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NASA's current mandate is to land humans on Mars by 2033. Here,
we demonstrate an approach to produce ultrapure H, and O, from
liquid-phase Martian regolithic brine at ~-36 °C. Utilizing a
Pb,Ru,0,_; pyrochlore O,-evolution electrocatalyst and a Pt/C H,-
evolution electrocatalyst, we demonstrate a brine electrolyzer
with >25x the O, production rate of the Mars Oxygen In Situ Re-
source Utilization Experiment (MOXIE) from NASA'’s Mars 2020 mis-
sion for the same input power under Martian terrestrial conditions.
Given the Phoenix lander’s observation of an active water cycle on
Mars and the extensive presence of perchlorate salts that depress
water’s freezing point to ~—60 °C, our approach provides a unique
pathway to life-support and fuel production for future human mis-
sions to Mars.

electrolyzer | pyrochlore | oxygen evolution reaction | Martian regolith |
hypersaline brine

ife-support O, and fuel (e.g., H) are indispensable for hu-

man space exploration. The electrolysis of extraterrestrial
liquid water can be a significant concurrent source of H, and O,.
NASA'’s Phoenix lander has found evidence of an active water
cycle (1), extensive subsurface ice (2), and the presence of sol-
uble perchlorates (3) on the Martian surface (SI Appendix, sec-
tion S1). Spectral evidence from the Mars Odyssey Gamma Ray
Spectrometer points to the existence of large quantities of water-
ice in the northern polar region of Mars (4) and the Mars Re-
connaissance Orbiter has also found indications of contemporary
local flows of liquid regolithic brines shaping Martian geography
(5). Martian regolithic brines with dissolved perchlorates (see
“Martian regolith composition” in SI Appendix, Table S1) can
exist in the liquid phase since perchlorates significantly depress
the freezing point of water (6). Based on compositional analysis
by the wet chemistry instrument on the Phoenix lander,
Mg(ClOy), is reported to be a major constituent of the Martian
regolith and its concentrated solutions remain in the liquid phase
up to ~—70 °C. This offers a temperature window for the exis-
tence of liquid brine on the Martian surface and subsurface as
the mean annual terrestrial temperature on Mars is ~—63 °C (7)
with a wide (>100 °C) average diurnal variation (8). The hy-
groscopic nature of these perchlorates also enables the entrain-
ment of atmospheric water vapor to produce concentrated brine
solutions (9). Recently published data obtained by the Mars
Advanced Radar for Subsurface and Ionosphere Sounding in-
strument onboard the Mars Express spacecraft shows that mul-
tiple subglacial water bodies presently exist underneath the
Martian south pole deposits at Ultimi Scopuli (10).

In support of NASA’s mandate to send humans to Mars by
2033 (11), we demonstrate that the electrolysis of these brines at
ultralow temperatures is a route to the concurrent production of
H, as fuel and O, for life-support in practical quantities and
rates under Martian conditions. NASA has incorporated the
Mars Oxygen In-Situ Resource Utilization Experiment (MOXIE)
(12) as a part of its Mars 2020 mission (13), as a feasibility study of
the electrolysis of CO, into CO and O, (SI Appendix, section S2).
As an alternative, we show that regolithic brine electrolysis under
Martian conditions will enable the production of ultrapure O, for
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life-support and H, for energy production (SI Appendix, section
S3), with no additional purification requirement for CO removal.
The H, produced in tandem can serve as a clean-burning fuel with
a superior calorific value to CO (SI Appendix, section S2). Our
electrolyzer system has a 25-fold higher production rate of O,
when compared to MOXIE while consuming the same amount of
power (or, put another way, our system consumes 25x less power
than MOXIE for the same O, production rate).

