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ARTICLE INFO ABSTRACT

Keywords: This study investigated the behaviour of a lunar mare crystalline analog dissolved in molten LiF-NaF at 800 °C
ISRU for the in situ production of metals as a part of In Situ Resource Utilization (ISRU) research. Molten fluorides have
Lunar regolith . the capability to dissolve metallic oxides, and the Hall-Héroult process uses this kind of media to produce Al from
ngelr;:guil:izzgolysls Al503.The first step was to compare the individual solubility of the main oxides composing the mare lunar soil
Lunar simulant (SiO3, Aly03, Fez03, and MgO) with the solubility of the crystalline analog using Inductively Coupled Plasma —
Joint solubility Atomic Emission Spectroscopy (ICP-AES). The species concentration added jointly are lower than the concen-
tration of the same species added separately. Nonetheless, this study showed that LiF-NaF can be used to dissolve
the analog with a maximum solubility of 3.9 wt% at 800 °C. Cyclic voltammograms were also used to verify the
electroactivity of all oxide species in LiF-NaF, wherein all the main oxides are electroactive except SiOy and
TiO,. Then electrolyses on different cathodic substrates were performed at different conditions and the obtained
cathodic products were analysed with a scanning electron microscope (SEM) coupled with an energy dispersive
spectroscopy (EDS). Despite the non-electroactivity of SiO, and TiO,, they were extracted in an alloyed form
through Under Potential Deposition (UPD). Metallic deposition of other metals such as aluminium and titanium
was achieved on carbon electrode. Finally, a synthetic mixture made of the different oxide species with the same
chemical composition as the simulant, was investigated as a viable substitute for lunar mare soil. Its electro-
chemical behaviour was identical to the crystalline lunar simulant showing that our original process based on

oxides dissolution is not influenced by the amorphous/crystalline state of the raw material.
the outputs of LiF-NaF molten process are not critically influenced by the physical state of the lunar regolith.

1. Introduction

Over the last decade, interest in lunar missions has risen drastically.
The Artemis program is quite prominent to re-establish human presence
on the Moon with Artemis III scheduled in 2025. Other countries such as
China, Russia, South Korea, Japan, United Emirates of Arabia, and India
are also sending probes and rovers to explore further the surface of the
Moon. This increasing interest is not only because of the future context
of human extraterrestrial settlement but also due to the recent discovery
of water at the south pole of the Moon. The main space agencies believe
that extended missions on the Moon could serve as a training ground for
the future missions to Mars. To settle down in space, the utilization of
local resources is mandatory. The primary objective is to turn these
lunar resources into useful life elements such as oxygen and metals. The
top layer of the Moon consists in a regolith which results from multiple
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impacts on the original rocks emplaced on the surface by different
geological processes. It comprises metallic oxides (40-45 % wt oxygen),
as shown in Fig. 1. This data had been originally summarized by Schliiter
and Cowley (2020) and was recently updated with data from Chang’e—5
samples.

The main component of lunar soil is SiO3, with a concentration
ranging from 40.6 wt% to 48.1 wt%. Other oxides such as Al;03 and FeO
display larger ranges of concentrations, 6.3-28.0 wt% and 4.7-24.5 wt%
respectively, depending on whether they are found in highlands (made
of anorthositic materials) or mare soils (basaltic materials). Further-
more, up to 8.4 wt % of TiO; in the form of ilmenite (FeTiO3) is found in
mare basalts (McKay et al., 1991). Thus, the lunar soils offers a variety of
metals which could be extracted for manufacturing and construction
purposes. Moreover, oxygen could be recovered during the extraction
process and used as propellant and life support systems. After the Apollo
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Fig. 1. Average (—), minimum and maximum abundance of major oxides in
lunar landing sites in wt% (data from (McKay et al., 1991) for Apollo and Luna
samples, (Ling et al., 2015) for Chang’e—3 samples and (Che et al., 2021; Li
et al., 2022; Chen et al., 2023) for Chang’e—5 samples.

Era, a wide range of different processes were studied including hydrogen
reduction, carbothermal reduction, fluorination, vacuum pyrolysis,
molten regolith electrolysis and molten salt electrolysis to extract metals
and oxygen from lunar regolith (Schwandt et al., 2012; Anand et al.,
2012; Schliiter and Cowley, 2020; Shaw et al., 2022; Zhang et al., 2023).
These processes can be mainly distinguished by the lunar regolith state
(solid, liquid or vapour) which depends on the operating conditions used
during the process. Since no lunar samples are available for ISRU in-
vestigations which often require significant amounts of material, lunar
soil simulants were developed to address the engineering studies. Some
of the existing lunar simulants derived from terrestrial geological ma-
terials were reviewed by Taylor and Liu in 2010 (Taylor and Liu, 2010).
The production of lunar regolith simulants, their history, their use and
misuse are described in 2016 by Taylor et al. (2016). The environmental
conditions existing on the Moon make it challenging to replicate a
perfect simulant, but it is possible to produce lunar analogs from
terrestrial materials having for instance similar bulk chemistry than
lunar rocks and soils. One example is the LMS-1 Lunar mare simulant
which has an accurate texture and bulk chemistry (Exolith Lab, 2023),
and was used in several ISRU studies (Isachenkov et al., 2022a, 2022b;
Meurisse et al., 2022; Sargeant et al., 2022; Schein et al., 2022).

Hydrogen or carbothermal reductions use the interaction of a spe-
cific gas with lunar regolith materials to extract oxygen. In this case, the
lunar regolith is put in contact with a flow of hydrogen at 700-1100 °C
or methane at 1100-1650 °C. The oxygen is extracted in the form of
water vapour (Eq. (1)) and is oxidised in pure oxygen through water
electrolysis (Eq. (2)).

FeTiOx(,) + Haggy = Fe® +TiOy + H,0) €))

2 H20(1> - 2 Hz(g) + Oz(g) (2)

Based on well-established industry applications, a lot of research was
done in hydrogen reduction (Williams, 1985; Gibson et al., 1994; Allen
et al., 1996; Hegde et al., 2009; Lu et al., 2010; Sanders Gerald B. and
Larson William E., 2013; Denk et al., 2017; Kumai et al., 2021; Sargeant
et al., 2021) and carbothermal reduction ((Cutler and Krag, 1985;
Rosenberg et al., 1992; Sen et al., 2005; Lu and Reddy, 2008; Kobayashi
et al., 2010; Peng et al., 2022; Troisi et al., 2022). The drawbacks of
these processes are the need of ilmenite (FeTiOs3) in the feedstock, use of
consumable reagents, multiple steps to produce O3 gas and the presence
of an artificial atmosphere. In the case of carbothermal reduction, uti-
lizing molten regolith enables the reduction of large amounts of metallic
oxides, yet it complicates the process.

