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I. Introduction

The landscape of space technology is experiencing a transformative phase with the evolution of Electric Propulsion
(EP) systems, revealing their versatile utility across a diverse array of in-space applications [[1]. These systems are now
routinely utilised in orbit raising, Station Keeping (SK), End-of-Life (EoL) disposal, asteroid exploration, precise thrust
control and interplanetary travel, EP has been employed in thousands of satellites to date [2]].

Particularly, the maturation of EP has prompted its growing integration into multiple applications, including the
rapidly growing adoption within Geostationary (GEO) communication satellites and the establishment of EP standards
in Low Earth Orbit (LEO) megaconstellations composed of small satellites. EP systems are now progressively surfacing
in satellites designed for navigation, Earth observation, missions in LEO and Very Low Earth Orbit (VLEO), as well as
in scientific and robotic exploration missions [3H5]].

At present, there is a paradigm shift underway with the emergence of numerous LEO small satellite constellations
aiming to revolutionise high-speed and cost-effective internet communication services. Pioneering endeavours such as
SpaceX’s Starlink or Airbus’ OneWeb have deployed thousands of satellites equipped with low-power (<1 kW) Hall
Effect Thrusters (HETs) utilising argon/krypton/xenon for various orbital maneuvers and end-of-life operations, with
many more to come [1]]. Furthermore, the forthcoming iterations of these constellations envision larger satellites
integrated with higher-powered EP systems. Not just for Earth orbiting applications but for interplanetary missions
(such as the recent NASA’s Psyche mission [6]), HETs have demonstrated a broad trade-space which allows them to
satisfy a diverse set of mission requirements.

While the future prospects for EP appear promising, the substantial dependence of these satellites on their most
prevalent propellant, krypton/xenon, presents a potential vulnerability in the future progression of this technology.
Nowadays, this is mainly due to the susceptibility to price fluctuations and the scarcity of these propellants [[7]. In the
near future however, HETs aim to undertake deep-space missions integrating In-Situ-Resource-Utilisation (ISRU) for
propellant acquisition from diverse celestial bodies [8,[9]. More than a mere cost problem, using noble gases for these
purposes is not viable, as they cannot be found in significant quantities in the vicinity of the solar system. For these
reasons, the imperative pursuit of a cost-effective, widely available propellant remains pivotal to secure a prosperous
future for EP technologies, especially HETs.

Due to its cost-effectiveness, environmental friendliness, ubiquity on Earth and within the solar system, and its
synergies with other spacecraft subsystems such as thermal cooling and life support systems for astronauts, water
emerges as one of the most promising alternative propellants for forthcoming space missions employing HETs [7]].
However, transitioning to the use of water as a HET propellant requires several non-trivial modifications, necessitating a
comprehensive review of the fundamental physics and processes governing plasma generation and expulsion. Since the
conceptualisation and divulgation of the idea, presented in 2018 and first published in 2019 [[10], the Imperial Plasma
Propulsion Laboratory (IPPL) has undertaken investigations into these phenomena, specifically focusing on two primary
variants of water-fuelled technology: water vapour and water electrolysis.

The use of water vapour entails employing a heating and/or capillary system to convert liquid water into gas which
directly feeds the anode. In such instances, the propellant for the cathode may also be water vapour if a radiofrequency
cathode could be proven to successfully work in these conditions; otherwise, an alternative oxygen-free propellant must
be utilised to prevent cathode contamination [[11]].

In the case of water electrolysis, a water electrolyser is placed aboard the spacecraft to split liquid water into two
elements: oxygen (used as propellant for the anode) and hydrogen (acting as fuel for the cathode). It is important to
note that an opposite arrangement (oxygen for the cathode and hydrogen for the anode) is unfeasible. Oxygen is highly
poisonous to thermionic emitter cathodes, and in particular LaBg cathodes, while also the hydrogen is too lightweight
to generate any significant thrust plus being produced at only 1/8th the oxygen rate. In recent years, research at the IPPL
has focused on experimentally optimising the geometry, magnetic field topology, and ceramic walls’ material necessary
for the anode of the HET to achieve the best possible performance [[12H14]] concurrently delving into the underlying
physical phenomena [[15]. Most recently the IPPL, together with partners URA Thrusters Ltd. and Aliena Pte. Ltd,
demonstrated successful operation of an anode and cathode fueled with oxygen and hydrogen from pressurised bottles.
[L6]. This article however, represents a significant advancement by presenting the first-ever end-to-end technological
demonstration of a HET directly fed by a water electrolyser-generated products in a collaborative effort with the European
Space Agency. Section|[[I|provides an overview of the hardware used and the setup devised for this experimentation.
Section |1l details the outcomes derived from this technological achievement. Finally, Section [[V|summarises the work
conducted to date and outlines the future prospects of this technology.



I1. Methodology

A. Hardware

The hardware used for the technological demonstration is comprised of two different HETs designed for oxygen
operation (throughout the text, referred to as the "anode"), a purpose build LaBg hollow cathode optimised for hydrogen
operation, and a water electrolyser, representative of an engineering model designed for in-space applications.

1. Hall Effect Thrusters (Anode)

Fig. 1 Hall Effect Thrusters at the ESA Propulsion Laboratory of the European Space Agency. Left: Thruster
WET-HET and cathode Hydrocat. Right: Thruster AQUAHET and the cathode Hydrocat. These devices are
mounted on the Imperial Plasma Propulsion Laboratory thrust balance.

Two different HETs were used for the experimentation. The first one is "The Water ElecTrolysis Hall Effect Thruster"
(referred to in previous work as the WET-HET [17])), property of Imperial College London. This thruster was specifically
designed to run on oxygen while, at the same time, be flexible to accommodate different channel lengths and magnetic
field profiles, to allow for experimental optimisation. The main goal was to identify a suitable combination that could
achieve optimal thruster performance. A recap of the optimisation and final configuration of the thruster can be found in
previous work [16]. The geometric configuration (channel length: 13 mm, width: 5 mm and mean diameter: 20 mm)
and material selection (BN SiO, Grade M26 ceramic walls and stainless steel anode plate) which was presented there, is
the one used throughout this technological demonstration.

The second thruster used is referred to as the AQUAHET, property of URA Thrusters Ltd. [18]]. This is the second
iteration of an oxygen-fuelled HET, built upon the lessons learnt from the experimentation with the WET-HET. The
main difference between the two devices resides in the geometric configuration: the AQUAHET exhibits a larger mean
diameter than the WET-HET (40 mm), thus operating at a higher mass flow. The channel length and channel width are
kept the same as with the WET-HET, together with the material selection (ceramic walls and anode plate).

