirement for hydrogen to be continuously added to the process, implying that the
hydrogen used for the process would either have to be brought with the mission from

Earth or created from mined water on Mars [10], [14], [15].

1.2.2 Reverse Water-Gas Shift Reaction

The Reverse Water-Gas Shift Reaction (RWGS) is based on the following reaction:

€0, +H, - CO +H,0 (1.3),

This can also be used in combination with water electrolysis (1.2), to produce carbon
monoxide and oxygen simultaneously. The RWGS reactor is similar to the Sabatier reactor
as it requires a catalyst as well. Due to the presence of a catalyst in the reactor, the
reaction can be vulnerable to poisoning caused by additives from the reactant stream and

gradual degradation of the catalyst used. Unless run at high pressures (more than 15 atm
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or high H2 to CO2 ratios) [16], the conversion rate of the reaction is substantially lower
than the Sabatier process [8] meaning that there is a need for a hydrogen recirculation
loop that makes the system complicated (see Fig 1.4). RWGS, like the Sabatier process,

requires a hydrogen input to create oxygen.

H,. CO,
Recycle
Pump

Mars

{gg;:wg;ph:r:% €0, Capture , | Water , Gas S(eparatﬂr
P 24 Condenser e.g
N, 1.6% Ar, | (LG 3 : (0-5°C) = Membrane)

0.13% 0,,

0.07% €O, 4

0.03% H,0)
-60°C

€0, Ny, Ar, O,

Buffer Gas

) Electrolyzer 0, Liquefaction
Separation -

8 9

Figure 1.4. Scheme of an RWGS/Electrolysis process for oxygen production on Mars [14].

In the case of both processes, a considerable amount of power is needed to heat the
reactor system to a high temperature (400 °C) and to compress CO2 to high pressures.
The sorption pump technology was used for older ISRU projects such as the Mars 2001
Surveyor Lander [17]. These work by absorbing and collecting CO2 during night-time on
Mars via passive cooling, then passively or electrically heating the sorbent and releasing
the gas at high pressure [18]. They have a minimal energy need (the only energy demand
is for heating the bed for desorption), but they require huge tanks of the adsorbent (often
zeolite) to store the CO2. Cryogenic storage is also based on a cyclical work pattern in
which a cold point is required to collect CO: as a solid that can subsequently be heated up
as needed. It takes up less space and mass but is inefficient in terms of energy [19]. The
third alternative for achieving the needed pressures is to employ a mechanical compressor,

which can operate in a flow-through configuration (that eliminates the requirement for
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high-pressure storage) and takes significantly less space, but also relatively higher power
is needed. However, its power requirement is still lower than the cryogenic pump [20][21].
The Integrated Mars In Situ Propellant Production System (IMISPPS) is the most
optimized Sabatier/RWGS-based system, which is designed to create a combination of CH4
and O2 at 100 per cent conversion for use as a propellant [20]. The IMISPPS makes use
of both the Sabatier and RWGS processes with a recycle loop to achieve an 18 to 1 leverage
ratio (1 kg of hydrogen needed to produce 18 kg of propellant). At the same time, it can
produce 1 kg of propellant (two-thirds being oxygen) during 24 hours using 700 W of

power.

REACTOR-I 37

FLOW CONTROLLER

CRYOIGENIC
DISTILLATION

ELECTROLYZER

- s J |
CO2 BUFFER 7 |

LI MEMBRANE

TANK: | SEPARATOR

RECYCLE PUMP

CO2 ACQUSITION
PUMP:

CO2 ACQUKITION | == -
PUMP 2 {
= =

Figure 1.5. CAD drawing of the IMISPPS [21]

1.2.3 Solid oxide electrolysis

Another method of splitting CO2 for oxygen production technology is called the Solid Oxide
Electrolysis (shortly SOE), in which the following cathode reaction (solid oxide electrolysis

of CO2) takes place:

CO, +2e~ & CO + 0% (1.4),
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Figure 1.6 Reactions across a SOXE cell

Here, carbon monoxide and the unused carbon dioxide are vented from the system while
the oxide anions are delivered to the anode through a solid ceramic electrolyte, where

gaseous oxygen is produced from their combination:

20 <0, +4e” (1.5).

Being the most mature among the O2 production systems on Mars, SOE technology is the
only field-tested alternative as well. Currently, the Perseverance rover sent to Mars for
exploration employs OxEon Energy's SOE technology for oxygen production in the Jezero
crater as part of the Mars Oxygen In-Situ Resource Utilization Experiment (MOXIE, Figure
1.7).
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Figure 1.7 Schematic representation of the MOXIE.

