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S1. Evidence of terrestrial and subsurface water on Mars 

From May 25, 2008 to August, 2008 NASA’s Phoenix lander explored the polar regions of Mars 

to understand 1) polar climate and weather, 2) atmospheric composition with an emphasis on 

water vapor, ice, dust and CO2 (see comparison with Earth’s atmosphere in Figure S1), 3) role of 

water in shaping Martian geography, 4) aqueous chemistry, organic content and confirmation of 

subsurface ice and 5) history of water and its effect on the possible presence of life on Mars. The 

lander carried a thermal and evolved gas analyzer (TEGA) to analyze vaporized regolith for 

water vapor, CO2, minerals and traces of  water ice (1). Supplementing the TEGA, the lander 

also carried a microscopy, electrochemistry, and conductivity analyzer (MECA) incorporating a 

wet chemistry lab (WCL) with thermal and electrical conductivity probes to measure the 

chemical composition of Martian soil, thermal and electrical conductivity (2). TEGA’s mass 

spectrometer detected water vapor at 0 oC while the slightly alkaline soil (pH = 7.7) and bound 

water with moderate salinity was detected by WCL and confirmed by TEGA (3). A significant 

discovery was the detection of perchlorate salts in the soil at concentrations as high as 0.5 wt% 

(Table S1). The high concentrations of oxidative perchlorate may limit lifeforms to highly 

adapted extremophiles (4). Nevertheless, the perchlorates also enable the presence of liquid 

water even at the average Martian terrestrial temperature of -63 oC due to its ability to depress 

the freezing point of water below -60 ⁰C (5)(6). Recently published data obtained by the Mars 

Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) instrument on-board the 

Mars Express spacecraft shows that multiple sub-glacial water bodies presently exist underneath 

the Martian south pole deposits at Ultimi Scopuli (7).   
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S2. Oxygen production routes on Mars 

NASA is aiming to produce oxygen on Mars to serve as a oxidizer for a sample return mission 

and to provide life support for astronauts during a possible 2030 landing mission (8). NASA and  

MIT have developed the MOXIE (Mars OXygen In situ resource utilization Experiment) for 

oxygen production from the abundant CO2 (96 %) in the Martian atmosphere via solid oxide 

electrolysis for the Mars 2020 mission (9). MOXIE will produce CO and O2 and separate the 

gases as breathable O2 needs to be highly pure (> 99.6 %) and completely separated from CO 

due to its high toxicity. Electrolysis of concentrated regolithic brines using an electrolyzer can be 

an alternate route to produce high-purity O2. The oxygen evolution reaction (OER) at the anode 

of the electrolyzer is accompanied by the hydrogen evolution reaction (HER) at the cathode, thus 

producing fuel and oxidant in tandem that can be used as rocket propellant as well as life 

support, respectively. Given that the OER is slower (and hence rate limiting) compared to HER, 

we focus on OER electrocatalyst development for electrolyzers. 

 

S3.  Energy production on Mars 

The very small amount of oxygen (0.14 %) present in the Martian atmosphere (10) has important 

biotic and geochemical implications (6). Further, the oxygen reduction reaction (ORR) in fuel 

cells is critical for energy production due to the inherent sluggishness of the ORR. Thus, the 

study of the ORR and electrocatalyst development for the same at Martian terrestrial conditions 

is also critical. Compton and co-workers investigated oxygen electrochemistry and transport 

properties in concentrated perchlorate brines at sub-zero temperatures while failing to simulate 

either the terrestrial pressure or atmospheric composition of Mars (6). We build on this ORR 

investigation by examining electrocatalysts in similar regolithic brine solutions under simulated 
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Martian temperatures and atmospheric conditions. Most importantly, we show that lead ruthenate 

pyrochlore serves as an excellent bifunctional ORR-OER electrocatalysts under Martian 

conditions.   

 

S4. Oxygen evolution electrocatalysis in Martian environment 

Low overpotential and high faradaic currents are the hallmarks of an efficient OER 

electrocatalyst. Metal oxides (e.g. perovskites, spinel oxides, layered double hydroxide (LDH) 

etc.) and non-metal oxides (e.g. metal chalcogenides, metal pnictides, organometallics, non-

metals etc.) have been widely studied  as OER electrocatalysts (11–15).  RuO2 and IrO2 serve as 

OER electrocatalyst benchmarks due to their high activity and stability in both acidic and 

alkaline medium (16, 17). Amongst these candidates mentioned above, pyrochlores (A2B2O7) 

exhibit high OER activity coupled with moderate ORR activity (18–21). This bifunctionality and 

moderate electrical conductivity has enabled its wide use in metal-air batteries, fuel cells and 

electrolyzers (19, 22–25). Pyrochlores exhibit high OER activity (10 mA cm-2 at ~200 mV 

overpotential) aided by their high electrical conductivity, high surface area (99 m2 g-1) and 

oxygen vacancy (19) that have enabled high performance (~800 mA cm-2 at 2 V) solid-state 

alkaline electrolyzer with concurrently high stability (19). Herein, we demonstrate for the first 

time that pyrochlores exhibit high OER activity in simulated Martian environment under near-

neutral pH condition. 

