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Abstract 

By taking advantage of the high solubility of CO2 and CH4 at low temperature, we report the 

electrochemical conversion of these gases in aqueous media down to -40 C. The 5-fold 

increase in the concentration of CH4 in gas hydrate slurries makes its electrochemical 

oxidation feasible at temperatures below the freezing point of water. We also report the 

electrochemical conversion of CO2 at low temperatures and demonstrate, unexpectedly, that 

its reduction in these conditions follows an Anti-Arrhenius kinetics electrochemical 

environment. These findings open windows of investigations of electrocatalysis in brines 

below the freezing point of water. 

Key words: 

Electrocatalysis, CO2 reduction, methane oxidation, brines, freezing point depletion, anti-

Arrhenius 

 

1. Introduction 

Gas hydrates, or clathrates, were discovered in 1810 in the laboratory of Sir Humphrey Davy 

by cooling a solution saturated with chlorine gas below -9°C.
1
 Since then, many other gas 

hydrates such as hydrates of hydrocarbons, sulfur dioxide (SO2) and carbon dioxide (CO2) 

have been discovered.
2,3

 200 years after the discovery of gas hydrates, they are barely used 
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and there are very few examples of technical applications.
4
 In particular, these systems have 

been disregarded for electrocatalytic applications. 

However, the recent discovery of perchlorate brines on Mars at the Phoenix landing site
5
 has 

renewed interest in the scientific community in gas hydrates and the chemistry of brines. 

Given that the composition of the Martian atmosphere is 96 % CO2 and, knowing the 

solubility of CO2 increases with decreasing temperature, it is expected that such brines will 

have large amounts of carbonates and CO2 hydrates.
6
 Furthermore, the presence of CH4 in the 

Martian atmosphere and formation of gas hydrates has recently been confirmed.
7
 

NASA have continuously examined technologies that may enable Mars In-Situ Resource 

Utilization (ISRU).
8
 Such technologies, should provide practical and affordable ways to use 

the local resources during the missions instead of the costly transportation of resources to 

Mars. The technologies should have the ability to transform the resources into air, fuels, 

water for drinking, fine chemicals, plant growth, rocket propellants, building materials, etc.  

CO2  and CH4 hydrates could be considered basic elements for human establishment as they 

could provide, directly or indirectly, fuel, water and standard industrial chemicals for the 

manufacture of plastics. In fact, the ISRU program has focused on the production of methane 

from atmospheric CO2 and hydrogen brought from Earth via the Sabatier reaction, and the 

synthesis of oxygen required for propellant usage.
8
  

Developing and understanding electrocatalytic reactions of gas hydrates at low temperature 

will be relevant for the development of technology capable of producing electricity by 

converting CH4 into CO2 and then recycling CO2 back into CH4. These reactions can then be 

used as a sustainable energy cycle, in a reversible fuel cell,
9
 under severe environmental 

conditions. This will be critical to ensure the availability of key in situ resources sustaining 

future human exploration and colonisation of Mars, Figure 1. Such technology would be 



3 
 

based on reversible fuel cell/electrolyser technologies and preferentially taking place in water 

or gas hydrates.
10

  

So far, electrocatalytic processes in aqueous solution have been extensively studied as a 

function of temperature in the range 0 to 99 C but very little is known about electrocatalytic 

processes at temperatures below the freezing point of water or in gas hydrates.
11

 The 

magnitude of freezing-point depression of the brine solution depends only on the solute 

concentration (m, molality) and the of number of ion particles per individual molecule of 

solute dissociated in the solvent (i, van 't Hoff coefficient). The magnitude of freezing-point 

depression can be estimated by the linear relationship  of these two parameters and the 

cryoscopic constant (kfreezing):  

               

Decreasing the temperature of water to subfreezing temperatures significantly increases the 

solubility of gases in water,
12

 and, as such, the reaction rate of the oxidation or reduction 

reaction can be increased. As the concentration of the gas increases, the chemical potential 

increases which might favour the adsorption of the reactive and intermediate species.  
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Figure 1. Electrochemical utilisation of CO2 and methane transformation on Mars. The 

figure has been prepared based on the In situ Resource Utilization (ISRU) programme 

from NASA. Adapted from 
13

.  