MOXIE captures Mars's atmospheric gas through a HEPA filter with a scroll compressor to
compress it to 530-800 mbar and then reach its working temperature (800 °C) with an
Inconel heat exchanger prior to the SOE stage. Dr Robert Ash was the first to introduce the
SOE module now used in MOXIE for oxygen production in the 1970s, but this was not
given enough attention (it was dismissed as "major advances above already shown levels
of performance may be viewed as very improbable" in 1997) until 2013 when NASA chose
MOXIE from its Announcement of Opportunity for ISRU technologies. A scandia-doped
zirconia ceramic oxygen-conducting membrane, a doped lanthanum cobalt ferrite oxygen
evolution electrode (anode), and a nickel-ceria cermet CO/CO: electrode (cathode)
designed particularly for MOXIE form the basis of the SOE module [21]. MOXIE is made
up of 10 SOE cells, each of which converts 30-50 per cent of CO2 into CO and O2. The
gases are excited through oxygen, CO, and CO:2 sensors, with the anode stream being
vented (though it would be collected in a full-scale experiment) and the cathode stream
being recirculated into the SOE stack. With the output of 5.37 g h'! during its first test on
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April 20, 2021, MOXIE has already proven itself, even though the theoretical maximum
production rate is 12 g h'! at 4A (limited by the power supply). The benefits of the SOE
technology include its evident high space TRL, system simplicity, relatively low input
pressure (as compared to Sabatier/RWGS processes), and the fact there is no need for
hydrogen. However, the downsides include the high working temperature (which makes
the power demand of the module very high), the ceramic components' (thermal and
mechanical) fragility, the limiting reaction of carbon production (which, as it happens,
forms the basis for the MSCC-ET system) and the large surface area necessary to conduct

the reaction at a reasonable rate.

Table 1.1 shows a comparison of the existing Mars ISRU technologies for oxygen
generation. It is obvious that all of the systems produce oxygen at around the same
rate, while the combined Sabatier-RWGS system is the most efficient limited by its
higher mass budget. The Sabatier/electrolysis and RWGS/electrolysis systems were
estimated to be the lightest among all, although this is not experimental evidence from a
real system. Considering the mass of elements from the IMISPPS system (that has both
RWGS and Sabatier modules), the true weight might be up to 2-3 times higher than the

minimum weight stated in the Table.

Table 1.1 Comparison of Mars ISRU technologies.

Technology Reactants | Products | Working Working | Oxygen production System
temperature | pressure | rate (g kWh™) mass
() (bar) (lg)**
Sabatier COy, H; O, CH,, | >400 >15 54.1 33
H,
RWGS COy, H, 0, CO, 400 10 494 375
H,
IMISPPS CO,, H, O, CH, | 400 5 6l.1 127.7
SOE CO, 0, CO 800 I 54.7 71.2
(MOXIE)
MSCC-ET CO, O, C 450-800 Under Under study Under
study study
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1.3 MSCC-ET AS A PROMISING TECHNOLOGY

1.3.1 Fundamentals of Molten salt CO2 capture and

electrochemical transformation (MSCC-ET)

The continued rise in CO: levels in the atmosphere has sparked widespread alarm about
the impact of global climate change. COz, the most well-known greenhouse gas, has been
demonstrated to elevate the surface earth temperature by 4 degrees Celsius [22] when
its quantity is doubled in the atmosphere. Climate change, rising sea levels, and the loss
of numerous species will become more visible in the coming decades if no regulatory

measures are implemented [23].

CO3, on the other hand, is a valuable carbon resource that is used to make urea, salicylic
acid, carbamates, and inorganic chemicals [24]. Environmentally friendly carbon materials
are a crucial support for strategic new sectors, with large market potential. As a result,
turning CO: into valuable products like hydrocarbons and other compounds, in addition to
CO2 capture and storage (CCS), is extremely desirable for sustainable growth [25][26].
Due to the reduced load on limited geological storage sites in CCS operations, carbon
capture, utilisation, and storage (CCUS) are especially appealing as a midterm option [27]
[28]. That is why CO2 capture and storage and also the conversion of CO: to other
functional materials (such as carbon and oxygen) are among the pathways to a sustainable
future. It has the ability to contribute to the earth's atmospheric carbon balance,
intermittent renewable energy storage, carbon materials manufacturing, and local

environment air quality control.

MSCC-ET is among the most promising CO2 capturing technologies. Molten salt carbon
capture and electrochemical transformation (MSCC-ET) is a technology that converts CO:
into value-added carbonaceous products and oxygen through electroreduction of CO:2 in
molten salts. Carbon is the favored product when Li2COs and/or CaCOs are present in
molten salts, according to the data in Table 1 and tests conducted by several groups [29].
As a result, CO2 can be absorbed and degraded in high-temperature molten salts using
LioCOs and/or CaCOs, forming the basis for the molten salt CO:2 capture and

electrochemical transformation (MSCC-ET) process.

Table 1.2. The equilibrium activity of corresponding metal oxide and the deposition potential of
metals (EM) and carbon (EC) in different molten carbonates at 450 C under a CO> atmosphere of

1.0 atm
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Molten salt Activity of M,Q° Em/V vs. CO,—0,/CO3?2 | E¢/V vs. CO,—0,/C0O3?
Li.COs 1.04 x 10 821 -3.183 -1.883
Na,COs 2.46x10% -2.757 -2.681
K,CO3 2.05x 102 -2.829 -3.251
CaCOs 2.31x10% -3.230 -1.523

Carbon (in the form of carbon powder, film, or metal complexes) and/or carbon monoxide
are the most common results of electrochemical transformation from CO: in high-
temperature molten salts, depending on the temperature and applied cell voltage
[30][31].

Molten salt used as an electrolyte is essential for capturing CO2, transporting reactants
and ions, and maintaining the cell's temperature balance. MSCC-ET is made up of three

processes:

e CO:2 is absorbed by molten salt
e electrochemical reactions on the cathode and anode

e products separation and collection
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Figure 1.8. Schematic representation of the MSCC-ET process.
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The advantages of inorganic molten salts are extensive. First of all, molten alkali carbonate
salts have a wide potential window. Secondly, the CO2 conversion rate of high-temperature
molten salts is higher than low-temperature electrolytes due to the faster diffusion of
electroactive ions and electrode reactions. Other advantages of inorganic molten salts
include the relative simplicity of the process (meaning that a complicated cell is not

needed) and a low overpotential, meaning that it does not require a catalyst.