 

S5. Materials and Methods 

S5.1. Synthesis of lead ruthenate pyrochlore 
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Lead ruthenate pyrochlores (Pb2Ru2O7-δ) were prepared by dissolving 5 mmol Ruthenium (III) 

nitrosylnitrate (Ru(NO)(NO3)3, Ru 31.3% minimum, Alfa Aesar) in 25 mL of DI water (18.2 

MΩ cm) and stirred for 10 minutes. 5 mmol lead (II) nitrate (Pb(NO3)2, 99.999%, Sigma 

Aldrich) was also separately dissolved in 25 mL DI water and stirred for 10 minutes. The 

solutions were mixed and stirred for an additional 30 minutes. Subsequently, the mixture was 

added to 500 mL 4 M KOH solution and a precipitate was obtained. The precipitate was 

crystallized by maintaining the KOH solution at 85 oC with continuous oxygen bubbling for 5 

days. The solution volume was maintained by adding DI water every 24 hours. Following 5 days 

of crystallization, the solid was separated by centrifugation (Thermo Scientific, Heraeus 

Multifuge X1) at 10000 rpm, with a subsequent centrifugal wash with DI water until pH 7-8 was 

achieved. Upon reducing the pH, the solid was further washed 3 times with glacial acetic acid 

followed by acetone (3 times) and dried at 60 oC overnight in an oven. The dry solid was ground 

and used for experiments. 

S5.2. Analytical characterization 

The electrical conductivity of Pb2Ru2O7-δ was measured using a custom two-electrode 

conductivity cell consisting of two Cu solid rods encased in a hollow polyether ether ketone 

(PEEK) block (26). The powdered samples were placed between the Cu rods and compressed at 

a constant torque of 0.29 kg-m to ensure good electrical contact. The resistance (Ω, ohm) was 

calculated using electrochemical impedance spectroscopy (EIS) with a frequency range of 0.1-

105 Hz with amplitude of 10 mV. The conductivity was measured according to the following 

formula: 

l

R A
 =


                                                                                                                                   (S1) 
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Where, σ is conductivity (S cm-1), l is the sample thickness (cm), R is the measured resistance 

(ohm) and A is the cross-sectional area (cm2). 

The morphology of the samples and their elemental composition was examined using scanning 

electron microscopy (SEM) coupled with energy dispersive analysis of X-rays (EDAX) using a 

JEOL JSM-7001 LVF Field Emission SEM. Crystallographic characterization using X-ray 

diffraction (XRD) was carried out with a Bruker d8 advance x-ray diffractometer, scanning from 

20 to 80⁰ (2θ) at a rate of 0.5⁰ minute-1 followed by Rietveld refinement to determine the lattice 

constants. X-ray photoelectron spectroscopy (XPS) was performed on Pb2Ru2O7-δ using 5000 

VersaProbe II Scanning ESCA Microprobe with Al K-alpha x-ray source to determine the 

surface elemental composition and oxidation states. N2 adsorption-desorption isotherms obtained 

using a QuantaChrome (QuantaSorb) instrument were analyzed using the Brunauer–Emmett–

Teller (BET) model to determine the catalyst specific surface area. 

S5.3. Experimental simulation of Martian environment 

All experiments were performed in a simulated Martian environment. The low Martian terrestrial 

temperatures (-36 oC) were maintained by immersing the entire electrochemical experimental 

setup in a dry-ice bath with an ethylene glycol and ethanol mixture (27). By controlling the ratio 

of ethanol and ethylene glycol the temperature was lowered to -36 oC. The CO2-rich Martian 

atmosphere was simulated by purging CO2 into the electrolyte. All measurements were carried 

out in a 2.8 M Mg(ClO4)2 solution to mimic the anticipated liquid brine solutions on the Martian 

surface. Despite the low atmospheric pressure in Mars, we demonstrate that the regolithic brines 

remain in the liquid phase. 

