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ABSTRACT 

This work investigates electrocatalytic reduction of CO2 in concentrated electrolytes at 

temperatures below zero. In Mg(ClO4)2 and KOH brines the reduction of CO2 at these low 

temperatures is promoted in favour of the main competing reaction, hydrogen evolution. These 

results discuss potential scenarios for CO2 reduction in non-standard conditions, such as in 

the freezing, CO2 rich environment on the Martian surface. In an aim to understand the reason 

for the increase in CO2 reactivity at low temperature, so that the system can be refined and 

improved, further studies on physiochemical parameters and computational calculations are 

also presented. The change in viscosity with temperature is measured and its consequent 

effect on the diffusion of CO2 discussed. The role of the electrolyte in stabilising reactant 

intermediates is probed using computational calculations. Together these results provide 

preliminary insights into the CO2 reduction reaction at these low temperatures. 
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As humanity continues its exploration of the solar system, the next goal in the journey 

is to send human astronauts to other planets. There are a number of obstacles which need to 

be overcome for this to be a reality. Long travel times currently limit interstellar travel to nearby 

planets and celestial bodies in our native solar system such as Venus, Mercury, Mars, Jovian 

and Saturnian moons, and our Moon. However, another huge obstacle is the provision of 

materials for an extended stay on another planet. It costs 12-13 tons of fuel to transport 1 ton 

of material out of Earth’s atmosphere,1 and so in-situ utilisation of planetary resources to 

synthesise oxygen and fuels is a rich and vital area of research.  

Electrolysers will be a key technology for in-situ resource utilisation (ISRU). 

Electrolysers work by applying a potential to a material which then catalyses the conversion of 

reactants. The efficient synthesis of any substance is heavily influenced by the environmental 

conditions, and so the atmospheric conditions of other planetary bodies must be taken into 

account when planning reactions. Figure 1 and Table 1 show that the atmospheric composition 

and conditions vary wildly on different planets.2 Mars and Venus have atmospheres very unlike 

our own, there the atmosphere is mostly CO2 and there is no significant O2 or H2O present. 

Both are a necessity for life and will need to be synthesised if either of these planets is to be 

colonised. On Venus, floating colonies would have to be in the upper atmosphere due to 

incredibly high temperatures and pressures on the surface3 and so, of these target planets, 

Mars is the favourite for scientists due to its favourable travel times and the fact that surface 

conditions are most similar to Earth. On Mars, prototypes of ISRU are already being used to 

compress the sparse, but CO2 rich, atmosphere and then heating it to over 1000 K to convert 

it to syngas using a solid oxide fuel cell.1,4 As of March 2022, MOXIE (Mars Oxygen ISRU 

Experiment) has been used to generate around 50 g of O2 which would be used to provide 

breathable air for astronauts and for fuelling the Mars Ascent Vehicle (MAV).1 
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Pressure and temperature are parameters often altered to improve the yield and 

efficiency of reactions, and on other planets, the ambient conditions may help or hinder these 

reactions. High pressure and/or low temperatures generally favour the increased solubility of 

gases in water5 and so, if water can be found or synthesised, the different conditions on other 

planets may, in fact, greatly improve the efficiency of certain reactions. Any evidence of liquid 

water on Mars, has pointed to the presence of liquids with very high salt concentrations, brines, 

which only occur under specific conditions.6–11 CO2 solubility increases as temperature 

decreases5 and since the atmosphere on Mars is mostly CO2 and the average surface 

temperature is 220 K, it stands to reason the brines present on the surface may have high 

concentrations of dissolved CO2. 

 

Figure 1. The composition of gases that make up the atmosphere on various planets within 
our solar system. Adapted from reference 2 

Table 1. Values for parameters important to consider for colonisation of planets in our solar 
system. Also adapted from reference 2 

 Earth Mars Venus 

year 1 1.88 0.615 

solar day 1 1.03 117 

surface T / K 288 220 730 

surface pressure / atm 1 0.007 91 

surface gravity / m s-2 9.8 3.72 8.87 
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The parameters of pressure, temperature, and electrolyte salinity are a rich area of 

research for the electrocatalytic conversion of CO2 on Earth.12–14 The ever-increasing 

concentration of CO2 in our atmosphere is causing climate change at an alarming rate.15 One 

avenue of mitigating these effects is to capture CO2 at major production sites and either store 

it underground or in deep sea aquifers, or to convert it to value added products. Electrocatalytic 

reduction of CO2 is one of many potential methods of CO2 conversion.  

The CO2 reduction reaction (CO2RR) was first studied in depth by Yoshio Hori in the 

1980s. He showed that although many metal catalysts will reduce CO2, copper is unique in 

producing hydrocarbons in appreciable amounts16,17 and later work by Kuhl et al. identified up 

to 16 different reaction products, including very small amounts of acetone, ethylene glycol and 

methanol.18 Table 2 shows some of the common products of CO2RR and their standard 

potentials and illustrates the number of issues that need to be solved if the CO2RR is to be 

used in an electrolyser. CO2RR requires large overpotentials, for example around 1.3 V for 

methane formation, and the faradaic efficiency (FE) for hydrocarbon products is low. The low 

FE is due to the aforementioned abundance of different potential products but also due to the 

concurrent hydrogen evolution reaction (HER).19,20 Competition from the HER is a major issue 

in aqueous electrolytes since under CO2 reduction conditions, the main pathway is via 

reduction of water which is of course, readily available.19 

There are various avenues to try and mitigate some of these issues, some of which are 

shown in Figure 2. On the macroscale Figure 2(a), increasing the concentration of the 

Table 2. Common CO2RR target products and the standard potential, E°, at 25 °C and 1 
atm.34 An example catalyst is provided for each product and the faradaic efficiency, FE, and 
overpotential, ɖ, using that catalyst in 0.1 M KHCO3 (pH å 6.8).14 

product E° / V electrocatalyst FE / % ɖ / V 

HCOOH -0.250 Pb 97.4 -1.19  

CO -0.106 Au nanoparticles 97 -0.58 

CH4 0.169 Cu poly-faceted 40.4 -1.34 

C2H4 0.064 Cu poly-faceted 26.0 -1.13 

CH3CH2OH 0.084 Cu2O  9-16 -1.08 
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electrolyte can improve the buffering capability of the electrolyte near the surface.21 This lowers 

the rate of the depletion of protons next to the surface and maintains a higher concentration of 

CO2. The use of alkali metal cations has been shown to affect the selectivity of the reaction, 

where larger cations promote the production of C2 products. There is debate as to whether this 

promoting effect is due to accumulation of the cations in the Helmholtz plane modifying the 

electric field, direct stabilisation of reduction intermediates, or the hydration shell of the cations 

contributing to the buffering of the interfacial pH. However, evidence seems to support direct 

stabilisation having the most influential role22–24 which is of particular interest to this research, 

since the electrolytes used are of such high salinity. On the nanoscale, Figure 2(b), the surface 

orientation of the electrode can have large effects on the selectivity of the reaction. As an 

Figure 2. different parameters that can 
be tuned to alter the CO2RR on (a) 
macroscale effects such as electrolyte 
concentration (b) nanoscale effects 
such as surface facet (c) mesoscale 
effects such as roughness (d) results of 
varying electrolyte parameters on 
CO2RR in gas diffusion electrodes. 
Figures reproduced from references 14 
(a-c) and 29 (d) 

d 
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example, Cu(100) surfaces promote the production of C2 products rather than C1.25,26 On the 

mesoscale, roughening the surface of the electrode increases the surface area which has the 

dual benefits of increasing undercoordinated sites and reducing the mass transport of water, 

which both contribute to higher CO2RR rates.  

Another bottleneck to the reaction efficiency is that at standard temperature and 

pressure, CO2 is only sparingly soluble in water, 34 mM at 25 °C and 1 atm. Work using gas 

diffusion electrodes or rotating disk electrodes, where the mass transport is strictly controlled, 

has shown that high concentrations of CO2 are essential for inhibiting HER in favour of CO2RR, 

Figure 2(d).19,27–29 High concentrations of CO2 at the surface are reduced to CO which then 

blocks surface sites for water adsorption and so HER is limited and the product selectivity can 

change. High concentration of CO2 in solution is therefore desirable for high faradaic 

efficiencies. This has been achieved through pressurisation30 but this is not the only method 

and a different avenue is discussed below. 

Water with high concentrations of dissolved gases can be found on in various 

environments on Earth. At high pressures or low temperatures, gas clathrates are formed 

where cages of water molecules encapsulate gas molecules.31 These phases are well known 

since in the mining industry they can form in gas pipelines, causing costly blockages, and since 

CH4 versions are found in the permafrost or in the deep ocean. The CH4 hydrates in the ocean 

and permafrost are a double edged sword, they could be a huge reservoir of energy if 

 
Figure 3. Cages present in sI type clathrate with CO2 occupant. (A) 20 water molecule cage, 
512 (B) 24 water molecule cage, 51262 

 

 

A B 
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electrocatalytic technology can be developed to exploit them but there is a small possibility that 

if oceanic temperatures continue to rise, the hydrates may become unstable, releasing CH4 

into the atmosphere leading to runaway warming.32,33 When CO2 is the guest molecule, an sI 

type clathrate is formed which is made up of two types of cages, shown in Figure 3, where the 

smaller 512 cage is made of 12 pentagons and the larger 51262 cage is made up of 12 pentagons 

and 2 hexagons. If these structures form at the electrode, then there will be consequent effects 

on the mobility of the water molecules and the mass transport of reactants and products which 

will in turn affect the CO2RR, and HER from water reduction. This research will contribute to 

the understanding of electrocatalytic processes involving clathrate hydrates. 