Results and Discussion

The Martian atmosphere significantly differs from that of Earth’s
(14, 15), (SI Appendix, Fig. S1) with its predominant constituent
being CO, [CO, reduction has been shown to be unlikely in
similar perchlorate electrolytes (9)]. The atmospheric pressure
on Mars (6.4 mbar) is also significantly lower than that of Earth
(1,013 mbar), but as demonstrated in SI Appendix, section 6.2,
highly concentrated Mg(ClO,), solutions remain in the liquid
phase under Martian temperature and pressure conditions.
Considering the above facts, we have conducted experiments
with a simulated Martian regolithic brine (SMRB) feed, con-
sisting of 2.8 M Mg(ClO,), solution under CO, purging at ul-
tralow temperature (=36 °C), thus simulating the Martian
terrestrial environment.

Significance

The active Martian water cycle, i.e., the presence of a shallow
water table and soluble perchlorates in the Martian regolith,
enables the concurrent production of hydrogen fuel and life-
support oxygen on Mars through perchlorate brine electrolysis.
Our perchlorate brine electrolyzer operating under simulated
Martian surface conditions produces >25x the amount of ox-
ygen produced by the Mars Oxygen In-Situ Resource Utilization
Experiment from NASA’s Mars 2020 mission for the same input
power. This work provides an additional route to help NASA
fulfill its mandate to land humans on Mars by 2033. Further-
more, our perchlorate brine electrolyzers are more efficient
than state-of-the-art alkaline water electrolyzers under ter-
restrial conditions, providing a pathway to utilize suboptimal
input feeds to produce ultrapure hydrogen and oxygen.
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We have previously demonstrated high-performance alkaline
water electrolyzers using Pb,Ru,0O7.5 as oxygen evolution reac-
tion (OER) electrocatalysts (SI Appendix, section S4) (16). The
activity of such electrocatalysts for both oxygen reduction as well
as evolution reactions is well established (17). Given this back-
ground, we synthesized a Pb,Ru,07_g pyrochlore electrocatalyst
(see synthesis and material characterization in SI Appendix,
sections S5.1, S5.2, and S6.1) and examined its OER activity in
the SMRB and contrasted it with a RuO, benchmark electro-
catalyst (SI Appendix, section 5.4). Linear sweep voltammograms
(LSVs) obtained using thin-film rotating disk electrode (SI Ap-
pendix, section S5.4) for different catalysts at 21 and —36 °C are
depicted in Fig. 1 A and B, respectively. Initial measurements
carried out in O,-saturated SMRB showed minimal faradaic
contributions from the base, glassy carbon (GC) electrode with a
small increase in the current at potentials over 1.3 V vs. Ag wire.
RuO, exhibited OER activity at potentials over 0.9 V vs. Ag wire
whereas Pb,Ru,07_s was OER-active even at 0.1 V vs. Ag wire.
The results confirmed significantly more facile OER kinetics of
Pb,Ru,0;_5 when compared to RuO, and GC in SMRB. Re-
ports in literature have shown that a Ru-active-site-mediated
OER pathway exists for Pb,Ru,0;_5, where the formation of an
intermediate involving a higher oxidation state of Ru is recog-
nized as the potential determining step (17, 18). Pb,Ru,07_s,
with higher Ru(V):Ru(IV) ratio, showed higher OER activity as
