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Abstract 

NASA has a mandate to send humans to Mars by 2033. Recent discoveries regarding Mars 

include the likely presence of low temperature liquid brines on the planet’s surface. This 

work investigates redox chemistry in near saturated aqueous 2.8 M Mg(ClO4)2 at 

temperatures as low as -34oC. These conditions are comparable to those thought to be found 

on the Martian surface. In particular electro-reduction of oxygen is studied and the diffusion 

coefficient and solubility of this important redox species established.   
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Main Text 

The 2008 Phoenix lander mission to Mars went with the objective of studying the history of 

water in the Martian artic and to search for evidence of a habitable zone.1 In order to address 

these questions the lander was equipped with a range of analytical devices, including a wet 

chemistry laboratory (WCL). The WCL comprised of an array of 26 sensors, with the aim of 

yielding chemical information regarding the composition of the Martian soil.2 Included on 

this device was a gold microelectrode array3 suitable for use in heavy metal detection via 

anodic stripping voltammetry.4 Arguably the most significant discovery made using the WCL 

was the presence of high concentrations of perchlorates, as also indicated in the results of the 

Pheonix Thermal and Evolved Gas Analyzer.5  

With an average surface temperature of around -63oC,6 the Martian and near sub-surface 

region is a very cold environment. Consequently, although a significant amount of water 

likely still exists on Mars,7 the majority of this material will be frozen.8 However, although 

the average temperature is low the local temperature can vary widely depending on position, 

season and time; due to the thin atmosphere present, the Martian surface experiences large 

diurnal temperature variations (daily temperature range cf. 100K).9 High aqueous perchlorate 

concentrations strongly depress the freezing point of water to below -60oC. Moreover, these 

perchlorates are deliquescent and may remove water vapour from the atmosphere. 

Consequently, even in these comparatively cold conditions it is reasonable that local volumes 

of liquid water may temporarily form on the Maritain surface. It is the flow of these local 

brine formations that have been implicated as being the possible contemporary source of 

geographical features present on sloping Martian surfaces.10 Apart from being of distinct 

importance in terms of understanding the hydrological cycle and as potential sites for the 

existence of extra-terrestrial life, the presence of these low temperature brines presents an 

interesting environment under which aqueous chemistry can occur. The physical chemistry of 

high ionic strength media remains relatively under studied and is often reliant upon semi-

empirical approaches.11-12 Near-saturated perchlorate brines likely share many characteristics 

with room temperature ionic liquids.  

As a fundamental class of reactions, electron transfer underpins a wide variety of both 

biological and environmental processes, playing an important role in a range of organic 

reactions. On Earth oxygen is integral in the cellular respiration of many species, however a 
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number of extremeophiles exist which are known to utilise other energy sources.13 The 

composition of the Martian atmosphere is 96±0.7 % CO2 and only 0.145±0.09% O2,14 

consequently any life forms that may be present may plausibly rely on a non-oxygen energy 

source. However, understanding the physical behaviour of oxygen in these low temperature 

brines is still of distinct interest both from a biological and geochemical standpoint. First, in 

part due to its small size the mass-transport of oxygen in the solution phase is often not well 

described by the classical 'Stokes-Einstein' equation.15 Second, as with most non-polar gases 

the dissolution of oxygen is endergonic (ΔGsolv > 0);16 this arises predominantly due to the 

process being entropically unfavourable, with the enthalpic contribution being small but 

negative. As a result of the negative enthalpy of solvation, the solubility of most non-polar 

gases increases with decreasing temperature.  

A recent mandate by the US government has asked NASA to aim to send humans to Mars by 

2033.17-18 In the meantime, questions regarding the local Martian environment may usefully 

be studied in vitro. This work demonstrates how first voltammetric measurements in low-

temperature brines can be successfully undertaken, as opposed to low-temperature studies in 

non-aqueous solvents previously reported.19-21 Hence, indicating the likely feasibility of 

making direct voltammetric measurements for environmental monitoring on the Martian 

surface. Second, as a model system, the behaviour of oxygen is studied in this low 

temperature brine yielding quantitative thermodynamic and kinetic information.     