Lunar regolith can also be vaporised under vacuum conditions at
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temperatures above 1000 °C in order to retrieve oxygen and metals.
High working temperatures can be achieved by different means such as
solar concentrator technologies (Gordon et al., 2011; Palos et al., 2020)
and microwave heating (Lim et al., 2023). This process is called vacuum
pyrolysis or vapour phase reduction. After vaporising the lunar regolith,
the oxides are decomposed into metals and oxygen: the metals are
condensed whereas the oxygen remains gaseous (Steurer and Nerad,
1983; Senior, 1992; Cardiff et al., 2007; Schubert, 2007; Kate et al.,
2010; Shaw et al., 2021). The main difficulty in this process is to
properly separate the metals, metals oxides, and oxygen from the
mainstream.

The final option, as discussed in this paper, is to reduce regolith using
electrolytic processes. Lunar regolith has a high fusion temperature and
is fully melted above 1600 °C. During the polarisation, the oxide anions
(027) are transported through the molten regolith and are oxidised into
pure oxygen gas (Eq. (3)) whereas the metallic cations M) are
reduced as liquid or solid metal on the cathode (Eq. (4)).

20 > 0,+4e 3)

M™" +ne -M (€))

Because of the high operating temperatures, only a few noble metals
such as iridium (Kesterke, 1971; Sibille et al., 2009), rhodium and
platinum (Gmitter, 2008), 50-50 iridium/tungsten (Vai et al., 2010) or
ceramic materials can be used as electrodes. The presence of iron in the
feedstock also limits the current efficiency to 30-60% due to the
reversible reaction of Fe*/Fe2* (Sibille et al., 2009). However, the main
advantage of the process is its multi-component lunar feedstock, but its
high working temperature induces a highly corrosive environment. Kim
et al. (2011) showed that the corrosion rate of iridium anode increased
with the basicity of the electrolyte (high CaO rate). Therefore, these
conditions make it difficult to find an inert anode, which remains the
main engineering problem of the molten regolith electrolysis.

A promising alternative is the use of molten salts as electrolyte and to
apply a direct or indirect electro-deoxidation of the solid regolith ma-
terial. One way is through the Fray Farthing Chen (FFC) Cambridge
process which involves the direct electrochemical reduction of solid-
state metallic oxide into metal and oxygen (Eq. (5)) in molten CaCl, at
around 900 °C (Fray, 1999; Chen et al., 2000; Schwandt et al., 2010).

MO, +2ye —»M+yO0* ()

The oxide anions (0?7) react at the conventionally used graphite
anode to form CO and/or CO; (Egs. (6) and (7)).

0> +C—>CO+2e¢ 6)

20 +C—=CO, +4e” @

Lomax et al. (2020) used the Johnson Space Center lunar soil sim-
ulant (JSC-2A) in CaCl; at 950 °C. In their study the graphite anode was
replaced by an oxygen evolving anode (SnOy). Electrolysis of 52 h was
conducted with a fixed current of 4 A on 30g of lunar simulant. The total
oxygen detected by mass spectrometry was about 34% of the oxygen
present in the starting material. However, the SnO, anode encountered
both mechanical and chemical issues. The composition of the reduced
solid products was analysed by oxygen analysis and SEM/EDX. A total
oxygen extraction of 96% was observed and different alloys/phases
were obtained.

e Al/Fe alloy (3:1 Al to Fe ratio) with inclusions of silicon up to 10%,

e Fe/Si alloy containing Ti and/or Al in significant amount mostly
located in Al/Fe,

o Ca/Si/Al phase with the inclusion of Mg.

Meurisse et al. (2022) studied a 24 h electrolysis at 3.2 V of lunar
mare simulant LMS-1 (Exolith Lab, 2023) in different CaCly-based
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eutectic salts between 660 °C and 950 °C: CaCl,; CaCl,—KCl; CaCl,—NaCl
and CaCl,-LiCl. A temperature-dependent oxygen extraction efficiency
was observed with an optimal working temperature of 680 °C in
CaCly-NaCl. A current efficiency above 60% was obtained with an ox-
ygen removal higher than 40%. Moreover, experiments with all eutec-
tics at 950 °C showed that the efficiency of the reaction is also related to
the CaCly content and the associated CaO solubility and different
metallic phases (Si/Ca and Si/Ti/Fe) were observed when LiCl was
added.

Recently, Shi et al. (2022) worked with solid Chang’e—5 lunar
regolith simulant in CaCl, at 850 °C. An electrolysis at 3 V for 12 h
produced metallic products with the following mass fractions: 43.43 wt
% Fe, 31.68 wt% Si, 11.45 wt% Ti, 8.72 wt% Al, 3.57 wt% Cr and less
than 1 wt % Ca, Mg and Mn. A current efficiency of 43.4% was observed
with an energy consumption of 12.3 kWh/kg O. In this study, the usual
graphite anode was used but a secondary cell was required to transform
the produced CO/CO; gas into Oy, containing a Li;CO3-NayCO3-K;CO3
(molar ratio 43.5:31.5:25.0) molten electrolyte at 650 °C. A Ni alloy and
Pt/Ti anodes were used as working electrodes. An electrolysis of 2 A for
5h on Ni alloy anode produced a rising flow of oxygen and eventually
became stable at 20.4 vol% after 3.7h. Similar observations were made
for the Pt/Ti anode.

Ellery et al. (2022) proposed several chemical pre-processes to
enhance the products obtained by FFC Cambridge process. An artificial
weathering approach using HCl is discussed, through which the elec-
trolyte CaCl; is produced as a by-product. Different metal 3D printing
techniques are considered to manufacture components and systems of
robotic machines of production.