 S5.4. Electrochemical measurements 
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The ORR and OER electrochemical activity of Pb2Ru2O7-δ at various reaction regimes were 

evaluated using the standard rotating disk electrode (RDE) method (28). Catalyst inks were 

prepared by ultrasonication (QSonica; Q700 sonicator) of a mixture of 25 mg catalyst, 6 mL of 

24 % (vol/vol) isopropanol/water, 0.275 mL of Nafion solution (Sigma Aldrich; 5 wt % solution 

in aliphatic alcohols) and 0.250 mL of 1 M KOH for 10 minutes (1 min. of sonication followed 

by 30 s cool down). KOH was added to neutralize the acidity of Nafion to preclude the 

possibility of Pb2Ru2O7-δ exposure to acidic environments (29, 30).  

Electrochemical measurements were carried out using a conventional three-electrode 

setup (Pine instruments, AKCELL). The working electrode (W.E.) consisted of a thin-film of 

200 µg cm-2
disk of Pb2Ru2O7-δ supported on glassy carbon (GC). The W.E. was prepared by drop 

casting 10 µL of the Pb2Ru2O7-δ ink onto a 0.196 cm2 GC electrode polished to a mirror-like 

finish using 0.05 µm alumina slurry (Pine Instruments). The ink was dried in an uniform manner 

with homogenous particle distribution by rotating the RDE rotor at 400 rpm in an inverted 

position (31). Pt mesh and Ag wire were used as the counter and pseudo-reference electrode, 

respectively. Linear sweep voltammetry (LSV) was recorded by sweeping the potential at 20 mV 

s-1 in N2-, O2- and CO2-saturated 2.8 M Mg(ClO4)2 electrolyte at different temperatures. The 

non-faradaic, capacitive current contributions were obtained from the scans under the N2-

saturated electrolyte. 

The decision was made to employ an Ag wire pseudo-reference electrode (as opposed to 

standard reference electrodes like the Ag/AgCl reference) for the following reasons  –  

1. The temperature range of our studies (25⁰C to -36⁰C) means that the electrolyte in the 

Ag/AgCl electrode will freeze under some of these conditions. Further, the temperature range 
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means that there will be a significant difference in the potential of the Ag/AgCl electrode 

itself against the RHE.  

2. The highly concentrated electrolyte we study increases the chance of contamination of the 

Ag/AgCl electrode as the concentration gradient will push our perchlorate electrolyte into the 

reference electrode. This contamination of the reference electrode’s electrolyte will cause the 

potential of the Ag/AgCl electrode to shift against the RHE. Thus, it will no longer be a 

standard reference electrode.   

3. The uncharacterized liquid junction potential when two concentrated and very different 

electrolytes are brough in contact at the reference electrode introduces significant 

uncertainties in the potential measured. Salt bridges also introduce similar uncertainty(32).     

To remedy this common situation for studies involving highly concentrated electrolytes, 

high/low temperature electrochemistry and for non-aqueous solutions, IUPAC recommends the 

use of redox probes as an internal reference electrode wherein a well characterized redox couple 

is introduced into the electrolyte and the half-wave potential of this couple is used to calibrate 

potentials of our species of interest(33, 34).  

We have calibrated the Ag reference electrode by adding potassium ferricyanide to the 

2.8M Mg(ClO4)2 solution and measuring the half-wave potential of the standard 

ferricyanide/ferrocyanide redox couple (0.27 V vs. Ag wire (at pH=7); 0.71V vs. SHE (at 

pH=0)). Thus, given that K4Fe(CN)6 is well characterized in aqueous solutions (32, 35–38), this 

gives us an indirect way to tie the Ag wire reference potential to the SHE at pH=0. Figure  S2 

(a) depicts the relative potentials of the reversible hydrogen electrode (RHE), the Ag/AgCl 

electrode, the Ag wire pseudo-reference and the Fe(CN)6
3-/ Fe(CN)6

4-
 internal redox probe 

calculated against the standard hydrogen electrode (SHE).    
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The pH dependence of the potential of the reversible hydrogen electrode is given by 

𝑬𝟎 = 𝑬𝟎(𝒑𝑯=𝟎,𝑹𝑻𝑷) − 𝟎. 𝟎𝟓𝟗𝒑𝑯 . Thus, at pH 7, the potential of the RHE is 0 - (0.059*7) = -

0.413V vs. SHE.  Further discussion and derivation of this equation can be found in ACS 

Catalysis 2020, 10, 8409−8417.  

