Improving molten regolith electrolysis with zirconia-based hollow

anode technology

Kevin Yu', William West?, Jamesa Stokes>, Bryan Harder”,

Lorlyn Reidy*, Jesus Dominguez*, Katherine T. Faber!

Division of Engineering and Applied Science, California Institute of Technology, Pasadena, California, USA
2Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA
SNASA Glenn Research Center, Cleveland, Ohio, USA
“NASA Marshall Space Flight Center, Huntsville, Alabama, USA

*Corresponding author: Katherine Faber (ktfaber(@caltech.edu)

Abstract

Molten regolith electrolysis is a promising in-situ resource utilization technology that
targets O2 and metals production through the direct electrolysis of molten lunar regolith.
However, there are still challenges associated with molten regolith electrolysis, such as bubble
detachment and O; separation and collection at the anode. A hollow anode, comprised of an
oxygen-conducting yttria-stabilized zirconia shell and a platinum current collector, is designed
here to address these challenges. Experimental results from an inverted hollow anode reactor
successfully demonstrate that molten regolith electrolysis can be performed through a solid
electrolyte. The elemental composition of both the cathodic products (primarily Fe and Si) and
solidified lunar regolith simulant are reported as a function of electrolysis duration. These
observations are supported by a thermochemical model built using FactSage to provide
compositions of the cathodic products and solidified regolith simulant with increasing O»
removal. Finally, the behavior of yttria-stabilized zirconia in the hollow anode application is
characterized, and provides guidance for the design and operation of a yttria-stabilized zirconia

hollow anode to enable integration into a full-scale molten regolith electrolysis reactor.
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1. Introduction

NASA’s Artemis program seeks to return humans to the lunar surface for the first time
since the Apollo program, with a long-term goal of establishing a sustainable human presence on
the lunar surface [1]. In support of these goals, there has been a renewed focus on developing
lunar in-situ resource utilization (ISRU) technologies that can extract and process lunar resources
into valuable commodities. O2 production on the lunar surface is considered a critical ISRU
technology to enable a long-term lunar presence by reducing the cost of resupply launches to the
lunar surface, while also curtailing the reliance on terrestrially-produced O [2]. The O2 may be
used as breathable O; for astronauts as well as the oxidizer for launch vehicles such as NASA’s
Space Launch System and SpaceX’s Starship and accounts for approximately 70% of the initial
mass of these launch vehicles [3,4]. Any lunar-produced O- that can be refueled either on the
lunar surface or in lunar orbit can provide significant cost savings in the long run [5].

Several O production processes have been investigated, either targeting a feedstock of
lunar regolith or lunar ice [6,7]. The present study focuses on a specific ISRU technology known
as molten regolith electrolysis (MRE) that seeks to directly electrolyze molten lunar regolith,
producing Fe-Si alloys at the cathode and O; at the anode [6,7]. MRE is a promising technology
because it can achieve a high oxygen extraction efficiency and produces two useful commodities
in Oz and metals [8]. Guerrero-Gonzalez et al. performed a system analysis of different ISRU
technologies targeting O, and metals production and found that MRE was the most effective
ISRU process in terms of mass payback ratio [9].

However, there are still challenges associated with MRE, arising from its harsh
operational environment. To fully melt lunar regolith, temperatures of approximately 1600°C are

necessary [6]. At this temperature, contact with the corrosive molten regolith can cause



significant degradation to refractory materials [10]. This is further complicated at the anode,
where O, generation causes an oxidizing environment at the anode surface, in addition to contact
with molten regolith at 1600°C. An ideal MRE system would utilize inert anodes that do not
degrade during operation. Unfortunately, there has not been a material identified that can
completely resist corrosion by molten silicates at MRE operational temperature, while also being
electrically conductive to enable electrolysis [11]. An alternative is to use a quasi-inert anode,
with a controlled degradation rate, that would require periodic replacement. Reviews indicate
that current MRE reactors utilize an Ir or Ir-coated quasi-inert anode to operate under these
conditions [12,13]. Wang et al. investigated Ir corrosion rates when used as the anode in MRE
and measured a corrosion rate of ~8 mm/year, which is lost through dissolution to the molten
regolith electrolyte [14]. Given the high cost and scarcity of Ir metal, it is unclear if Ir anodes are
a cost-effective solution for long-term MRE reactors.

In addition to the materials challenges at the anode, there are other inefficiencies when
performing MRE on the lunar surface. The O; produced at the anode surface is formed at a
liquid/solid interface and produces bubbles. The molten regolith has a high viscosity and surface
tension while operation on the lunar surface reduces the acceleration due to gravity, resulting in a
lower buoyancy force [15]. The combination of these factors indicates that it is more difficult for
bubbles to separate from the anode surface. This effectively decreases the surface area of the
anode and can potentially cause electrolysis to stall [16]. Burke et al. investigated bubble
separation in MRE reactors and found that bubbles generally become larger and bubble
detachment time increases with the reduced lunar gravity [17]. Beyond bubble separation, there
is also a reduction in Oz capture efficiency associated with bubbling O> through molten regolith

into a shared reactor headspace. This allows O to reoxidize partially reduced Fe?" species in the



molten regolith electrolyte or gaseous reduced metal species, such as Na, K, or Mg in the reactor
headspace, lowering the overall O> generation efficiency [15].

This study introduces a new type of anode, known as the hollow anode, that can mitigate
some of the aforementioned risks associated with MRE. The hollow anode is designed to allow
for the facile collection of O after it has been produced through MRE. Figure 1(a) provides a
schematic of the envisioned integration of a hollow anode in a MRE reactor, based on the work
of Grossman et al. [18]. The hollow anode contains a solid electrolyte shell and a metallic current
collector. Within this design, the goal is to force O* from the molten regolith to migrate through
an oxygen-conducting solid electrolyte to the metallic current collector. Once O* reaches the
current collector, electron transfer can occur, allowing for oxidation of O* into O». The generated
O: is fully contained within the solid electrolyte shell, enabling the collection of O, without
contact between the molten regolith and O,. Additionally, O> is now generated at a solid/solid
interface, eliminating the bubble formation challenges discussed earlier. The hollow anode

design also prevents any volatile species from contaminating the electrolyzed, high-purity O,.



(a) O, gas (b) Pt anode Mo cathode

Pt anode
Ar — —
Y,0,-Zr0O, Molten lunar i _ Ar+0,
regolith
Molten
M lunar
regolith
/ '\ \_/ ~Y,0,-Zr0,
ALQO, Mo/Ta/W/Nb shell
crucible cathode —ALO, tube

Figure 1: Schematic of (a) envisioned integration of hollow anode into existing MRE reactors
and (b) inverted hollow anode used to perform proof-of-principle experiments.