Another direction of research worth to be explored is the use of a
fluoride salt known to dissolve metallic oxides and amorphous SiO;
(glass), such as the Hall-Héroult process where Al is produced from
aluminium oxide in molten NagAlFg at 970 °C: aluminium cations are
reduced at the cathode and oxygen anions react with the carbon anode
to form CO and CO,. Xie et al. (2017) worked with Minnesota Lunar
Simulant MLS-1 (5.27 mass%) in cryolite melts at 960 °C on liquid Al
cathode and a ferronickel (Fegsg-Nig 42) inert anode. After a 4h elec-
trolysis at 0.9 A cm ™2, gas chromatography confirmed the production of
pure oxygen with an average anodic current efficiency of 78.28%. The
cathodic products were analysed by X-ray diffraction (XRD) and X-ray
fluorescence (XRF) analyses, wherein the main metallic phase obtained
was aluminium with traces of other elements composing lunar regolith.
A cathodic current efficiency of 55.43% was calculated. The loss of
current efficiency was explained by the dissolution of deposited Al into
the electrolyte, the formation of alloys with the other present metals, the
formation of a yellow green layer (Al4Cs) at the bottom of the crucible
and the presence of multivalence titanium ions and silicon ions (Xie
etal., 2017). Another study in cryolite melt done by Liu et al. (2017) was
conducted with NEU-1 simulant (5 wt%) in NaF-AlF3 at 960 °C. A
similar ferronickel inert anode was used for oxygen production and a
graphite rod as cathode. Galvanostatic electrolysis at 0.9 A cm~2 of 8h
resulted in obtaining a cathode product with 2 intermetallic phases:
Al-Si and Al-Si-Fe.

Studies in cryolite melts have demonstrated that oxides mixtures
such as lunar simulants can be partially dissolved in fluoride-based
mixtures at high temperatures. In this paper, further investigation is
implemented with a fluoride-based mixture made of LiF-NaF (61-39 mol
%) which melts at 652 °C. The working temperature of 800 °C, typically
used in this medium, was chosen as a first process demonstration.

Different types of surrogate were investigated at 800 °C.

e a Natural lunar mare simulant called Basalte Pic d’Ysson referred as
BPY-N.

e the oxides composing BPY-N individually studied.

e and a mixture of these individual oxides to reproduce the chemical
composition of BPY-N called BPY-Synthetic-Oxide-Powder
(BPY-SOP).
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The solubility of the individual oxides and the lunar simulant was
measured through Inductively Coupled Plasma — Atomic Emission
Spectroscopy (ICP-AES). The different surrogates were investigated
through electrochemical means such as cyclic voltammetry and elec-
trolysis. Their electroactivity was verified by cyclic voltammetry on a
molybdenum cathode. This study is focused on the cathodic part; the
anodic part is beyond the scope of this paper and will be addressed
separately in a companion paper. Several electrode materials were
studied to show the possible extraction of metals from the lunar soil. The
composition of the deposited metal depends on the nature of the sub-
strate. Molybdenum, iron and carbon electrodes were tested to investi-
gate which metal/alloy was obtained during the deposition.

A synthetic oxide powder mixture was investigated as a viable sub-
stitute for lunar mare soil. The electroactivity and metal extraction of
natural lunar simulant BPY-N were compared with the results produced
from a synthetic lunar simulant (BPY-SOP) made of a mixture of oxides
similar to the composition of BPY-N. These different solutes have the
same chemical composition but different crystalline structures. In order
to assess to what extent the physical state could possibly affect the
electrochemical behaviour along the process, BPY-N and BPY-SOP were
thus compared to document the influence of the microstructure of the
solute in the molten salt process.

2. Materials and methods
2.1. The cell

The setup used for the electrochemical experiments is presented in
Fig. 2 which comprises the cell, molten salts, samples (BPY-N, individ-
ual metallic oxides, BPY-SOP), and electrodes.

The electrochemical experiments were carried out under argon at-
mosphere (99.995 vol%, Linde) in a vitreous carbon crucible placed
inside a circular vessel made of refractory steel and closed by a steel lid
in which a flow of cooled water circulates. A graphite liner protects the
inside walls against fluoride vapours. The cell was heated using a pro-
grammable furnace and the temperatures were monitored using a
chromel-alumel thermocouple. An airlock was used to introduce sam-
ples into the molten salts avoiding air entrance in the reactor.

working electrode

—» outlet Ar

airlock to add samples { E<—inlet Ar

outlet water «—

inlet Ar —» —» outlet Ar

cell (SS) — |- graphite liner

reference electrode _| L auxiliary electrode

- crucible
furnace —

molten salts + sample —

Fig. 2. Setup of the electrochemical experiments.
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2.2. The salts

200 g of LiF-NaF (99.99%, Fox Chemical GmbH), at eutectic
composition (61-39 mol%), was initially dehydrated by heating under
vacuum (8 x 1072 atm) from ambient temperature up to its melting
point for one week.

2.3. The natural lunar simulant: Basalte Pic d’Ysson (BPY-N)

A natural close analog to the Lunar Mare Simulant LMS-1, called
“Basalte Pic d’Ysson” (Souchon et al., 2011; Granier et al., 2022) named
BPY-N and provided by the Institute of Research in Astrophysics and
Planetology (IRAP) of Toulouse, was used in this study. The composition
of the LMS-1 and BPY-N lunar simulants are given in Table 1 and are
compared with an Apollo 11 bulk mare soil sample (Papike et al., 1982).

It is important to emphasise that the chemical species presented in
Table 1 are not present in the simulant in their pure oxide form: instead,
they exist as mineral and amorphous phases. Furthermore, BPY-N is
composed of ferric ions which are normally not present on the Moon due
to the highly reducing environment. However, recent studies (Gu et al.,
2023) have suggested the existence of these species within amorphous
silicates in Chang’e—5 samples. Anyhow, the influence of the Fe valence
was investigated in this publication.

The bulk chemistry of the lunar simulants made from terrestrial
materials is close to the chemistry of samples brought back from the
Moon. They are therefore commonly used as analogs (study material) for
ISRU purposes.

BPY-N is a fresh basalt recovered from a lava flow of Pic d’'Ysson
(Massif Central, France). It contains phenocrysts of olivine, pyroxene,
and plagioclase. For the purpose of our studies, it was mechanically
ground and sieved. The particle size distribution is as follows: Dv (10) =
6 pm; Dv (50) = 131 pm; Dv (90) = 432 pm.