Similar conversions can be made for every reference electrode and redox couple when 

moving from one pH to another. Having found the difference between the E1/2 of the 

ferricyanide/ferrocyanide couple when measured using a Ag wire vs the standard potential, we 

determined that the Ag wire exhibits a potential of 0.027 V vs SHE at pH = 7 and hence 0.44 V 

vs SHE at pH = 0. Thus, any potential reported in manuscript vs. Ag wire (at pH =7) can be 

converted to the value against SHE (at pH=0) by adding 0.44V for the reference electrode 

conversion and 0.413 for the pH conversion. Thus, a reading of 0.8V vs. Ag wire at pH=7 

corresponds to 1.653 V vs. SHE at pH=0. The E1/2 of the Fe(CN)6
3-/ Fe(CN)6

4- redox couple and 

standard potentials of reference electrodes (both Ag wire and Ag/AgCl) varies with temperature, 

pH, concentration and nature of the electrolyte (e.g. chloride adsorption on the working electrode 

increases peak separation and shifts E1/2 while perchlorate does not cause this effect (39)) we 

believe that the readers are best served by reporting the original data vs. Ag wire and enabling 

them to convert it to the SHE as needed for their specific conditions and applications.  

Further, the stability of the Ag pseudo-reference electrode was confirmed by measuring 

the drift of the half-wave potential of the standard ferricyanide/ferrocyanide redox couple over 

time. No drift was observed confirming its stability as seen in Figure S2(b).  

Solution resistance was measured using EIS over the entire experimental temperature 

range and is depicted in Figure S13. Cathodic and anodic potential scans were carried out to 

measure the ORR and OER currents, respectively. All the LSV scans were corrected for resistive 
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and capacitive contributions. The measurements were carried out at different temperatures 

between 21 ⁰C to -36 ⁰C. The OER measurements were carried out under both O2 and CO2–

saturated electrolytes while ORR was carried out only with O2-saturated electrolyte. 

S5.5. Solid-state Martian regolithic brine electrolyzer 

The Pb2Ru2O7-δ OER electrocatalyst was integrated into a 5 cm2 single cell (Fuel Cell 

Technologies Inc.) solid-state alkaline water electrolyzer fed with CO2 purged 2.8 M Mg(ClO4)2 

operated at average Earth (21 oC) and Martian terrestrial temperatures (-36 oC). The laboratory 

setup is depicted in Figure S15. The anode bipolar plate was a corrosion-resistant titanium metal 

plate (2 × 2 mm2 single parallel flow channels) to avoid carbon corrosion whereas cathode was a 

graphite plate (1 × 1 mm2 three serpentine flow channels). Membrane electrode assembly (MEA) 

was fabricated by sandwiching an anion exchange membrane (AEM, Fumasep FAA-3-50, 

thickness = 50 µm) between two gas diffusion electrodes (GDE).  GDEs were prepared by 

painting catalyst ink with a N2-propelled airbrush (Badger 150) on gas diffusion layers (GDLs) 

consisting of carbon paper with high wettability on the cathode side and titanium sheet on anode 

side to avoid corrosion. For the anode, the Pb2Ru2O7-δ ink was prepared by sonicating 0.05 g 

catalyst, 3.2 g isopropanol/water (1/1 vol %) and 0.176 g of 5 wt% solubilized AEM binder 

(Fumion FAA-3, Fumatech, properties listed in Table S2). For the cathode, the Pt/C catalyst (Pt 

46.5%, Tanaka, Japan) ink was prepared by sonicating 0.05 g catalyst, 3.2 g isopropanol/water 

(1/1 vol%) and 0.428 g of 5 wt % solubilized AEM binder. This composition gives a catalyst to 

binder ratio of 85:15 and 70:30 for the anode and cathode, respectively. The Pb2Ru2O7-δ loading 

was 1 mg cm-2 on the anode side whereas Pt/C loading was maintained as 0.5 mgPt cm-2 on the 

cathode side. The MEAs were ion-exchanged to the OH- form by immersing the AEM and 

electrodes in three batches of 1 M KOH each for 8-10 hours for a total of 24-30 hours followed 
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by a thorough DI water wash (40).  After the electrolyzer was assembled, 2.8 M Mg(ClO4)2 

purged with CO2 was fed to the electrolyzer at room temperature and Martian temperature (-36 

oC) with a flow rate of 200 mL min-1. A potential stair-step protocol was applied with the anodic 

sweep from 1.2 V to 2.2 V and the data was recorded following current relaxation after a 1 

minute potentiostatic hold. The stability (overpotential loss) of the electrolyzer was tested by 

using a constant current hold at 400 mA cm-2 for 5 h. After the hold test, a potentiostatic hold (at 

2.5 V) was applied for 30 min to the electrolyzer to recover the overpotential loss. The ionic 

conductivity of the separator was measured using potentiostatic electrochemical impedance 

spectroscopy (EIS). Potentiostatic EIS was chosen as galvanostatic EIS has been reported to 

result in inaccurate apparent separator resistance due to non-linear responses in the high 

frequency region (41). Galvanostatic EIS also leads to the formation of high resistance regions 

due to gas generation close to the separator in zero-gap electrolyzer cells (42). Potentiostatic EIS 

was measured following the protocols in Rodriguez et al. (41). The area specific resistance 