The materials used for the hollow anode are yttria-stabilized zirconia (YSZ) for the solid
electrolyte shell and Pt for the metallic current collector. YSZ is a well-known oxygen-ion
conductor, as well as a refractory oxide ceramic. Previous work by the authors has shown that
YSZ demonstrates controlled degradation in contact with molten regolith simulants at 1600°C
[19]. Pt is used as the current collector since it is relatively resistant to oxidizing environments at
high temperatures [20]. Unlike the Ir anodes discussed earlier, the Pt used in the hollow anode
does not directly contact molten regolith, avoiding the dissolution of Pt into the molten regolith
electrolyte. The combined YSZ/Pt anode shown in Figure 1(a) is referred to as the hollow anode.

Anodes with a similar design to the hollow anode have been used previously in lower
temperature applications. Guo et al. studied the use of YSZ/Ag anodes in oxy-fluoride fluxes at
1200°C and found that the optical basicity of the oxy-fluoride flux has a significant effect on

YSZ degradation [21]. Gao et al. investigated the use of magnesia-stabilized zirconia (MSZ)/Pt



anodes in FeO-containing slags at 1450°C and found that the inclusion of MSZ as a solid
electrolyte does not negatively impact the performance of their electrolysis cell [22,23]. Both
experiments were performed at lower temperatures than the MRE operational temperature of
1600°C. Moreover, the flux (Ca**, Mg?", Si*", Y3%) or slag (Ca®*, Mg?", Si*", AI**, Fe*'/Fe’*")
used contained relatively few cationic species compared to the 10-component molten regolith
simulant used in these experiments.

This work focuses on the design, fabrication and testing of a laboratory-scale MRE cell,
utilizing an inverted hollow anode, which successfully demonstrates that MRE can be performed
with a hollow anode for up to 12 hours. Residual gas analysis confirms the production of O
when potential is applied to the cell. The elemental composition of both the cathodic products
and solidified regolith simulant are presented, indicating that FeO and Si0O; are the primary oxide
species being electrolyzed. A FactSage thermochemical model was also built to predict the
cathodic products and remaining regolith simulant compositions, which is compared to the
experimentally measured compositions from the MRE cells. The results of laboratory-scale
testing reveal interactions between YSZ and molten regolith simulant that will be discussed and

extended to provide design considerations for a hollow anode in full-scale MRE reactors.

2. Materials and methodology

2.1 Lunar regolith simulant

The lunar south pole is the targeted landing site for NASA’s Artemis missions and could
potentially be suitable for a permanent lunar settlement [24]. As a result, MRE experiments were
performed on lunar highlands regolith simulant, which is more representative of the regolith at

the lunar south pole [25]. LHS-1 (Space Resource Technologies) was selected as the highlands



regolith simulant. The composition of LHS-1 [26], and a comparison to lunar highlands regolith
returned from Apollo 16 [27], are presented in Table 1. Though there are some compositional
variations in specific oxides (CaO, MgO, NaO), the terrestrially-produced LHS-1 is comparable
in the major oxides, Si0; and Al>Os3, to the lunar regolith returned by Apollo 16. It is noted that
though Table 1 presents the composition using a binary oxide basis, both the lunar regolith and
regolith simulant are comprised of mixtures of oxide glasses and minerals. However, MRE seeks
to fully melt the regolith to form an ionic liquid electrolyte and does not require the presence of
specific minerals, such as ilmenite (FeTiO3) for hydrogen reduction [28].

Table 1: Major abundances of LHS-1 simulant and highlands lunar regolith (wt%) [26,27]

Species Si0, FeO MgO CaO AlLO3; TiO; NaO KO MnO P05

LHS_I 51.2 2.7 1.6 12.8  26.6 0.6 29 0.5 0.1 0.1
(Simulant)
Apollo 16
(#64501) 453 4.2 4.9 172 27.7 0.4 0.4 0.1 <o0.1 -

2.2 Molten regolith electrolysis experiments

All MRE runs were performed in the inverted hollow anode configuration, shown in
Figure 1(b). In this design, the YSZ tube functioned as both the primary containment vessel and
as the solid electrolyte for O>. An outer alumina tube was used to isolate the gaseous
environment around the cell and acted as a secondary containment vessel. A mass flow controller
(FMA series, OMEGA) was used to provide a consistent Ar flow to serve as the carrier gas. The
gas outlet was connected to a residual gas analyzer (HPR-20, Hiden Analytical) for
compositional analysis to track the production of O». The sealed electrolysis reactor was placed

into a high-temperature box furnace (Rapid Temp Furnace, CM Furnaces) for heating to the



operational temperature. The electrolysis cell was designed such that the lower %4 portion of the
cell containing LHS-1 is exposed to operational temperature, as shown in Figure 1(b). The upper
portion of the electrolysis reactor with electrical leads, gas fittings, and tube gaskets (not shown)
remained near ambient temperature. A potentiostat (VersaStat 4, Princeton Applied Research)
was attached to the cathode and anode leads to perform electrolysis. Labeled images showing the
assembled cell in operation are provided in Supplementary Materials S1.
2.2.1 Electrolysis cell fabrication

A custom stainless steel endplate was designed and machined to provide a mounting
point for the interior 10.5 wt% YSZ tube and a sealing surface for the exterior alumina tube
(McDanel Advanced Material Technologies). The endplate also contained feedthroughs for the
cathode, anode, gas inlet tube, and gas outlet tube. To fabricate the electrolysis cell, a YSZ tube
was loaded with approximately 20 grams of LHS-1 and mounted onto the endplate. The cathode
was an alumina-sheathed Mo rod that was inserted into the center of the endplate and pushed
down the YSZ tube through the loose regolith simulant. The anode consisted of a Pt wire mesh
that was adhered to the exterior of the YSZ tube with Pt ink (Fuel Cell Store). The gas inlet and
outlet tubes were then attached to the endplate. Finally, the entire assembly was lowered into the
exterior alumina tube and sealed off by a Viton gasket at the endplate.
2.2.2 Electrolysis conditions

MRE was performed for three different durations — 1 hour, 3 hours, and 12 hours. The
operational temperature of the electrolysis cell was 1600°C for all three durations. The cell was
held at temperature for an additional hour before and after electrolysis to allow the cell to
stabilize before starting electrolysis and to perform electrochemical characterization such as cell

resistance determination. The thermal profile of all three electrolysis durations is provided in