2.4. Individual metallic oxides

The oxides composing lunar soil were individually studied in their
powder form: SiO, MgO (Neyco 99.95%), FepO3 (Alfa Aesar 99.9%
metals basis), Al,O3 (Alfa Aesar 99% metals basis), FeTiO3 (Alfa Aesar
99.8% metals basis) and TiO, (Sigma-Aldrich 99.98% metals basis).

2.5. BPY-Synthetic-Oxide-Powder (BPY-SOP)

A BPY-Synthetic-Oxide-Powder (BPY-SOP) mimicking the BPY-N
composition (see Table 1) has been prepared by mixing size-controlled
powder of the main metallic oxides mentioned above (see 2.4 Individ-
ual metallic oxides) and completed with the following metallic oxides:
CaO (Alfa Aesar 99.95 % metals basis) and Nay;O. The composition of
BPY-SOP is presented and compared to BPY-N in Table 2.

Table 1
Comparison of bulk chemistry between a sample of Apollo 11 in mare region,
LMS-1 and BPY-N simulants.

Oxide Bulk Chemistry (wt.%)

LMS-1 BPY-N Apollo 11 sample 10084, 1591
SiO, 46.9 42.8 41.3
Al,O5 12.4 11.5 13.7
FeO 8.6 / 15.8
Fey03 / 12.9 /
MgO 16.8 15.3 8
CaO 7 9.6 12.5
TiO, 3.6 2.1 7.5
Na,O 1.7 2.7 0.4
K0 0.7 1.2 0.1
P,0s 0.2 0.6 /
MnO 0.2 0.3 0.2
Cry0s / / 0.3
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Table 2

Comparison of bulk chemistry between BPY-N and BPY-SOP
Oxide Bulk Chemistry (wt.%)

BPY-N BPY-SOP

SiOy 42.8 45.9
Al,03 11.5 11.5
Fey03 12.9 129
MgO 15.3 15.3
CaO 9.6 9.6
TiOy 2.1 2.1
Na,O 2.7 2.7
K»0 1.2 /
P,0s 0.6 /
MnO 0.3 /

The size controlled powders were mixed for 1 h in a powder mixer at
20 rpm (Robin materiel de Laboratoire). Accordingly, BPY-SOP has a
similar bulk chemistry but does not have the same texture and crystal-
lographic properties.

2.6. Electrodes

Molybdenum, iron wires (Goodfellow 99.99%, 1 mm diameter), and
carbon rod (Goodfellow 99.99%, 3 mm diameter) were used as working
electrodes. The auxiliary electrode was a vitreous carbon rod (3 mm
diameter) with a large surface area (5 cmz). The quasi-reference elec-
trode was a platinum wire (Alfa Aesar 99.95%, 1 mm diameter).

2.7. Analytical techniques

2.7.1. Electrochemical analysis

Electrochemical studies and electrolyses were performed with an
Autolab PGSTAT 302N potentiostat/galvanostat controlled with Nova
2.1.5 software. All the potentials were referred to the equilibrium po-
tential of NaF/Na system on the cyclic voltammograms plotted using an
inert molybdenum working electrode. Cyclic voltammetry is commonly
used in electrochemistry to study redox reactions and electrochemical
behaviour of chemical compounds. A potential is applied, and a corre-
sponding current is measured resulting in peaks which are characteristic
of a reaction occurring at the electrode. Cyclic voltammetry was used for
the investigation of the reduction pathway of the major oxides
composing lunar soil and lunar simulant. Metal deposition was achieved
using electrolysis, a technique that involves applying an electric po-
tential (potentiostatic electrolysis) or current (galvanostatic electrolysis)
for a specific duration.

2.7.2. ICP-AES analysis

The metal oxide solubility in the fluoride-based solvent was
measured through Inductively Coupled Plasma - Atomic Emission
Spectroscopy (ICP-AES, Horiba Jobin Yvon Ultima 2) by sampling 100
mg of salt. A total liquid solution is required to perform ICP-AES anal-
ysis; therefore, a dissolution method was created using a mixture of
strong acids (HF, HCl, HNOs, and H,SO4). After the analysis, the element
concentration was determined.

2.7.3. Deposits observations

The deposit at the electrodes was monitored and characterized by a
Phenom XL scanning electron microscope (SEM) coupled with an energy
dispersive spectroscopy (EDS).
3. Results and discussion

3.1. Lunar soil oxides solubilities in molten LiF-NaF at 800 °C

The solubility of the individual oxides and BPY-N was measured
through ICP-AES measurements. The goal is to determine the dissolution
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yield of the different individual oxides and lunar simulant in the LiF-NaF
solvent. The working temperature of 800 °C, typically used in this me-
dium, was chosen as a first demonstration to study this process.

3.1.1. Solubility of the individual oxides
The individual oxides (SiO3, Aly03, FeoO3, TiO2, MgO and CaO) that
compose the lunar soil were put separately in molten LiF-NaF at 800 °C.
The concentration of the individual oxides was measured following
this procedure.

e Mixtures were prepared by adding 20 wt% of each individual oxide
into LiF-NaF.

e The mixtures were heated to 800 °C for 2 days.

e Samples of 100 mg were taken directly from the molten bath and
analysed through ICP-AES analysis after acidic dissolution.

ICP-AES is based on exciting the metal atoms using an inductively
coupled plasma and analysing the emission wavelength of the electro-
magnetic radiation, which is characteristic of that particular metal atom.
Each metallic element has one or more specific wavelengths, some of
these can be affected by the presence of the solvent. To select the
working wavelength for each element, the matrix effect must be eval-
uated first. The specific wavelengths selected for each element are
summarized in Table 3.

These wavelengths were used to measure the elemental concentra-
tion of the metal oxides. After taking into account the matrix effects, the
individual solubility was established for each individual oxide. The ICP-
AES measurement gives the concentration of the metallic element in
ppm. From this element concentration, the equivalent oxide concen-
tration was established by using the metallic mass ratio for each oxide:
for instance, Si represents 47 wt% of SiO,. After knowing the amount of
SiO dissolved, dividing it by the mass of the solution, the solubility of
each oxide in LiF-NaF at 800 °C is determined. The individual solubility
for each oxide is presented in Table 4.