The use of macro-electrode voltammetry for measurements of the redox activity of a 

molecular species in a low temperature brine was validated by measurement of the response 

of the reversible redox probe ferrocenemethanol. Cyclic voltammetry of 1.0 mM 

ferrocenemethanol oxidation at a glassy carbon macro-electrode was recorded in 0.10 M and 

2.8 M Mg(ClO4)2 supporting electrolytes at 25 and -34.0 °C. The potentials were initially 

scanned anodically from -0.15 to 0.35 V vs Ag, then reversed back to -0.15 V vs Ag at a 

series of scan rates in the range of 12.5 to 400 mV s−1. All measurements took place in a 

thermostated Faraday cage. The temperature was lowered down to -34.0 °C using a dry-ice 

bath based on ethylene glycol mixtures.22 This work uses a near saturated solution phase 

molarity of 2.8 M and studies the temperature down to -34.0 °C. Lower temperatures can be 

achieved by increasing concentrations of the brine. At room temperature magnesium 

perchlorate is soluble up to a molality of ~4.5 mol kg-1; however, the lowest freezing point 
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(-68.6oC) can be attained with a solution of 3.5 mol kg-1.23 The process is however 

exceedingly difficult to realize due to the extremely slow kinetics of dissolution. 
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Figure 1: The voltammetric oxidation of 1 mM ferrocenemethanol in an aqueous solution of 
2.8 M Mg(ClO4)2 at a glassy carbon macro-electrode with a solution temperature of -34oC. 
Voltammetric response measured at a series of scan rates in the range of 12.5-400 mV s-1. 

 

Figure 1 depicts the voltammetric response of the reversible ferrocenemethanol/ 

ferrociniummethanol redox couple in a 2.8 M Mg(ClO4)2 brine at -34oC. Measurement was 

made at a macro glassy carbon electrode as a function of scan rate (0.0125-0.4 V s-1). A clear 

reversible and non ohmically distorted voltammetric wave is observed corresponding to the 

one-electron oxidation of the molecular species. From the analysis of the peak current as a 

function of scan rate (inlay Figure 1) the diffusion coefficient of the molecular species can be 

determined through the use of the reversible Randles-Ševčík equation.24 In this low 

temperature brine the diffusion coefficient of ferrocenemethanol was measured to be 5.8±0.6 

x 10-11 m2 s-1. Through the use of the Stokes-Einstein equation a species diffusion coefficient 

(D, m2 s-1) may be related to the solution viscosity,25 
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𝐷𝐷 =  
𝑘𝑘𝐵𝐵𝑇𝑇

6𝜋𝜋𝜋𝜋𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒
 

where 𝑘𝑘𝐵𝐵 is the Boltzmann constant (1.38x10-23 J K-1), T is the temperature (K), η is the 

solution viscosity (Pa s) and reff is the effective molecular radius (m).25 Note in the case of 

molecular species the strict applicability of this model is limited. At room temperature and in 

0.1 M KCl solution the diffusion coefficient of this species has been previously determined to 

be 7.81x10-10 m2 s-1.26 This significant change in the mass-transport of the molecular species 

reflects the change in viscosity of the solution arising both from the used low temperature and 

the high salt concentration. For comparison at room temperature (25 oC) the viscosity of a 

2.9M MgCl2 solution is 3.1 times greater than water.27 Second, assuming the solutions 

viscosity follows an Arrenhius type relationship then the diffusional activation energy for a 

spherical particle in pure water is 18.1 kJ mol-12829 i.e. crude extrapolation from 25 to -34oC 

predicts a factor of ~6.1 decrease in the diffusion coefficient. Hence, on the basis of the 

above values the diffusion coefficient for ferrocenemethanol is estimated to be a factor of 

19.1 times lower at -34oC as compared to 25oC, this is in reasonable agreement with the 

experimentally determined ratio of 13.5. 