 

In this paper, we report the first electrochemical results for the oxidation of CH4 and the 

reduction of CO2 on platinum, palladium, gold and copper electrodes in aqueous brines at 

subfreezing temperatures, down to -38 °C. The systems were evaluated in different brines 

such as 4.4 m Mg(ClO4)2, similar to those brines observed on Mars, 11 m NaOH and 10 m 

KOH solutions.  

2. Results and Discussion 

2.1 Hydrogen UPD and hydrogen evolution reaction (HER) in brines 

The current-potential curves (I-V) of Pt(111) and Pt(100) single-crystal electrodes in a 4.4 m 

Mg(ClO4)2 solution at different temperatures are shown in Figure 2A. Below 0.5 V vs. RHE 

the features are associated with the hydrogen adsorption/desorption process and at potentials 

higher than 0.5 V vs. RHE the features are due to the formation and reduction of the surface 

oxides. The so-called hydrogen UPD is reversible for both electrodes at room temperature 

and becomes irreversible when the temperature is decreased down to -18 C. Similarly, the 

voltammetric features associated to the oxidation and reduction of the surface change 

significantly when the temperature is reduced from room temperature to -18 C. Such 

irreversibility in the hydrogen UPD and the surface oxides processes are not due to the 

presence of any type of contamination present in the electrolyte but because larger 

overpotentials are required for processes to take place at lower temperature. The degree of 

cleanliness and the effect of the purity of the electrolyte are discussed in the supporting 

information, Figure S10.  
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Figure 2. (A) Voltammetric profiles of Pt(100) and Pt(111) in 4.4 m solution of 

Mg(ClO4)2 at +20 C (black curve) and -18 C  (red curve). (B) Voltammetric profiles of 

Pt(111) in 4.4 m Mg(ClO4)2, temperatures indicated in the figure. (C) Arrhenius plots 

for the HER on Pt(111) at -0.1 V vs RHE in 11 m NaOH and 4.4 m solution of 

Mg(ClO4)2 . 

The irreversibility of the hydrogen adsorption/desorption as a function of the temperature 

contrasts with previous results by Arvia et al. 
11b, 14

 in concentrated sulphuric and perchloric 
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acid. This can be attributed to the large difference in proton concentrations between the 

concentrated acid solutions and the Mg(ClO4)2 brines used in this work. For both electrodes, 

Pt(111) and Pt(100), the hydrogen desorption peak shifts to more positive potentials, 100 mV 

and 120 mV respectively, when the temperature decreases from 20 C to -18 C. In the same 

range of temperature, the hydrogen adsorption peak shifts to more negative potentials, 56 mV 

and 90 mV respectively. This corresponds to a temperature coefficient of approximately 2 

mV K
-1

, an average of the adsorption and desorption processes. This is larger than the 

calculated temperature coefficient of 0.65 mV K
-1

 for the reversible hydrogen electrode in 0.1 

M H
+
 solution

15
 and the shift of 0.45 mV K

-1
 estimated from the adsorption isotherm of 

hydrogen on Pt(111) in 0.1 M HClO4 by Markovic et al.
16

 The variation can be attributed not 

only to differences in the proton concentration but also to the nature and concentration of the 

ions in solution as described by Debethune et al.
15

 As a consequence of the shift in the 

hydrogen adsorption at low temperature, the onset of the hydrogen evolution reaction (HER) 

also shifts towards more negative potentials as shown in Figure 2B. 