The oxide with the lowest solubility is AlyO3 with only 2.8%,
whereas SiO has the highest with 17.4%. This finding is particularly
significant considering that the lunar soil contains a high concentration
of SiO,.The second most soluble oxide in LiF-NaF at 800 °C is Fe;O3
with 15.7% followed by MgO with 12.4%, and TiO; with 4.8%. From
these results, we demonstrate that all the major oxides composing mare
lunar soil are thus partially dissolved in LiF-NaF at 800 °C.

3.1.2. Solubility of lunar simulant BPY-N

ICP-AES measurements were performed following the same pro-
cedure as described in 3.1.1 on different additions of lunar simulant
BPY-N in LiF-NaF at 800 °C. The main oxides of BPY-N (SiO,, Fe;Os3,
MgO, Al;03, TiO5 and CaO) were investigated. However, TiO5 concen-
tration values are not presented as a very low signal was recorded: the
obtained values were not reliable. Results are shown in Fig. 3, depicting
the variation of the oxide concentration versus BPY-N mass fraction.
These experimental concentrations are compared to their theoretical
values, which correspond to the fully dissolved oxide and are repre-
sented as a line. The left Y-axis is for the wt% concentration of SiO» and
the right Y-axis corresponds to the other oxides concentration (wt%).
The vertical line at 3.9 wt% indicates the maximum solubility of BPY-N

Table 3
Summary of the wavelengths for the major elements
composing lunar simulant.

Element Wavelengths (nm)
Si 288.2
Mg 279.1
Fe 300.1
Al 394.4
Ca 317.9

Ti 338.4
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Table 4
Summary of the individual solubility of the major oxides composing lunar soil
in LiF-NaF at 800 °C.

Oxide Individual solubility wt% (g oxide/g solution)
Si0, 17.4% + 0.9
Fe,0s3 15.7% + 0.6
MgO 12.4% + 0.4
TiO, 4.8% =+ 0.4
Al,04 2.8% + 0.4
1.75% | 1.20%
§ 1.50% | 1.00%
§ 1% 1 0.80%
C 1.00% |
1= 0.60%
§ 0.75% |
o 0.40%
© 0.50%
9 0.20%
v 0.25% | V70
0.00% 0.00%

0% 1% 2% 3% 4% 5% 6%
BPY mass fraction (wt%)

Fig. 3. Illustration of the joint solubility effect by comparing the evolution of
the oxide concentration to their theoretical concentration for different additions
of BPY-N (X-axis) in LiF-NaF at 800 °C. The lines correspond to the theoretical
concentration of the oxide: SiOp (====); MgO ( ); FepOsz (seeeer ); Al,O3
( ) and CaO ( ). The symbols correspond to the experimental concen-
trations measured through ICP-AES means. The left Y-axis is the wt% concen-
tration of SiO, and the right Y-axis corresponds to the wt% concentration of the
other oxides. Arrows indicate the Y axis corresponding to the oxide concen-
tration. A vertical line at 3.9 wt% indicates the maximum solubility.

reached.

The concentration of CaO increases linearly, in agreement with the
added content of BPY-N. The concentration of all other oxides does not
vary linearly, indicating that the dissolution of these species is not
complete. In the case of Al,O3 and Fe,Os, it can be observed that their
concentrations decrease beyond 3.9 % BPY-N mass fraction. The more
BPY-N is added to the LiF-NaF system, the more the equilibrium con-
centration of each oxide (except CaO) deviates from the theoretical
concentration. For instance, for 3.9 wt%, a relative deviation of 43.2%,
43.5%, 58.2% and 62.4% of the concentration is observed for SiO,
MgO, Al,O3 and FeyOs, respectively. When different oxides are mixed,
the individual solubility of each metal is significantly lowered because of
the joint solubility effect. Lizin et al. already observed this phenomenon
with PuF3 and UF4 in a LiF-NaF-KF solvent where the individual solu-
bility of these compounds was reduced by 2-5 times when mixed
together between 550 and 800 °C (Lizin et al., 2015). In molten fluoride
melts, different complexes are made among the free fluoride ions, oxide
anions and the metallic cations to form anionic species (Bessada et al.,
2020; Feng et al., 2021; Kuznetsova et al., 2009; Mysen and Virgo,
1985). The formation of these complexes leads to a competition among
the different cations for the available fluoride ions causing a decrease in
individual solubility. The highest joint solubility effect was observed at
3.9 wt% LiF-NaF-BPY-N, wherein the dissolution yield was determined
by dividing the calculated mass of equivalent metallic oxides by the total
mass of BPY-N added (Eq. (8))
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>~ (calculated mass of equivalent metallic oxides)

(8)

Dissolution yield = d
Total mass of BPY — N
The dissolution yield is equal to 63 wt%, which opens an interesting
possibility for metal production by this kind of electrolytic process.
Indeed, the solubility observed of BPY-N in LiF-NaF indicates that
metals can be efficiently produced in a electrochemical way.

3.2. Electrochemical analysis

Metal deposition through electrochemical methods is possible only
when the metallic element is both soluble in the medium and electro-
active. However, when dealing with mixtures of various metallic oxides,
such as BPY-N, the electrochemical analysis produces a complex signal
that makes it challenging to discern the reactions taking place. In order
to understand this complex signal, cyclic voltammograms were used on
separate metallic oxide solutes in LiF-NaF at 800 °C.

e MgO, TiOg, FegOs3, FeTiOs, SiO5 and AlpO3 were individually ana-
lysed in the medium to observe their solubility and electroactivity.

e Mixtures of SiO5/Al,03, SiO5/FesO3 and SiOy/Al;,03/FesO3 were
used to observe the influence on the metallic elements solubility and
behaviour when they are mixed together in the same medium.

e Natural lunar simulant BPY-N was investigated by electrochemistry
and its behaviour was compared with a synthetic lunar simulant
BPY-SOP.

3.2.1. Individual oxides

The electroactivity of the individual oxides was verified with cyclic
voltammetry. The following cyclic voltammograms were performed on a
Mo electrode and carried out at 800 °C in LiF-NaF. The anodic and
cathodic limits correspond to the oxidation of the working electrode
material (Mo) and the solvent reduction respectively. All the potentials
were referred to the equilibrium potential of the NaF/Na system.

3.2.1.1. MgO in LiF-NaF at 800 °C. Fig. 4 shows the typical cyclic
voltammogram plotted on the Mo electrode at 800 °C and 3.75 wt%
MgO in LiF-NaF at 100 mV s~ L.