compared to RuO, due to the lowered OER activation barrier
via the stabilization of the higher oxidation state of the Ru in-
termediate (SI Appendix, section S6.1) (19). The improved OER
activity on Pb,Ru,075 is also a function of the surface oxygen
vacancies (O-1s X-ray photoelectron spectroscopy (XPS) in S/
Appendix, Fig. S6) on this electrocatalyst and is further discussed
in SI Appendix, section S6.3. The higher OER activity for
Pb,Ru,07_s (higher oxygen vacancy concentration, SI Appendix,
section S6.1 and S6.3) as compared to benchmark RuO, was also
attributed to facilitated water dissociation mediated by surface
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lattice oxygen vacancy quenching and increased bulk conductiv-
ity (20, 21). The OER activities for all of the electrodes were also
compared upon application of a constant overpotential (200 mV)
as depicted in Fig. 1C and the relative activity trends were seen to
hold across a wide range of temperature from 21 to —36 °C
(the corresponding LSVs are depicted in SI Appendix, Figs. S6
and S7). Having established the superior OER activity of
Pb,Ru,07_5 in an O,-saturated SMRB, we examined the OER
activity in a CO,-saturated SMRB more representative of con-
ditions on Mars. The activity and the overpotential were largely
unaffected by the shift from O, to CO,-saturated SMRB (within
experimental error) as seen in Fig. 1 4 and B. Pb,Ru,07_5 was
also tested across a range of temperatures in CO,-saturated
SMRB (SI Appendix, Fig. S7), exhibiting a similar trend as that
seen in Op-saturated SMRB. As detailed in SI Appendix, section
S6.3, Pb,Ru,0;_5 was found to exhibit greater bifunctional ox-
ygen reduction reaction (ORR)/OER activity as compared to
RuO; in near-neutral media by applying the Marcus—Hush ki-
netic formulation to the Tafel analysis of the LSVs (22-24). This
provides a pathway for the utilization of the H, produced by our
Martian electrolyzer in a fuel cell with a Pb,Ru,05_5 cathode and
for the eventual development of a unitized regenerative fuel cell
for the use in Mars-like conditions. To identify the limiting re-
action in the SMRB electrolyzer, we also examined the hydrogen
evolution reaction on Pt/C in CO,-saturated SMRB over a range
of temperatures from 21 to —36 °C (SI Appendix, Fig. S11).
Given that the ratio of overpotential to current density (i.e., the
Tafel slope) is lower for the ORR (94-152 mV/dec) at all of the
temperatures compared to the OER (158-173 mV/dec) on
Pb,Ru,07_s under the same conditions (SI Appendix, Fig. S8C),
it is apparent that the oxygen electrode is the limiting electrode.
The ionic conductivity of the electrolyte was also found to exhibit
a linear relationship (decrease) with temperature over the entire
range from 21 to —36 °C (SI Appendix, Fig. S12). The effect of
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Fig. 1. _LSVs of PboRu,0O,s pyrochlore, RuO,, and GC in 2.8 M magnesium perchlorate at (A) 21 °C and (B) —36 °C. (C) OER current density at 200-mV
overpotential vs. OER onset potential for Pb,Ru07.5 pyrochlore, RuO,, and GC under an O,-purged environment over a range of temperatures (21 °C
[leftmost point] to —36 °C [rightmost point]). Eo (Ag wire) = 0.44 V vs. SHE at pH = 0, 25 °C and atmospheric pressure.