(ASR) and corresponding conductivity data over the operational temperature range is presented 

in Figure S16. The source Bode diagrams underpinning the resistance values are depicted in 

Figure S17. The ASR and conductivity values are lower than the manufacturer specification at 

room temperature. We attribute this to the lower ionic mobility of the perchlorate ion (compared 

to chloride ion) (43) in conjunction with the possible drying of the membrane when exposed to 

highly concentrated brine electrolytes 

 

S6. Results and Discussions 

S6.1. Analytical characterization 
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XRD measurements on freshly prepared samples confirmed the presence of Pb-Ru pyrochlore 

phases (Figure S3) when compared to the characteristic peaks of Pb2Ru2O7-δ phases (JCPDS-

ICDD = PDF-00-002-1365). The absence of additional peaks indicated the presence of high 

purity pyrochlore phases without any mixed oxide phases. The XRD peaks for Pb2Ru2O7-δ did 

not match with that for RuO2, confirming the absence of any RuO2 phase. Rietveld refinement 

yielded lattice constants of a=b=c=10.325 Å in agreement with prior reports (19). The manifestly 

high crystallinity of the sample, attributable to extensive O2-purging (5 days) at 85 oC obviated 

the need for further annealing (44). 

Figure S4 depicts SEM micrographs indicating the formation of 70-140 nm spherical Pb2Ru2O7-δ 

particles and the TEM images and particle size distribution of commercial RuO2 and as-prepared 

Pb2Ru2O7-δ pyrochlore sample are shown in Figure S4 (b) and (c). The size of the RuO2 and 

Pb2Ru2O7-δ particles are in the range of 21-37 nm and 5-12 nm, respectively. Both the samples 

are composed of tiny nanoparticles with high porosity and surface roughness leading to high 

surface area. The disparity in the particle size between SEM and TEM images can be attributed 

to sonication for the preparation of TEM samples. The formation of Pb-Ru-O system and the 

composition were confirmed by EDAX mapping (Figure S5).   XPS of the samples detected the 

presence of multiple oxidation states of Pb, Ru and O in Pb2Ru2O7-δ. The atomic percentage of 

each species for Pb2Ru2O7-δ is calculated from the XPS data to be: Pb = 18.8%, Ru = 18.5% and 

O = 62.7%. The deconvolution of O 1s spectrum yielded  three distinct peaks at ~ 528.3 ± 0.2 

eV, ~ 530 ± 0.1 eV and ~ 531 ± 0.5 eV corresponding to O-atoms in crystal lattice, auxiliary 

oxidation state of O-atom due to creation of oxygen vacancy and surface –OH state of O-atoms, 

respectively (Figure S6a). The deconvoluted Ru 3p XPS spectrum for Pb2Ru2O7-δ showed the 

presence of two different oxidation states of Ru: Ru (IV) 3p3/2, Ru (V) 3p3/2, Ru (IV) 3p1/2 and 
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Ru (V) 3p1/2 at ~462.5 ± 0.4 eV, ~464.5 ± 0.4 eV, ~484.3 ± 0.2 eV and ~486.6 ± 0.3 eV, 

respectively (Figure S6b). Deconvolution of Pb 4f XPS peak shows the presence of Pb (II) 4f7/2, 

Pb (IV) 4f7/2, Pb (II) 4f5/2 and Pb (IV) 4f5/2 at ~136.2 ± 0.2 eV, ~137.3 ± 0.3 eV, ~141.3 ± 0.1 eV 

and ~142.2 ± 0.2 eV, respectively (Figure S6c). The deconvolution of the O 1s XPS peak for 

RuO2 showed three sub-peaks at ~528.6 ± 0.3, ~530.1 ± 0.2 eV, and ~532.1 ± 0.2 eV, 

corresponding to lattice oxygen, surface hydroxyl groups, and adsorbed water. This was similar 

to prior literature studies (Figure S6d) (45). The data did not show the presence of any peak 

associated with oxygen vacancies in contrast to Pb2Ru2O7-δ. The deconvolution of the Ru 3p 

XPS peak showed a doublet with two sub-peaks at ~463.2 ± 0.2 eV, and ~485.2 ± 0.3, 

corresponding to Ru (IV) 3p3/2 and Ru (IV) 3p1/2, respectively, without any other Ru oxidation 

states. This was again in contrast to Pb2Ru2O7-δ , which was similar to previously reported data 

(Figure S6e) (46, 47). BET surface area of the Pb2Ru2O7-δ sample was found to be 90 ± 4 m2/g. 