The amount of carbon that can be extracted from the process depends mainly on the
duration of the synthesis and the reaction conditions (pressure, CO: flow, potential, current
density, etc). Thus, the molten salt composition affects both CO: absorption and
electrochemical reaction processes due to the different physicochemical features of molten
salts such as basicity, solubility, viscosity, and so on. In the case of the carbonate salts,
the basicity can be expressed as the tendency to donate oxide ions, which is important as
the absorption rate of CO:z increases when metal oxides with strong basicity are used [29].
For example, the basicity of three metal carbonates is expressed as follows: Li.CO3 >
Na2COs > K2COs3 [32]. Thus, by increasing the amount of Li2CO2 in the mixture, the overall
basicity of the salts can be controlled. At the same time, increasing the reaction
temperature has been suggested as a pathway to reduce the viscosity of carbonate salts
[33]. The production of oxygen during the reaction is another important advantage. In
general, research on MSCC-ET is primarily focused on two aspects. One of them is
optimizing the particle size, morphology and specific surface area of the produced carbon
so that it can better suit the desired application in different fields and the other is to find

inert anode materials for the oxygen formation.

1.3.2. CO:z2 capturing mechanism of the MSCC-ET process

Carbon and 02 are the CO2-splitting products on the cathode and anode, respectively, in
the MSCC-ET process. The possible reactions in an MSCC-ET reactor are the following [29]:
(1.6)-(1.9)

3M,CO5 =3M,0 +C +2C0, + 0, (1.6)
4M,CO5 = 4M,0 +2CO +2CO, + 0, (1.6a)
M,CO; =M, 0+C + 0, (1.7)
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2M,CO; = 2M,0 + 2CO + 0, (1.72)
2C0 =2C + 0, (1.8)

M,0 + CO, = M,CO, (1.9)

Here, the carbonate is reduced to carbon (eq (1.6) and (1.7)) or carbon monoxide (eq
(1.6a) and (1.7a) in molten salts containing MxCOs (M = Li, Ca, etc.) while metal oxide
and oxygen are released. The difference between equation (1.6) and equation (1.7)
originates from the anodic reaction. The generated carbon monoxide can be further
reduced to carbon (equation (1.8)) depending on the experimental parameters. At the
same time, the formed oxide absorbs CO> and reproduces the carbonate salt
(equation (1.9)) which ensures that the process remains sustainable. The molten salt
used to produce carbon from CO2 must be capable of dissolving oxygen ions so that CO:2

can be absorbed and transformed into carbonate ions.

The CO2z absorption equilibrium amount for each molten salt shows the amount of CO:2 that
can be captured by using the given salt as electrolyte [32]. In this process, the most
commonly used salts are Li2CO3, Na2COs and K2COs and their mixtures. In addition to
Li2COs3, Na2COs3 and K2COs, Li2O, Na20 and K20 also exist in the mixture (as expressed by
the absorption equilibrium in eq (1.9)). In the case of molten Li2CO3, the
thermodynamically preferred deposition is of carbon rather than Li at 600°C [32].
However, in Na2CO3 and K2COs, the thermodynamically preferred deposition component is
the metal. That is why Li2COs is considered an important part of metal carbonates for the
purpose of carbon deposition. As the energy of decomposition for Na20 and K20 is lower
than Li2O, they are more likely to decompose during the reaction instead of leading to
carbon deposition. To sum up, molten salts containing Li2COs are much better candidates

for carbon deposition.

1.4 MSCC-ET for Mars exploration

NASA’s Mars Oxygen In-Situ Resource Utilization Experiment has already demonstrated
some promising attempts at extracting oxygen from the Martian atmosphere for use as
propellant and breathing. MOXIE separates oxygen atoms from carbon dioxide molecules

(one carbon atom and two oxygen atoms). Carbon monoxide, a waste product, is released
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into Mars' atmosphere [1]. Whereas the MSCC-ET process does not release carbon
monoxide as a byproduct instead different types of carbon materials are produced. This
means that on top of the produced oxygen that can be used for breathing, the carbon
materials can be used in a variety of applications like energy storage (battery and
ultracapacitor technologies), energy production (fuel cell) and other fields (conductive and
strengthening coatings, polymer formulations and water filters).

Although there are many advantages of the technology, certain limitations exist that

need to be solved. These include questions such as:

e What is the efficiency of solid carbon storage and reoxidation in the Martian
atmosphere at a voltage that solar panels might produce?

e How pure are the gaseous oxygen products produced in such a reactor, and can
they be utilized to regenerate artificial air?

e Whether the relatively high temperatures required to melt the electrolytes in a small
reaction can be achieved in Mars conditions?

e How does the solubility of CO2 change depend on different electrolytes? Because it
impacts the electrolyte's electrical conductivity, current efficiency during the
electrolysis process, and electrode processes [34]

e How much electrolyte weight is lost during carbonate reproduction and C/O

production stages?