31686 | www.pnas.org/cgi/doi/10.1073/pnas.2008613117

Gayen et al.

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008613117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2008613117

Downloaded at Palestinian Territory, occupied on December 28, 2021

Flow Field

on

RROP.8

f_'i, Cathode
OH
< Iy
OH
1120, + H,0 + 2e- <=> 20H- — = H, + 20H- <=> 2H,0 + 2
Eoanode = 0.40 V vs. SHE Ep cathode = - 0.83 V vs. SHE
Epcon = 1.23V
B 2.5 5.0
= - 4.5 T,
< g8 g
2.0 4 o o - 4.0 o B
1=} : ' L 35 £
(=] Q0 — | =
15 {12 L 3.0 g
S - 2.5
= o S
W 1.0 - : A F20 %
0 A— 15 €
A k=
0.5 - . 1.0 ©
© A s
L ©
@2 A 0.5 S
0.0 T T 0.0 &
0 500 1000 1500

: 2
Current Density (mA cm?,, )

Fig. 2. (A) Schematic of the Martian regolithic brine electrolyzer. (B) Elec-
trolyzer polarization (E vs. j) and tandem H, (red circle)/O, (blue triangle)
production rate under simulated Martian environment.

change in solution conductivity on OER and ORR activity was
considered during the calculation (iR drop correction).
Electrolyzers built with Pb,Ru,O,_5 anodes, commercial
Fumasep FAA-3-50 anion-exchange membrane (AEM) separa-
tors and Pt/C cathodes (Fig. 24 and SI Appendix, section S5.5)
were operated with a 200 mL min~" CO,-saturated SMRB feed
to both the anode and cathode to mitigate water transport/
membrane drying issues (25, 26). Anticipated CO, poisoning of
the AEMs was mitigated by regenerating the AEM using
potentiostatic holds at higher potentials (27). Following an initial
30-min potentiostatic hold at 2.5 V, the electrolyzer was polar-
ized in steps between 1.4 and 2.2 V and allowed to relax to a
steady electrolyzing current. The resultant polarization (j-E)
performance was recorded and the corresponding O, and H,
production rates are shown (see j-E curve at 21 °C in SI Ap-
pendix, Fig. S13 and —36 °C in Fig. 2B). The produced gases (H,
and O,) were kept separated by the AEM in the electrolyzer.
They exit through separate tubes, minimizing any cross-over/
mixing. No CO; reduction was expected based on the measure-
ments by Compton and coworkers (9). For the test in simulated
Martian conditions, the feed was constantly purged with CO,
and the electrolyzer temperature was maintained at —36 °C by
employing a carefully calibrated bath of dry ice with an ethyl-
ene glycol and ethanol mixture (SI Appendix, section S5.3)
(28). At both temperatures, the electrolyzer showed excellent
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performance with peak power densities of 1.23 W.cm™ (1.92 V,
—36 °C) and 1.85 W.cm ™2 (1.85 V, 21 °C), with the decrease in
performance in direct correlation to the device temperature
being attributed to a combination of lower faradaic currents due
to lower reaction rates and increased device resistance due to
sluggish ion transport (29). To put the performance in perspec-
tive, our previous solid-state alkaline water electrolyzer operat-
ing at 50 °C with a Pb,Ru,0;_s anode achieved a power density
of 1.2 W.cm™ at 1.85 V using a deionized (DI) water feed (16).
The electrolyzer was found to exhibit a faradaic efficiency of
~T70%, voltage efficiency in the range of 68-100%, and energy
efficiency in the range of 36-60% (details in SI Appendix, section
S6.4) (Fig. 34) and was found to experience an ~200-mV in-
crease in voltage during a 300-min constant current hold at 400
mA cm™* (Fig. 3B). Approximately 80% of the overpotential/
activity loss was recovered by holding the electrolyzer at 2.5 V for
30 min. The loss recovery plateaued after 20 min and hence
longer potential holds offer diminishing improvements. Previous
investigations have attributed similar increases in the electrolyzer
resistance to the possible degradation of the commercial AEM
binder at the anode as well as the AEM separator (16, 30).
Catalyst degradation by the dissolution of Ru from Pb,Ru,07_s
under electrolyzer operating conditions was also investigated. No
such dissolution was observed, suggesting that dissolution, if any,
was under the 100-ppb detection limit of our inductive coupled
plasma optical emission spectrometer (20). The actual proof-of-
concept electrolyzer setup used for the experiment is shown in S7
Appendix, Fig. S14.

The metrics of the SMRB electrolyzer reported here was
compared to existing plans for the generation of O, on Mars.
MOXTIE, developed by the Massachusetts Institute of Technology
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Fig.3. SMRB electrolyzer (A) efficiency and (B) stability measurements at 21
and —36 °C. The electrolyzer was held at 2.5 V for 30 min and successfully
recovered about 80% of the activity (overpotential) loss.
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Fig. 4. O, production as a function of power consumption (WUSTL elec-
trolyzer and MOXIE), electrolyzer volume, and electrolyzer weight vs. power
consumption for different consumption rates.