The conductivity of Pb2Ru2O7-δ sample has been calculated as 82 ± 4 S/cm. 

S6.2. The thermodynamics of Martian regolithic brines 

The low Martian atmospheric pressure, of ~6.4 mbar depresses the boiling point of pure water to 

-39.9 oC. This effect is countered in highly concentrated Mg(ClO4)2 brines where the high salt 

concentration elevates the boiling point. The boiling-point elevation can be calculated via 

following equation: 

b b BT K b =                                                                                                                                   (S2) 

Where, bT  is the elevation in boiling-point (Tb(solution) – Tb(pure solvent)), Kb is the ebullioscopic 

constant of pure solvent (0.512 for pure water), and bB is molality of the solution. bB can be 

calculated as B soluteb b i=  . Where, bsolute is the molarity of the solute and i is the van’t Hoff factor 
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which is ~3 for Mg(ClO4)2. Equation S2 predicts a 
bT  of 4.3 oC for 2.8 M Mg(ClO4)2, resulting 

in a boiling point of -35.6 oC. Therefore the perchlorate brine will neither freeze via freezing 

point depression nor vaporize/boil (vapor pressurewater@-40 degC = 0.39 mbar << 6.38 mbar = 

Martian atmospheric pressure) via boiling point elevation, allowing for the presence of liquid 

water solutions on the Martian surface.  

The simulation of terrestrial Martian temperature accounted for the large diurnal temperature 

range, low atmospheric pressure and highly concentrated perchlorate brine. The low diurnal 

temperatures (-39 oC to -81 oC) suggested that water is most likely to be present in the solid/ice 

state. However, water present in  highly concentrated perchlorate brines experiences a freezing 

point depression resulting a freezing temperature below -60 oC (6, 48). Therefore, spatiotemporal 

conditions exist on Mars to allow for the presence of liquid brine solutions. The extreme 

hygroscopic nature of perchlorate salts will also result in the absorption of atmospheric moisture 

even when present in very low concentrations of up to 210 ppm (49). 

S6.3. Electrochemistry in simulated Martian environment 

The OER activity of Pb2Ru2O7-δ in O2-purged simulated Martian regolithic brine (SMRB) was 

measured over a range of temperatures (21 oC to -36 oC) and benchmarked against RuO2 and 

GC. Pb2Ru2O7-δ exhibited higher OER currents (and hence OER activity) over the entire OER 

potential window compared to RuO2 and GC at any temperature (Figure S7). Figure S8 depicts 

the impact of the purged gases on the OER activity of Pb2Ru2O7-δ. The OER activity was 

unchanged between O2 and CO2 purged environment but the CO2 purged SMRB exhibited <100 

mV increase in the onset potential confirming minimal effect of gas environment. E vs. log j 

(Tafel) plots exhibited lower slopes for Pb2Ru2O7-δ (144 – 155 mV dec-1), demonstrating lower 

overpotentials/facile kinetics for OER compared to RuO2 (187 – 225 mVdec-1) and GC (331 – 
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600 mVdec-1) electrode at 21 and -36 oC (Figure S9a,b). Tafel slopes (given by 𝑏 = −
2.3𝑅𝑇

𝛼𝐹
) 

close to 118 mV dec-1 indicates that the first electron transfer step is rate determining which 

confirms oxygen vacancy sensitive OER and the transfer coefficient (𝛼) is 0.5, rendering both 

the forward and backward reaction equally facile (50–52). We have previously demonstrated the 

effect of the solvation shell on charge transfer at (or near) electrode surfaces (51, 53–55). The 

increasing Tafel slopes as a function of the temperature indicates an asymmetry in the 

overpotentials needed for the OER and ORR as the ORR is solvation controlled whereas OER is 

solvation independent as the solvent itself is the reactant (Figure S9c,d) (56). The Tafel slopes 

depicted in Figure S9 are seen to be independent of the purge gas while the intercept varies in 

line with the onset potential from the LSVs. Temperature was found to have no influence on the 

mechanism as the Tafel slopes were unchanged with temperature. The expected drop in the 

reaction rate constant was evident in the decrease in the intercept and hence the exchange current 

density. The low Tafel slopes exhibited by Pb2Ru2O7-δ indicate that 𝛼 is closer to 0.5 and hence 

the energetics of the ORR and OER are facile, in line with our observations of bifunctional 

ORR/OER activity. The higher concentration of surface oxygen vacancies as well as higher 

oxidation states of surface Ru (Ru(IV) and Ru(V)) as confirmed by XPS (Figure S6) on 

Pb2Ru2O7-δ  as compared to RuO2 (Ru(IV)) facilitate higher adsorption of water (S + H2O → S-

OH + H+ + e-) to promote the first electron transfer, improving the OER activity analogous to 

Co3O4 electrocatalysts reported in the literature (23, 57).  