Using concentrated electrolytes and low temperature for CO2RR is another avenue to 

increase CO2 solubility. Up to a point, addition of salts to water lowers the freezing point which 

means that electrocatalytic reactions can be carried out in the liquid phase at sub-zero 

temperatures. The main idea behind this work is to perform the electrochemical reduction of 

CO2 at sub-zero temperatures in brines. By decreasing the temperature, the concentration of 

CO2 is expected to increase, resulting in changes to the product selectivity and efficiency of 

the reaction. This thesis aims to provide greater understanding of, and context to, the 

electrocatalytic conversion of CO2 at low temperatures in brines.  

Chapter 1 is a literature review of the electrochemical reduction of CO2 to hydrocarbons 

in brines but also in other non-aqueous electrolytes, accepted for publication in 

Electrochemical Science Advances. These other electrolytes, such as organic solvents, molten 

carbonates, and ionic liquids, aim to alleviate the problems associated with CO2RR in aqueous 

electrolytes, namely low CO2 solubility, low selectivity, and competition from the HER. Overall, 

there is no perfect electrolyte which eliminates these issues and there are specific downsides 

associated with each. The downside in common with all the alternative electrolytes reviewed, 

is that in order to produce hydrocarbons from CO2 a source of protons is needed which 

invariably reintroduces competition from the HER. To summarise CO2RR in brines is an 
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emerging field with many questions still to be answered, but that concentrated aqueous 

electrolytes can increase the current density of the reaction and low temperatures can change 

the selectivity. 

Chapter 2 of this thesis presents the preliminary studies carried out within our research 

group on CO2 reduction in Mg(ClO4)2 and KOH brines at temperatures of around -20 °C. This 

work is published in ACS Catalysis. This work showed that the HER was suppressed, and the 

selectivity of the reaction changed as temperature decreased. Part of the work carried out by 

this author specifically focused on the identification and quantification of the liquid products of 

these reactions, the supporting information is included directly after. 1H NMR is a common 

technique integral for the identification of chemicals and when used in conjunction with other 

NMR techniques can be used to elucidate structures of complex molecules. Since the 

electrocatalysis is carried out in aqueous electrolyte, albeit very concentrated, the signal from 

protons within the surrounding water need to be suppressed or they dwarf the signals from the 

products. Refinement of NMR parameters was needed since the high concentration of 

electrolyte ions affected the T1 relaxation of 1H. To observe the effects of temperature on 

CO2RR, accurate quantification of the products is needed. 

Chapter 3 of this thesis is a paper submitted to Journal of Physical and Chemical 

Reference Data and focuses on how temperature affects the physiochemical properties of 

Mg(ClO4)2 and KOH brines. The current recorded at an electrode during an electrochemical 

reaction is dependent on both the kinetics of the reaction occurring and on the mass transport 

of species to and from the electrode. The mass transport encompasses the diffusion, 

convection, and migration processes, all of which are dependent on the diffusion coefficient of 

the species, which is in turn dependent on the viscosity of the medium. The viscosity as a 

function of temperature is presented before and after saturation with CO2. From these results, 

conclusions about the diffusion and concentration of CO2 in both brines are drawn. 
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Chapter 4 presents computational calculations which aim to understand how the 

energies of intermediate species in the CO2RR are affected by the high concentration of the 

electrolyte. The protonation of CO2 to from adsorbed COOH is generally considered to be the 

potential limiting step in and certain key intermediates are stabilised similarly by the surface 

which build in intrinsic scaling relations which must be broken in order to lower the overpotential 

of the reaction. For CO2RR in dilute aqueous electrolyte, research focuses on optimising the 

structure of the catalyst, but work presented in this chapter shows that stabilisation by cations 

can also reduce these issues. 

This thesis provides insights into electrocatalytic conversion of CO2 at extremes of 

temperature and concentration. If electrocatalysis in these unusual conditions is to be used, 

for example for inter-planetary exploration or for sensing concentrations of clathrates in deep 

oceans, a fuller understanding of how the reaction and analysis of its results are affected by 

them is essential. Herein, an overview of the current knowledge is provided, and the 

importance of questioning how high concentrations can affect properties, which might be 

assumed to be unchanged, is highlighted.  
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SUPPORTING INFORMATION 

2.SI.1 Methods 

The Ohmic drop between the working electrode and the reference electrode was 

determined using the positive feedback method at each temperature and necessary 

corrections made. Resistance values varied between 4-42 Ωcm2 for Mg(ClO4)2 and 3-32 Ωcm2 

for NaOH. 

2.SI.1.1 Product characterisation by Online Electrochemical Mass Spectrometry  

Online Electrochemical Mass Spectrometry (OLEMS) was used to detect the gaseous 

products formed during the reaction. At low temperature, ice formation blocked the membrane, 

so the gases were detected in the gas phase with a slightly modified system, as shown in 

Figure S1. The reaction products at the electrode were collected with a small syringe tip 

positioned close to the electrode. The volume of the gas inside the cell depends on the size of 

the electrode and the meniscus. Due to this uncertainty and the different solubilities of the 

gases in the liquid phase, it is not possible to do a quantitative analysis of the gas products, 

only a qualitative analysis.  

In order to determine the quantitative distinction of CO, N2 and CO2  during the reduction 

of CO2, the calibration method described by Binninger et al. was implemented.1 
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Figure S1. (A) Cartoon representation of the side cut of the online electrochemical mass 
spectrometry used to identify the gas products. The system is formed by: (a) Teflon cell (b) 
single crystal electrode in meniscus configuration (c) syringe tip modified with Teflon 
membrane (d) solution. (B) Photography of the Teflon cell in the real configuration. The cell 
has been half cut to show the meniscus configuration and syringe position. (C) Top and lateral 
view of the Teflon cell for gas collection and analysis. The total volume of the cavity is approx. 
400 ɛL.  
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2.SI.1.2 Determination of gas solubility in brines as a function of temperature 

For the calibration of the system and the quantitative analysis, commercial mixtures of 

1 % methane in hydrogen (Sigma-Aldrich) and 10 % methane in argon (Air liquid) were used. 

The mixtures of the gases were coupled with the MS system as previously reported.2 

The concentration of CO2 as a function of the temperature was measured using a 

similar protocol to that shown in Figure S2. However, given the CO2/HCO3/CO3 equilibrium, a 

calibration was needed to determine the concentration of the species in solution. Solutions of 

different concentrations of KHCO3 and K2CO3 were prepared and saturated with CO2 for 20-

30 min. After this time, the needle connected to the MS was inserted through the septum of 

the round bottomed flask. First, the CO2 in the solution was detected until a stable baseline 

was reached. Then, an excess of 1 M H2SO4 was injected to decrease the pH and convert the 

HCO3/CO3 species to CO2. A typical curve of the CO2 signal (m/z=44) is shown in Figure S3(A) 

and the calibration curves for different concentrations of KHCO3 and K2CO3 are shown in 

Figure S3(B). In order to obtain a quantitative analysis, the curves of the CO2 signal were 

corrected by the change of the total pressure and the change water baseline associated to the 

injection of the 1 M solution of H2SO4.  

In order to determine the concentration of CO2 as a function of temperature, including 

the carbonate species, the CO2 in solution was measured by saturating the solution at the 

given temperature for 20-30 minutes and following the same protocol as described above. To 

make sure no CO2 remained in solution, the temperature was gradually increased to 50 C̄ 

with a hot plate. Figure S3(C) show the curves of the concentration of CO2 as a function of 

temperature in a solution 4.4 m Mg(ClO4)2. The CO2 signals were corrected at the baseline for 

the increased water pressure associated to the change in temperature.  
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Figure S2. Experimental setup and methodology used for the determination of the solubility of 
CH4 in NaOH brines at different temperatures. The volume of the solution used for analysis 
was 5 mL. The solution was saturated with CH4 with a pressure of 2 bar and a bubbling rate of 
1 mL/s for 15 min. 
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Figure S3. (A) Example of the determination of the CO2 solubility in equilibrium with HCO3 
- 

using head space mass spectrometry as detailed above. The spike at 1250 s correspond to 
the insertion of the needle in the septum and the arrow indicates the point of injection of 1 M 
H2SO4 for the formation of CO2. (B) Calibration curve for the signals of CO2 measured using 
the head space mass spectrometry as a function of the concentration of KHCO3 and K2CO3 
(C) Mass spectrometry curves for the concentration of CO2 on a CO2 saturated solution 
Mg(ClO4)2 as a function of temperature. 
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2.SI.1.3 Product characterisation by NMR 

A Bruker AVANCE NEO spectrometer console situated in an air-conditioned room 

equipped with a 9.4 T superconducting magnet operating at a frequency of 400 MHz fitted with 

a 5 mm nitrogen-cooled BBFO “SMART” probe, at a calibrated temperature of 298 K was used 

to measure all 1H NMR.  

1D 1H NMR spectra were acquired using a pulse sequence with excitation sculpting 

and gradients to suppress the water (H2O) peak;3 a spectral width of 15 ppm with 32k complex 

data points was measured. 400 scans were acquired for each sample to increase the signal-to-

noise ratio so that quantification of the products was possible. A delay (d1) of 40 s between 

scans was used. Data were zero-filled to 32k using a line broadening of 0.3 Hz to provide a 

final spectra resolution of 0.19 Hz per point and chemical shifts were indirectly referenced to 

TMS at 0 ppm.  