An electrochemical signal is observed for MgO, confirming its solu-
bility in LiF-NaF at 800 °C in agreement with the ICP-AES measure-
ments seen in 3.1. A complex system made of several different redox
systems is observed between 0.02 and 1.40 V vs NaF/Na. However, it
can be noted that the reduction of MgO species occurs at lower potential
than 1.4 V vs NaF/Na. Thus, the complexity of the signal makes it
difficult to identify the MgO reduction mechanisms.

3.2.1.2. TiOs, Fe;03 and FeTiO3 in LiF-NaF at 800 °C. Ti oxides are
present in the lunar soil at one oxidation state (IV) and was thus studied

- 1.1
- 0.9
- 0.7

-0.2(0.2 06 1 14 18 22

E vs NaF/Na/V

Fig. 4. Cyclic voltammogram of LiF-NaF-MgO (3.75 wt%) system on Mo
electrode at 100 mV s~ and T = 800 °C.
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as TiO; in this publication. The multiple valences (II or III) of iron were
taken into account in the electrochemical investigation: Fe (II) was
studied as FeTiO3 and Fe (III) as Fe;Os3. Fig. 5 presents a cyclic vol-
tammogram plotted on Mo electrode at 100 mV.s™'of LiF-NaF-TiO
(1.5 wt%), LiF-NaF-Fe,03 (2.25 wt%) and LiF-NaF- FeTiO3 (1.75 wt%)
systems at 800 °C.

No electrochemical activity was observed for TiOy while its solubility
in LiF-NaF at 800 °C was confirmed by ICP-AES measurements: TiO is
thus not electroactive in LiF-NaF. The same electrochemical signal is
observed for FeTiO3 and Fe;0s, although their different oxidation states:
an oxidation peak and cathodic peak are observed around 1.62 and 1.5V
vs NaF/Na respectively. This indicates the reduction of the same species
at 1.5 V vs NaF/Na. The cathodic peak has an asymmetric shape (1)
indicating the formation of an insoluble compound during the cathodic
scan and the reoxidation peak has a stripping shape (2) which is char-
acteristic of a solid phase redissolution. Based on these comments, only
Fe(1I) is present in the solvent. the spontaneous reduction of Fe(III) to Fe
(II) takes place upon the dissolution of Fe;O3 in LiF-NaF at 800°.

3.2.1.3. SiO; and Al,O3 in LiF-NaF at 800 °C. A cyclic voltammogram
plotted on Mo at 100 mV s~ of LiF-NaF with 1.65 wt% SiOy, 3.75 wt%
Al;,03 and 3.75% Al,03 + 1.65 wt% SiO5 can be found in Fig. 6.

Cathodic signals are observed for LiF-NaF-Al,03 at 0.3 and 0.16 V vs
NaF/Na with corresponding oxidation peaks at 0.35 and 0.49 V vs NaF/
Na confirming the solubility of Al;O3 in LiF-NaF at 800 °C. The reox-
idation peak (1) at 0.49 v vs NaF/Na exhibits a stripping shape typical of
a solid phase redissolution, thereby confirming the reduction of Al ions.
No reaction takes place for SiOy, whereas it was confirmed by ICP-AES
measurements that SiO is soluble in LiF-NaF at 800 °C: as for TiO,,
SiOs is not electroactive in this solvent. For a bath containing both Al,03
and SiOy, new electrochemical systems are clearly visible at a higher
potential than the Al;O3 reduction peak. This significant cathodic cur-
rent density increase can be attributed to the formation of Si/Al alloys by
Under Potential Deposition (UPD) (Brenner, 1963; Kokkinidis, 1986;
Taxil et al., 2003; Gibilaro et al., 2008, 2009; Massot et al., 2022), which
occurs from a co-reduction between two elements or from reactive
electrodeposition. Thus, the only way to deposit Si is through alloy
formation.

3.2.2. Under potential deposition evidence for LiF-NaF-Al;O3-Fe»03 and
LiF-NaF- SiOTAIZOyF€203

A cyclic voltammogram plotted at 100 mV s~ of 2 wt% Al,O3 + 2.6
wt% FepO3 and 2 wt% Al,O3 + 2.6 wt% Fey03 + 1 wt% SiO4 can be seen
in Fig. 7.

An electrochemical signal is observed for 2 wt% Al,O3 + 2.6 wt%

— 1.5wt% TiO, | o3
--- 2.25 wi% Fe,0, j
1.75 wt% FeTiO, M) R
S ; - 015
/ <
4 ; =
L 1 L R - T M 0
0.2 mf—‘i-**1ﬁ—’"l-\1.\4 fo18 " 22
[ ()
EvsNaF/Na/v [ 01
L 02

Fig. 5. Cyclic voltammogram of LiF-NaF-TiO, (1.5 wt%), LiF-NaF-Fe,O3
(2.25 wt%) and LiF-NaF-FeTiO3 (1.75 wt%) systems on Mo electrode at 100
mV s ! and T = 800 °C. The reduction peak at 1.5 V vs NaF/Na is indicated by
(1) and the oxidation peak at 1.62 V vs NaF/Na is indicated by (2).
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3.75 wt% Al,0, - 0.9
— 1.65 wt% SiO, L 07
-~ 1.65 wt% SiO, + 3.75 wt% Al,O,
- 05 |
(1) E
L 03 <
\ e - 0.1
Yememmo o= = s eem———
03___05-"07°"709 11 %3 | 01

Evs NaF/Na/V

/MNa/V [ 5
Fig. 6. Cyclic voltammograms of LiF-NaF-Al,O3 (3.75 wt%), LiF-NaF-SiO,
(1.65 wt%) and LiF-NaF-Al,03-SiO, (3.75 wt% —1.65 wt%) systems on Mo
electrode at 100 mV s~ and T = 800 °C. The oxidation peak at 0.49 V vs NaF/
Na is indicated by (1).

2 wt% Al,O; + 2.6 wt% Fe,O, - 0.5
— 2 wt% ALO; + 2.6 wt% Fe,05+ 1 wt% SiO,
- 0.3
£
o
f\ / 01 <
~
L 1 m A 1 -
1=
0.2 18 22 | 54
Evs NaF/Na/V
- -0.3

Fig. 7. Cyclic voltammograms of LiF-NaF-SiO-Al;,03-Fe,03 (1 wt% - 2 wt% -
2.6 wt%) and LiF-NaF-Al,03-Fe;03 (2 wt% - 2.6 wt%) systems on Mo elec-
trode at 100 mV s~ and T = 800 °C.