Certainly, all of these points require detailed research to find answers and to make the
MSCC-ET process the most efficient option for Mars exploration. In terms of practicality, it
is especially important to evaluate the stability of different carbonate salt mixtures in Mars
conditions and analyze the produced carbon materials. As long-term operation under harsh
conditions is part of exploration missions, the stability of the chosen electrolyte can
influence the performance of the whole technology and a better understanding of the
process can be very useful for making a good choice. In addition, carbon nanomaterials
are commonly employed in fuel cells as a catalyst support material and the carbon from
MSCC-ET can be used in the manufacturing of fuel cells for producing electricity on Mars.
However, the fuel cell catalyst support material must satisfy several requirements such as
resistance to corrosion, high conductivity, inertness, large surface area etc. That is why
establishing a relationship between the properties of carbon material and the reaction

conditions is a much-needed goal [35].
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1.5 SUMMARY OF THE LITERATURE REVIEW AND AIM OF
THE STUDY

Due to increasing threats of climate change on the Earth, the topic of Mars exploration has
received a lot of attention in recent years. The reason why Mars is the most suitable
candidate for exploration and future colonization is that it is the second - the closest planet
to us stands at roughly the same velocity and has around the same tilt angle, day length
etc. At the same time, it might hold the answers to other questions about the origin and
evolution of life on earth. However, key differences between the two planets make the
terraforming of Mars a challenging task with various aspects such as scientific-
technological, ethical and financial. Among these, the scientific-technological challenges
may be the most demanding as it involves huge projects like warming the planet, changing

its atmosphere, activating its hydrosphere and producing oxygen.

In the review, current oxygen and carbon production technologies (the Sabatier or Reverse
Water-Gas Shift Reaction (RWGS), solid oxide electrolysis (SOE), and the MSCC-ET
process) were discussed in detail and it was concluded that the MSCC-ET process is the
most promising technology that can be used in Mars conditions due to its significant
advantages over the other technologies. For example, the carbon output of this process
can be utilized in a lot of applications ranging from energy storage (battery and

ultracapacitor technologies) to energy production (like fuel cells).

The main limitation of MSCC-ET is that some details of the process are not well-known and
wide research and development are required. One of these details is to understand the
stability of electrolytes during all stages of carbon and oxygen production during Mars

exploration.

In this work, the stability of three different eutectic salts (Li2CO3-Na2C03-K2COs, Li2COs-
Na2CO0s, Li2CO3-K2C03) was analyzed in terms of weight loss when used as an electrolyte
for MSCC-ET reactions. This was achieved by exposing each molten salt to 100% Ar gas
flow (to imitate the reaction in case of CO2 absence) followed by a mixture of CO2, Ar and
N2 (Mars conditions) and lastly, by applying a voltage to start electrolysis again in the CO2,
Ar and N2 mix. The weights of eutectic salts were measured before and after each step to
compare the amount of weight loss in the case of each salt. This was used to choose the

best candidate that could be used in MSCC-ET for future Mars exploration missions.
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2. EXPERIMENTAL

2.1 Preparation of eutectic mixtures

In this study, three different eutectic carbonate salt mixtures were prepared for the
reaction. These were Li2CO3-Na2C03-K2COs (shortly as Li-Na-K carbonate), Li2CO3-Na2COs3

(Li-Na carbonate) and Li2CO3-K2COs (Li-K carbonate). The melting points, and molar and

weight ratios of the salts are given in Table 2.1 below.

Table 2.1. The melting points, molar and weight ratios of the salts used in this work

Salt mixture

Melting point (C)

Molar ratio (%)

Weight ratio(g)

Li2CO3-Na2COs- 399 43.5:31.5:25.0 32.1:33.4:34.5
K2COs

Li2CO3-Na2COs3 488 62.0:38.0 46.8:53.1
Li2CO3-K2COs3 496 53.0:47.0 45.0:54.9

The stock carbonate salts were Li2CO3 (99%, from Alfa Aesar), K2CO3 (99.3%) and Na2COs
(100%, from Lachner). First, the alumina (Al203) crucible (see Fig.8) to be used in the

reaction was cleaned with ethanol (Keemia Kaubandus), dried in an oven and its weight

was measured. Then the mixtures prepared in a glass beaker with given weight ratios

were transferred to the crucible. Next, the weight of the salts and the crucible together

was measured and the crucible was put to the bottom of a custom stainless-steel 304

cylindrical reactor (see Fig 2.1).
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Figure 2.1. Alumina crucible (a) and the stainless steel reactor (b) (1-main body of the reactor,

2- gas inlet/ outlet and 3- temperature controller)

Before starting the reaction, the temperature inside the reactor was increased to a higher
level than the melting point to fully melt and age the salt mixture, and after melting the

salt mixture, the temperature was decreased to the selected temperature for each mixture.

2.2 Simulation of Mars conditions for MSCC-ET process

To simulate the working conditions of the reactor on Mars, the experiments were
undertaken in a controlled gas environment. In order to avoid airflow into the reactor, it
was sealed off with a stainless steel lid with a designated gas outlet and inlet (see Fig 2.2)
The lid was sealed using a high-temperature silicone centering ring and the outlet and inlet
tubes were also sealed with high-temperature silicone.

27



Figure 2.2. Reactor sealed with stainless steel lid and gas outlet/inlet. Red silicon sealant was
used close small gaps.