Oxygen reduction was next studied in 2.8 M Mg(ClO4)2 supporting electrolyte at different 

temperatures (-31.0, -14.5, 5.0 and 25.0 °C). High purity oxygen gas was vigorously bubbled 

into the solutions for 5 min to ensure saturated oxygen concentrations under the studied 

conditions; Section S2 (SI). Cyclic voltammetry of oxygen reduction was then recorded. The 

potentials were swept at a series of scan rates (12.5 - 400 mV s−1). A glassy carbon macro-, a 

carbon micro- or a gold micro-electrode was used as a working electrode. 

In an aqueous environment oxygen reduction is a multi-electron, multi-proton process leading 

to either the production of water or the intermediate hydrogen peroxide.30 On both gold and 

carbon surfaces the reduction follows a step-wise mechanism predominantly resulting, at 

relatively low overpotentials, in the formation of the two-electron product hydrogen peroxide. 

In the following work, all ‘macro’ electrode measurements were made using a glassy carbon 

electrode. However, the ‘micro’ electrode results were recorded on either a carbon or gold 

microelectrode; the low temperatures were found to irreversibly damage the carbon 

microelectrodes, probably due to mechanical contraction and fracturing of the material. Note 
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that although CO2 also exists at high concentrations on Mars, no cathodic responses of CO2 

were observed in low-temperature brines and hence the presence of CO2 is expected not to 

interfere with the electrochemical responses of O2 reduction studied herein (SI). 

 

Figure 2: The reduction of oxygen on a) a macro glassy carbon electrode (radius = 1.5 mm) 
and b) a carbon microdisc electrode (radius = 24.7 μm). Recorded in 2.8 M Mg(ClO4)2 at a) 
200 mV s-1 and b) 10 mV s-1 (25oC). 

 

Figure 2 presents the reduction of oxygen at carbon macro and micro electrodes as measured 

at 25oC in 2.8 M Mg(ClO4)2. At the macroelectrode, a clear irreversible reduction is observed 

with two voltammetric peaks situated at -0.55 and -1.31 V (vs Ag pseudo ref). The first wave 

at -0.55 V corresponds to the two-electron reduction of oxygen to hydrogen peroxide (SI 

Figure S2).30 Analysis using the irreversible form of the Randles-Ševčík equation24 together 

with Tafel analysis reveals the transfer coefficient of the rate determining step (RDS) to be 

0.26±0.01, indicating that the first electron transfer is the RDS. The presence of the high salt 

concentration will lead to a significant decrease in the solubility of the oxygen. Consequently, 

under the two-electron transfer assumption, both concentration (C) and diffusion coefficient 

(D) are only unknowns. From this macroelectrode experiment performed as a function of 

scan rate the product of DC2 is determined to be 1.6x10−10 mol2 m−4 s−1 at 25oC.  

In order for the magnitude of D and C to be independently assessed the voltammetric 

reduction of oxygen needs to be performed under different mass-transport conditions. In 

optimal cases where a simple redox reaction is occurring this can be achieved simply through 

a single chronoamperometric experiment,31 however, in the present case the more 

complicated reaction pathway prohibits such a methodology. Hence, the reduction of oxygen 
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was independently studied at a carbon micro disc electrode (Figure 2 B). The mass-transport 

limited flux to a microdisc electrode is analytically given by:32 

𝐼𝐼𝑠𝑠𝑠𝑠 = 4𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 

where Iss is the diffusion limited current, n is the number of electrons transferred, F is the 

Faraday constant (96495 C mol−1), D is the diffusion coefficient, C is the concentration and r 

is the radius of the electrode. At 25oC the solubility of oxygen in 2.8 M Mg(ClO4)2 was 

found to be 0.28±0.02 mM, with an associated diffusion coefficient of 2.1±0.1x10−9 m2 s−1. 