Supplementary Materials S2. All experiments were run under 100 sccm of flowing Ar. The
experiments were performed with a constant current set at 0.5 A on the potentiostat. The cathode
surface area is ~10 cm? and the anode pad surface area is ~1 cm?, giving an anodic current
density of ~0.5 A/cm?. The YSZ tube, LHS-1 regolith simulant, Mo cathode, and Pt anode were
replaced between each electrolysis test.
2.3 Characterization

The geometry of the MRE cells was designed to allow for characterization of all heated
cell components, including the YSZ solid electrolyte, cathodic products, and solidified regolith
simulant, after each experiment. After cooling, each cell was mounted in epoxy and cross-
sectioned down the middle of the cell. One half of each cell was polished to 0.05 um to prepare
for subsequent characterization.
2.3.1 Optical microscopy

All cells were optically imaged at 30x (VHX-7000, Keyence) and stitched together to
capture macroscopic changes resulting from high-temperature operation and electrolysis. Further
investigation of regions of interest were performed at 50x — 200x (VHX-2000, Keyence). These
regions of interest provided guidance for higher-magnification electron microscopy. Imagel] was
used to measure YSZ wall recession from these images [29].
2.3.2 Electron microscopy

Scanning electron microscopy (SEM; 1550VP FESEM, ZEISS) was used with the
backscattered electron (BSE) detector to image the cathodic products and solidified regolith
simulant within each cell. BSE image brightness is determined by the average atomic number of
the elements present, with lighter elements appearing darker. Since O has a low atomic number,

BSE images can provide an initial analysis of which regions are metallic (the cathode and



cathodic products) vs. oxide (the remaining LHS-1). Energy dispersive X-ray spectroscopy
(EDS; X-Max EDS, Oxford Instruments) was used to assess the elemental composition of the
cathodic products and solidified regolith simulant using EDS mapping and point analysis.

Beyond SEM and EDS, electron backscatter diffraction (EBSD; HKL EBSD, Oxford
Instruments) was used to determine the grain structure and phase of YSZ. Specifically, regions of
YSZ in contact with molten regolith were analyzed to elucidate the compositional and
microstructural changes of YSZ for each electrolysis cell. Each EBSD analysis region was 300
pm wide (along a YSZ/LHS-1 interface) and 700 um deep (from YSZ/LHS-1 interface into YSZ
interior) with a 1.5 pm step size. All electrolysis cells and a polished fragment of the beginning-
of-life (BOL) YSZ were analyzed using EBSD. MTEX, an EBSD analysis software package,
was used for grain segmentation and grain size analysis on the collected EBSD maps to provide
statistical data on grain sizes [30].
2.3.3 Raman spectroscopy

A confocal Raman microscope (inVia Raman, Renishaw) was used on the center of the
YSZ walls to qualitatively determine the effect of extended electrolysis on YSZ. All electrolysis
cells and a fragment of the BOL YSZ were characterized by Raman spectroscopy. For this
analysis, a 20x lens was used with 10% laser power, a 30-second acquisition time, with three
total accumulations. Background subtraction was performed using the WiRE software package
(Renishaw). The resulting data were normalized for intensity by MATLAB.
2.3.4 FactSage analysis

FactSage 8.3 was used to construct a thermochemical model for the removal of O from
molten lunar regolith at 1600°C [31]. The LHS-1 composition from Table 1 was input as the

initial composition for the system, totaling 1 gram. The FToxid and FTlite databases were used to

10



determine the equilibrium slag (regolith simulant) and metal (cathodic products) compositions,
respectively. Data for all solid and liquid solutions/compounds containing the species in Table 1
were added from both the Ftoxid and FTlite databases; however, only the slag and liquid metal
phases were predicted to be thermodynamically stable at 1600°C. The gas phase was omitted to
reduce computation time. The basis for Oz removal is extraction efficiency and is defined as the
mass of O, produced divided by the mass of regolith. The model was used to generate the
equilibrium slag and metal compositions from an extraction efficiency of 0% (representing BOL)
to 5%, in 0.1% increments. This was accomplished by setting O as a variable species and
allowing it to vary from 0 to -0.05 grams, representing 0% and 5% extraction efficiency. It is
noted that these results do not account for the kinetics of electrolysis and are only able to
determine the thermodynamic equilibrium composition assuming that Oz is removed from the
system. As a result, Mo (cathode) and YSZ/Pt (anode) are not included in this analysis since their
dissolution into the molten LHS-1 is a kinetically limited process.

3. Results

3.1 Electrolysis data

The volumetric percentage of O in the outlet gas stream and the potential required to
maintain 0.5 A of current through the cell are presented in Figure 2. Elapsed time in these plots is
counted from the application of constant current to the cell. In all cells, the O> content increased
from ~0.005 vol% (background O2) to ~1 vol% within a few minutes of starting electrolysis. The
constant current condition was applied for 1 hour, 3 hours, and 12 hours. The time at which the
potential curve terminates denotes the end of electrolysis. Within a few minutes of ending
electrolysis, the Oz content decreases to ~0.005 vol%. These results indicate that Oz is being

produced when current is applied to the cell, providing a proof-of-principle validation that MRE
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can be performed through the YSZ solid electrolyte and demonstrating that the hollow anode

design is feasible.
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Figure 2: (a) O: content of outlet gas stream and (b) potential across electrolysis cell vs. elapsed
time since electrolysis start for all three electrolysis experiments.

The initial potential behavior for the three electrolysis cells is comparable, suggesting
that the electrolysis cell fabrication procedure is robust. All three cells exhibited an increase in
potential over the first ~80 minutes of operation. In this initial period, the expected cathodic
reaction is the reduction of Fe?**/Fe’”, coming from FeO/Fe,O3 in the regolith. The increase in
potential is attributed to two factors — the mass transport limitation of FeO/Fe>O3 and the
increase in regolith viscosity. When electrolysis first occurs, the molten regolith is well-mixed,
with FeO/Fe>O3 available at the cathode surface for reduction. As electrolysis continues, the

FeO/Fe,Os concentration near the cathode surface is depleted as it is reduced to Fe’, requiring a
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larger potential to cause FeO/Fe>Os to migrate to the cathode. In addition to this effect,
FeO/Fe;0s is also a glass network modifier which increases regolith viscosity with decreasing
concentration [32]. Thus, as FeO/Fe,Os is depleted from the molten regolith, the viscosity of the
remaining molten regolith increases, which requires the potential to further increase in order to
maintain a consistent rate of FeO/Fe>O3 diffusion to the cathode surface.