To enable quantification of all analytes and ensuring the d1 delay was long enough to 

get full signal recovery, T1 data were measured using the Bruker inverse recovery pulse 

sequence. A spectral width of 15 ppm with 131k complex data points and 128 scans was 

measured for each of the 7 delays (0.001, 0.1, 0.33, 1, 3.33, 10 and 33 s). Data were zero 

filled to 131k using a line broadening of 1.0 Hz to give a final spectral resolution of 0.05 Hz per 

point and chemical shifts were indirectly referenced to TMS at 0 ppm. The longest T1 of 8 s 

was measured for formate in 4.4 m Mg(ClO4)2, hence a d1 of 40 s was used for quantification 

measurements. 

A Bruker AVANCE NEO spectrometer console situated in an air-conditioned room 

equipped with a 11.74 T superconducting magnet operating at a frequency of 500 MHz, fitted 

with a 5 mm nitrogen-cooled “Prodigy” BBFO probe, at a calibrated temperature of 298 K, was 

used to measure 13C data. 
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For the 1H-decoupled 1D 13C spectra, a sweep width of 250 ppm with 119k complex 

data points was measured. A minimum of 10,000 scans was used but for the weaker samples 

up to 18,000 scans were acquired. Due to the high sensitivity of the nitrogen-cooled probe, a 

broad background signal from its composing materials was present in the spectra; using a 

back linear prediction using 30 points was good enough to process out this small background 

signal. The final resolution from those spectra was 0.24 Hz per point using a line broadening 

of 2 Hz. For the coupled 1D 13C NMR spectrum, 36,000 scans were measured in order to have 

a sensitivity good enough to determine the number of 1H attached to each carbon detected in 

the 1H-decoupled 1D 13C spectrum. A small number of points from the fid (30) were also back 

predicted while processing this 1D 13C spectrum in order to achieve a good baseline.  

All data were processed and plotted using TOPSPIN 4.0.6 software and T1 data was 

analysed using Dynamics Centre 2.5.6 

2.SI.1.4 Product Quantification by NMR 

In order to quantify the products, the area of the peaks was compared to internal 

standards. Phenol (Sigma Aldrich, 99+%) and DMSO (Fischer, 99.7%) were chosen as the 

standards.4 The area of the formate peak was compared to the phenol triplet at 7.40 ppm. 

Methanol and ethanol were compared to the area of the DMSO peak at 2.78 ppm. The ethanol 

triplet at 1.24 ppm was used for quantification since the quartet signal at 3.75 ppm was within 

the water suppression region and so, less accurate. 

Calibration curves were constructed using purchased chemicals (Fluka Analytical, 

ethanol >99.8%, VWR Chemicals, formic acid 98%, Sigma Aldrich, Methanol, >99.9%) 

dissolved in 4.4 m Mg(ClO4)2 and measuring spectra at concentrations 0.0025, 0.05, 0.1, 0.25, 

0.5, 0.75 and 1 mM. See Figure S4 and Figure S5. The average signals from 3 different 

samples were measured, integrated and the standard deviation was calculated.  

Each sample contained: 
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¶ 75 μL of 0.1 mol dm-3 phenol in 4.4 m Mg(ClO4)2 

¶ 15 μL of 0.1 mol dm-3 DMSO in 4.4 m Mg(ClO4)2 

¶ 150 μL of D2O (for lock purposes) 

For the calibration curve, stock solution of each concentration was added to get a total 

volume of 1500 μL. For analysis of electrolysis products, the electrolyte was used. Each 

sample was sonicated to ensure mixing and 600 μL was pipetted into the NMR tube.  
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Table S1: NMR shifts and multiplicities for the different products of CO2 reduction in 4.4 m 
Mg(ClO4)2 found in the 1D 1H and 13C NMR spectra 

 1D 1H 1D 13C 

HCOO- 8.38 ppm (singlet) 171.5 ppm (doublet in 1D-
coupled 13C spectrum) 

CH3CH2OH 3.75 ppm (quartet); 1.24 ppm (triplet) 

 

82.0 ppm; 16.9 ppm 

CH3OH 3.45 ppm (singlet) 49.5 ppm (peak too weak to 
clearly identify multiplicity in 
1H-coupled 13C spectrum, 
expected to be a quartet) 

CH2(OH)2 Not visible – peak suppressed under 
water peak (previously reported as 

4.7 to 4.88 ppm) 

82.2 ppm (triplet in 1H- 
coupled 13C spectrum) 

CH3COO- 1.81 ppm to 1.77 ppm (singlet)  

phenol 7.40 ppm (triplet), 7.08 (triplet), 6.99 
ppm (doublet)  

- 

DMSO 2.78 ppm (singlet) - 
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Figure S4. 1D 1H NMR spectra recorded at 400 MHz used for calibration curve using phenol 
and DMSO as internal references. Signal at 4.7 ppm results from the suppressed H2O peak. 
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Figure S5. Calibration curves measured for the integrals of the signals of formic acid (8.39 
ppm), ethanol (1.24 ppm) and methanol (3.45 ppm) with respect the signal of phenol and 
DMSO as a function of concentration of the species 
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Figure S6. 1H NMR spectrum recorded at 400 MHz for liquid samples collected after 30 min 
of electrolysis, at -0.6 V in a CO2-saturated solution of 4.4 m Mg(ClO4)2 on Pd(polycrystalline) 
(A) -18 °C  and (B) 20 °C 
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Figure S7. 1H NMR spectrum recorded at 400 MHz for liquid samples collected after 30 min 

of electrolysis, at -0.6 V in a CO2-saturated solution of 4.4 m Mg(ClO4)2 on Cu(111) (A) -18 C̄ 

(B) 20 C̄ 
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Figure S8. 1D 13C spectra recorded at 125 MHz for liquid sample collected after 10 min of 

electrolysis on Cu(111) at 20 C̄; the top spectrum shows the 1H-decoupled spectrum while 
the bottom spectrum shows the 1H-coupled 13C spectrum 
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Figure S9. Voltammetric profiles of Pt(111) in CO2-saturated 4.4 m solution of Mg(ClO4)2, 
different temperatures as indicated in the figure. The arrows indicate the direction of the scan. 
Inset: Ion mass curves for the m/z=2 during the CO2 reduction at 20 °C (magenta curve), 0 °C 
(blue curve) and -20 °C (black curve). 
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Figure S10. Voltammetric profiles of Pt(111) (black curve) and Pt(100) (red curve) in a 4.4 m 
Mg(ClO4)2 solution [from ACS granular quality, Alfa Aesar] at 20 °C. The arrows indicate the 
initial potential and direction of the scan.  

The signal at 0.45V vs RHE on the Pt(100) is associated to the reduction of 

contaminants from the salt on specific (100) sites. High purity electrolytes had to be used for 

the experiments. 
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Figure S11. Voltammetric profiles of polycrystalline Pd in 10 m solution of KOH at +20 °C 
(black curve), +2 °C (red curve) and -18 °C (blue curve). 

The oxidation of hydrogen shifts towards more positive potentials as the temperature 

decreases. The change in the intensity of the peaks associated to the hydrogen oxidation is 

related to different rates of diffusion of the hydrogen through the two distinct palladium hydride 

phases, Ŭ- and ɓ-, and the transformation between these phases.5 This transformation is a 

shift from an Ŭ-phase, of low hydrogen content, to a ɓ-phase containing up to 0.8 atoms of 

hydrogen per atom of palladium in the matrix.6 In alkaline media, the effect of the cations on 

the adsorption of hydrogen and formation of the different phases of the palladium hydride is 

not trivial.7–9  It has been shown that the adsorption of cations has an effect on the oxidation 

rate of the hydrogen by increasing the stability of the hydrogen phase just below the surface. 

7–10 
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Figure S12. (A) Voltammetric profile of Au(111) in 11 m NaOH at 18 °C (black) and -35 °C 
(red). Scan rate ɜ = 50 mV/s. (B) Voltammetric profile of Au(111) in 11 m NaOH at -35 °C in 
absence (black) and presence of CH4 (red). Scan rate ɜ = 50 mV/s 
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Figure S13. Gas chromatography of the CH4 bottle.  
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Additions to the Supporting Information 

Reference Electrode Conversion 

The experiments were carried out using a Hg/HgO reference electrode and then 

reported vs the Reference Hydrogen Electrode. Conversion between the reference electrodes 

was carried out using equation S1. 

Ὁ  Ὁ Ⱦ πȢρφυ πȢπυωὴὌ   (S1) 

Where ERHE (V) is the potential vs RHE, EHg/HgO (V) is the potential vs. the Hg/HgO reference 

electrode. 

Additional NMR parameters 

Wilmad 400 MHz 5 mm NMR tubes were used for each experiment. For the calibration 

curves the average of three measurements used and the standard deviation in the 

measurements used for the error bars. The zgesgp water suppression pulse program from 

Topspin was used. For each -180° pulse the pulse duration was 2 mS and for each gradient 

the pulse duration was 1 mS. The delay between each scan was 40s. 4 dummy scans and 400 

acquisition scans were recorded. For the pulse sequence the receiver gain was 101. 
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Abstract 

The current race for space exploration has hastened the development of 

electrochemical technologies for in-situ utilisation of planetary resources for the synthesis of 

vital chemicals such O2 and fuels. Understanding the physicochemical properties, such as 

density and kinematic viscosity, of aqueous solutions is essential for the design of 

electrochemical devices for electrolysis of water and CO2, particularly at low temperature. 

Density and kinematic viscosity of highly concentrated Mg(ClO4)2 and KOH solutions have 

been determined, both at low temperatures and in the presence of CO2 gas. It was found that 

for all solutions, independent of the concentration or nature of the electrolyte, as the 

temperature was decreased to 255 K, the density and the viscosity of the solutions increased. 