Fe;O3 and the same reactions are observed when the oxides were ana-
lysed individually: the Fe(Il) system at 1.5 V and the reduction of Al,O3
at 0.16 V vs NaF/Na. However, when SiO; was added to the mixture
containing Fe;O3 and Al;Os, the current density peaks increased, and
new oxidation and reduction peaks were observable at 0.94 and 0.71 V
vs NaF/Na, respectively. The reduction peaks can be attributed to the
LiF-NaF-Si0,-Al;03 system already observed in Fig. 6. Moreover, the
overall current density of the reactions is more intense because of the
formations of alloys between Si, Al and Fe.

To conclude this part, the cyclic voltammograms show that the major
oxides SiO2, MgO, AlyO3, and FepOs3 of the lunar soil dissolve in the
fluoride melt and were electrochemically observed. Even though SiO, is
not electroactive, it can be observed in the presence of other oxides due
to an alloy formation. However, TiO5 does not present electrochemical
activity in LiF-NaF and also in the presence of iron. The overall
conclusion is that metal deposition from these oxides is possible when
dissolved in LiF-NaF at 800 °C.

3.2.3. Electrochemical analysis of natural lunar simulant BPY-N in
LiF-NaF at 800 °C

The electroactivity of the lunar simulant BPY-N in the fluoride salt
was verified by cyclic voltammetry on a Mo electrode. A voltammogram
at 100 mV s ! of 1.34 wt% lunar simulant in LiF-NaF at 800 °C is shown
in Fig. 8.

A complex electrochemical signal is obtained confirming the disso-
lution of the lunar simulant BPY-N in LiF-NaF at 800 °C. The different
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Fig. 8. Cyclic voltammetry of LiF-NaF-BPY-N (1.34 wt%) on Mo electrode at
100 mV s~ and T = 800 °C.

reduction reactions occurring were compared with the previous cyclic
voltammograms of the individual oxides and mixtures of those indi-
vidual oxides in LiF-NaF at 800 °C (See section 3.3.1). The reduction
potentials of the individual oxides are indicated in Fig. 8 and correspond
to an overview of the BPY-N electrochemical signal.

Reduction of Fe303 from 1.5 V vs NaF/Na.

Reduction of MgO from 1.3 V vs NaF/Na.

Reduction of Al,O3 from 0.3 V vs NaF/Na.

In between 0.13 and 1.3 V vs NaF/Na, the cathodic current is
attributed to Si based alloys formation.

These key observations show that metals can be produced by elec-
trolysis from a lunar mare simulant in the fluoride-based media at
800 °C. Electrodepositions were performed on different substrates to
observe and characterize the composition of the metal produced.

3.3. Deposition of metals with natural lunar simulant BPY-N

Electrolyses were carried out on Mo, Fe and C in LiF-NaF-BPY-N (4
wt%) at 800 °C. The cathodic products obtained were observed and
characterized through SEM-EDX analysis.

3.3.1. Deposition of dissolved natural lunar simulant BPY-N on Mo and Fe
Galvanostatic electrolysis at —0.21 A was performed for 3.5 h on
molybdenum electrode with a surface area of 0.38 cm? (A) and poten-
tiostatic electrolysis at 0.18 V vs NaF/Na was performed for 3.5 h on iron
with a surface area of 0.32 cm? (B), as presented in Fig. 9. SEM-EDX
analyses of the electrodes after electrolysis are shown in Fig. 10.

The potential of the Mo electrode during galvanostatic electrolysis is
stable around 0.1 V vs NaF/Na for 3h and then it increases to 0.3 V vs
NaF/Na (Fig. 9-A). An adherent layer of metallic compounds made of
Si-Mo (65-35 at%) is observed with an average thickness of 23 pm
(Fig. 10-A). The unique presence of Si is explained by its high concen-
tration in BPY-N. In fact, SiO; represents 42.8 wt% of the BPY-N sample,
where Si represents 21.5 mol% of BPY-N.

The electrolysis current density on the Fe electrode is stable for less
than an hour at —0.1 A cm™2. After 1h, the current density slowly in-
creases to 0.2 A cm 2 (Fig. 9-B). Metallic compounds of Fe-Si (75-25 at
%) are obtained but compared to the Mo electrode, no dense layer of
metal compounds is evidenced. Instead, sequences of small layers (~ 10
pm) of salt are observed (Fig. 10-B). This phenomenon could be
explained by the difference in molar volume, wherein silicon is much
more dense than iron (Lu et al., 2005) causing the deposit breakdown.

Thus, these results demonstrate that Si can be efficiently deposited in
an alloyed form with Mo and Fe.
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Fig. 9. Galvanostatic electrolysis at —0.21 A on Mo electrode (A) and potentiostatic electrolysis at 0.18 V vs NaF/Na on Fe electrode (B) for 3.5 h in a molten bath of

4% wt BPY-N in LiF-NaF at 800 °C.

Fig. 10. Cross section SEM analysis of deposits obtained after electrolysis of dissolved lunar simulant BPY-N on Mo electrode (A) and Fe electrode (B).

3.3.2. Carbon electrode

Potentiostatic electrolysis at 0.4 V vs NaF/Na for 3.5 h was per-
formed on carbon with a surface area of 0.94 cm?. The electrolysis is
presented in Fig. 11 and the SEM-EDX analysis is shown in Fig. 12.

During the potentiostatic electrolysis, the current density remained
constant at around —0.08 A cm 2 for the first 20 min of the electrolysis,
from which a steady decrease was observed reaching —0.13 A cm ™2
(Fig. 11). Carbide compounds made of C-Si-Ti (60-17-23 at%) were
formed: titanium was only observed on the C electrode. This key
observation implies the feasibility of titanium deposition through UPD
on C electrode only.

Furthermore, blocks of Al-Si-Na (33-33-34 at%) were spotted
around the electrode, suggesting preferential deposition spots on the
electrode (Fig. 12).