After curing the silicone, a pump (IKA VACSTAR), inlet gas flow controllers (Alicat
Scientific), gas outlet oxygen and temperature sensor (PyroScience GmbH) were
connected to the reactor. The reaction was carried out in three steps as explained below:
1. The molten salt mixtures were kept at a relevant temperature for more than 8
hours exposed to 100% Ar flow and the pressure was maintained at 70 mbar. This
was done to observe the stability of the mixture in the absence of CO2 (for example
when the reactor is still in the spacecraft). Then the weight of the salt mixtures
with the crucible was measured again to see how much weight loss occurred during
this step
2. In the second step, the same procedure was repeated but under a mixture of CO2
(95%), N2(3%) and Ar (2%) (to simulate the Martian atmosphere) from gas flow
controllers and the weight of the crucible with salts were measured again
3. For the final part of the experiment, stainless steel 304 (due to its resistance to
oxidation and low cost) cathode and anodes were inserted into the salt mixtures
and the resistance of the electrolyte was measured with a multimeter to avoid
short-circuit. After the voltage was applied to the electrodes for more than 8 hours
to conduct an electrolysis reaction (see Fig 2.3) under simulated Martian
atmosphere conditions. In the end, the cathode was checked to see if the reaction
resulted in carbon formation and the crucible with salts was measured for the last

time to conclude the experiment.
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Figure 2.3. Schematic of electrolysis reaction under CO:2 flow [36]

To repeat the reactions with the same crucible, it was washed with 5M HCI to get rid of
the salt residue (HCI reacts with carbonates to produce CO3), rinsed with ethanol and dried
in an oven. In case of carbon formation in the cathode, it was immersed in 5M HCI solution,

filtered, washed with deionized water and dried in an oven overnight.

2.2.1 Working principle of the oxygen sensor used in the

experiment

The gas flow coming from the reactor was analysed with an oxygen sensor to quantify the
amount of oxygen in the flow. This allows us to first establish a baseline and then measure
the rate of oxygen generation during the electrolysis process. The oxygen monitoring was

performed by an oxygen sensor (Pyroscience GmbH).

An optical oxygen sensor has two key components: an oxygen-sensitive sensor indication
and a read-out device (oxygen meter). The oxygen meter is made up of an LED and a
photodiode that stimulate and detect the oxygen-sensitive indicator's oxygen-dependent
luminescence emission. Between the sensor indication and the oxygen meter, excitation

and emission light are delivered over an optical cable.

The sensor layer's operating mechanism (see Fig 2.4) is based on the quenching of the
special indicator (named REDFLASH) luminescence induced by oxygen molecules colliding
with the indicator. This indicator is immobilized in a polymer matrix and may be coated
directly onto optical fibres or transparent substrates fibre-optic sensors or contactless

sensors. The oxygen meter modifies red excitation light sinusoidally, resulting in NIR near-
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infrared) phase-shifted sinusoidally modulated emission. Because the sensor's emitted
light is proportional to the oxygen partial pressure, it may be used to determine oxygen

levels.
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Figure 2.4. The operating mechanism of the oxygen sensor

2.2.2 X-ray Diffraction (XRD)

X-ray diffraction is a useful characterization technique for analyzing crystalline materials
(materials with repetitive atomic positions). It is based on the interference between
monochromatic X-rays and a crystalline sample that is measured. In a typical setup (see
Fig 2.5), a cathode ray tube produces the X-rays, which are then filtered to create
monochromatic radiation. Next, the radiation is concentrated and aimed onto the sample
for measurement. When Bragg's Law (nA=2dsin8, where n is the order of reflection, the A
is wavelength of the radiation, d is the interplanar spacing and 6 is the incident angle
between the x-rays and planes) is satisfied, constructive interference resulting from the
interaction of incident rays with the material is created. The wavelength of electromagnetic
radiation is associated with the diffraction angle and lattice spacing in a crystalline sample
by this law. Due to the random orientation of the powdered material, scanning the sample
across a range of 20 angles should provide all potential lattice diffraction directions. The
measured peaks are then allocated to reflection planes that describe the crystal structure

of the material, and the peak values may also be used to estimate crystal size.
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XRD measurements in this work were carried out with X'Pert3 Powder system by Malvern
Panalytical by exposing the carbon material to 40 mA beam current and 45 kV beam

voltage using Cu Ka radiation (A = 0.154 nm).
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Figure 2.5. Schematic of a typical x-ray tube [37]

2.2.3 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) creates a wide range of signals at the surface of
solid objects using a directed beam of high-energy electrons. The signals generated by
electron-sample interactions provide information on the sample's morphology, its chemical

composition, the orientation of the materials inside and its crystalline structure.

Usually, data is obtained across a specific region of the sample's surface, and a 2-d
image is created. Using typical SEM imaging, areas in the width range of 1 centimetre to
5 microns may be studied in a scanning mode (magnification from 20X to about 30,000X
with a resolution of 50 to 100 nm). The SEM can also be used to identify the chemical
composition of the studied sample with energy-dispersive X-ray spectroscopy (EDX). In
an SEM, accelerated electrons carry a lot of kinetic energy, that is dissipated as a different
signal caused by electron-sample interactions as the incoming electrons decelerate in the
solid sample. Secondary electrons (used to create SEM images), backscattered electrons
(BSE), diffracted backscattered electrons (EBSD), photons, visible light and heat are
among these signals. Secondary and backscattered electrons are both frequently
employed for imaging: secondary electrons are good for displaying the morphology and
topography of samples, while backscattered electrons are better for highlighting

compositional differences in multiphase samples. The SEM (with EDX) measurement was
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performed by Dr Valdek Mikli (Tallinn University of Technology) to reveal information about

the structure and composition of the carbon material.