Upon saturation with CO2, no significant change to the density and viscosity of Mg(ClO4)2 ,at 

all temperatures measured, was observed. Conversely, CO2 saturated solutions of KOH show 

significant changes in density and viscosity at all temperatures, likely due to the formation of 

carbonates. The effects of these changes on the diffusion coefficient for dissolved CO2 is also 

discussed.  

3.1 Introduction 

Current exploration of extra-terrestrial surfaces relies on unmanned probes such as 

Curiosity on the surface of Mars, Rosetta and its associated lander, Philae, which landed on 

the comet Churyumov–Gerasimenko and, the Voyager probes. However, human exploration 

and colonisation to the farthest reaches of our solar system, faces many challenges, which 

need to be overcome. To explore and colonise other planets for extended periods of time, 

human astronauts will need essential supplies such as oxygen and chemicals that can be used 

as fuels. However, there are prohibitive weight limits to space travel and therefore the practice 

of in-situ resource utilisation to generate products with local materials is essential in this 

endeavour. For example, future plans for exploration of the Martian surface by humans involve 

refuelling the ascent vehicles on the surface using in-situ resources. Transporting the 
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necessary fuel from Earth would require almost 40 Mt of oxygen and methane which clearly 

poses a significant challenge in weight transport.1,2 However, the first experiments to generate 

oxygen on the surface have already taken place. By December 2021, the Mars Oxygen In Situ 

Resource Utilisation experiment (MOXIE) had generated around 50 g of O2 via a solid oxide 

fuel cell at 800 °C from the compressed Martian atmosphere.1  

Other electrocatalytic processes could be carried out to produce necessary chemicals, 

such as hydrogen or methane, by electrolysis of CO2 dissolved in water.3,4 The Phoenix lander 

observed gulley formations on the surface of Mars, likely caused by the flow of liquid over the 

surface, which, coupled with soil analysis, led to the conclusion that perchlorate brines exist 

under certain conditions on the surface of Mars.5–9 Previous research has shown that lowering 

the temperature below 0 °C increases the production of CH4 and CO and decreases the 

production of H2 when CO2 is electrocatalytically reduced in brines of Mg(ClO4)2.3 The non-

standard temperature and pressure conditions of extra-terrestrial regions need to be 

considered when designing catalytic processes and they can sometimes be advantageous.  

It has been demonstrated that electrochemical processes can be carried out in solid 

aqueous electrolyte10,11, however by increasing the electrolyte concentration, the freezing point 

of the solution can be depressed to maintain a liquid phase, which is more technologically 

advantageous. Blagden’s Law, equation (1), can be used to estimate the depression in 

freezing point of the electrolyte, ȹT, where K is the cryoscopic constant of the solvent, m is the 

molality (moles solute per kg solvent) and i is the Van’t Hoff factor. 

Ў╣ ╚ □ ░  (1) 

Care should be taken when using, equation (1) as it  does not account for the chemical 

activity of the ions and is only applicable for ideal solutions. Equation (1) can be used for 

general approximations, such as for the freezing point of sea water, but at high concentration, 

non-linear behaviour occurs and the freezing point begins to rise again.12,13 Using brines as 

electrolytes enables the depression of the freezing point whilst, in theory, also favouring the 
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increase in the solubility of certain gases such CO2, methane and O2.14  As such the increase 

of the reactants might also increase the rate of electrochemical reaction involving these gases. 

For example, in Mg(ClO4)2 brines as the temperature is lowered to -35 °C, the solubility of O2 

increases to around 1.1 mM and the current due to O2 reduction increases.15 In previous works 

we have also reported an increase of the reaction rate of the electrochemical conversion of 

CO2 and methane at sub-zero temperatures in aqueous brines of Mg(ClO4)2 and KOH.3 

Changes in temperature not only have an effect on the solubility of CO2 in aqueous 

electrolyte, they will also have a marked effect on the dynamic viscosity, ɖ and the density, ɟ. 

These factors are not only important in the engineering of future technology but also for 

fundamental processes such as mass transport of ions. The Nernst-Plank equation, (2) is used 

to describe the mass transfer to an electrode, encompassing the processes of diffusion, 

convection, and migration. 

ὐὼ  Ὀ Ὀὅ ὅὺὼ  (2) 

Where at a distance x from an electrode for a species i , J is the flux (mol s-1 cm-2), D 

is the diffusion coefficient (cm2 s-1) , C is the concentration (mol cm-3), z is the charge, F is the 

Faraday constant, R is the gas constant, T is the temperature (K), ű is the electrostatic potential 

(V), and v is the velocity (cm s-1). The diffusion coefficient, D, can be derived from the Einstein-

Stokes equation (3), 

Ὀ     (3) 

where, kB is the Boltzmann constant, reff is the effective radius of the species (m), and 

ɖ is the dynamic viscosity of the solution (Pa s). The dynamic viscosity is derived from the 

kinematic viscosity, ɜ, (m2 s-1) and the density via equation (4). 

– ’”   (4) 
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When designing electrolysers for any catalytic process involving a liquid reaction 

media, the viscosity of the media is important for the physical design aspects, since viscosity 

will affect the flow through components. However, as equation (2) shows, the flux of any 

reactants or products of the reaction is heavily influenced by the diffusion coefficient which is, 

in-turn, heavily affected by the viscosity. Given the importance of the viscosity for mass 

transport during electrochemical reactions, such as CO2 conversion16–19 and water splitting20, 

herein we report the values of density and dynamic viscosity at sub-zero temperatures down 

to 255 K for Mg(ClO4)2 and KOH brines in the absence of, and upon saturation with, CO2 gas. 

These results can then be used to better understand the anti-Arrhenius behaviour seen 

during the electrochemical conversion of CO2 and the oxidation of methane at temperatures 

below -5 °C reported in our previous work.3 A more complete understanding of electrochemical 

conversion of CO2 at low temperatures will further promote the design of electrochemical 

devices for space exploration and colonization. 

3.2 Methodology 

3.2.1 Preparation of materials 

Solutions of KOH (Sigma Aldrich > 85 %) and Mg(ClO4)2 (Alfa Aesar > 95 %) were 

prepared by weighing out the required mass of solid using an analytical balance (measuring 

to 0.01 mg) and dissolving in a weighed mass of ultrapure water (Millipore Milli-Q® Integral 3, 

18.2 MΩ cm−1, <5 ppb total organic carbon) to make the correct concentration in mol kg-1. All 

solutions were left in a temperature controlled 1:1 glycerol: water bath, cooled using a HUBER 

TC45E cooler with a temperature control ±0.5 K until they reached the desired temperature. 

Solutions were saturated with CO2 (BOC, N4 grade) by bubbling for 20 minutes at room 

temperature and then for another 10 minutes at each temperature before each measurement 

was taken. Given the units involved in equation (1), all the concentrations in the manuscript 

are reported in molality (moles solute per kg solvent). 
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3.2.2 Density measurements 

Pycnometers were acquired from Fisher Scientific and calibrated using acetonitrile 

(Fisher Scientific, 99.9%, Extra Dry over Molecular Sieves) at 298 K, 273 K, 263 K and 255 K. 

For density measurements, the pycnometers were filled with solutions that had been pre-

cooled in the temperature-controlled bath and then left again to reach the desired temperature 

before measurements were taken (usually > 10 mins). Reported densities for 8.5 m KOH and 

3.8 m Mg(ClO4)2 are an average of at least 12 measurements from three different samples. 

The reported error is the calculated via root sum of the squares of the error in the pycnometer 

and the error in the calibration curve fit (error in volume of pycnometer ± 3 x 10-4 cm-3). 

3.2.3 Viscosity measurements 

To measure the kinematic viscosity an Ubbelohde viscometer (Paragon Scientific) 

suspended in the same temperature-controlled bath was used. When solutions were 

introduced to the viscometer, the sample was again left to cool to temperature before any 

measurement took place. The flow time was measured with a digital stopwatch capable of 

measuring ±0.1 s. Kinematic viscosity (ɜ) was calculated using the equation, 

‡ ὃ ὸ    (5) 

Where t is the flow time and A is the calibration constant of the viscometer. Kinematic 

viscosities are an average of at least 15 measurements from three different samples and the 

standard deviation of the measurements taken as the error. 

The measured kinematic viscosity, ɜ, was converted to the dynamic viscosity, ɖ, via 

equation (4) and the errors propagated via root sum of the squares. The error increases at low 

temperature due to uncertainty in the end point of measurement. 

3.2.4 Methodology validation 

To validate the methodology, density and viscosity measurements were determined for 

pure water and KOH solutions and are compared to previous works. As can be seen in Table 
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1, in the case of water, both the density and the dynamic viscosity are within 1 % of the 

literature results.21 For 8.5 m KOH, the density value reported in this work is within 1% of the 

literature value, however, the dynamic viscosity has a 4% deviation.22  Such error can be 

associated to the hygroscopic nature of KOH solutions decreasing the concentration of the 

solutions during measurement of the viscosity.  

Table 1. Comparison between density and viscosity measurements obtained in this work and 
in previous reports. a Reference 21. b Calculated from reference 22.  