Figure S10 depicts possible pathways for the reduction of O2 in an acidic or near-neutral 

aqueous environment. The initial step in the ORR mechanism was considered to be the 

adsorption and subsequent reduction of oxygen to the superoxide radical. Outer sphere electron 

transfer (21) to form O2
- and the possible subsequent adsorption of the superoxide radical was 
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also considered. The further electrochemical reduction of adsorbed O2 (or O2
-) by protons is 

dependent on the adsorption orientation of the oxygen species with end-on, side-on and bridge 

type adsorption being possibilities dictated by the nature of the electrode. Side-on adsorption is 

possible when the spacing between the catalytic active sites and the bond length of O2 (or O2
-) 

are similar. Talk about surface O2 vacancies and the orientation renders an electrophilic H+ attack 

on either O atom equally likely and offers the best possibility to follow a direct 4-electron 

pathway to produce H2O. Alternatively, in end-on adsorption, the initial step is likely to be the 

formation of OOH species, followed by O-O bond cleavage and subsequent H+ attack to produce 

2OH• which further reacts to produce 2H2O. Alternatively, the formation of OOH maybe 

followed by the addition of another H+ to produce H2O2. The H2O2 can further react with a series 

of H+ ions to produce 2OH. and then 2H2O.  The chemical decomposition of H2O2 to O2 and the 

possible equilibriums in each of the steps in the mechanism are not considered due to the 

expected low concentration of H2O2 at the surface (due to constant convection during the rotation 

of the RDE) and the overpotential driving the reactions forward. 

The ORR in the SMRB was examined at a range of temperatures, allowing us to establish the 

activity of the Pb2Ru2O7-δ electrocatalysts and then translate it to the simulated Martian 

conditions to produce energy on Mars in future. Given the wide range of temperatures examined 

and the consequent increase in the overpotential required to initiate ORR, we have chosen to 

examine the activity of the catalysts at 200 mV overpotential at all temperatures with the 

overpotential chosen to improve the faradaic efficiency of the overall unitized regenerative fuel 

cell (URFC = electrolyzer and fuel cell) system. In Figure S11, the superior activity of 

Pb2Ru2O7-δ compared to GC electrode is apparent at 21 ⁰C, with a 500mV lower ORR onset 

potential and ~3x the activity which is again attributed to high O2 adsorption, subsequent 
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dissociation facilitated by high oxygen vacancy content (58). Given that GC is poor catalyst for 

the 4-electron ORR to produce H2O, it exhibits minimal activity loss when the system is cooled 

from 21 ⁰C to -36 ⁰C. On the other hand, Pb2Ru2O7-δ exhibit significant (~1/3 times) activity loss 

over the same temperature range. However, despite the activity loss, the pyrochlore 

electrocatalyst still exhibits an onset potential that is ~500mV lower than GC in a simulated 

Martian environment, providing a pathway to potential URFC development for energy and fuel 

production.  

S6.4. Faradaic, voltage and energy efficiency 

Faradaic efficiency is calculated using Faraday’s law (equation S3) which states the relationship 

between the amount of charge (electron) transferred and number of moles reacted. 

ideal

It
n

Fz
=             (S3) 

( ) actual

ideal

n
Faradaic efficiency FE

n
=          (S4) 

Where, nideal = the number of moles of H2/O2 produced by the application of I, nactual = the exact 

number of moles of H2/O2 produced, t = total time the measurement was taken for, I = total 

current applied, F = Faraday’s constant (96485 C/mol) and z = total number of electrons 

transferred for H2/O2 production. Faradaic losses/efficiencies are calculated to check the energy 

losses as heat and/or by-product formation. 

The voltage efficiency of our electrolyzer is calculated according to the following equation (59): 

( )
Thermo neutral voltage

Voltageefficiency VE
Cell operating voltage

−
=        (S5) 
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Thermo-neutral voltage at -36 0C is calculated as 1.49 V according to the literature (60).  

The energy efficiency of the electrolyzer is also calculated according to the following equation 

(61): 

2 2 2 2 2 2

0 0

/ , ,( ) /H O O H O H H O cellEnergy efficiency EE FE E E E =  −       

 (S6) 

Where, FEH2/O2 is faradaic efficiency at a given cell voltage, E0
O2,H2O and E0

H2,H2O are the 

standard potentials for oxygen and hydrogen production, respectively, and Ecell is the operating 

cell voltage. 