Both thrusters underwent individual testing alongside other hardware components (cathodes, water electrolyser,
power supplies) to evaluate their distinct stabilities and suitability for comprehensive end-to-end water electrolysis
testing from start to finish [12}[19] [20]]. Figure[I]shows the two thrusters displayed at the European Space Agency (ESA)
facilities while mounted at the Imperial College London thrust balance.

2. Cathode

The cathode used for the experimentation was provided by Aliena Pte. Ltd. It is a LaBg hollow cathode custom-
designed specifically for hydrogen use, aptly named Hydrocat [21]. This cathode underwent prior testing at the IPPL
facilities, employing hydrogen from pressurised containers in conjunction with the previously described thrusters [[16].
This current study aims to assess the ignition capabilities of the cathode using hydrogen produced by a water electrolyser
working independently in standalone mode, and also coupled with the thruster (anode). Figure[I]shows the cathode in
conjunction with the thrusters used during the test.



3. Water Electrolyser

Electrolysis reaction: 2 H0 — 0 +2 H, European Space Agency — Water Electrolysis Test Stand
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Fig.2 Main schematic of the Cathode Vapour Feed (CVF) water electrolyser designed by the European Space
Agency.

The water electrolyser and its associated fluidic set-up [19] were developed by ESA. Readers are referred to the
literature and previous work for a detailed description of these systems [19, 20, 22]]. A summary is included hereafter.

The water electrolyser design is based on the "Cathode Vapour Feed" (CVF) topology shown in Figure[2] Within
this submodel, water electrolysers are composed of two membranes: the Water-Feed Barrier (WFB) and the Proton-
Exchange-Membrane (PEM), each one connected to an independent power supply with both connected to the same
ground. This effectively segments the apparatus into three distinct cavities: the H,O cavity (predominantly comprising
liquid H,0), the H, cavity (primarily consisting of gaseous H»), and the O, cavity (largely composed of gaseous O»).
Upon initiating the system, liquid H,O heated up to a certain temperature (for example, 70 °C) permeates the WFB,
transitioning into gaseous H,O. Subsequently, gaseous H,O diffuses through the PEM, undergoing decomposition
in accordance with the fundamental water electrolysis reaction: 2H,O — O» + 2H,. Notice that this reaction is the
result of the Oxygen Evolution Reaction (OER), half of the main electrolysis reaction: 2H,0 — O, + 4H" + 4e~ and
the second half, the Hydrogen Evolution Reaction (HER): 2H* + 2¢~ — H,. These reactions occur simultaneously to
close the electrical circuit. The polymeric membrane functions as an electrolyser, facilitating the migration of protons
through the electric field. It is noteworthy that these reactions are enabled by a catalyst applied to the membrane, which
is made up of iridium oxide on the oxygen side and platinum on the hydrogen side. A schematic of the CVF, which also
highlights additional reactions occuring within the device, is included in Figure 2h. For instance, within the H,-cavity,
H; may diffuse through the WFB, transforming into 2H™*, which then diffuses back to the H, cavity. H; can also
permeate through the PEM towards the O, cavity, where 4H* can traverse back through the PEM, get neutralised by
the electrons in the circuit and reform into 2H, in the H; cavity. Additionally, O, has the capacity to diffuse through
the PEM, subsequently recombining with the 2H in the H; cavity to generate 2H, 0. This resultant compound can
once again permeate through the PEM, reinitiating the primary electrolysis reaction. Ultimately, the permeability of
water across both membranes dictates that both the hydrogen and oxygen produced contain varying amounts of water
vapour. Understanding the impact which the presence of this water vapour has on the thruster and the cathode operation
is critical for the proposed application. The inclusion of these effects separates this study from previous experiments,
which all used high purity dry gases supplied from cylinders.

Still CVF electrolysers outperform other concepts such as the Liquid-Anode-Feed (LAF) electrolyser thanks to its
improved behaviour in microgravity conditions. This is because LAF electrolysers rely on the density contrast between
fluids for their separation from liquid water.
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Fig.3 Water electrolyser fluidics schematic set-up for testing at the ESA Propulsion Laboratory of the European
Space Agency.

Although LAF electrolysers produce greater current density than CVF electrolyser because they are fed with liquid
water instead of vapour, in the absence of gravity to facilitate this separation, LAF electrolysers encounter operational
challenges [20].

The water electrolyser is arranged together with the fluidics as shown in Figure[Zb. A more detailed schematic of the
different parts composing the water electrolyser fluidics system is shown in Figure[3]

The propellant feed system is composed of three different branches: the water branch, which provides liquid water
to the electrolyser, and the oxygen and hydrogen branches, as outputs from the water electrolyser.

To start with, liquid water is fed into the system. A nitrogen feed is also available in order to pressurise water within
the tank, to achieve a more realistic scenario in a space mission. The temperature and pressure of the output feed of the
tank are monitored using pressure transducers and thermocouples. A burst disk is also employed to relieve the fluid in
case the maximum allowed pressure is exceed within the line (between 40-50 bars at 20 °C, 293K). A manual valve
allows liquid water to flow into the water electrolyser, which transforms liquid water into gaseous oxygen and hydrogen
as explained above. Manual valves are positioned at the start of both the oxygen and hydrogen lines. Subsequently,
temperature and pressure sensors, along with burst disks, are installed for each line. The hydrogen line is additionally
equipped with a hydrogen humidity filter designed to partially capture the moisture present within the line. The water
content contained within the hydrogen can be released via a manual valve. To regulate the oxygen and hydrogen mass
flow, mass flow controllers are then employed. Following this, a hydrogen sensor is incorporated to assess the purity
of hydrogen within the pipeline. Check valves are implemented to ensure unidirectional fluid flow, for both lines.
Additionally, two manual valves are configured to purge oxygen and hydrogen if required (see Figure[3). Finally, two
manual valves allow the flow into the thruster (anode) and the cathode.