In the 3-hour and 12-hour electrolysis cells, there is an inflection point in the potential
curve at approximately 90 minutes. Based on FactSage predictions (Section 3.4), this inflection
point is an indication that nearly all the FeO/Fe;O3 in LHS-1 has been electrolyzed. After this
point, Si** reduction, from SiO, becomes the dominant cathodic reaction, which is consistent
with previously reported models [15]. Due to the significantly higher concentration of Si0,
compared to FeO in LHS-1, the limitation on mass transport is diminished, causing the potential
to increase at a slower rate after the inflection point. In contrast to FeO/Fe>O3, SiO is a glass
network former. The continued removal of SiO» through electrolysis causes the regolith viscosity
to decrease, thereby increasing the diffusivity of cations in the remaining regolith, allowing more
S10; to diffuse to the cathode surface. These two effects result in a slower increase in the
potential applied after the inflection point in both the 3-hour and 12-hour electrolysis cells.

The 12-hour electrolysis cell potential alone indicates that its slower rate of increase
continues until ~420 minutes (7 hours) of electrolysis. At this point, the potential starts to
decrease and contains more noise. The decrease in potential is associated with a lower cell
resistance, which is attributed to the onset of electronic conductivity in YSZ and will be
discussed in more detail in Section 3.5.2. The noise in the data is attributed to the expanding
cathodic products. As more cathodic products are generated, its volume increases until an

electronic short between the cathode and the YSZ wall is formed. Since the cathodic products are
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liquid at operational temperature, the noise in the potential originates from shorts forming and
disappearing as the liquid cathodic products are repositioned by natural convection within the
cell.

In all three electrolysis experiments, the highest O> content measured occurs at the start
of electrolysis and decreases over time. This behavior is also attributed to the onset of electronic
conductivity in YSZ and is discussed in more detail in Section 3.5.2 [33-35]. As YSZ becomes
more electronically conductive, O is not solely generated on the exterior of the YSZ but can also
be generated on the interior of the inverted hollow anode. The gas outlet tube samples from the
exterior of the YSZ. Any O that is produced on the interior of the cell will likely oxidize the
exposed portion of the alumina-sheathed Mo cathode. Evidence of this behavior has been
observed in the interior of the YSZ (Supplementary Materials S3). The oxidation of Mo produces
volatile MoOy, which then condenses in cold regions of the cell. Therefore, it is assumed that the
O, measured by the residual gas analyzer is the lower bound of O produced since it cannot
detect the Mo oxidation products that have condensed on cold spots in the electrolysis cell.

The volume of O> produced can be calculated by integrating the O, content data with a
known gas flow rate from the mass flow controller. The electrolysis duration can be used in
conjunction with the known current applied to the cell to calculate the total charge transferred
during electrolysis. The anodic half-reaction is assumed to be:

207> Oy +4de
The total charge transferred can be used to determine the maximum O; that could be produced by
assuming that every e participates in the Faradaic reaction. The anodic Faradaic efficiency then
can be calculated by dividing the measured O> produced by the theoretical maximum O»

produced. Extraction efficiency is defined as the mass of O> produced divided by the mass of
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regolith processed, with the maximum possible extraction efficiency for LHS-1 being
approximately 46%. A summary of the aforementioned calculations and experimental
measurements for each electrolysis experiment is presented in Table 2.

Table 2: Summary of cathodic products and regolith electrolysis efficiencies

Electrolysis Cathodic products Anodic Faradaic Mass of O> Extraction
duration observed efficiency produced efficiency

1 hr Fe 47% 0.070 g 0.4%

3 hr Fe, P, Si 53% 0.237 ¢ 1.2%

12 hr Fe, P, Si, Ti, Mn 42% 0.749 g 3.7%

Hollow anodes incorporating an ideal O%* ion conductor as the solid electrolyte would
result in a Faradaic efficiency of 100% since the solid electrolyte blocks e transport. However,
the onset of electronic conductivity in the YSZ used in these experiments causes the Faradaic
efficiency to be lower than 100% since e are no longer blocked. Despite this behavior, the
calculated anodic Faradaic efficiencies are in line with those reported in studies utilizing a bare Ir
anode instead of a hollow anode. Sirk et al. performed MRE with a Mo cathode and Ir anode,
reporting Faradaic efficiencies of approximately 30-60% when electrolyzing an FeO-containing
molten regolith [36]. This suggests that the increased electronic conductivity of YSZ does not
significantly reduce the Faradaic efficiency of MRE when compared to an Ir anode. However, it
is noted that the inclusion of YSZ as a solid electrolyte may require a higher overpotential
compared to an exposed Ir anode.

3.2 Cathodic products
Optical microscope images of each electrolysis cell and EDS elemental maps of the

cathodic products generated in each electrolysis cell are presented in Figures 3 (1-hour
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electrolysis), 4 (3-hour electrolysis), and 5 (12-hour electrolysis). A quantitative EDS point
analysis of each region is provided in Supplementary Materials (Figures S4-S6). The observed
cathodic products are also summarized in Table 2. The EDS maps presented consist of the
observed cathodic products, except for O and Al. Al,Os is not able to be electrolyzed at these
durations, so the O and Al maps are provided as an indication of the position of the remaining

regolith in each EDS region.

Molten regolith electrolysis cell - 1 hr
BSE Mo Fe
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Figure 3: Optical microscopy of the I-hour electrolysis cell and EDS elemental maps of the
cathodic products generated. EDS analysis area is denoted with the orange box in the optical

microscope image.
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The EDS analysis for the 1-hour electrolysis cell indicates that Fe is the primary cathodic
product. Figure 3 shows that there is a significant amount of Fe detected in the cathodic products,
and it has alloyed with Mo from the cathode. The O EDS map in Figure 3 suggests that the Fe
detected is Fe’, not FeO/Fe,03, since no O was detected in the cathodic products. The Fe and Mo
maps also indicate that there are two different Fe-Mo alloys within the cathodic products.
However, the bulb shape of the cathodic products (Figure 3) indicates that it is liquid at
operational temperature, and likely phase separates on cooling, which is consistent with the Fe-
Mo phase diagram [37]. No Si is detected within the cathodic products, which demonstrates that

Si0; electrolysis has not been achieved in the 1-hour electrolysis cell.
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Molten regolith electrolysis cell - 3 hr
Mo

Figure 4: Optical microscopy of the 3-hour electrolysis cell and EDS elemental maps of the
cathodic products generated. EDS analysis area is denoted with the orange box in the optical
microscope image.