2.2.4. Raman spectroscopy

Raman spectroscopy is based on the Raman scattering of molecules, which expresses their
vibrational, rotational, and other low-frequency modes. During the measurement,
a sample is subjected to a powerful beam of monochromatic light (usually a laser beam)
in the visible, near-infrared, or near-ultraviolet region frequency. Electromagnetic
radiation can be transmitted, absorbed, or scattered when it interacts with a
sample. When this monochromatic light is scattered by the molecules, the bulk of the
radiation is scattered by Rayleigh scattering while a tiny percentage of the radiation has a
frequency that differs slightly from the incident radiation. This phenomenon is called the
Raman scattering or Raman effect and it is made up of several values of varying intensity
and wavelength that correspond to molecular bond vibrations attributed to particular
bonds, such as a carbon-carbon bond. By identifying these bonds in a given sample, it is
possible to learn about the chemical structure, phase, polymorphism, intrinsic stress and
strain of the material. As this is a non-destructive characterization method, the measured
sample can be used in other applications as well. In this study, Horiba LabRam HR800
(with a 532 nm laser line) spectrometer with a spot size of 5 ym diameter was employed
and the measurement was performed at room temperature by Mehmet Ender Uslu from

Tallinn University of Technology.
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3. RESULTS AND DISCUSSION

3.1 Stability of the studied eutectic salt mixtures in

Mars conditions

In order to compare the stability profiles of salt mixtures (Li-Na-K carbonate, Li-K
carbonate and Li-Na carbonate) under Mars conditions, the weight of the mixtures was
measured prior to and after each step of the experiment. The observed weight loss of the
mixtures given below can be used to make conclusions about the feasibility of the given

mixture for use in Mars exploration missions as part of the MSCC-ET process:

1. Weight loss in a neutral state (100% Ar flow) is shown as bar charts

for each mixture:
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Figure 3.1. Weight loss comparison charts for a) Li2CO3-Na2C03-K2CO03, b) Li2CO3-K2COs3 and c)
Li2CO3-Na2CO3 mixtures (with crucible) in a neutral state without CO2 presence

While it is important to know about the stability of a given mixture in long-term working
conditions, it is also essential to analyse the stability in case of a neutral state, for
example when the reactor is still in the spacecraft and on the way to Mars. For this
purpose, all three salt mixtures were exposed to Argon flow, heated to a high
temperature and then left at the melting point for more than 8 hours. The weight of the
mixtures with crucible was measured before and after the reaction as given in Figure
3.1. It can be seen that in comparison, Li-Na-K carbonate sample is the most stable in
terms of weight loss as it lost about 0.64 grams while losses of Li-K carbonate and Li-Na
carbonate were 0.68 and 0.79 respectively. However, there is not significant difference

among all three carbonates under these conditions.

2. Weight loss under a simulated Martian atmosphere (CO2, Ar, Nz) is

shown as bar charts for each mixture:

In the next stage, the conditions of the Martian atmosphere were simulated in the reactor
and the mixtures were heated again to a higher temperature followed by a decrease in the
melting temperature and exposed to a mixture of CO2, Ar and N2 gases. The measured
weight loss values showed that there is a bigger difference between the carbonates in
contrast to the previous step. In Mars conditions weight loss of the Li-Na-K carbonate was
the highest at 1.62 grams (see Fig 3.1a) and loss of Li-Na carbonate was 0.41 grams.
However, Li-K carbonate was observed to be the most stable with a loss of only 0.22

grams.
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Figure 3.2. Weight loss comparison charts for a) Li2CO3-Na2C03-K2C03, b) Li2C0O3-K2C0Os3 and c)

Li2CO3-Na2COs mixtures (with crucible) under simulated Martian atmosphere (CO2z, Ar, N2)
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3. Weight loss during electrolysis under simulated Martian atmosphere
(CO, Ar, N2)

Perhaps, the most challenging step of the experiment is the electrolysis in Mars conditions
as simultaneous carbon and oxygen production occurs and the reaction becomes more
complex in this part. In this step, electrodes were inserted into the carbonates and the
reaction was carried out in the same Mars conditions of the previous step. After the
electrolysis, it was revealed that Li-Na-K carbonate lost about 0.24 g of its weight and the
weight loss of Li-K carbonate and Li-Na carbonate were 0.27 g and 0.5 g (see Fig 3.3). At
the same time, carbon was accumulated in the cathode in the case of Li-K carbonate and
Li-Na carbonate while this was not the case for Li-Na-K carbonate. This might be due to
several reasons such as incomplete electrolysis and experimental errors. The carbon
produced from electrolysis in Li-K carbonate was taken from the electrode for

characterization studies.
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Figure 3.3. Weight loss comparison charts for a) Li2CO3-Na2C03-K2CO3, b) Li2CO3-K2CO3z and c)
Li2C0O3-Na2C03 mixtures (with crucible) during electrolysis under simulated Martian atmosphere
(CO2, Ar, N2)

4. Decay rates

In the case of the experiments in a neutral state (under 100% Ar flow) and simulated Mars
condition (CO2, N2, Ar flow) the reaction time for each mixture was different. That is why
the weight lost by each mixture per hour (decay rate) gives a better measure of the true

weight loss of the electrolyte.
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Figure 3.4. Overall decay rate comparison charts for Li2CO3-Na2C03-K2C03, Li2C0O3-K2C0O3 and
Li2CO3-Na2C0O3 mixtures in a) neutral state without the presence of CO2 and b) under simulated

Martian atmosphere (CO2, Ar, N2)

As we can see from Figure 3.4a the decay rate of Li-Na per hour (0.046 g-h™!) in a neutral
state seems to be the lowest while this was not the case in Figure 3.4b. It is closely

followed by Li-K mixture (0.061 g-h™!) and Li-Na-K experienced the highest decay rate per
hour in this state. On the other hand, decay rate of Li-K was minimal (0.012 g-h™!) under
Mars conditions and Li-Na-K mixture had a significant decay rate of 0.135 g-h™!. Li-Na

mixture decay rate about 0.02 g-h~! which is slightly more when compared to Li-K.