B. Facilities and Set-Up

The experiments conducted were performed within the Small Plasma Facility (SPF) of the ESA Propulsion Laboratory
(EPL), property of ESA. This test, contrary to other experiments using noble gases, required a modified set-up of the
vacuum chambers to safely store and provide oxygen and hydrogen at stoichiometric ratios. The comprehensive layout
of the facilities and diverse components for end-to-end testing is shown in Figure [d] The different elements enumerated
in this diagram are shown in Table[I] This final configuration incorporates all the insights gained from prior experiments
conducted at the IPPL (at Imperial College London) [12} [16].
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Table 1 Description of the elements depicted in Figure E}

1 Heater power supply (Agilent 6038A: 0-60V, 0-10A) 32 Water ElecTrolysis Hall Effect Thruster (anode)
2 Inner electromagnet power supply (Agilent 6038A: 0-60V, 0-10A) 33  Grounding connection (same as 9)
3 Anode power supply (FUG MCP 4200-650: 0-650V, 0-6A) 34 Cathode (Hydrocat)
4  Keeper power supply (Glassman LPD 600-10: 0-600V, 0-10A) 35 Main gate valve (hatch to main chamber)
5 Thrust balance monitor 36 Door (main chamber)
6  Thrust balance electronics box 37  Vacuum feedline (oxygen)
7  Thrust balance computer 38 Vacuum feedline (hydrogen)
8 Outer electromagnet power supply (Delta SM120-25D: 0-120V, 0-25A) 39 Manual valves set
9 Power supplies ground connection (same as 33) 40 Mass flow controller (xenon)
10  Auxiliary power outlet 41 Mass flow controller (krypton)
11  External computer station and monitor 42 Pressure regulators (xenon and krypton)
12 Thermocouples electronics 43 Cathode propellant bottle (xenon)
13 Pumping system control station 44  Anode propellant bottle (krypton)
14 Cryo panel (x2, not used) 45 Monitor (electrolyser control station)
15 Basement 46 Analogue to digital converter (ADC, SCB-68A)
16  Cryo pump, with compressor (COOLVAC 10 000 CL) 47  Switchbox
17 Roughing pump (Varian TriScroll 300 Dry Scroll Pump) 48 Electrolysis membrane power supply
18 Turbopump (VARIAN Turbo-V 3K-G ISO 250 F) 49  Water feed barrier power supply
19 Mass flow controller, roughing pump purging (nitrogen) 50 PXI controller
20 Mass flow controller, turbopump purging (nitrogen) 51 Pressure transducers power supply
21  Vacuum feedthrough (power) 52 Water electrolyser
22 Pressure gauge (hatch chamber) 53 Water electrolyser fluidics (refer to Figure
23 Gate valve 54 Cryo panel (x2, not used)
24  Turbopump (Leybold, TURBOVAC 1000 C) 55 Camera
25  Venting valve (hatch chamber) 56 Venting valve (main chamber)
26  Door (hatch) 57 Mass flow controller, chamber purging (nitrogen)
27 Laser ILD1750 58 Cryo heads (x4, Leybold COOLPOWER 140T)
28 Thermocouple (to thrust balance) 59  Pressure regulator (nitrogen)
29  Servomotor (for calibration) 60 Purging and venting propellant bottle (nitrogen)
30 Thrust balance 61 Pressure gauge (main chamber)
31 Vacuum feedthrough 62  Small Plasma Facility (European Space Agency)

The hatch chamber measures 1.0 m in length and diameter, while the main chamber has dimensions of 3.35 m in
length and 2.0 m in diameter. The thrust balance [23]] is positioned within the hatch chamber, strategically situating the
system’s thruster and cathode at the gate valve’s periphery between the hatch and the main chamber. In this way, the
plasma is free to expand into the main chamber where the reflection of the plasma and neutrals is reduced by the large
vacuum volume.

Notice that, in this first test, safety was the most important aspect to consider. The mixing of oxygen and hydrogen
at stoichiometric ratios, even in small amounts, could end up in ignition unless adequate precautions are taken. This
experimentation, marking ESA’s first-ever test involving the mixing of these gases for EP, necessitated a careful safety
assessment to ensure maximal safety despite imposing potentially more challenging conditions for the thrusters.

For that reason, within the set-up, krypton and xenon bottles with their respective mass flow meters are also set
in place to initially feed the thruster (anode) and cathode. In that way, once the system has successfully been ignited,
the amount of noble gases into the system is slowly decreased while the oxygen and hydrogen flow from the water
electrolyser increases; until only oxygen and hydrogen are used to feed the system. This gradual transition is much
safer as it permits monitoring the safety of the set-up with progressive increments of oxygen and hydrogen, while
avoiding any potential initial sparking of the thruster and cathode (i.e., preserving the integrity of the system for a
longer time duration). Notice that, although this transition was implemented in this laboratory test, it is not needed (nor
recommended) for an in-orbit space demonstration.

The initial pumping stage consisted of two roughing pumps (model Varian TriScroll 300 Dry Scroll Pump, element
17): one designated for the main chamber and an additional pump allocated to the hatch chamber. Two extra roughing
pumps, positioned at the exit of the cryo pump, were available. However, as will be explained later, due to the non-usage
of the cryo pump, its associated primary pumps remained inactive. The gas ballast system of the two primary pumps
was fed with nitrogen during the test campaign. This approach was recommended for the purposes of diluting the
oxygen and hydrogen, requiring a continuous nitrogen flow of 10 L/min.

However, these pumps were situated within the non-ventilated basement of the facility, as depicted in Figure [4]
(element 15). Venting the gases from the facility into the non-ventilated basement raised safety concerns due to the



potential reduction of oxygen levels below the safety threshold (19% or below). Following this concern, it was calculated
that, due to the large volumetric area of the basement, even after 20 hours of testing with the purging system active and
the two pumps in operation, the oxygen level in the basement would remain higher (20.2%) than the minimum required
level (19%) mandated by the health and safety department of the European Space Agency. Consequently, the purging
system was activated, which permitted the use of these pumps.

The second pumping stage was composed of two turbopumps: a Leybold, TURBOVAC 1000 C for the hatch chamber
(element 24) and a VARIAN Turbo-V 3K-G ISO 250 F for the main chamber (element 18). To prevent potential back
flow of contaminant into the bearing area, the main chamber turbo pump is designed to operate with inert purge gas flow
from the upper bearing area to the foreline. For the purposes of these tests, nitrogen is selected as the purge gas (with
the recommended 20 sccm flow used) to further reduce the risk of ignition. Notice however that only the turbopump
connected to the main chamber had nitrogen purging capability. Therefore, the turbopump for the hatch chamber was
solely used for the initial evacuation of the facility and remained disconnected thereafter, while the turbopump for the
main chamber and its purging system were used throughout all experiments.