In contrast to the 1-hour electrolysis cell, EDS maps of the 3-hour electrolysis cell
(Figure 4) show the presence of both Fe and Si in the cathodic products. Additionally, there is a
detectable amount of P observed in the cathodic products. The Fe, Si, and P are also alloyed with
Mo from the cathode. However, unlike the 1-hour cell (Figure 3), there does not appear to be
significant phase separation in the cathodic products, indicating that the overall composition of
the cathodic products is stable down to ambient temperature. The observation of Si in the

cathodic products is significant since it indicates that SiO» electrolysis is being performed. To the
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authors’ awareness, this is the first reported experimental confirmation of Si production from the
direct electrolysis of a molten lunar regolith simulant. Given that SiO; is the most abundant
oxide species in LHS-1, this result provides a path for MRE with a hollow anode to achieve O»

extraction efficiencies up to 25%.

Molten regolith electrolysis cell - 12 hr
~ BSE Mo

5 mm

{250 um 250 um

Figure 5: Optical microscopy of the 12-hour electrolysis cell and EDS elemental maps of the
cathodic products generated. EDS analysis area is denoted with the orange box in the optical
microscope image.
The cathodic products within the 12-hour electrolysis cell no longer form a dense film
along the cathode surface and have begun migrating away from the cathode. Due to the cell

design, there is likely a thermal gradient within the molten regolith. The top of the molten
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regolith is expected to be cooler since it can radiate to the cold side of the electrolysis cell. The
separation of the cathodic products from the cathode is attributed to the growing size of the
liquid cathodic products layer. This results in a layer thickness that exceeds the flow boundary
layer induced by convection from a thermal gradient, causing the cathodic products to be mixed
with the remaining molten regolith.

Within the cathodic products, Ti and Mn are observed in addition to the previously
observed Fe, Si, and P from the shorter duration electrolysis experiments. There is also now
significant Si produced, such that Si in the cathodic products has a higher concentration (brighter
in Si EDS map) than Si remaining in the molten regolith. A lower concentration of P is detected
in the 12-hour electrolysis cell compared to the 3-hour electrolysis cell. Based on FactSage
calculations (see Section 3.4), it is expected that P,Os electrolysis occurs simultaneously with
FeO reduction. Thus, by the end of the 3-hour electrolysis experiment, most of the P>Os is likely
already electrolyzed. The lower concentration of P in the 12-hour cell is attributed to dilution of
the cathodic products with the continued production of Si.

The production of fully reduced cationic components from the molten regolith is
expected for MRE. The presence of these reduced species in all three electrolysis cells provides
further validation beyond O production that MRE can be performed through a YSZ solid
electrolyte. Though the production of these cathodic products is not the focus of the present
study, it is important to confirm that the presence of YSZ at the anode does not significantly alter
the expected cathodic half-reactions that balance the anodic half-reaction of O, production.

3.3 Solidified regolith analysis
Extended electrolysis of molten regolith alters the regolith composition since specific

oxides in the regolith are preferentially reduced. The changing regolith (electrolyte) composition
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can cause both the thermophysical properties (i.e. viscosity, density, etc.) and the electrical
conductivity to vary from the beginning-of-life (BOL) LHS-1 properties. The average solidified
LHS-1 composition for each of the three electrolysis cells was measured using EDS. These were
compared to previous studies by the authors of the BOL composition of the molten LHS-1 when
exposed to 1600°C in a YSZ crucible [19]. A comparison between the BOL composition and the
post-electrolysis composition for each electrolysis experiment is presented in Table 3.

Table 3: Average regolith composition after melting and electrolysis (at%)

Species Si Fe Mg Ca Al Ti Na K Y Zr (0

BOL [19] 18.17 1.01 132 536 11.68 023 1.87 031 024 0.60 59.20
I hr 1821 047 130 523 11.70 022 190 032 0.17 047 60.01
3 hr 18.06 0.04 1.45 587 1241 022 187 031 024 0.63 5891
12 hr 1523 0.00 1.78 7.21 1295 0.17 232 034 037 0.66 5897

The composition changes detected in LHS-1 are consistent with the observed cathodic
products. A clear decrease in Fe concentration is detected from BOL to 12 hours of electrolysis,
which is expected since Fe is electrolyzed across all three electrolysis experiments. A minor
reduction in the Si concentration is detected in the 3-hour electrolysis cell and becomes a
significant reduction in the 12-hour electrolysis cell, consistent with the continued electrolysis of
Si0>. The Ti concentration is consistent with BOL across the 1-hour and 3-hour electrolysis
results but begins to decrease in the 12-hour electrolysis result, also consistent with the
observation of Ti in the cathodic products of the 12-hour electrolysis result. Across all
electrolysis experiments and the BOL specimen, Y and Zr are detected due to the dissolution of
YSZ by molten regolith. This is discussed in further detail in Section 3.5.1.

3.4 FactSage thermochemical results
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The FactSage thermochemical predictions of O, removal from LHS-1 are presented in
Figure 6. The full dataset of FactSage predictions is provided in Supplementary Materials
(Figures S7-S8). At 0% extraction efficiency (no Oz removed from regolith), the only
thermodynamically stable phase is the molten regolith, as expected at BOL. Figure 6(a) presents
only the species that are major components of the regolith (Ca, Al) or are involved in electrolysis
(Fe, Si, T1). O is omitted from Figure 6(a) for the sake of clarity but is approximately 60 at%
throughout the electrolysis. As the extraction efficiency is increased, cathodic products begin to
form in low absolute mass quantities. In Figure 6(b), the normalized composition of cathodic
products is presented. There is significant variation in the elemental composition of the cathodic
products at low O extraction efficiencies that is attributed to the relatively small mass of

cathodic products that initially forms compared with the regolith.
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Figure 6: FactSage predictions of (a) the percent atomic elemental composition of the remaining
regolith and (b) the cathodic products composition vs. O extraction efficiency. Dashed vertical
lines in (a) and (b) represent the O: extraction efficiency achieved in the I-hour (0.4%), 3-hour

(1.2%), and 12-hour (3.7%) electrolysis cells.
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These FactSage predictions generally agree with experimental observations, even though
YSZ was not included in the FactSage model. Based on the results from Figure 6(a), it appears
that the switchover between predominantly FeO electrolysis to predominantly SiO> electrolysis
occurs near an O extraction efficiency of 1%. This is consistent with the observation that Si is
not present in the cathodic products of the 1-hour electrolysis cell but is present in the cathodic
products of the 3-hour electrolysis cell where the electrolysis cell achieved an O, extraction
efficiency of 1.2%. Similarly, TiO; electrolysis is not predicted until an O; extraction efficiency
of approximately 2%, which agrees with the experimental observation that Ti is not detected in
cathodic products until the 12-hour electrolysis cell, which achieved an O; extraction efficiency
of 3.7%. These results also provide further evidence that the inclusion of YSZ as a solid
electrolyte does not significantly impact which oxides are electrolyzed during MRE.
3.5 YSZ interactions
3.5.1 Thermochemically-induced interactions

In previous work, the authors investigated the thermochemical interactions of YSZ in
contact with molten regolith simulants and determined that there are two mechanisms at work —
specifically, the dissolution of YSZ and the depletion of Y203 from YSZ [19]. It is expected that
both mechanisms are occurring in the electrolysis cells and will eventually lead to YSZ failure in
long-term electrolysis experiments. Thus, it is paramount to investigate the rates of dissolution to
provide guidance for design lifetimes of YSZ hollow anodes in a MRE environment.