This is an important parameter to determine, as the HER is a competitive reaction during the 

electrochemical reduction of CO2. Previous works by Frese et al.
17

 showed that the HER on 

platinum electrodes at -45C in HClO4.5.5H2O, close to the freezing point of the electrolyte, 

follows the Volmer-Tafel mechanism where the combination of two adsorbed hydrogen 

atoms to form H2 is rate determining: 

Haq
+ 

+ e
-
  Had (Volmer reaction) 

2Had  H2 (Tafel reaction, RDS)  

In acidic media, the mechanism of HER is not dependent on the temperature as the Tafel 

slope is independent of T and a proton tunnelling mechanism has been proposed.
11a, 17

 Our 

results show a Tafel slope of 40 mV dec
-1

 at 20 C for the HER in 4.4 m solution of 
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Mg(ClO4)2 . This indicates that either the Tafel step is the rate determining step or that the 

rate determining step is a chemical step preceded by a 2-electron transfer step. The chemical 

steps could be related to the reorganisation of the water molecules in the presence of a high 

concentration of ions. Unlike in acidic media, the HER in Mg(ClO4)2 showed changes in the 

Tafel slope as a function of the temperature, from 40 mV dec
-1

 at 20 C to 65 mV dec
-1

 

at -18 C. This result is consistent with the expected short range structural rearrangement of 

water around both cations and anions.
18

 In 11 m NaOH at 20 C, a value of 135 mV dec
-1

 was 

found for the Tafel slope. This implies that the Volmer step, which is the first electron 

transfer, is the rate determining step: 

H2O + e
-
  Hads +OH

-
 (Volmer step in alkaline media, RDS) 

This is in agreement with previous results for the HER in alkaline media with much lower 

concentrations of hydroxide.
19

 In acidic media, the anions occupy the large cavities in the 

water cage-like structure and the excess of delocalised protons act as charge carriers. In 

alkaline media, it is the cation that occupies the cavities of the water cage structure and the 

hydroxyl ions act as the charge carriers. Given the absence of free protons in alkaline 

solution, the protons for the hydrogen adsorption and HER come from the water molecules. It 

has been previously reported that water at the liquid/solid interface has a well-ordered 

structure which is lower in free energy than either ice or clathrate and higher in energy than 

liquid water under the same thermodynamic conditions.
20

 This ordering increases on cooling, 

giving way to heterogeneous ice nucleation from the surfaces.
21

 However, the water structure 

ordering results in a higher energy barrier that needs to be overcome for proton adsorption 

and subsequent HER.
20

 The Tafel slopes in alkaline media are also temperature dependent,
18d,

 

22
 increasing from 135 mV dec

-1
 at 20 °C up to 190 mV dec

-1
 at -35 °C. The decrease in 

catalytic activity as the temperature decreases follows an expected Arrhenius behaviour, as 

shown in Figure 2C. The apparent activation energies (Ea) in Mg(ClO4)2 and NaOH obtained 
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from the Arrhenius plots were 17.27 kJ mol
-1

 and 31.78 kJ mol
-1

, respectively. Previous 

reports have shown Ea values for H on Pt electrodes in HCl/CH3OH and 0.1 M KOH of 11.2 

kJ mol
-1

 
11a

 and 28.9 kJ mol
-1

 
19c

 respectively.  The differences in Ea can be partly attributed 

to the different pH values but are mainly due to the co-adsorption of cations (Na
+
 vs Mg

2+
).

23
  

On palladium electrodes, in addition to the shift towards more negative potentials for the 

hydrogen adsorption/absorption process upon decreasing the temperature, the intensity of the 

peaks associated to the hydrogen oxidation also changed, Figure S11. This change is related 

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

phases, α- and β-, and the transformation between these phases.
24

 

2.2.Electrochemical reduction of CO2 in brines 

Previous studies have shown that the changes in the lattice parameter of palladium and the 

hydrogen diffusion in the palladium structure influence the catalytic activity and selectivity of 

the electrochemical reduction of CO2.
25

 Therefore, it is expected that the changes to the 

absorption, diffusion and desorption of the hydrogen in the palladium electrodes and the 

increased concentration of CO2 at low temperatures will strongly influence the 

electrochemical catalytic activity and selectivity of the reduction of CO2.
26

  As mentioned 

before, the HER competes with CO2 reduction on some metal electrodes, such as copper and 

palladium. In gas hydrate crystal structures, the arrangement of their hydrogen bond network 

is “ice-like” but  slightly more distorted.  Due to the formation of the ice-like ordered 

structure of water, the HER might be hindered resulting in changes to the kinetics and 

selectivity of CO2 reduction.
11b, 11d, 17
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Figure 3. (A-B) Voltammetric profiles of a Pd polycrystalline electrode at 0 °C and -20 