The third stage included a cryo pump (element 16) and four cryo panels (elements 14 and 54). However, for this
initial test, the third stage could not be used as the equipment had never been tested under these conditions, nor had
the facilities previously operated with both oxygen and hydrogen simultaneously. Concerns arose regarding potential
oxygen and hydrogen accumulation at the cryo pump, posing considerable risks during its regeneration process if both
gases were released simultaneously. Furthermore, there were concerns that the cryo panels might be compromised upon
contact with oxygen. Therefore, they were covered and not used throughout the test.

In order to further minimise any potential risk of ignition, nitrogen was added to the chamber during testing. The
goal was to replicate the ratios of oxygen and nitrogen present in atmospheric air (N2 =~ 78%, O, ~ 21%). For instance,
if 1.6 mg/s of oxygen was introduced, 5.9 mg/s of nitrogen was simultaneously injected into the chamber.

Note that, in contrast to the previous experimental setup [[16]], oxygen and hydrogen do not come from pressurised
cylinders: the gases are produced by the water electrolyser. Therefore, safety concerns regarding the presence of large
volumes of pressurised oxygen and hydrogen in proximity are not applicable, and both gases can co-exist outside and
inside the vacuum chambers.

Lastly, in terms of electrical connections, the bottom parts of the thrust balance and hatch and main chambers are set
to ground (element 33), which is the same ground as the power supplies (element 9). The central moving platform of the
thrust balance is floating [12|23]]. The electronics to power the HETs including the cathode are listed in Table[T} Notice
that the thruster AQUAHET requires two power supplies to activate its electromagnets (inner and outer electromagnets,
elements 2 and 8) whereas the WET-HET only needs one (inner electromagnet, element 2).

Following the successful completion of this test campaign, a number of possible facility enhancements for subsequent
tests were identified. These are detailed in Section[[V]

I11. Technology Validation Results

The electrolyser and the cathode were independently validated, followed by a an entire end-to-end system validation.
Section [[IT.A] provides an in-depth analysis of the characterization of the water electrolyser. Section [[IL.B]summarises
the results of the cathode fuelled by hydrogen coming from the water electrolyser. Finally, Section encapsulates
the system’s validation encompassing the water electrolyser coupled with the HET and the cathode.

A. Water Electrolyser

The operational characteristics of the water electrolyser are significantly influenced by its temperature. Previous
research has outlined the correlation between the water electrolyser’s mass flow production rate, characterised by
the current-voltage (IV) curve, and the temperature [20]. The maximum continuous mass flow production without
compromising membrane integrity (1.3 mg/s), was achieved at 70 °C. To attain this temperature, two heaters positioned
at the top and bottom of the water electrolyser are used, consuming a combined maximum power of 175 W. This
large heating capacity serves to accelerate the heating process of the electrolyser. The current design, featuring two
large clamping plates with substantial heat capacity, has not been fine-tuned to minimize power requirements [20]].
Altering materials or redesigning the electrolyser could significantly reduce the necessary heating power. It is also
worth pointing out that this heating capacity of 175 W is employed to increase the temperature of the electrolyser to
its nominal level. Once this temperature is reached, the heating power required to maintain the nominal temperature
decreases. Nevertheless, to ensure a conservative estimate, this heating power is used for calculating the overall power
demands of the system. As will be explained in Section [[II.C} even with a suboptimal design and being conservative, the
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Fig. 5 Water electrolyser characterisation: a) current-voltage (IV) curve, and b) total electrolyser power versus
oxygen mass flow.

water electrolyser’s total power consumption represents a fraction (8%) of the system’s overall power, primarily dictated
by the thruster’s discharge power (83%).

Figure [5h shows the IV curve corresponding to the water electrolyser at 70 °C. Three distinct regions are discernible.
Below 1.4V, the water electrolyser exhibits negligible to none mass flow production, with currents measuring below 1
A. Within the range of 1.4 — 1.8 V, a linear relationship is observed, resulting in varying mass flow rates before reaching
saturation (third region). Each point on the IV curve corresponds to a different power setting, with higher power
correlating to increased mass flow production. Figure[Sp shows the total power consumption of the water electrolyser
against the oxygen mass flow. Notice that the oxygen to hydrogen mass flow production, in stoichiometric ratio, is
hydrogen-to-oxygen (®) = 1:8. In other words, for each gram of hydrogen produced, 8 grams of oxygen are created.
This is due to the differences in molecular weight between oxygen (O, = 16 amu) and hydrogen (H, = 2 amu). The
maximum hydrogen and oxygen mass flow rates that this water electrolyser can produce are 0.2 mg/s and 1.6 mg/s,
respectively. The power required to achieve this condition is 211 W. As explained in Section [[I.A.3]and shown in Figure
[, power is needed for the two membranes and to heat up the device. Specifically, 35 W are needed to power the PEM
(first membrane) and 1 W for the WFB (second membrane). The rest of the power (175 W) is required for sustaining a
consistent temperature of 70 °C.

Consequently, in the current configuration, heating constitutes the majority of the total power prerequisite for the
water electrolyser to operate.

A linear projection of the power/mass flow relationship suggests that a HET requiring ~ 5.0 mg/s of oxygen (anode)
and ~ 0.6 mg/s of hydrogen (cathode) would demand a water electrolyser consuming ~ 300 W of power.

B. Hydrogen Cathode

This section compiles the results obtained during the standalone validation of the cathode Hydrocat, provided by
Aliena Pte. Ltd., directly fuelled by hydrogen produced by the water electrolyser.

As highlighted in Section [[I.B} in order to maximise safety and to better preserve the hardware for future tests, the
ignition is first achieved with a noble gas (in this case xenon). Then, hydrogen is progressively introduced into the
system. The transition from xenon to hydrogen and the consequent alteration in plume colour are visually depicted in
Figure[6] Moreover, Figure[7p illustrates the set and measured mass flows of xenon and hydrogen during the validation
test. The cathode’s condition and facility status were continuously monitored to ensure overall safety and hardware
integrity. Stable operation with hydrogen was achieved, allowing successful testing across a range of hydrogen mass
flows spanning 0.07 — 0.16 mg/s, with the cathode operating uninterrupted for over 15 minutes before the test conclusion.

Throughout this test, the cathode keeper discharge when using either xenon or hydrogen was recorded (Figure [7b).
From the results, it is possible to observe how the mass flow rates using hydrogen are lower than the ones of xenon.



Fig. 6 Transition of Hydrocat operation from only xenon to only hydrogen during standalone testing.
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Fig.7 Hydrocat cathode validation: a) transition of mass flows used from xenon to hydrogen, used during the
experimental validation, and b) keeper voltage as a function of either the xenon or hydrogen mass flows.