Evidence of YSZ dissolution is observed in the three electrolysis cells. Table 3 shows that
Y and Zr are both detected in the solidified LHS-1, indicating that YSZ is dissolving into the
molten LHS-1 at operational temperatures. YSZ dissolution by molten silicates is well studied

and has been observed in other systems [38]. Previous work by the authors has shown that the
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equilibrium solubility of Y and Zr in LHS-1 at 1600°C is approximately 1.4 at% and 1.2 at%,
respectively [19]. The measured concentrations of Y and Zr in these electrolysis cells is lower
than the solubility limit, which is expected. These experiments were cooled slowly compared to
the quenching experiments used to determine the equilibrium solubility of Y and Zr. As a result,
the YSZ dissolved into molten LHS-1 is able to nucleate and grow within the molten regolith as
the temperature is decreased. Such YSZ particles are observed at the bottom of the 1-hour and 3-
hour cells in Figures 3 and 4. The tan-colored opacity observed in the bottom half of the 12-hour
electrolysis cell (Figure 5) is also due to YSZ particles that have nucleated from the molten LHS-
1 on cooling. EDS maps of YSZ particles from all electrolysis cells are provided in
Supplementary Materials (Figures S9-S11).

Furthermore, YSZ wall recession is observed in these electrolysis cells due to dissolution.
The recession only occurs where YSZ is in contact with molten LHS-1. Using the portion of
YSZ that remains above the molten regolith liquid line as a baseline for the original wall
thickness, wall recession is calculated for the YSZ in contact with molten LHS-1. The average
wall recession is determined for each electrolysis experiment and summarized in Table 4. The
electrolysis durations and the time spent at 1600°C are both provided in Table 4, since it is
thermal exposure to molten LHS-1, and not electrolysis itself, that causes YSZ dissolution.

Table 4: YSZ wall recession due to dissolution by molten LHS-1

Electrolysis ~ Time at YSZ recession
duration 1600°C (um)
1 hr 3 hr 22+10
3 hr 5 hr 54+ 12
12 hr 14 hr 85+ 19
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Based on Table 4, it appears that the rate of YSZ wall recession is slowing with
increasing time in contact with molten LHS-1 at 1600°C. This result suggests that there are
additional effects slowing the rate of YSZ dissolution. Kowalski et al. evaluated varying YSZ
grain sizes when exposed to molten silicates similar in composition to the molten LHS-1 in this
study [39]. They showed that the grain size of YSZ can influence the rate of penetration and
dissolution, with larger grains being preferred for minimizing silicate penetration [39]. To better
understand YSZ in the current study, EBSD was performed at the YSZ/LHS-1 interface in each
cell to generate a grain microstructure map. Additionally, the same EBSD analysis was applied to
a piece of YSZ that was not exposed to molten LHS-1 to serve as the BOL reference. The EBSD

results are summarized in a grain size histogram, provided in Figure 7.
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Figure 7: Area-weighted histogram of YSZ grain diameters (5 pm bins) at beginning-of-life
(BOL), I-hour electrolysis, 3-hour electrolysis, and 12-hour electrolysis.

From Figure 7, it is clear that grain coarsening is occurring. The molten LHS-1 is

penetrating along YSZ grain boundaries and increasing the effective diffusivity of Y>0Os3 and
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71O, along grain boundaries, allowing for coarsening to occur. Increasing durations in contact
with molten LHS-1 at 1600°C pushes the average grain diameter to larger values. The slowing of
YSZ dissolution is attributed to the grain coarsening behavior discussed here.

It is noted that all three electrolysis cells exhibit YSZ cracking on cooling (seen in
Figures 3, 4, and 5). The cracking was observed on the exterior of the cell prior to cross-
sectioning. After cross-sectioning, optical and electron microscopy of each cell shows no
evidence of regolith penetration along the cracks in the YSZ. These results suggest that the YSZ
is cracking on cooling, specifically below the temperature at which LHS-1 solidifies, since
cracking while LHS-1 is still liquid would cause the regolith to seep through the YSZ along
cracks. This behavior is consistent with what was observed by the authors in previous work using
YSZ crucibles to contain LHS-1 [19].

The cause of YSZ cracking is due to Y203 depletion from the YSZ. Pure ZrO; undergoes
a monoclinic-to-tetragonal phase transition between 800°C — 1100°C [40]. This phase transition
is accompanied by a change in the unit cell volume which gives rise to cracking. Y203 is a
common stabilizer used to suppress this phase transition and allows YSZ to survive thermal
cycling. However, exposure to molten regolith causes Y203 to diffuse out of YSZ and into the
molten regolith, forming a YSZ region that is depleted of the Y203 stabilizer [19]. Due to the low
stabilizer content, the YSZ in this region will undergo the tetragonal-to-monoclinic phase
transition on cooling. It is this phase transition that causes the YSZ to crack on cooling.

As further evidence, Table 3 shows that average measured concentrations of Y and Zr in
the solidified LHS-1 are 0.26 at% and 0.59 at%, resulting in a ratio of Y:Zr of approximately
0.44. In contrast, the ratio of Y:Zr in YSZ at BOL is approximately 0.1, significantly lower than

what is observed in the molten regolith. To achieve the 0.44 ratio measured, Y203 must be
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preferentially diffusing out of the YSZ. The EBSD analysis used to determine grain sizes can
also provide the crystallographic phase of YSZ and reveals that there is an approximately 100
um thick layer of YSZ that is monoclinic at the YSZ/LHS-1 interface. EBSD phase maps of YSZ
are provided in Supplementary Materials (Figure S12). The presence of monoclinic YSZ at the
interface provides further evidence of Y203 depletion and reveals the cause of YSZ cracking.
3.5.2 Potential-induced interactions