 ɟ at 25 °C / g cm-3 ɖ at 25 °C / mPa s 

 This work literature This work literature 

water 1.0005 ± 0.0008 0.997a 0.900 ± 0.004 0.890a 

8.5 m KOH 1.3024 ± 0.0010 1.309b 2.271 ± 0.008 2.362b 

 

3.3 Results and Discussion 

3.3.1 Determination of the density of Mg(ClO4)2 and KOH solutions as a function of 
temperature 

Figure 1 shows the densities of Mg(ClO4)2 and KOH solutions as a function of the 

temperature. As expected, the density of all solutions increases linearly with decreasing 

temperature. At 255 K, 3.8 mol kg-1 is close to the saturation of the Mg(ClO4)2 solution and 

below this temperature precipitation of 6H2O.Mg(ClO4)2 occurs12 which is the most stable form 

under Martian conditions.23 Upon CO2 saturation, the solution of  3.8 m Mg(ClO4)2 showed no 

 
Figure 1. Density as a function of temperature between 255 K and 298 K with CO2 (red) 
and without CO2 (black). (A) Results from 3.8 m Mg(ClO4)2. (B) Results from 8.5 m KOH.  

A B 
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significant change in the density at any T measured suggesting little absorption of CO2 in the 

solution. These results are in agreement with the poor solubility of CO2 at the pH of the 

Mg(ClO4)2 solutions (pH=8). Previous work by our group using mass spectroscopy found that, 

in the same electrolyte,  the concentration of CO2 increased from 1.12 mM at 293.15 K to 5.08 

mM at 253 K.3 However, such small changes of concentration of CO2 in the solution are below 

the detection limit and within the standard deviation of the measurements using the 

methodology used in this work.  

Upon saturation with CO2, the density of 8.5 m KOH increases by 0.04 g cm-3 across 

all the measured temperatures. This indicates that the amount of CO2 absorbed is constant 

over all temperatures in this range. Alternatively, as in the case of the Mg(ClO4)2, the variation 

in concentration of CO2 is again, too small to be seen via this methodology. In this regard, 

previous works have shown that at room temperature, the concentration of absorbed CO2 

increases with concentration of KOH24, due to the formation of (bi)carbonates, but at very high 

concentrations of the electrolyte, the CO2 solubility is limited due to the so called the “salting 

out” effect.25,26 The balance between these factors, (bi) carbonate formation and salting out 

effect, and the expected increase in CO2 solubility due to the lower temperature, may account 

for the observed constant CO2 concentration across the temperatures measured. 

 

Table 2. Measured density of 3.8 m Mg(ClO4)2 and 8.5 m KOH solutions, with and without 
CO2 saturation. 
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3.3.2 Determination of the viscosity of the Mg(ClO4)2 and KOH solutions as a function 
of temperature   

The measured kinematic viscosity, ɜ, was converted to the dynamic viscosity, ɖ, via 

equation (4) and the results are shown in Table 3. Over the temperature range investigated, 

the values of viscosity for both Mg(ClO4)2 and KOH solutions fit an Arrhenius relationship, 

equation (6),  

– ὃὩ   (6) 

Where R is the gas constant, A is the preexponential factor (Pa s), and Ea is the 

activation energy (kJ mol-1). The Arrhenius plots are shown in Figures 2A and 2B. Figure 2A 

shows little difference between ɖ for the CO2 saturated and unsaturated Mg(ClO4)2 solution. 

This agrees with the interpretation of the ɟ results where there is little absorption of CO2. 

Figure 2. Viscosity as a function of temperature (black) without CO2 and (red) upon 
saturation with CO2. (A) and (C) Results from 3.8 m Mg(ClO4)2. (B) and (D) Results from 8.5 
m KOH.  

A B 

C D 

A B 

C D 
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Previous work has attributed the increase in viscosity for concentrated Mg(ClO4)2 solutions to 

the formation of solvation spheres on a picosecond timescale around the ions which act as 

suspended spheres in solution which in turn increases the viscosity.27 

On the other hand, Figure 2B shows an increase in the difference in ɖ for the 

unsaturated and CO2 saturated KOH solutions as the temperature decreases . Since, ɟ 

indicates that the concentration of CO2 is constant across the temperature range, then the 

change in ɖ must be due to changes in the strength of the intermolecular forces of attraction. 

When the CO2 dissolves, it reacts with the available water and sets up an equilibrium between 

CO3
2-, HCO3

- and H2CO3. In concentrated KOH, the most abundant ion is HCO3
-, which causes 

an associated lowering of the pH.24 The carbonate ions can form hydrogen bonds and interact 

with the wider water network which therefore increases the intermolecular forces of attraction 

and therefore the viscosity. 

In other to obtain the activation energy of the system, Figures 2C and 2D show the 

Arrhenius linear representation of the measured values of the viscosity as a function of the 

temperature, using equation (7). 

ÌÎ– ÌÎ–  Ͻ   (7) 

Table 3. Calculated ɖ values for Mg(ClO4)2 and KOH solutions with and without saturation with 
CO2. 

 3.8 m 
Mg(ClO4)2 

CO2 sat. 3.8 m 
Mg(ClO4)2 

8.5 m KOH CO2 sat. 8.5 m KOH 

T  /  K ɖ / mPa s 

298 2.77 ± 0.04 2.78 ± 0.04 2.27 ± 0.03 2.91 ± 0.08 

273 5.45 ± 0.09 5.48 ± 0.07 4.44 ± 0.06 5.89 ± 0.18 

263 7.67 ± 0.10 7.82 ± 0.11 6.29 ± 0.09 8.45 ± 0.31 

255 10.65 ± 0.14 10.66 ± 0.2 8.58 ± 0.11 11.06 ± 0.43 
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 ɖÐ, can be interpreted as the viscosity in the absence of an activation energy (Pa s), and Ea is 

the energy input needed for molecules in the solution to flow past each other. These 

parameters are derived for each of the solutions, Table 4. There is a small increase in Ea when 

KOH is saturated with CO2 which supports that there is an increase in the strength of the 

interactions between the ions.  

 

3.3.3 Determination of the diffusion coefficient of CO2 in Mg(ClO4)2 and KOH 

Using the values for ɖ determined in the previous section and equation (3) the values 

for D were calculated and the results shown in Table 5. The hydrodynamic radius of the CO2 

was assumed to be the same as in pure water28 but loosely dependent on temperature.29 As 

T decreases, the diffusion coefficient also decreases in both solutions. The larger ɖ values for 

8.5 m KOH correspond with lower D values compared to 3.8 m Mg(ClO4)2. According to 

equation (2), lower values of the diffusion coefficient, indicate a lower flux and a decrease in 

mass transport of CO2 through the solutions. 

Table 5. Calculated diffusion coefficient for CO2 in Mg(ClO4)2 and KOH at various temperatures 

 CO2 sat. 3.8 m Mg(ClO4)2 CO2 sat. 8.5 m KOH 

T / K D / 10-10 m2 s-1 

298 7.01 6.71 

273 3.43 6.71 

263 2.37 3.19 

255 1.71 2.19 

 

 

Table 6. Calculated diffusion coefficient for CO2 in Mg(ClO4)2 and KOH at various temperatures 

Table 4. Viscosity at infinite temperature and the activation energy for each solution derived 
from the linear fit in Figures 2C and D  

solution 10-3 ɖқ / mPa s Ea / kJ mol-1 
R2 values for Figure 2C 

& D 

3.8 m Mg(ClO4)2 1.14 ± 0.03 19.3 ± 0.4 0.999 
CO2 sat. 3.8 m Mg(ClO4)2 1.32 ± 0.04 19.0 ± 0.4 0.998 

8.5 m KOH 1.03 ± 0.03 19.1 ± 0.5 0.998 
CO2 sat. 8.5 m KOH 1.07 ± 0.02 19.6 ± 0.3 0.999 
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Interestingly, our previous work showed an increase in the electrochemical conversion 

of CO2 in brines at sub-zero temperatures, with and without mass transport control. Therefore, 

even though the physicochemical properties of the solution, such as density and viscosity, 

influence the diffusion of the gaseous reactant species, other intrinsic parameters are 

promoting Anti-Arrhenius behaviour so that at low temperatures the catalytic activity increases. 

3.4 Conclusions 

The density and dynamic viscosity of highly concentrated KOH and Mg(ClO4)2 

solutions, was measured and reported at temperatures below 273 K. The high electrolyte 

concentration results in the depression of the freezing point of the aqueous solution down to 

255 K. It was found that as the temperature decreased, ɖ and ɟ for all solutions increased. ɟ 

increased linearly and ɖ followed an Arrhenius relationship. Given the importance of these 

solutions for the development of electrolysers on other planetary object, the density and 

dynamic viscosity of the same KOH and Mg(ClO4)2 solutions saturated with CO2 is also 

reported.  

3.8 m Mg(ClO4)2 shows no significant differences in ɖ or ɟ at any measured 

temperature after saturation with CO2. The results are associated to the poor solubility of CO2 

at the pH of the Mg(ClO4)2. Conversely, 8.5 m KOH solutions show marked changes in 

physicochemical behaviour upon saturation with CO2. A constant increase in ɟ is observed, at 

the same time a much greater increase is observed in ɖ at lower temperatures. We conclude 

that the formation of (bi) carbonate species, due to the reaction between the CO2 and the KOH, 

increase in the strength of the interactions between the ions resulting in a  larger change in the 

viscosity at lower temperatures.  