For all the electrolyses, a silicon deposit was obtained although pure
Si deposition is not observed in LiF-NaF. However, in the presence of
other metals, silicon can be deposited in an alloyed form due to UPD.
Furthermore, the nature of the electrode changes the materials obtained

0 1 2 3 4
O 1 1 1 J
Time (h)
-0.05 |
§ 01
<
=015 |

-02 +

Fig. 11. Potentiostatic electrolysis on carbon electrode in a molten bath of 4%
wt BPY-N in LiF-NaF at 800 °C.

after deposition. For instance, although silicon is the main product,
aluminium and titanium carbides could be obtained if a carbon elec-
trode is used. The possibility of extracting Si through molten salt elec-
trolysis plays a significant role in the future development of this process.
Si is abundant in lunar regolith and could be used for the production of
solar cells (Duke et al., 2001; Ignatiev and Freundlich, 2012), glass and
semiconductors (Landis, 2007) for instance.

3.4. Comparison of BPY-Synthetic-Oxide-Powder (BPY-SOP) with BPY
natural (BPY-N)

The use of BPY-SOP intends to assess the potential differences arising
in the electrolysis process depending on the crystallinity and micro-
structural properties of the starting material. The chemical composition
of BPY-SOP is indeed similar to the lunar simulant BPY-N and is shown
in section 2.5. A cyclic voltammogram of 4 wt% BPY-SOP is compared
with 4 wt% lunar simulant BPY-N on Mo electrode at 100 mV s~ in
LiF-NaF at 800 °C is shown in Fig. 13.

The electrochemical signals obtained from the produced BPY-SOP
are similar to the lunar simulant BPY-N. This can be explained by the
fact that the metallic oxides dissolve in the molten bath of LiF-NaF and
no crystalline structure remains in the liquid phase. We compared the
nature of the metallic deposition for BPY-SOP with BPY-N to confirm
their similar behaviour. A galvanostatic electrolysis at 0.06 A for 3.5 h
was applied to Mo electrode with a surface area of 0.33 cm?. The elec-
trolysis and SEM-EDX analyses are shown in Figs. 14 and 15,
respectively.

The electrolysis potential is unstable for the first 1.5 h. It increases
from the initial 0.22-1.2 V vs NaF/Na and then remains constant
(Fig. 14). As seen in Fig. 10, a similar deposition of Si-Mo (62-38 at%) is
observed (Fig. 15). The thickness of the layer obtained is around 7 pm.

The same electrochemical signal and deposition are observed
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Fig. 12. Cross section SEM analysis of deposits obtained after electrolysis of dissolved lunar simulant on C electrode with two different magnification. The

magnification is 10 times more important in image A compared to image B.

4 wt% Natural lunar simulant (BPY-N) - 1.5
— 4 wt% Syntheticlunar simulant (BPY-SOP) L1
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Fig. 13. Comparison of cyclic voltammograms on Mo electrode at 100 mV s~!

of natural lunar simulant BPY-N (4 wt%) vs synthetic lunar simulant BPY-SOP
(4 wt%) made of mixed powder of the main metallic oxides composing BPY-N
in LiF-NaF at 800 °C.
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Fig. 14. Galvanostatic electrolysis at 0.06 A on Mo electrode in a molten bath
of 4 wt% BPY-SOP in LiF-NaF at 800 °C.

between a crystalline (BPY-N) and a synthetic lunar simulant
(BPY-SOP) on Mo electrode. These results provide evidence that a
mixture of oxides powders has the same electrochemical behaviour as a
crystalline lunar simulant. This shows that the crystalline nature of the
lunar soil has no impact on its electrochemical behaviour in LiF-NaF. In
essence, the fluoride solvent appears thus not to be critically influenced
by the physical state of lunar mare soils (degree of crystallinity) indi-
cating it could be implemented in the lunar environment, without
further preparatory steps.

4. Conclusions
A new fluoride-based mixture for molten salt electrolysis was studied

for ISRU purposes. Solubility research was performed on a natural lunar
simulant BPY-N in LiF-NaF at 800 °C. First, the individual oxides

i

Soim:

Fig. 15. Cross section SEM analysis of deposits obtained after electrolysis of
dissolved BPY-SOP on Mo electrode.

composing the lunar soil (SiOy, Al;O3, FepO3, MgO, and TiO3) were
studied separately and ICP-AES measurements showed that all the ox-
ides are soluble in the fluoride media with SiO, exhibiting the highest
solubility (17.4 wt%). When BPY-N was analysed, a joint solubility effect
was observed causing a significant decrease in the individual solubility
of all the oxides in the LiF-NaF system. A maximum joint solubility was
observed for 3.9 wt% LiF-NaF-BPY-N. However, all the BPY-N oxides
remained partially soluble in LiF-NaF, meaning it can be used as a sol-
vent for molten salt electrolysis for ISRU research. A working tempera-
ture of 800 °C was chosen as a first demonstration but the use of lower
working temperatures and their impact on the solubility of the lunar
simulant could be investigated.

Furthermore, cyclic voltammograms have shown the electroactivity
of all the individual oxides, except of TiO5 and SiO2 in LiF-NaF. While
SiOy and TiO; are individually not electroactive, they form alloys in the
presence of other oxides through under potential deposition phenome-
non. The electrochemical system of natural BPY-N was characterized
experimentally and compared with the individual oxides, allowing to
identify some of the reactions in the BPY-N complex signal. From this
lunar simulant, metallic deposits of Si-Mo and Si-Fe were obtained on
Mo and Fe electrodes, respectively. Several compounds such as titanium
carbides and Si-Al alloys were obtained on C electrode, suggesting that
different deposits can be obtained depending on the nature of the
cathodic substrate. Synthetic lunar simulant BPY-SOP made of a mixture
of the different oxides composing lunar mare soil has the same elec-
trochemical behaviour as a crystalline lunar mare simulant, meaning
that raw material can be directly used in this process. Accordingly, any
lunar mare soil can be reproduced by simply mixing, with the appro-
priate chemical composition, the oxides specific to the given location on
the Moon: thus, the mixture can be used as a lunar simulant in molten
salt technology. Furthermore, the synthetic lunar soil can be doped with
specific oxides such as titanium to observe its influence on the process.
As a complement, a highland lunar simulant should be studied in the
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same way to ascertain this result. Hence, the physical state of the lunar
regolith has no critical impact on its dissolution in the fluoride solvent,
confirming its adaptability for use on the lunar surface without the ne-
cessity of additional steps.
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