This is a consequence of the inherent limitation of the water electrolyser to produce larger mass flows, and hydrogen
being limited to the stoichiometric mass ratio production (® = 1:8). Consequently, due to the lower mass flow rates, the
recorded keeper voltage with hydrogen surpassed the one with xenon, elevating the total power consumption of the
cathode.

However, even with these varying mass flow rates of hydrogen and xenon, the discrepancy in keeper power is
marginal as a percentage of the total system power (~ 96 W for hydrogen at 0.16 mg/s and ~ 56 W for xenon at 0.6
mg/s). A visual examination of the power function interpolation with xenon (displayed in Figure [7b) indicates that the
power consumption difference at equal mass flow rates between these two propellants would be even more negligible.

C. End-to-End Water Electrolysis Hall Effect Thruster Testing

In this section, the results of the end-to-end testing of the HET and cathode fuelled by oxygen and hydrogen,
respectively, directly produced by the water electrolyser fed by liquid water, are presented. Figure[Sh shows the set and
measured flows of the system during the test. Figure[8p displays the background pressures recorded at the same time
these mass flows were introduced into the system.
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WET-HET and hydrogen-fuelled cathode Hydrocat, and b) facility background pressure during the test.

In a similar fashion to the standalone cathode test (Section[[ILB)), the thruster (anode) and cathode are first ignited
with krypton and xenon respectively. The WET-HET thruster and Hydrocat cathode can be seen operating with these
gases in Figure [9]

Once ignition and stable operation with xenon/krypton was established (at time 7' = 0 s in Figure [8p), the gradual
introduction of oxygen and hydrogen into the system commenced. Continuous monitoring of the facilities and the system
ensued to ensure discharge safety and stability. Notably, during the initial transition phase, the thruster operated at a
higher mass flow rate (~ 3.2 mg/s) than the steady-state capacity of the electrolyser. This was achieved by pressurising a
section of the line with the oxygen generated by the water electrolyser. This methodology (referred to as “gas puff”
[12,[16]) ensured the initial stability of the thruster (anode) before reaching the steady-state conditions of pure water
electrolysis feed (~ 1.6 mg/s of oxygen for the anode and ~ 0.2 mg/s for the cathode) at time 7' = 750 s.

At that point, various oxygen and hydrogen mass flows were introduced into the thruster (anode) and cathode to
evaluate the system’s stability range. The thruster (anode) successfully operated on oxygen within the range of 1.3 — 3.2
mg/s, while the cathode functioned optimally with hydrogen in the range of 0.07 — 0.22 mg/s. The total duration of this
test was ~ 34 minutes. To complement the validation phase, the mass flow setpoints of oxygen and hydrogen were set to
the highest value (fully open valve configuration) during the steady firing so that the flow was not restricted from the
mass flow meters and the gas production of the water electrolyser was fed into the system.

During the tests, facility pressure measurements in both the main and hatch chambers were concurrently recorded
(Figure [8p). Notably, the background pressures observed during the test were unusually high. As explained in Section
due to concerns about mixing oxygen and hydrogen at stoichiometric ratios, a portion of the pumping system was
inactive during this technological validation test (i.e., with the turbopump of the hatch chamber, cro pumps and cryo
pannel being inactive). It is worth mentioning however, that the pressure gauges are calibrated for measuring vacuum
environments with nitrogen, so the background pressures recorded might be slightly overestimated.

Another significant factor impacting the system discharge relates to the humidity content within the feedline. As
elaborated in Section[[I.A.3] CVF water electrolysers produce a humid compound of oxygen and hydrogen, rather than
dry gases. In space hardware, desiccants could be employed to dehydrate gases from water electrolysers. However,
this initial test aimed to evaluate the system’s response without desiccants to assess their importance for future water
electrolyser advancements. As depicted in Figure[9] the line’s humidity content caused a variation in the thruster plume’s
colour, deviating from the typical green-yellowish plasma [[12] to a more pinkish plume, more typical of water vapour
plasmas [[11]]. The combination of the high background pressures and the humidity in the line caused the thruster to
flicker sometimes and become more unstable with a stronger magnetic field.

Another constraint within the system was the maximum mass flow rate achievable by the water electrolyser, capped
at 1.6 mg/s of oxygen. Although this was not a constraint for the thruster WET-HET, it posed a challenge for the
AQUAHET thruster due to its larger geometry, demanding higher mass flows for stable operation.
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Fig. 9 Transition from xenon/krypton to water electrolysis (oxygen for the anode and hydrogen for the cathode)
during the end-to-end experimental validation of the thruster WET-HET with the cathode Hydrocat.

This limitation hindered its stability with pure oxygen and hydrogen, although partial success was achieved by
introducing a small fraction of xenon/krypton to sustain ignition in the discharge. In Section various modifications
to the facilities and water electrolyser fluidics are proposed to address these issues in subsequent tests.

Figure[I0]shows an estimate of the total power requirements of a water electrolysis EP system. Reference values for
the magnet, cathode keeper, cathode heater, and anode discharge power are taken from a firing test of the WET-HET and
Hydrocat conducted at Imperial College London. For this firing, the anode current and voltage were 4.5 A and 434 V,
respectively; the cathode keeper current and voltage were 2.5 A and 37 V, respectively; the cathode heater current and
voltage were 6.5 A and 13 V, respectively; the magnet current and voltage were 1.5 A and 18.7 V respectively; and
the anode and cathode were supplied with ni, = 1.0 mg/s and ni. = 0.125 mg/s of oxygen and hydrogen taken from
compressed gas bottles. The total water electrolyzer power that would be needed to generate these anode and cathode
mass flows (198 W, see Figure[5p) is used to calculate an estimate of the total power budget in the case of end-to-end,
combined electrolyzer and thruster operation. It is estimated that 83% of the total system power would be consumed by
the anode discharge, while the remaining portion would be distributed among the electromagnets, cathode (keeper and
heater), and the water electrolyser.