At low temperature, the diffusion coefficient of CO2 is significantly reduced in these 

solutions which will result in less mass transport through the electrolyte. This indicates that the 

increase in CO2 reduction current at low temperature seen in our previous work is not due to 
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an increase in transport of CO2 to the electrode surface but more likely other factors such as 

overall CO2 concentration.3 However, the benefit in increased activity at low temperature is 

finely balanced with the disadvantageous increase in viscosity of the solutions and the 

decrease in diffusion of CO2. 
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CHAPTER 4 

Investigating the stabilising effects of the electrolyte on CO2 
reduction intermediates using DFT calculation 
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Abstract 

The electrode-electrolyte interface, and in particular the nature of the cation, has 

considerable effects on the activity and product selectivity of the electrochemical reduction of 

CO2. In order to improve the selectivity of this challenging reaction, it is paramount to 

understand the cation effect on the reaction mechanism. Here, DFT calculations are used to 

assess the different effects of K+, Na+, and Mg2+, on single carbon CO2 reduction intermediates 

and the results are illustrated using scaling relations. From these relations, it is shown that K+ 

and Na+ influence intermediates similarly, while Mg2+ interacts differently, likely due to its 

greater charge. These results are then applied to the reduction of CO2 to CO on three different 

catalytic surfaces (Au, Cu and Pd) and the change in selectivity highlighted. 

4.1 Introduction 

Density Functional Theory, DFT, calculations are a useful tool for investigating 

chemical reactions. They calculate an approximate solution to the Schrödinger equation for a 

many-body system and the technique provides a good balance between accuracy and 

computational resources.1 Herein, DFT calculations are used to investigate the stabilisation of 

key CO2 reduction intermediates by experimentally relevant species, namely water and metal 

cations. 

DFT calculations have been used in the past to develop a deeper understanding of 

experimental results. For example, on Cu(100) at low overpotentials, only C2 products are 

observed, and the formation of ethylene is shown to be independent of pH.2 Results from DFT 

calculations showed that at low overpotential, the formation of a C2O2
- intermediate (which was 

observed in its hydrogenated form in IR experiments), via a decoupled proton-electron transfer 

step, is the potential determining step for the production of ethylene on this surface.3,4 Further 

calculations proposed that at high overpotential, the reaction mechanism changes and the C2 

intermediate is formed from the dimerization of *CO and *CHO.5 The protonation of *CO is 

considered one of the potential limiting steps and forms either *CHO or *COH, see Figure 1. 
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DFT screening of various facets of transition metals was able to show that *COH and *CHO 

are stabilised differently by different surfaces and so different strategies are required to 

stabilise each intermediate.6,7 This highlights the difficultly in optimising the CO2RR since there 

may be no single approach which will stabilise all intermediates appropriately.  

Scaling relations are a method of screening many surfaces for catalytic purposes.8 The 

adsorption energy of similar intermediates correlates in a linear fashion, for example, *OH and 

*OOH which are key intermediates in oxygen catalysis,9,10 and C, S, N and O with their 

respective hydrogenated forms.8 These scaling relations allow for the production of Sabatier-

like volcano plots where the most active catalysts sit at the apex. However, scaling relations 

cause intrinsic limitations to the minimisation of the overpotential for reactions in which more 

than two electrons are transferred due to the constant separation of energy between 

intermediates that scale together.10 For CO2 reduction, there has been some progress in 

Figure 1. Schematic showing the reduction of CO2 on Cu catalysts to its various products. 
Reprinted from reference. 44 
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detecting7,11 and understanding how to “break” these scaling relations12,13 but also criticism that 

there is insufficient consideration given to solvent effects.14 

The simplest DFT calculations of an absorbate on a surface take place as if in a vacuum 

and so there are often discrepancies between theoretical and experimental results. There are 

multiple ways to include solvent and/or electrolyte effects to try to improve the predictions of 

DFT calculations. There are two commonly used methods to mimic the effect of the 

surrounding solution. Implicit solvation treats the surrounding liquid as a continuous media and 

generally relies on the experimentally measured dielectric screening constant.15–17 This 

method is computationally cheap but, because it does not account for hydrogen bonding to 

adsorbates, it can be inaccurate.18 Explicit solvation models include explicit water molecules 

in the calculations and although these models have a greater accuracy they are very 

computationally demanding.19 For the calculations within this chapter, an affordable model 

where calculated solvation corrections determined from a micro-solvated adsorbate are 

applied which provides a good approximation to experimental results.20  In other studies, 

electrolyte ions have been included and shown to affect the selectivity and the activity of the 

CO2 reduction reaction. On Ag electrodes, larger cations promoted CO production over H2 

production21 and increased the current density due to formation of CO and HCOO-.22 On Cu 

electrodes, increasing cation size also favours CO2 reduction over H2 evolution as well as 

promoting C2 products rather than C1.23 DFT calculations have provided an explanation by 

showing that larger cations provide greater stabilisation to C2 intermediates.24 

This chapter aims to look at how C1 intermediates are stabilised by water solvation 

effects and cations. The main body of the work looks at whether there is variation in how K+, 

Na+, and Mg2+ cations affect the intermediates and scaling relations are constructed to 

determine this. The specific effects of the cations on the first steps of CO2 reduction, namely 

CO2 reduced to *CO via *COOH, on experimentally relevant metals is then discussed. 
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4.2 Methodology 

All calculations were performed using the Vienna ab-initio Simulation package25 using 

the PBE exchange-correlation functional26 and the projector augmented-wave (PAW) method27 

to describe the ion-electron interactions. Geometry optimisation was carried out using the 

conjugate gradient method with a plane-wave cut-off of 450 eV. For calculations of slabs with 

adsorbates, relaxation was stopped when the maximal residual forces on all atoms was less 

than 0.05 eV/Å. The Methfessel-Paxton smearing method28 was used where the Fermi level 

was smeared to a width of 0.2 eV and all energies were extrapolated to 0 K. The vertical 

distance between slabs was greater than 12 Å and dipole corrections were added to avoid 

spurious electrostatic interactions between vertically stacked images.  

The gas phase energies of molecules were either taken from the literature or calculated 

in the same way where Gaussian smearing was used with a Fermi level smearing width of 

0.001 eV and again, all energies were extrapolated to 0 K.7 For gas-phase calculations a 15 Å 

box was used and the Brillouin zone was sampled using a (1x1x1) Monkhorst-Pack mesh.29 

4.2.1 Reaction energies 

 For the reduction of CO2 to CO, the reaction energy, ȹG, in vacuum was calculated 

using the equation (1). 

ЎὋ  ЎὉ ЎὉ ὝЎὛ  (1) 

Where ȹEDFT is the calculated DFT reaction energy, ȹEZPE is the zero-point energy and 

ȹS is the entropic contribution. ȹEZPE was calculated with DFT using the vibrational 

frequencies from the simple harmonic oscillator approximation. For gas and liquid molecules, 

ȹS was taken from standard entropies reported in the literature.30 A liquid phase correction 

was applied to ȹS for water.3,30,31 For adsorbed intermediates, ȹS includes only the vibrational 

contribution. Heat capacity effects were not included since their effects are negligible on 

formation energies at 298.15 K.32 To account for the errors intrinsic to DFT calculation of gas 
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phase energies, for CO2 and CO specifically, semiempirical corrections have been applied.33 

When solvation or cationic corrections are applied, it is assumed that any changes in ȹEZPE 

and ȹS are negligible since all species remain adsorbed.20 To verify this, solvation corrections 

for *K on adsorbed CO was calculated with DFT energies and reaction energies and the 

difference was shown to be less than 0.05 eV. 

4.2.2 Effect of solvation on CO2 reduction to CO 

When investigating the effect of solvation on the reduction of CO2 to CO, (3×3) slabs 

were used of the (111), (100), and (211) surfaces. 4 layers of atoms were used where the 

bottom 2 layers were fixed at the optimised bulk distance. Again, a Monkhorst-Pack mesh was 

used to sample the Brillouin zone but with grid size (6×6×1). 

VASPsol was used to calculate stabilisation by implicit solvation.15,16 For explicit 

solvation, step wise addition of H2O molecules was used.20 The additional stabilising energy 

provided by each additional water molecule solvating the CO2 reduction intermediate, ɋw
n, is 

compared to the stabilising energy provided when the water molecule is solvated by other 

water molecules, ɋH2O,, and if ɋw
n< ɋH2O it is assumed that the intermediate, w, is solvated.  

   is the energy of a H-bond between two water molecules in a micro-solvation 

environment and is calculated in the following manner. Equation (2) describes 4 water 

molecules being adsorbed onto a surface in a micro-solvating configuration, where the square 

brackets signify species interacting with one another on a surface. 

τὌὕ  τᶻ O Ὄὕᶻ σᶻὌὕ  (2) 

To calculate the stabilising energy of a single water-water interaction, equation (3) is used. 

   ɝὉ ɝὉ    (3) 

Where, ɝὉ  is the adsorption energy of 4 water molecules being adsorbed into a micro-

solvation configuration where one water is stabilised by three surrounding water molecules, 
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described in equation (2). The energy is an average of three configurations where one of the 

O-H bonds of the central water molecule is either pointing, up, down, or parallel to the surface. 

ɝὉ  is the adsorption energy of a single water molecule in a vacuum described in 

equation (4). 

ᶻ Ὄὕᴼ Ὄᶻ ὕ  (4) 

The stabilisation provided by the micro-solvation environment is the difference between ɝὉ  

and ɝὉ . This energy is divided by 3, as in equation (3), to give the stabilisation of a 

single H-bond. 

4.2.3 Effect of cations on C1 intermediates 

To investigate the effect of cations on CO2 reduction intermediates, (4×4) (111) slabs 

were used. These were large enough to avoid lateral interactions between adsorbates. Due to 

computational resource limits, 3 layers of atoms were used, where the bottom layer was fixed 

at the optimised bulk distances and the top two layers and any absorbates were allowed to 

fully relax. The Brillouin zone was sampled using a (3×3×1) Monkhorst-Pack mesh. Ag, Au, 

Co, Cu, Ni, Ir, Pt, Pd and Rh surfaces were used in their spin restricted fcc configuration. 