The FE, VE and EE are calculated at 21 0C for the electrolyzer to be in the range of 64 – 74%, 68 

– 99% and 36 – 60%, respectively. At -36 0C, our electrolyzer shows FE, VE and EE to be in the 

range of 65 – 75%, 68 – 100% and 37 – 56%, respectively. 
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Figure S1. Comparison of the major constituents of the atmospheres of (a) Earth(62) and (b) 

Mars.(49) Transient species such as water vapor are not depicted.  
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(a) 

 

(b) 

Figure S2. (a) Relative positions of the RHE, Ag/AgCl, Ag wire and ferricyanide/ferrocyanide 

redox couple at pH=0 and pH=7, (b) stability of the Ag wire pseudo-reference.  
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Figure S3. XRD spectra of as-prepared Pb2Ru2O7-δ pyrochlore and commercial RuO2 sample. 
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Figure S4. Electron microscopy (a) SEM of as-prepared Pb2Ru2O7-δ sample, TEM images of (b) 

commercial RuO2 and (c) as-prepared Pb2Ru2O7-δ pyrochlore sample. 
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Figure S5. a) Layered EDAX of as-prepared pyrochlore sample. EDAX elemental mapping of b) 

O, c) Ru and d) Pb in pyrochlore. 
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Figure S6. XPS of a) O 1s, b) Ru 3p and c) Pb 4f regions of Pb2Ru2O7-δ, d) O 1s and e) Ru 3p of 

RuO2. 
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Figure S7. OER LSV curves for a) Pb2Ru2O7-δ, b) RuO2 and c) GC under O2-purged SMRB over 

a range of temperatures (21 oC to -36 oC). 
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Figure S8. OER LSV curves for Pb2Ru2O7-δ under a) CO2-purged and b) O2-purged SMRB over 

a range of temperatures (21 oC to -36 oC).  
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Figure S9. Tafel slopes of Pb2Ru2O7-δ, RuO2 and GC under O2- and CO2-purged SMRB at a) 21 

oC and b) -36 oC. c) Tafel slopes of Pb2Ru2O7-δ under c) CO2-purged and d) O2-purged SMRB at 

different temperatures.  
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Figure S10. Reaction scheme for the ORR in acidic and near-neutral environments.  
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Figure S11. ORR current density at 200 mV overpotential vs. onset potential for Pb2Ru2O7-δ and 

GC at O2-purged SMRB at different temperatures.  
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Figure S12. Tafel slopes for HER with Pt/C in CO2-purged SMRB at different temperatures.  
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Figure S13. The resistance and conductivity measurements of the electrolyte at different 

temperatures.   
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Figure S14. CO2-purged SMRB electrolyzer polarization curve with O2 (blue triangle) and H2 

(red circle) production at 21 ⁰C. 
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Figure S15. Electrolyzer in-lab experimental setup.  
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Figure S16. In-situ membrane area specific resistance (ASR) and corresponding conductivity for 

the 22µm Fumasep FAA-3-20 separators used in the SMRB electrolyzers. The values represent 

perchlorate ion conductivity and are extracted from the high frequency resistance obtained from 

the electrochemical impedance spectra in Figure S17.   
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Figure S17. Bode diagrams depicting the EIS response of SMRB electrolyzers with 22µm 

Fumasep FAA-3-20 separators, assembled and operated as detailed in text. The resistance values 

obtained at 0⁰ phase angle are used to calculate ASR and conductivity in Figure S16.  

 

 

 

 



Page S42 of S43 

Table S1. Martian regolith composition as determined from surface samples by the Phoenix 

lander (3).  

Ion Measured concentration (moles x 10-5/cm3) 

Na+ 3.23 

K+ 0.74 

Ca2+ 1.28 

Mg2+ 7.31 

Cl- 0.97 

ClO4
- 5.83 

SO4
2- 13.4 
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Table S2. Physical and chemical properties of Fumasep FAA-3-20 AEM as listed by the 

manufacturer.  

Property (units) Manufacturer listed values 

Thickness (µm) 18 - 22 

Ion exchange capacity (mmolCl- g
-1) 1.65 – 1.85 

Area specific resistance in Cl- form (Ω-cm2) measured in 

0.5M NaCl at 25⁰C 
< 2 

Conductivity in Cl- form (mS cm-1) >5 

H2O uptake at 25⁰C (wt%) 7 

Swelling in H2O at 25⁰C (%) <2 

Source: https://fuelcellstore.com/spec-sheets/fumasep-faa-3-20-technical-specifications.pdf 

 

 

 

 

 

 

 

 