Within the context of the water electrolyser, a significant 88% of the power is directed towards heating it to
the operational temperature of 70°C. As mentioned in Section and further elaborated here, this estimation is
conservative. On one hand, the heating capacity of 175 W is utilised to raise the electrolyser’s temperature to its operating
temperature point. Once this temperature is achieved, the heating power required to maintain it is expected to be less.
On the other hand, the design of the water electrolysis system is not oriented towards minimising power requirements,
particularly in terms of heating. Therefore, this total heating power could potentially be reduced. Implementing a water
electrolyser composed of thinner plates with a reduced heat capacity could substantially diminish the necessary heating
[20]. However, even considering the most conservative scenario, the power prospects for water electrolysis EP systems
are highly promising: adopting this technology, which inherently requires an onboard water electrolyser, does not incur
significant penalties in terms of additional power requirements. As seen in Figure[I0] it is anticipated a mere 8% of the
overall power will be required by the water electrolyser.
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In terms of performance, these power requirements corresponded, for the thruster WET-HET, to a thrust of
T =20.9 £ 0.2 mN, specific impulse of Is,, = 2130 + 20 s, thrust-to-power ratio of 77T PR = 10.7 £ 0.5 mN/kW, anode
efficiency of 1, = 11.2 £ 0.3%, and total efficiency of 1;,, = 10.1 £ 0.3% [[16]. Notice that this data corresponds to
the performance when using oxygen and hydrogen from pressurised bottles (not when oxygen and hydrogen are being
produced by a water electrolyser, as firstly presented here). Although it is expected that the thruster’s performance when
using oxygen and hydrogen from pressurised cylinders versus produced by a water electrolyser should not change, this
comparison is envisaged as one of the next step in the experimentation.

Current ongoing research is carried out to investigate other ways to maximise the performance of these systems,
such as radiofrequency excitation [24} 25]] and larger thruster mean diameters such as those featured in the AQUAHET
thruster [[18]].

Nonetheless, it is expected that the HETs will not achieve the same performance levels as those powered by xenon,
featuring ~ 50% anode efficiency. This disadvantage arises from the greater ionisation potential of oxygen (13.6 eV
[26])) in contrast to xenon (12.1 eV [26]]) and the different dissociation reactions of oxygen, (resulting in losses as
they do not directly contribute to thrust generation). However, the disparity in weight between diatomic oxygen (32.0
g/mol [26]) and xenon (131.2 g/mol [26]]) causes oxygen-fuelled HETSs to exhibit a higher I, than those fuelled by
xenon, albeit at the cost of lower thrust at a given power. This characteristic proves beneficial for deep-space missions
necessitating higher I, values. All in all, water propulsion emerges as a robust candidate for short to medium-term
space missions. This is mainly due to: 1) the synergies of water with other spacecraft subsystems, 2) its ubiquity in the
solar system, 3) ISRU potential, 4) low cost and 5) the possible integration of a chemical propulsion (CP) system for
high-thrust, low-specific-impulse manoeuvres [27, 28] alongside an EP system for low-thrust, high-specific-impulse
manoeuvres—both powered by water.

D. Technology timeline

Figure (1 1] illustrates the timeline tracing the development of water propulsion technologies for HETs at IPPL,
outlining the significant milestones pivotal in enabling this comprehensive technology validation.

The initial milestone traces its roots back to the end of 2018 when the conceptual framework of utilising the outputs
from water electrolysis (oxygen for the thruster’s anode and hydrogen for the cathode) was initially proposed [[10].

At that juncture, minimal research had been done on oxygen-fuelled HETs [29], with very preliminary results on
performance. Hydrogen-fed thermionic hollow cathodes, on the other hand, were thought to be more robust against
emitter poisoning [30, 31]], although their practical feasibility for space applications was yet to be further explored [32].
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Fig. 11 Timeline of the water-fuelled electric propulsion Hall Effect Thrusters technology (either using the
products of water electrolysis, oxygen (anode) and hydrogen (cathode) or using a direct water vapour feed).

It became evident that a foundational exploration of the underlying physics governing oxygen-fuelled thrusters and
hydrogen-fuelled cathodes was imperative. This preliminary investigation aimed to ascertain the feasibility of this
technology and define the specific conditions under which it could emerge as a viable option for future space missions.
Specifically, the focus was on understanding the impact of oxygen on the discharge and performance of the thruster, as
well as comprehending the oxidation effects on the surfaces exposed to the plasma.

To simplify the complexity of these experiments centred on the thruster (anode), xenon and krypton were employed
to fuel the cathode. This approach facilitated the exploration of the anode discharge physics. These initial EP tests
were conducted in early 2020 [14], marking the outset of exploring and refining the oxygen-fuelled thruster over the
subsequent two years [[12] [13]]. Particularly, the inquiry delved into determining the most suitable channel length and
anode and discharge channel wall material to ascertain the optimal thruster geometry and material choice, seeking
compatibility and superior performance. Readers are redirected to this specific work for more details [[12}[13]].

Subsequently, an alternative option to water electrolysis emerged: a direct utilisation of water vapour (see Section ).
By utilising water vapour instead of the products of water electrolysis, the need for an on-board water electrolyser is
eliminated; thereby reducing cost, mass, and system complexity. A comparative assessment between water vapour and
water electrolysis technologies under equal conditions using either water vapour or oxygen was conducted [11]]. The
findings revealed that under identical conditions, oxygen-fuelled HETs were approximately 20% more efficient than their
water vapour-fuelled counterparts. Not only due to the better performance but because of a potential higher cathode
compatibility (hydrogen in the case of water electrolysis versus water vapour or other propellant already onboard the
spacecraft for a direct water vapour feed), the research into water electrolysis propulsion for HETs was intensified.

Upon concluding the initial investigation into the oxygen-fuelled thruster, the subsequent research phase involved
the experimental demonstration of concurrent operation between an oxygen-fuelled thruster and a hydrogen-fuelled
cathode. For this next experiment, both propellants were directly supplied via pressurised bottles. This milestone was
achieved at IPPL in late 2022 [16]. This phase scrutinised the impact of @ on the discharge process and assessed how
the presence of hydrogen-oxygen plasmas influenced the integrity of the hardware.

The final milestone has been presented in this paper, encapsulating the successful testing of both the thruster (anode)
and cathode using the products generated by a CVF water electrolyser (oxygen and hydrogen) supplied with liquid water.
This campaign substantiated the feasibility of the technology, representing the worlds’ first end-to-end demonstration of
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water electrolysis fuelled HETSs.

Lastly, notice that this timeline describes the experimental component of a long scale water electrolysis research
program. Not covered here is the past and on-going efforts in numerically simulating these devices to understand the
underlying physics and predict optimal performance configurations [[15} 24} 25]].

The future prospects for this technology are outlined within the next section.

IV. Conclusions and Future Work

In this work, the first end-to-end experimental demonstration of a water electrolysis HET working in combination
with a water electrolyser was conducted. Liquid water was electrolysed to supply oxygen to the anode and hydrogen to
the cathode at stochiometric ratios.