Previous work shows that this configuration is acceptable for Co and that, although there are 

differences in the spin restricted and unrestricted values for Co and Ni surfaces, the trends are 

unaffected.7  

To calculate the binding energy, ȹEW, for each intermediate equation (5) was used. 

ЎὉ Ὁz Ὁz Ὁ    (5) 

Where, E* is the energy of the metal surface, E*w is the energy of the surface with the adsorbed 

intermediate (*COOH, *CO, *COH, *CHO, *C, *CH, *CH2, *CH3) and Ew is the energy of the 

adsorbate in its gas form (COOH(g), CO(g), COH(g), CHO(g), C(g), CH(g), CH2(g), or CH3(g)).   
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The stabilisation of each intermediate by a cation is modelled using equation (6), with 

*K used as an example. 

ύz  zὑ O ᶻύ ὑ  z  (6) 

And so, the stabilisation energy provided by *K, ɋ*K,  is given by equation (7), 

ɱz Ὁz Ὁz Ὁz Ὁz   (7) 

Where E*[w+K] is the energy of the intermediate with a co-adsorbed K, and E*K is the energy of 

adsorbed K. 

4.3 Results and Discussion 

4.3.1 Scaling relations 

Scaling relations for CO2 reduction intermediates are shown in Figure 2. The results for 

each intermediate are plotted vs. ЎὉz  using the linear equation (8). 

ЎὉ ά ЎὉz  Ὥ   (8) 

The gradient of the line can be calculated using a simple electron counting relation, 

ά ὔ ὔϳ , where ὔ  is the number of electrons required for an intermediate, w, to reach a 

full outer shell and ὔ  is the number of electrons for C to complete its outer shell, that is 4. This 

relation is applicable in many situations where the interaction between the surface and each 

species is similar. For example, atoms with the same number of valence electrons (e.g. C and 

Si) scale linearly with a gradient of 1,34 and step-wise hydrogenation causes the same change 

in gradient irrespective of whether the central atom is S or O, so that the slope of the SH vs S 

scaling relation is similar to that of OH vs O.8 However, other factors can influence the gradient 

such as solvation or covalent character in the interaction between the adsorbed intermediate 

and the surface.14 Besides, scaling relations may or may not exist depending on the chemical 

nature of the adsorbates and the composition and coordination number of the adsorption 

sites.35 
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Figure 2. Adsorption energy scaling 
relations on the (111) surface of the nine 
metals investigated, between *C and (A) 
*CH, (B) *CH2, (C) *CH3, (D) *CO, (E) 
*CHO, (F) *COOH and (G) *COH. 
Results in black squares are from 
calculations done in vacuum, red circles 
are calculations with adsorbed *K, blue 
triangles are calculations from adsorbed 
*Na, and green inverted triangles from 
adsorbed *Mg. The parameters for the 
linear fits for each line are shown in 
Table 1.  

A B 

C D 

E F 
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Table 1 shows that for the intermediates alone on the surface, shown in black in Figure 

2, the gradients follow the literature and abide by the expected valence electron relationship. 

Intermediates where Nw is 3, (*CH and *COH) have gradients close to 0.75, where Nw is 2 

(*CH2, *CO, and *CHO) the gradient is close to 0.5 and where Nw is 1 (*CH3 and *COOH) the 

gradient is close to 0.33. Upon co-adsorption of cations, *K shown in red, *Na shown in blue, 

and *Mg shown in green respectively in Figure 2, there is no significant change (<0.1 eV) in 

the gradient for any intermediate, except for CO. For CO, as the electronegativity of the cation 

increases, the gradient increases from close to 0.5 to close to 0.75 suggesting a loss of the 

double bond character in CO and a change from 2 to 1 electron needed to complete the 

valence shell. Previous work has shown that the stretching vibration, which is inversely 

proportional to the bond strength, for CO is affected by approaching cations, which supports 

the change in bond order observed here.24,36  

Significant changes are observed in the offset on addition of a co-adsorbed cation. The 

offset of scaling relations is generally dependent on the coordination number of the surface 

adsorption site.6,37 On addition of the cation, there is no observed change in the coordination 

of the carbon intermediate, since the preferred adsorption site for the intermediate does not 

Table 1. Parameters from the linear fits in Figure 2. 

parameter cation adsorbed intermediate 
  CH CH2 CH3 CO COOH COH CHO 

m 

- 0.80 0.54 0.27 0.53 0.36 0.81 0.46 

*K 0.81 0.51 0.26 0.64 0.28 0.85 0.41 

*Na 0.81 0.52 0.26 0.65 0.28 0.87 0.40 

*Mg 0.79 0.47 0.32 0.71 0.32 0.94 0.40 

i / eV 

- -0.95 -0.31 -0.01 1.81 -0.33 0.61 0.40 

*K -0.74 -0.14 0.00 2.38 -1.10 0.95 -0.14 

*Na -0.75 -0.31 -0.01 2.45 -1.19 1.03 -0.23 

*Mg -0.90 -0.67 0.39 2.88 -1.36 1.55 -0.50 

R2 

- 0.994 0.974 0.900 0.957 0.965 0.995 0.983 

*K 0.991 0.970 0.921 0.965 0.971 0.995 0.981 

*Na 0.993 0.977 0.920 0.964 0.971 0.996 0.990 

*Mg 0.993 0.956 0.821 0.947 0.886 0.995 0.907 

 
 

Table 7. Parameters from the linear fits in Figure 2. 

parameter cation adsorbed intermediate 
  CH CH2 CH3 CO COOH COH CHO 

m 

- 0.80 0.54 0.27 0.53 0.36 0.81 0.46 

*K 0.81 0.51 0.26 0.64 0.28 0.85 0.41 

*Na 0.81 0.52 0.26 0.65 0.28 0.87 0.40 

*Mg 0.79 0.47 0.32 0.71 0.32 0.94 0.40 

i / eV 

- -0.95 -0.31 -0.01 1.81 -0.33 0.61 0.40 

*K -0.74 -0.14 0.00 2.38 -1.10 0.95 -0.14 

*Na -0.75 -0.31 -0.01 2.45 -1.19 1.03 -0.23 

*Mg -0.90 -0.67 0.39 2.88 -1.36 1.55 -0.50 

R2 

- 0.994 0.974 0.900 0.957 0.965 0.995 0.983 

*K 0.991 0.970 0.921 0.965 0.971 0.995 0.981 

*Na 0.993 0.977 0.920 0.964 0.971 0.996 0.990 

*Mg 0.993 0.956 0.821 0.947 0.886 0.995 0.907 

 



Chapter 4 

60 
 

change. Thus, the changes to the offset must be due to stabilisation by the cations. The 

stabilisation provided by the cation is denoted with ɋ*x where *X is the cation. Figures 3A and 

3B, illustrate how the stabilisation varies depending on the cation.  

Figure 3A shows how the difference in binding energy between the sole intermediate 

and the intermediate in the presence of *K, ɋ*K, compares to the presence of *Na, ɋ*Na, for 

each of the intermediates. If the ions affect the intermediates in the same manner, then there 

will be a linear relationship between ɋ*K and ɋ*Na with a gradient of 1. To show the expected 

Figure 3. Energy stabilisation provided by (A) *Na (ɋ*Na) and (B) *Mg (ɋ*Mg) plotted against 
energy stabilisation provided by *K (ɋ*K) for C1 intermediates in the reduction of CO2. The 
trendlines show the parity line y = x. 

 

A 

B 
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relationship, a guideline of y = x is included with an error bar twice the mean absolute error 

(MAE) with respect to the parity line. For this correlation, the MAE is 0.06 eV. All the 

intermediates, apart from *CH2, follow this correlation indicating that the intermediates are 

stabilised in a similar way by both *K and *Na. *CH2 is stabilised more by *Na than *K. 

The same analysis is carried out to determine the correlation between stabilisation by 

*Mg and *K and the results plotted in Figure 3B. Here, the MAE was 0.2 eV which is twice the 

intrinsic error of DFT calculations, estimated to be around 0.1 eV. Therefore, the shaded band 

around y = x is twice the error in the DFT method. For each intermediate, the parameters for 

the linear fit for ɋ*Mg vs. ɋ*K are shown in Table 2. It is clear from the R2 correlation coefficients 

that none of the intermediates follow closely the linear relationship, except perhaps for *CH2, 

indicating that *Mg affects the intermediates differently to *K.  

4.3.2 Application to reduction of CO2 to CO 

The reduction of CO2 to form CO via *COOH is the first step (except for formic acid 

which is formed via *OCHO) common to the production of all CO2 reduction products. To 

illustrate the electrocatalytic effects of different methods of stabilisation the results are applied 

to the reduction of CO2 to CO on three experimentally relevant surfaces. Cu, Pd and Au were 

the metals used in our previous work38 and so these surfaces have been highlighted in 

Figure 4. The black line shows the reaction energy, ȹG, for the intermediates without any 

external stabilisation. For all three surfaces, the adsorption of CO2 to form *COOH is the 

potential limiting step and then the further reduction to *CO is a favourable step. For Pd(111), 

the desorption step is very thermodynamically unfavourable which accounts for Pd catalysts 

Table 2. Parameters for the linear fits shown in Figure 3 for ɋ*Mg vs. ɋ*K for each intermediate. 

 CH CH2 CH3 CO COOH COH CHO 

m 2.28 1.75 -0.14 0.98 0.86 1.11 1.02 

i -0.10 -0.46 0.06 0.06 -0.58 0.05 -0.33 

R2 0.788 0.855 -0.121 0.526 0.495 0.491 0.280 

 

 

Table 8. Parameters for the linear fits shown in Figure 3 for ɋ*Mg vs. ɋ*K for each intermediate. 