All the electrolysis cells exhibited a decrease in cell resistance after their respective
electrolysis periods, with longer durations causing a larger decrease in resistance. A summary of
cell resistances is presented in Table 5. There are three contributing factors to the changes in cell
resistance — an increase in cathodic surface area, changes in regolith viscosity/conductivity, and
the onset of electronic conductivity in YSZ. The cathode surface is already significantly larger
than the anode (~10 cm? vs ~1 cm?) at BOL, so an increase in the cathode surface area, resulting
from the evolution of liquid cathodic products, is unlikely to cause the magnitude of cell
resistance changes observed. The regolith viscosity is inversely related to the regolith electrical
conductivity. In the 1-hour electrolysis cell, the removal of FeO/Fe>Os3 is expected to increase the
regolith viscosity, decrease the regolith conductivity, and cause the cell resistance to increase if
the regolith viscosity is the dominant factor affecting the cell resistance. However, Table 5
reveals that a resistance decrease is observed in the 1-hour electrolysis cell, indicating that
regolith conductivity is not the dominant factor in cell resistance. Thus, the resistance decrease is

attributed to the onset of electronic conductivity in the YSZ.
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Table 5: Cell resistances at 1600°C before and after electrolysis

Electrolysis  Initial Final %
duration  resistance resistance Change

1 hr 1.54 Q 1.44 Q -6.5%
3 hr 1.59 Q 1.12Q  -29.6%
12 hr 1.46 Q 0.78Q  -46.6%

It has been reported in literature that YSZ can have a significant electronic conductivity
in low pO; environments and/or under an applied DC bias [33—35]. The MRE cell environment
exposes YSZ to both conditions, in addition to a higher temperature than typical YSZ
applications require. The combination of these factors leads to a high concentration of O*
vacancies forming within the YSZ crystal structure, which can interact with the electrons in the
crystal structure to form F centers, creating a reduced YSZ structure. These F centers give rise to
electron states within the band gap of YSZ, allowing high electronic conductivity to exist in a
material that is typically an electron insulator [41]. The decrease in cell resistance is a result of
this behavior. As a DC bias is applied at 1600°C, more O* vacancies are formed, allowing for
more electron states to open within the band gap of the YSZ, increasing the electronic
conductivity of YSZ. This behavior is exacerbated with increasing duration of applied DC
potential, thereby resulting in a lower cell resistance (Table 5) with increasing electrolysis
duration.

The formation of F centers in YSZ not only increases the electronic conductivity of YSZ
but also manifests as a darkening in the color of YSZ [41,42]. This effect was also observed in
the cells. In Figures 3, 4, and 5, the optical image of the electrolysis cells shows a clear

darkening of YSZ from white to gray as the electrolysis duration is increased. The YSZ
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darkening behavior is attributed to the formation of F' centers, resulting from a high
concentration of O*" vacancies that form during electrolysis.

Hastak et al. demonstrated that Raman spectroscopy can be used to qualitatively
determine the difference in O vacancy concentration of YSZ at varying degrees of reduction
[43]. Specifically, the Aj; Raman mode becomes broader and lower in intensity as the O*
vacancy concentration increases, while the Eg Raman mode is relatively unaffected [43]. Raman
spectra of the YSZ in all three electrolysis cells, as well as a BOL sample, are presented in Figure
8. The A1 (260 cm™) and E, (640 cm™') Raman modes are labeled in Figure 8. The Raman
spectra are normalized to the intensity of the Eg peak, which is denoted with the horizontal

dashed line for each of the spectra. The associated labels summarize the intensity of the Ay peak

relative to the E; peak.
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Figure 8: Raman spectra of YSZ from beginning-of-life (BOL), 1-hour, 3-hour, and 12-hour

electrolysis cells.

29



The reduction in Ajg peak intensity was also observed in the YSZ of the electrolysis cells.
The highest intensity YSZ A1 peak occurs in the BOL sample, which has not been reduced or
exposed to the MRE conditions. Each electrolysis run shows a decreased A1, intensity compared
to the BOL sample, suggesting that more O% vacancies are present with increasing electrolysis
duration. This is consistent with the observed cell resistance behavior (Table 5) and the YSZ
color in the electrolysis cells (Figures 3, 4, 5). Based on these results, it is expected that YSZ will

become further reduced and electronically conductive with increasing electrolysis duration.
4. Implications for hollow anode design

The results from the inverted hollow anode experiments conducted in this study provide
insight into how a hollow anode can be incorporated into a MRE reactor. The experimental
results presented indicate that MRE can be successfully performed using YSZ/Pt at the anode,
without altering the metallic products that form at the cathode. For a hollow anode utilizing YSZ
as the solid electrolyte, there are three primary mechanisms affecting electrolysis performance —
the onset of electronic conductivity in YSZ, the thermochemical dissolution of YSZ into molten
regolith, and the cracking of YSZ induced by Y»0Os3 depletion and thermal cycling. Each
mechanism has been previously discussed in the context of the electrolysis experiments
performed. In this section, the implications of each mechanism on YSZ hollow anodes in a
prototypical MRE reactor are assessed with potential solutions. Additionally, the rate of O
generation is compared to the rate of YSZ dissolution to provide an estimate of the anodic mass
payback ratio for YSZ hollow anodes.

4.1 YSZ regeneration
The increasing electronic conductivity of YSZ with increasing electrolysis duration is

undesirable in a hollow anode application. If YSZ is electronically conductive, O, generation is
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not isolated to the YSZ/Pt interface and can be produced at the YSZ/regolith interface. Within the
hollow anode design, this may cause O to be generated as if the anode were Ir or an ideal inert
anode, allowing the produced O» to be bubbled through the molten regolith. This would
reintroduce bubble separation and reoxidation challenges, resulting in a lower O production
efficiency. A method of regenerating YSZ performance is important to enable consistent high O
production efficiencies using a hollow anode.

As discussed previously, the electronic conductivity observed in YSZ is due to the
formation of reduced YSZ, with a high concentration of O* vacancies. Thus, the concentration of
O?* vacancies must remain low to minimize the electronic conductivity of YSZ. One proposed
method of regeneration is to pause MRE after a set amount of time and allow O» to dissociate
and reabsorb into the YSZ crystal structure (reoxidation), filling the excess O* vacancies. The
reversible uptake of O, into YSZ and subsequent metal-to-insulator transition is well studied
[44]. However, further work is necessary to determine the correct conditions (pO- and duration)
to regenerate the performance of YSZ in a hollow anode application. Guo et al. investigated the
thermochemical darkening of YSZ for oxygen sensor applications in low pO> environments and
provided a similar suggestion that YSZ should be periodically reoxidized to prolong the
performance of YSZ [42]. The same type of thermochemical reoxidation is proposed here to
reduce the electronic conductivity of YSZ, increasing the O» production efficiency of the hollow
anode. Based on Figure 2, it appears that regeneration should be performed approximately every
6 hours if the same current density (0.5 A/cm?) is used.