Two important insights come from these values. First, in the absence of salt the solubility of 

oxygen in pure water is 1.28 mM (at 298K). For MgCl2 the associated Sechenov salting out 

parameter is 0.222 L mol−1.16 Hence, at 2.8 M MgCl2 the solubility of oxygen is 0.37 mM, 

given the different anion identity the experimentally determined decrease of a factor of 4.6 is 

in good consistency with the literature. In the absence of salt the oxygen diffusion coefficient 

is found within the literature to be 2.4x10−9 m2 s−1.33 Consequently, within the present work 

in 2.8 M Mg(ClO4)2 the oxygen diffusion coefficient is found to be relatively unaltered by 

the presence of the high electrolyte concentration. This is in contrast to the response of 

ferrocenemethanol where the diffusion coefficient is found to decrease by a factor of ~2.8 

when in the presence of 2.8 M Mg(ClO4)2 as compared to pure water (see SI section 3 for 

further details). 

Using the methodology described above involving voltammetric experiments performed 

under two different mass-transport regimes the oxygen diffusion coefficient and solubility 

can be determined as a function of the solution temperature. Examples of the raw 

voltammetric data are presented in the SI section 4. Figure 3 presents the variation of the 

oxygen solubility (Figure 3a) and diffusion coefficient (Figure 3b) as a function of the 

temperature. Analysis of the variation of the natural log of the oxygen solubility against the 

inverse temperature (Van’t Hoff equation), yields a measure of the enthalpy of solvation for 

oxygen in the concentrated brine, here yielding a value of ΔHsolv = -15±0.5 kJ mol−1.  
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Figure 3: Variation of a) the oxygen solubility and b) the oxygen diffusion coefficient in 2.8 M 
Mg(ClO4)2 as a function of temperature 

In pure water at 298.15 K the enthalpy of solvation is -12.11 kJ mol−1, decreasing to -17.2 kJ 

mol−1 at 273.15 K.16 Hence, given the significant change in the solubility of the oxygen in 

this high electrolyte environment as compared to pure water, this value is consistent with the 

salting-out of the gas being predominantly an entropic effect. This is fully consistent with the 

interpretation that salting-out of non-polar gases is dominated by exclusion of the gas from a 

significant volume of the solution due to ion hydration. In accordance with the Arrhenius 

equation, the diffusional activation energy of oxygen in this concentrated brine can be 

determined from Figure 3b to be Ea = 29±3.6 kJ mol−1 in 2.8 M Mg(ClO4)2. This value is 

significantly greater than that predicted on the basis of the Stokes-Einstein equation from the 

plot of ln(D) against 1/T (Ea = 18.2 kJ mol−1) but is in agreement with previously reported 

experimental values for the diffusional activation energy of oxygen in pure water (Ea = 

24.08±1.47 kJ mol−1).33 The deviation of the diffusional activation energy from that predicted 

theoretically is likely due to the solute-solvent interaction such as hydrogen bonding between 

oxygen and water molecules.  

Conclusions 

The ability to study voltammetry in low temperature perchlorate brines comparable to those 

found on the Martian surface has been evidenced. This result indicates the possibility of 

performing electrochemically studies for use in direct environmental monitoring on the 

Martian surface. The physical properties of a low temperature magnesium perchlorate brine 

was studied by investigating the reduction of oxygen at both macro and micro electrodes 

8 
 



enabling the diffusion coefficient and oxygen solubility to be determined. Measurements 

made as a function of temperature reveal the enthalpy of oxygen solvation in 2.8 M 

Mg(ClO4)2 top be -15±0.5 kJ mol-1 and the diffusional activation energy of the molecular 

oxygen to be 29±3.6 kJ mol-1. This activation energy is greater than that predicted for by the 

Stokes-Einstein equation but is very comparable to other literature values for the diffusion of 

oxygen in aqueous environments. 
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