In general, the average decay rate of Li-Na-K, Li-K and Li-Na carbonates in both conditions
were 0.199 g-h™!, 0.073 g-h™! and 0.066 g-h™! respectively. While much lower decay rate
were expected for the mixtures (due to the low surface area of the meniscus region
observed on top of the electrolytes), such high decay rate might originate from different
factors such as the presence of water in the crucible in the beginning, impurities of the
electrolyte, experimental errors etc. In order to explain this high decay rate in detail,
thermogravimetric analysis (TGA) can be performed to better observe the mass change of
the mixture while the temperature is increased. This would provide information about the
processes occurring inside the electrolyte at different temperature levels and show the

exact reason behind this behaviour.
At the same time, carbon was obtained during electrolysis in Li-K (see Fig 3.5) and Li-Na-

K carbonates, however as Li-K carbonate seems to be more stable, the carbon from Li-K

will be characterized further.
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Figure 3.5. Carbon produced from electrolysis in Li-K carbonate electrolyte on stainless-steel 304

electrode

3.2 XRD characterization

To study the crystallographic structure of the produced carbon sample (named as CO2-
derived carbon or shortly CO2-C), it was analysed by XRD (see Fig 3.6). The distinctive
peaks found in XRD were attributed to lithium chromium oxide (with reflection planes of
[003] and [101], elemental chromium (reflection planes of [011] and [002]) and carbon
with reflection plane of [200]. The broad peak at the Bragg angle of around 26° was related
to the amorphous structure of the carbon while peaks at 18° and 37° were assigned to
LiCrO2 coming from the Li salt used in the reaction to produce carbon [38]. At the same
time, the broadness of the peak at 26° could also be due to the contribution from the
lithium carbide peak at 24°. The peaks of elemental chromium which is thought to be
formed during the corrosion of stainless-steel electrodes were detected at angles of 44°
and 64°.
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Figure 3.6. X-ray diffraction (XRD) patterns for lithium carbide, lithium chromium oxide, carbon,

chromium and CO2-C (from top to bottom)

3.3 Raman spectra

To analyse the structure of the CO2-C material, Raman spectroscopy was performed (see

Fig 3.7 ) The D-band and G-band are the two principal peaks (or bands) used to define

Raman spectra of a measured sample. For CO2-C, only the first-order spectral range (from

around 1000 to 2000 cm™!) was investigated and the associated D and G bands

are displayed in Figure 3.7.
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Figure 3.7. Raman spectra of CO2-C (532 nm laser line)

The Raman shift value for each peak may be used to learn about the physical features of
the studied carbon material. The D-band, for instance, is formed by the edge of the
ordered structures and the vicinity of defects, whereas the G-band is caused by the
ordered graphite-like structures of the material [39]. By calculating the intensities of the
D-band (Io) and the G-band (Ic), it is possible to find the Ip/Ic ratio of the material which
is commonly used to define the ordering and defective structure of the carbon materials
[40]. Furthermore, in the case of disordered and/or partially graphitized carbons, other
bands at around 1150 cm™?!, at 1450 cm™! and 1620 cm™! can also provide relevant
information.

The spectrum shows that the D and G-bands for CO»-C samples are about 1350 cm™! and
1580 cm™!, At the same time, the intensity of the peaks is 404 and 357 (in arbitrary units)
for the D and G bands respectively giving the Id/Ig ratio of 1.13. This might indicate and
confirm again that the structure of the studied carbon material is amorphous and slightly
disordered. It is worth to note that the disordered structure of the carbon has been linked
to improved catalyst dispersion which in turn means improved catalyst efficiency for

applications such as a fuel cell. [41]
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3.4 SEM images (with EDX spectra)

The SEM and EDX measurements were performed to learn about the structure and
composition of CO2-C. Based on the SEM images (see Fig 3.8) taken at different
magnifications, it can be said that the carbon material is homogenous with varying particle
size distribution. At the same time, it is possible to see both small and relatively bigger

metal particles (brighter spots) that form agglomerates throughout the carbon.

signalA=Ase 20 pm
EHT = 15.00 kv
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Figure 3.8. SEM images of CO2-C at different magnifications

The presence of metal particles was also confirmed in EDX spectrums taken from SEM

images at 200 ym magnification (see Fig 3.9).