4.2 Design life
Y SZ undergoes dissolution in contact with molten regolith. For highlands regolith, this

process appears to be relatively slow when compared to the timescale of increasing YSZ

31



electronic conductivity. From Table 4, an average of 85 um of wall recession was observed for
12 hours of electrolysis, providing a wall recession rate of approximately 7 um/hr. Linearly
extrapolating these values suggests that a week of operation would result in approximately 1.2
mm of recession, roughly 40% of the original YSZ wall thickness. Based on these values, it
appears that a YSZ hollow anode would need to be changed out every one to two weeks if used
continuously in contact with highlands regolith. However, these results do not account for the
decrease in the rate of YSZ wall recession that stems from grain coarsening at the interface.
Thus, the conservative design life of one to two weeks is likely a lower bound on the usable life
of YSZ in contact with molten highlands regolith. It is possible that grain coarsening can
significantly decrease the rate of YSZ dissolution and extend the design life of YSZ hollow
anodes, but further experiments are needed to quantify the expected design life of YSZ hollow
anodes.
4.3 Thermal cycling behavior

The Y203 depletion caused by interactions between YSZ and molten regolith will cause
YSZ to crack on cooling. Since no regolith penetration is detected along YSZ cracks in the
inverted hollow anode, the cracks are assumed to form below the solidification temperature of
LHS-1. This behavior indicates that YSZ hollow anodes are expected to survive through only a
single thermal cycle. However, given the relatively long usable life of YSZ, the expectation is
that MRE reactors incorporating a hollow anode would not be thermally cycled until the design
life of the YSZ is reached (one to two weeks). Since the cracking would occur after the usable
life of a YSZ hollow anode is reached, it would be replaced regardless. Large-scale O
production rates (>10 MT/year) are necessary to meet NASA’s production goal for a technology

demonstration [45], which will likely require an MRE reactor to operate continuously and with a
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high duty cycle. The continuous operation of a MRE reactor will decrease the number of thermal
cycles, ideally extending high temperature operation to the full design life of a YSZ hollow
anode.
4.4 Anode mass payback ratio

Given that YSZ hollow anodes exhibit dissolution in molten regolith, it is paramount to
assess the tradeoff between oxygen production and anode material loss over time. For this
analysis, a YSZ anode with dimensions of 1 cm % 1 cm and a wall thickness of 0.3 cm is
considered, consistent with the geometry of the cells utilized in this study. Based on the
manufacturer-reported density of 5.92 g/cm?, this anode has a mass of approximately 1.78 g. Due
to observed thermal cycling-induced cracking, it is conservatively assumed that the full mass of
the anode is lost upon reaching the end of its design life. From the 12-hour electrolysis tests
reported in Tables 2 and 4, the average anode wall recession rate is 7 pm/hr, while the
corresponding average O> production rate is 0.062 g/hr. Assuming anode replacement is required
upon dissolution of half the wall thickness, the projected operational lifetime is approximately
214 hours (~8.9 days). Over this duration, the anode is expected to produce approximately 13.4
g of Oz. This yields an anode mass payback ratio of approximately 7.5, defined as the mass of O:
produced per unit mass of YSZ consumed.

It is important to note that this estimate assumes a constant rate of O» production and
YSZ recession, both of which require further testing to validate. Additionally, this analysis
excludes the mass of the MRE system and the cathode but also does not account for the mass of
cathodic products generated, which has value for in-situ construction/manufacturing. Overall,
these results suggest that each unit mass of YSZ delivered to the lunar surface could enable the

production of up to 7.5 times its own mass in Oz under the assumed conditions.

33



5. Conclusions

This study presents the hollow anode as an alternative anode design to the state-of-the-art
Ir anodes currently used in MRE reactors. The hollow anode allows for the facile collection of O
by utilizing a YSZ solid electrolyte in combination with a Pt current collector, allowing produced
O to be removed without contacting the molten regolith. This design addresses both the bubble
formation and reoxidation challenges associated with MRE. Additionally, the hollow anode can
be a more cost-effective solution compared with bare Ir anodes.

Experimental results from an inverted hollow anode reactor demonstrate that MRE can be
successfully performed through a YSZ solid electrolyte for up to 12 hours. Residual gas analysis
indicates that O is produced when a constant current is applied to the cell, confirming that
anodic O production is not affected by the YSZ solid electrolyte. Subsequent SEM/EDS analysis
of the cross-sectioned cells reveal the compositions of both the cathodic products and solidified
regolith simulant. The primary cathodic products are Fe and Si, which is consistent with previous
MRE models. Furthermore, the FeO and SiO; content of the solidified regolith simulant
decreases with increasing electrolysis duration, indicating that FeO and SiO; electrolysis is
achieved in the inverted hollow anode reactor. To the authors’ knowledge, this is the first
reported experimental confirmation of SiO; electrolysis in a MRE reactor. This is significant
since SiO> is the most abundant oxide species in lunar regolith. Demonstrating O, production
from SiO> provides confirmation that high O electrolysis efficiencies (>25%) are possible
through MRE utilizing a hollow anode.

Post-electrolysis analysis of the YSZ reveals that there are three primary mechanisms
affecting electrolysis performance - the onset of electronic conductivity in YSZ, the

thermochemical dissolution of YSZ into molten regolith, and the cracking of YSZ, induced by
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Y03 depletion and thermal cycling. The rates associated with each mechanism are estimated
from the inverted hollow anode cells. From these rates, preliminary design guidelines for YSZ
hollow anodes in a prototypical MRE reactor are identified. Given the extreme operating
environment of MRE, the observed interactions between YSZ and LHS-1 are expected.
However, the overall dissolution rate of YSZ indicates that electrolysis durations longer than the
12 hours achieved in this study are possible, potentially allowing for a YSZ hollow anode to
operate for up to two weeks. By comparing the measured rates of YSZ dissolution and O»
production, it was determined that YSZ hollow anodes can produce up 7.5 times their mass in
0s.

The inverted hollow anode experiments provide a promising proof-of-principle,
demonstrating that the hollow anode design can potentially address some of the key challenges
associated with MRE. These results pave the way for the next phase of development that focuses
on higher fidelity testing to fully evaluate YSZ hollow anodes in a relevant environment that
includes lunar surface ambient temperatures and lunar vacuum. Future research presents
opportunities to integrate YSZ hollow anodes into existing MRE reactors, enabling direct
comparisons with bare Ir anodes. While the initial inverted hollow anode experiments presented
here are encouraging, further work will help determine the life-cycle cost and scalability of

operating a full-scale MRE reactor utilizing a hollow anode.
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