(MIT) and NASA as a test bed on the Mars 2020 mission, has
been designed to produce 10-22 g-h™! of O, by the electrolysis of
CO; (31). Utilizing the abundant CO, present in the Martian at-
mosphere, MOXIE produces O, and CO, with pure O, obtained
by subsequent purification. Despite utilizing an abundant and
geographically unconstrained feedstock, the production of CO
represents a toxic inhalation hazard. Given the differing design
philosophies, we have chosen to compare the performance of our
electrolyzer with MOXIE purely on the basis of the rate of
O, production. Fig. 4 depicts O, production rate as a function
of the electrolyzer power consumption. Further, we have exam-
ined the device weight and volume requirements to achieve a
given O, production rate at rated operating power consumption
(see tie lines in Fig. 4). The values of O, consumption for various
human activities at sea level on Earth were obtained from the US
Navy Dive manual (32). To match MOXIE’s O, production rate
(10-22 g-h™") our electrolyzer needs to operate at a cell potential
of 2.2 V with an electrode area of 28-62 cm”. A healthy human
being requlres around 90 Lo,-h™ and 300 Loyh™ while resting
and exercising heavily, respectively. Operating our electrolyzer at
2.2V, the cell actlve area required to satisfy these requirements is
375 and 1,235 cm? respectlvely Our system produces >25x the O,
as MOXIE while consuming the same amount of power (Fig. 4).
Extrapolating to the required production rates for various human
activities, our electrolyzer will be smaller in both weight and
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volume as compared to the current state-of-the-art MOXIE O,-
generator (Fig. 4). Based on these results, we posit that our ap-
proach will enable concurrent fuel and oxygen production at via-
ble rates from Martian regolithic brines.

Materials and Methods

The chemicals used and the suppliers along with preparation procedures,
characterization methods/conditions are detailed in S/ Appendiix.

The electrochemical measurements were carried out using a three-
electrode configuration in a five-neck electrochemical cell with suitable
openings for the working, counter, and reference electrodes, the gas purge
line inlet, and a gas outlet (Pine Instruments, AKCELL3) (23, 33, 34). The thin-
film electrodes for catalyst evaluation were prepared as detailed by us
previously (19, 20, 35). The pseudoreference electrode was selected and the
low-temperature tests were carried out based on the protocols reported by
Compton and coworkers (9). The silver wire pseudoreference electrode used
was found to exhibit a potential of 0.44 V vs. standard hydrogen electrode
(SHE) at pH = 0, 25 °C and atmospheric pressure. Further details of the effect
of temperature, pressure, and pH on the reference electrode potential can
be found in prior studies (36, 37). This potential was obtained by calibrating
the Ag wire pseudoreference electrode following International Union of
Pure and Applied Chemistry recommendations (38, 39) using a well-
characterized (40-44) redox probe [K4Fe(CN)g]. Further details of the refer-
ence electrode calibration can be found in our previous studies (22, 24, 33)
and in S/ Appendix, section S5.4. All electrochemical measurements include
solution resistance correction (S/ Appendix, Fig. $13), wherein the resistance
was internally measured by the Gamry potentiostat using the current-
interrupt method and by measuring the high-frequency resistance (45, 46).
The setup for the electrolyzer experiments under simulated Martian condi-
tions is also detailed in S/ Appendix, section S5.5. The electrolyzer cell sep-
arator resistance was measured at different temperatures by electrochemical
impedance spectroscopy between the frequencies of 100,000 to 6 Hz with a
10-mV alternating current signal at the open-circuit voltage following rec-
ommendations from the literature (47, 48) (S/ Appendix, Figs. S16 and S17).
Given the highly optimized commercial electrolyzer cell design and the highly
concentrated electrolyte in use, we attribute the measured high-frequency
resistance entirely to the membrane.

Data Availability. All study data are included in the article and S/ Appendix.
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