 CH CH2 CH3 CO COOH COH CHO 

m 2.28 1.75 -0.14 0.98 0.86 1.11 1.02 

i -0.10 -0.46 0.06 0.06 -0.58 0.05 -0.33 

R2 0.788 0.855 -0.121 0.526 0.495 0.491 0.280 
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being poisoned by *CO, reducing their efficiency.39 On Au(111) however, this final step is 

favourable hence CO(g) is the main product of CO2 reduction.40 The desorption step on Cu(111) 

is only 0.12 eV which is a relatively small barrier to overcome and so at low potentials, CO is 

a major product on Cu, but CO can stay adsorbed to the surface and react further.40,41 

Stabilisation of intermediates by the solvent is a more developed subject of 

investigation than stabilisation by cations. In Figure 4, established methods have been used 

to show solvent stabilisation effects. The yellow line shows the stabilisation provided by implicit 

solvation. This stabilisation, ɋsolv,imp, was calculated using the VASPsol programme which 

simulates the dielectric screening of the surrounding solvent.15,16 However, ɋsolv,imp does not 

account for the additional stabilisation provided by H-bonds between the surrounding water 

molecules and the intermediate. The explicit solvation method used applies solvent 

Figure 4. Energy diagrams for reduction of CO2 to CO on (A) Au(111) (B) Pd(111) (C) Cu(111). 
Black line shows reaction energies with no stabilisation of intermediates. Red shows 
stabilisation by *K. Blue shows stabilisation by *Na. Green shows stabilisation by *Mg. Lilac 
shows stabilisation by explicit solvation. Yellow shows stabilisation by implicit solvation. 

 

A B 
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corrections, ɋsolv,exp, only if there is an H-bond formed and the results are shown as the lilac 

line in Figure 4.20 For this reason, ɋsolv,exp corrections are greater for *COOH than *CO.   

Cation stabilisation affects both intermediates to a greater extent on all surfaces. 

Stabilisation by *K, ɋ*K , is shown in red, stabilisation by *Na, ɋ*Na, is shown in blue, and 

stabilisation by *Mg, ɋ*Mg, is shown in green. For *CO, ɋ*K is greater than ɋ*Na, but for *COOH, 

ɋ*Na is greater than ɋ*K. In turn, ɋ*Mg is greater for both intermediates than ɋ*K and ɋ*Na. Recent 

work has shown that in the absence of alkali metal cations, CO2 reduction does not take place 

since the electrostatic stabilisation provided by the cations is essential for the initial adsorption 

of CO2.42 In other work, *K has been shown to stabilise the *COOH intermediate and strengthen 

the bond between the central C and the metal surface.43 *COOH is more polarisable than 

*CO,22 hence it is stabilised to a greater extent by the electrostatic interactions with the more 

electronegative *Na and *Mg.  

4.4 Conclusions and Future Work 

The work in this chapter has reiterated the importance of having a picture which is as 

complete as possible when undertaking DFT calculations. For the reduction of CO2 to CO, 

solvent corrections dramatically change the stability of *COOH. However, the addition of 

cations stabilises *COOH further and also stabilises *CO, since cations stabilise the 

intermediates via electrostatic interactions rather than direct H-bonding. These results are in 

accordance with previous works where K+ has been shown to stabilise *COOH more than 

*CO43 and addition of H-bonding to calculations provides additional stabilisation to certain 

intermediates compared to implicit solvation20
 but in this work they are extended to more 

surfaces and include the divalent Mg2+. K+ and Na+ seem to affect intermediates similarly and 

to the same extent, but the results from the scaling relations show that Mg2+ interacts in a 

dramatically different manner. 
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If there were more computational time available, the additive effect of water and cations 

together on intermediates would have been investigated. This would show whether *COOH 

can interact with both the cation and form an H-bond with water, and whether this interaction 

is more energetically favourable than just interacting with the cation. In reality, cations are not 

bare on the surface of the electrode and would have some form of solvation shell. Further 

calculations would look at this by both explicitly solvating the cation with water and via implicit 

solvation with VASPsol. Of course, C1 intermediates are only part of the full story of CO2 

reduction and later calculations would expand this work to C2 intermediates.  
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5.1 Conclusions 

This thesis has shown that electrochemical reduction of CO2 at sub-zero temperatures 

is not only feasible but can have tangible benefits. However, this work also shows that a 

complete understanding of the effects of temperature, electrolyte concentration, and CO2 

concentration are essential before the system can be scaled up. As with any new technology 

a clear picture of limitations on the small scale can help pre-empt problems on a large scale. 

Reviewing the current literature, alternative electrolytes may have significant 

advantages for CO2RR when the target products are not hydrocarbons, for example CO and 

carbon. However, when hydrocarbons are the focus, a proton source is essential which 

reintroduces the HER as a competing reaction. An ideal electrolyte balances efficiency, 

expense, and safety. Ionic liquids can have very high CO2 concentrations but are expensive to 

manufacture, molten carbonates use non-precious metal electrodes but require very high 

operating temperatures, and organic solvents can degrade and be hazardous to health. Hence 

the argument can therefore be made that the benefits of these alternative electrolytes do not 

outweigh the affordability and accessibility of aqueous electrolytes.  

Experimental work in Chapter 2 showed that using brines of KOH and Mg(ClO4)2, 

CO2RR can be carried out at sub-zero temperatures and in these conditions, the CO2RR is 

promoted and the HER is hindered. Untangling the cause of these results is essential for further 

development. Rotating disk electrode experiments in Mg(ClO4)2 confirmed that the current due 

to the CO2RR increased at low temperatures, independently of mass transport. Further 

experiments in Chapter 3 highlighted that the mass transport of CO2 can vary greatly between 

room temperature and temperatures below 0 °C. As the temperature decreases, the physical 

parameter of viscosity increases and influences the diffusion coefficient of CO2 such that the 

mass transport would be reduced. Together these results seem to indicate that under 

undefined mass transport conditions, increases in the current are not due to high mass 

transport of CO2 to the electrode surface, but more likely an increase in the CO2 concentration. 
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One of the central ideas in this thesis is that CO2 concentration increases at low 

temperatures. The increase in the density of KOH at low temperatures supports this 

hypothesis. However, for Mg(ClO4)2 there are contradictory results. There was no measured 

change in density using the methodology in Chapter 3, but using OLEMS in Chapter 2, which 

is more sensitive, there was a small increase in CO2 concentrations. This merits further 

investigation since it could be that the concentration of Mg(ClO4)2 used is so close to the 

saturation point, that the salting out effect, limits the CO2 absorption to negligible amounts, 

even at low temperatures. 

Not only does the concentration of the electrolyte affect the physical characteristics, 

the computational calculations in Chapter 4 indicate that reaction intermediates are affected 

differently by ions, and so the increased concentration of ions can change the selectivity of the 

reaction. The effect of alkali metal cations on the selectivity of the CO2RR is already observed 

in the literature, but the calculations here show that Mg2+ has dissimilar effects to K+ and Na+. 

This result could be utilised for changing selectivity in conventional dilute aqueous electrolytes. 

This body of work has shown that for the electrochemical reduction of CO2, the 

parameters of low temperatures and high electrolyte concentration are under-explored 

pathways with recognisable benefits. Space exploration missions could use these reactions to 

synthesis useful chemicals directly on the surface of Mars. For environmental remediation on 

Earth, CO2RR for carbon capture and utilisation could take advantage of high cation 

concentrations, which are shown here to change the selectivity of the reaction. An alternative 

pathway for this research is for detection of CO2 in deep sea clathrate structures since the size 

of the CO2 reduction current can be correlated to the concentration. However, further research 

is needed, and the next experiments are described below.  
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5.2 Future work 

The parameters of temperature, electrolyte concentration and CO2 concentration need 

to be effectively disentangled. The density and viscosity measurements of Chapter 3 should 

be conducted at different concentrations of electrolyte and then with increasing concentrations 

of CO2. Then the effect of each parameter can on the viscosity of the electrolyte and the 

diffusion coefficient of CO2 can be seen independently. Once this is determined, further rotating 

electrode experiments should be carried out to determine the kinetics of the reaction at low 

temperatures.  

In order to vary the concentration of CO2 in solution, experiments on varying the CO2 

bubbling time or pressure should be carried out. However, a consistent methodology for 

measuring CO2 concentration first needs to be established so that its influence can be isolated 

from the influence of temperature and electrolyte concentration. From the work presented here, 

OLEMS seems to be more sensitive but alternatively, pycnometers with a larger volume could 

be explored. Larger volumes of electrolyte would have larger changes in mass on saturation 

with CO2, which may then be measurable using an analytical balance. This methodology is 

faster and does not utilise the assumption that all dissolved CO2 is released into its gaseous 

form used for analysis of OLEMS experiments. 

Further computational calculations should look at the stabilisation of C2 products by 

Mg2+ and also how solvated cations interact with the intermediates. This would provide a full 

picture of the stabilisation of all intermediates along the reaction pathway to hydrocarbons. 

Extending the scaling relations to key C2 intermediates, such as the adsorbed CO dimer, will 

allow for general predictions on the products on different metal catalysts. 

The other major area that needs to be explored is the oxidation reaction happening at 

the anode. Oxygen evolution from water is the reaction taking place under these experimental 

conditions and on the surface of Mars, this would be exceptionally useful as O2 is needed for 

astronaut survival and as fuel. If this reaction is dramatically hindered under the low 
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temperature, high electrolyte concentration conditions, then the overall efficiency of the 

electrolyser will be reduced. 