To accomplish this, modifications were necessary at the ESA facilities to enhance safety when dealing with a
stoichiometric mix of oxygen and hydrogen. Every pump used had an associated nitrogen purging system to dilute the
gases entering the pump and avoid any potential explosive mixture. The water electrolyser fluidics were specifically
designed to facilitate the feed of these gases into the system.

During the technology’s validation, the water electrolyser operated under varied power conditions, allowing for
diverse mass flows to the thruster (anode) and cathode, achieving up to 1.6 mg/s of oxygen and 0.2 mg/s of hydrogen
under steady-state conditions. The predominant power consumption of the water electrolyser was directed towards
heating, essential to maintain a temperature of 70 °C for optimal mass flow output. Despite the design of the water
electrolyser not being optimised to minimise the power consumption, it is anticipated that the total power needed for the
water electrolyser to run may correspond to just 8% of the total system power. In these conditions, the most substantial
portion (83%) of the total system power would correspond to the anode discharge power.

As part of this discharge power also heats up the thruster, it could be investigated whether or not this heat can also
be used to warm up the electrolyser up to the desired temperature; which will further ease the total power requirements.
Overall, this bodes well for the technology, as the power overheads for incorporating a water electrolyser onboard
spacecraft stand to constitute only a fraction of the overall power requirement. This consideration, together with other
distinctive attributes of water, such as its potential for integrating both a CP and EP system, prospects for ISRU, synergies
with astronaut life support systems, thermal cooling capabilities, cost-effectiveness, and environmental friendliness,
position water as a highly promising candidate to fuel HETs for medium to long-duration space missions.

The next steps are directed towards the performance comparison between in-situ oxygen and hydrogen production
versus the use of these gases from pressurised bottles. Specifically, to optimize thruster stability, desiccant beds should
be utilized in the feed lines. This integration will mitigate the humidity originating from the gases produced by the
water electrolyser. Moreover, having validated the safety of the ignition procedures within this test, a more sophisticated
pumping system, incorporating the three pumping stages for the hatch and main chamber, can be implemented. This
advancement will notably diminish the background pressure, enabling the HETs to operate within superior vacuum
conditions.

Life-time tests of the technology using the lessons learnt from these experiments are also envisaged. From the
thruster’s standpoint, a comprehensive exploration of diverse coating layers is recommended to curtail the oxidation of
stainless steel surfaces (in particular, the anode plate). This could largely improve the integrity of the HETs during long
time firings. In this context, chromium and rhodium emerge as potential viable options owing to their low oxidation
rates at elevated temperatures [33] 34].

Once the life-time tests conclude, an In-Orbit Demonstration (IOD) of this technology is strongly advised to promptly
evaluate its performance in authentic space conditions. For that, the entire propulsion system (an engineering model and
then a flight model with environmental qualification) should be prepared; including a compact propellant management
assembly, power processing unit and control unit.

Acknowledgments

The authors would like to thank the European Space Agency for their support in the development of the research,
especially to Dr Kithe Dannenmayer. This research is developed together with the European Space Agency in the
co-funded PhD programme of Jestis Manuel Mufioz Tejeda under the reference ESA RFP/3-17304/21/NL/GLC/my.
The development of AQUAHET was generously supported by InnovateUK (reference number 92812), administered by
the Eureka foundation (reference number 2020- 16526). The authors would also like to acknowledge the British Spanish
Society (BSS) and Plastic Energy for their support (BSS—Plastic Energy scholarship).

15



—

[

]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

(13]

[14]

(15]

[16]

(17]

(18]

[19]

(20]

(21]

References

B. Frongello et al., “Spacecraft electric propulsion at an inflection point,” Advanced Space Propulsion and Energy Systems,
2021, p. 4151. https://doi.org/10.2514/6.2021-4151.

D. Lev et al., “The technological and commercial expansion of electric propulsion,” Acta Astronautica, Vol. 159, 2019, pp.
213-227. https://doi.org/10.1016/j.actaastro.2019.03.058,

J. Gonzélez del Amo, “European Space Agency (ESA) electric propulsion activities,” 34th International Electric Propulsion
Conference, Kobe, 2015, pp. 4-10.

J. Gonzilez del Amo, “Activities on Electric Propulsion at ESA,” 5th Space Propulsion Conference, Rome, Italy, 2016, pp.
1-10.

M. Laterza et al., “Design, Testing and Qualification of MUSIC Propulsion System for ELITE Small Satellite Mission to Very
Low Earth Orbit,” Proceedings of the 38th International Electric Propulsion Conference, IEPC, Toulouse, France, 2024.

J. Snyder et al., “Electric propulsion for the Psyche mission: Development activities and status,” AIAA Propulsion and Energy
2020 Forum, 2020, p. 3607.

JM. Tejeda, A. Schwertheim and A. Knoll, “Water as an Environmentally Friendly Propellant for a Multi-functional
Spacecraft Architecture,” International Journal of Energetic Materials and Chemical Propulsion, Vol. 22(2), 2023.
https://doi.org/10.1615/IntJEnergeticMaterialsChemProp.v22.12.20.

A. Hepp et al., “In-situ resource utilization for space exploration: resource processing, mission-enabling technologies, and
lessons for sustainability on earth and beyond,” 12th International Energy Conversion Engineering Conference, 2014, p. 3761.

A. Bapat, P. Salunkhe, and A. Patil, “Hall-effect thrusters for deep-space missions: A review,” IEEE Transactions on Plasma
Science, Vol. 50, No. 2, 2022, pp. 189-202. https://doi.org/10.1109/TPS.2022.3143032,

A. Schwertheim and A. Knoll, “In Situ Utilization of Water as a Propellant for a Next-Generation Plasma Propulsion System,”
Journal of the British Interplanetary Society, Vol. 72,2019, p. 7.

JM. Tejeda and A. Knoll, “A water vapour fuelled Hall Effect Thruster: Characterization and comparison with oxygen,” Acta
Astronautica, Vol. 211, 2023, pp. 702—715. https://doi.org/https://doi.org/10.1016/j.actaastro.2023.06.046.

JM. Tejeda and A. Knoll, “An oxygen-fuelled Hall Effect Thruster: Channel length, ceramic walls and anode material
experimental analyses,” Acta Astronautica, Vol. 203, 2022, p. 2. https://doi.org/10.1016/j.actaastro.2022.11.055.

A. Schwertheim and A. Knoll, “Experimental investigation of a water electrolysis Hall effect thruster,” Acta Astronautica, Vol.
193, 2022, pp. 607—-618. https://doi.org/https://doi.org/10.1016/j.actaastro.2021.11.002,

A. Schwertheim and A.Knoll, “Low power thrust measurements of the water electrolysis Hall effect thruster,” CEAS Space
Journal, Vol. 14, 2022, pp. 3—17. https://doi.org/10.1007/s12567-021-00350-y.