SE MAG: 300 x HV: 15,0 kV WD: 8,3 mm

Figure 3.9. The areas of SEM image taken for EDX study (1-metal-rich area and 2-general area)
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It was revealed that in the metal-rich area (see Fig 3.10) the sample contains about 40%
chromium (see Table 3.1) which originates from the corrosion of stainless-steel electrodes
used during electrolysis. This is in good agreement with the XRD results that indicated the
presence of elemental chromium and lithium chromium oxide in the carbon. The traces of
other substances in the carbon such as nickel, iron and silicon are also related to the
electrode material while the source of carbon (CO2) can explain the oxygen found in the

spectrum.

|l — VY

T T
1 2 3 4 5 6 7 8 9
keV

Figure 3.10. The EDX spectrum of the metal-rich area

Table 3.1. The concentration of elements in the EDX spectrum of the metal-rich area

unn. C norm. C Atom. C Error
Element Series [at.%] [%]

[wt.%] [wt. %]
Nickel K-series 1,37 1,47 0,60 0,1
Iron K-series 9,25 9,96 4,25 0,3
Chromium K-series 38,45 41,43 18,96 1,1
Chlorine K-series 0,67 0,72 0,48 0,1
Silicon K-series 0,35 0,37 0,32 0,0
Magnesium K-series 0,98 1,06 1,04 0,1
Oxygen K-series 27,77 29,92 44,51 3,6
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Carbon

K-series

13,98

15,06

29,84

1,9

Total:

92,80

100,00

100,00

In the case of the EDX spectrum of the general area (see Fig 3.11), the composition

included about 70% carbon (see table 3.2), followed by 28% oxygen and the rest being

the metals observed in the metal-rich area.

P

1

2 3

4 5

keV

Figure 3.11. The EDX spectrum of the general area

Table 3.2. The concentration of elements in the EDX spectrum of the general area

unn. C norm. C Atom. C Error
Element Series [wt.%] [wt.%] [at.%] [%]
Iron K-series 0,98 0,98 0,23 0,1
Chromium K-series 0,98 0,98 0,25 0,1
Potassium K-series 0,15 0,15 0,05 0,0
Chlorine K-series 0,81 0,81 0,30 0,1
Silicon K-series 0,15 0,15 0,07 0,0
Aliminium K-series 0,17 0,17 0,08 0,0
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Oxygen K-series 28,14 28,14 23,30 9,4
Carbon K-series 68,63 68,63 75,71 22,5
Total: 100,00 100,00 100,00
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CONCLUSION

In this work, the stability of three carbonate mixtures (Li2CO3-Na2CO3-K2CO3, Li2CO3-
Na2CO0s and Li2CO3-K2CO3) was studied in terms of weight loss in three conditions for use
in MSCC-ET reaction that makes it possible to capture and convert CO: into valuable carbon
nanomaterials. First, the mixtures were melted while exposed to Argon flow for several
hours in order to quantify the weight loss in a neutral state (for example when the reaction
takes place while the spacecraft is not in the Mars atmosphere). Next, the gas flow was
changed to a mix of CO2, Ar and N2 to imitate the Martian atmosphere and the reaction
was carried out in this condition. Finally, electrodes were placed on each carbonate salt

and electrolysis was started by applying a voltage to produce oxygen and carbon.

The weight of each electrolyte mixture was measured before and after the reactions to
evaluate the stability of the given molten carbonate salt in 3 different scenarios. It was
revealed that the average decay rate of Li-K and Li-Na carbonates were similar and lower
than Li-Na-K carbonate. However, in general the average decay rates for the mixtures
were higher than expected and this might be due to presence of water and impurities in
the mixtures and experimental errors. In the future studies, the measurement with TGA
is recommended to understand the processes leading to such high decay rates. Due to
the fact that Li-K carbonate seems to be a promising candidate in terms of stability and it
was also successful for the carbon production, the carbon sample produced from Li-K

carbonate was taken for further characterization.

Characterization with X-ray diffraction showed that the structure of the studied carbon
sample was largely amorphous and other distinctive peaks found were mainly attributed
to lithium chromium oxide and elemental chromium present in the carbon. The sample
was also analysed with Raman spectroscopy and it was again confirmed that the produced
carbon material is mostly amorphous and its structure is slightly disordered with I4/Ig ratio
of 1.13. As disorder in carbon structure has previously been linked to improved catalyst
dispersion (for fuel cell application, for instance), the disordered structure of the carbon

material produced in this work can be considered advantageous.

To learn more about the structure of the produced carbon and its composition, SEM
imaging with EDX analysis was performed. The SEM images at different magnifications
demonstrated that the carbon material is homogenous but with certain metal particles
were also detected in the image. This was later confirmed by the EDX spectrum as well.
In the case of the metal-rich area of the material, the composition consisted of mostly
chromium (around 40%) and traces of other substances such as nickel, iron and silicon.

The presence of these elements was linked to the stainless-steel electrodes used in the
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reactor during electrolysis. At the same time, the detected oxygen in the samples is

thought to be originated from the source of the carbon which was carbon dioxide.

In conclusion, it can be noted that both Li2CO3-Na2COs and Li2CO3-K2CO3 mixtures were
found to be promising candidates for MSCC-ET reaction in the Martian atmosphere owing
to their superior stability in all of the studied conditions. As the carbon produced in the
case of Li2CO3-K2C0O3 mixture was further analysed and found to be advantageous for use
as a support material for fuel cell catalyst, Li2CO3-K2COs3 can be the choice of electrolyte
for future Mars exploration missions featuring MSCC-ET technology. Future studies may
focus on optimizing this eutectic mixture even more to achieve better stability and
carbon/oxygen production efficiency and perform TGA to understand the reason behind

high decay rates in more detail.
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