IM. Tejeda, A. Knoll, F. Marchioni and M. Cappelli, “Plasma properties characterization of oxygen-fuelled Hall Effect Thrusters
for Water Electrolysis propulsion,” Space Propulsion Conference, 2024.

JM. Tejeda et al., “Experimental demonstration of a water electrolysis Hall Effect Thruster operating with a hydrogen cathode,”
Acta Astronautica, Vol. 2019, 2023, pp. 542-554. https://doi.org/10.1016/j.actaastro.2024.03.043.

A. Schwertheim, “The Water Electrolysis Hall Effect Thruster,” Ph.D. thesis, Imperial College London, 2022.

E. Rosati et al., “Sizing and Preliminary Design of a 2-kW Water Propelled Hall Effect Thruster,” International Electric
Propulsion Conference, Boston, US, 2022.

J. Saryczew, S. Heizmann and A. Herbertz, “Development of a Test Bench for Electrolyser Performance Evaluation for Water
Electrolysis Propulsion,” International Electric Propulsion Conference, Boston, US, 2022.

S. Heizmann, A. Herbertz, J. Saryczew and C. Manfletti, “Investigation of a Cathode-Vapour-Feed Electrolyser for a Water
Electrolysis Propulsion System,” Aerospace Europe Conference 2023 - 10th EUCASS - 9th CEAS, Laussane, Switzerland, 2023.
https://doi.org/10.5281/zenodo.8082799.

G-C. Potrivitu et al., “Hydrocat: A Hydrogen-fed 5 A-class LaB6 Hollow Cathode for Water Electrolysis Hall Effect Thrusters,”
38th International Electric Propulsion Conference, IEPC-2024-293, Toulouse, France, 2024.

16


https://doi.org/10.2514/6.2021-4151
https://doi.org/10.1016/j.actaastro.2019.03.058
https://doi.org/10.1615/IntJEnergeticMaterialsChemProp.v22.i2.20
https://doi.org/10.1109/TPS.2022.3143032
https://doi.org/https://doi.org/10.1016/j.actaastro.2023.06.046
https://doi.org/10.1016/j.actaastro.2022.11.055
https://doi.org/https://doi.org/10.1016/j.actaastro.2021.11.002
https://doi.org/10.1007/s12567-021-00350-y
https://doi.org/10.1016/j.actaastro.2024.03.043
https://doi.org/10.5281/zenodo.8082799

[22]

(23]

[24]

[25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

[34]

N. Fernandes et al., “Electrolysis based water propulsion for future 1-ton class LEO mission satellites.” Space Propulsion
Conference, 2020.

A. Schwertheim et al., “Interlaboratory validation of a hanging pendulum thrust balance for electric propulsion testing,” Review
of Scientific Instruments, Vol. 92, No. 3, 2021, p. 034502. https://doi.org/10.1063/5.0037100.

JM. Tejeda, M. Reza, F. Faraji and A. Knoll, “Performance enhancement of Hall Effect Thrusters using radiofrequency
excitation,” Acta Astronautica, Vol. 194, 2022, pp. 145-161. https://doi.org/10.1016/j.actaastro.2022.01.033.

JM. Tejeda and A.Knoll, “A Water Electrolysis Hall Effect Thruster Computational Model with Radiofrequency Excitation,”
37th International Electric Propulsion Conference, IEPC-2022-313, Massachusetts Institute of Technology, Cambridge, MA,
USA, 2022.

“NIST Atomic Spectra Database,” , 2023. URL https://physics.nist.gov/, accessed: 2023-12-05.

C. Muir and A. Knoll, “Catalytic Combustion of Hydrogen and Oxygen for an Electrolysis Micro-Propulsion System,” Journal
of the British Interplanetary Society, ISSN: 0007-084X, 2022.

)

C. Muir, C. Ma and A. Knoll, “The design, fabrication and test progress summary of the iridium catalysed electrolysis thruster,
Space Propulsion Conference 2020+1, 2021.

T. Nakagawa, N.Yamamoto, K.Komurasaki and Y.Arakawa, “Experimental Investigation of a Hall Thruster Using Oxygen as
the Propellant,” Japan Society of Aeronautical Space Sciences, Vol. 51, No. 598, 2003, pp. 606—-612. https://doi.org/10.2322/
jjsass.51.606.

H.E. Gallagher, “Poisoning of LaB6 cathodes,” Journal of Applied Physics, Vol. 40, No. 1, 1969, pp. 44-51. https:
//doi.org/10.1063/1.1657092.

D.M. Goebel, J.T. Crow, J.T and A.T. Forrester, ‘“Lanthanum hexaboride hollow cathode for dense plasma production,” Review
of Scientific Instruments, Vol. 49, No. 4, 1978, pp. 469—-472. https://doi.org/10.1063/1.1135436.

S. Gabriel, A. Daykin-Iliopoulos, M. Praeger and M. Coletti, “Hollow Cathode Operation with Different Gas,” Proceedings of
the 35th International Electric Propulsion Conference, Atlanta, GA, USA, 2017, pp. IEPC-2017-440.

B. Gorr et al., “High-temperature oxidation behavior of refractory high-entropy alloys: effect of alloy composition,” Oxidation
of Metals, Vol. 88, 2017, pp. 339-349.

D.H. Leeds, Coatings on Refractory Metals, Springer US, Boston, MA, 1966, pp. 207-223. https://doi.org/10.1007/978-1-
4757-1284-1_3|

17


https://doi.org/10.1063/5.0037100
https://doi.org/10.1016/j.actaastro.2022.01.033
https://physics.nist.gov/
https://doi.org/10.2322/jjsass.51.606
https://doi.org/10.2322/jjsass.51.606
https://doi.org/10.1063/1.1657092
https://doi.org/10.1063/1.1657092
https://doi.org/10.1063/1.1135436
https://doi.org/10.1007/978-1-4757-1284-1_3
https://doi.org/10.1007/978-1-4757-1284-1_3

	Introduction
	Methodology
	Hardware
	Hall Effect Thrusters (Anode)
	Cathode
	Water Electrolyser

	Facilities and Set-Up

	Technology Validation Results
	Water Electrolyser
	Hydrogen Cathode
	End-to-End Water Electrolysis Hall Effect Thruster Testing
	Technology timeline

	Conclusions and Future Work