°C in an Ar-saturated solution of 10 m KOH (black curve) and in a CO2-saturated 

solution of 10 m KOH (red curve) Scan rate, υ=50 mV/s. (C) Voltammetric profiles of 

Au polycrystalline electrode in a CO2-saturated solution of 4.4 m Mg(ClO4)2 at 0 C (red 

curve), -10 C (blue curve) and -18 C (green curve). The voltammetric profile of the 

gold electrode at 0C in absence of CO2 (black dashed curve) was included for 

comparison. Scan rate, υ=50 mV/s 

Figures 3A and 3B shows the electrochemical reduction of CO2 on palladium electrodes in a 

10 m KOH solution at two different temperatures. It shows that, the CO2 reduction, indicated 

by an arrow, is favourable at the lower temperature. Although seemingly counter intuitive, 

this behaviour can be attributed to the increase in the solubility of CO2 due to the formation of 



10 
 

the water cages as the temperature decreases. As the concentration of CO2 increases with 

decreasing temperature, the formation of carbonate species is favourable. Potassium was 

selected as the cation of choice over sodium because when NaOH was used a white 

precipitate of NaHCO3 formed at low temperatures. The measured pH after CO2 saturation at 

-18 C was 11 which indicates the formation of carbonate/bicarbonate species. It is important 

to note that such species are present in the Mars atmosphere and determine the 

oxidation/reduction potential of the Martian soil.
6e

 All the CO2 reduction reaction curves 

were corrected for the corresponding change of the pH at each temperature on the RHE scale. 

 

Figure 4. Gas product distribution during the CO2 reduction on (A) Pd and (B) Cu 

electrodes after 15 minutes electrolysis at -0.6 V vs RHE in 4.4 m Mg(ClO4)2  
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Table 1. Summary of the liquid products identified after 20 min of electrolysis, at -0.6 V 

in a CO2-saturated solution of 4.4 m Mg(ClO4)2 on Cu(111) and Pd(polycrystalline) 

Electrode Temperature 

(℃) 

Species detected in the 1D 
1
H spectrum 

Species detected in the 1D 
1
H-decoupled 

13
C spectrum 

Pd 

20 
HCOOH – trace 

 
None detected (10,000 

scans) 

-18 
HCOOH – 0.30 mM 

EtOH – 0.06 mM 

HCOO
-
  

Cu 

20 
HCOOH – 0.27 mM, 

EtOH – 0.02 mM 
HCOO

-
 

CH2(OH)2 

-18 

HCOOH – 0.26 mM, 

EtOH – 0.13 mM,  

MeOH – trace  

HCOO
-
 

EtOH  
CH2(OH)2 

*Species found in both types of spectra (
1
H and 

13
C) are highlighted in bold. 

The product distribution for this reaction was followed by On-line Electrochemical Mass 

Spectrometry (Figure S1) and NMR (Table 1 and Figure S4-8). As can be seen in Figure 4A, 

the formation of hydrogen decreases when decreasing the temperature from 20 C to -18 C. 

At the same time, a small increase in the formation of other hydrocarbons was observed as 

the temperature decreased. It has been previously reported that the electrochemical reduction 

of CO2 results in the formation of formic acid (formate) at low overpotentials.
25b

 At this pH 

and temperature, the formate is not volatile and its detection was not possible by OLEMS.  

The formation of other gases, such as CO and other hydrocarbon species (CxHy), also 

increased upon decreasing the temperature.  The liquid products were identified and 

quantified using water suppression NMR, Table 1.
27

 The NMR spectra, Figure S6, show the 

different selectivity of the reduction of CO2 at different temperatures. At the lower 

temperature, the formation of formic acid is enhanced and ethanol, which is not observed at 

20°C, is formed. Previous works have reported the formation of  H2, CO and formic acid as 

the main products of the electrochemical reduction of CO2 on Pd.
25b, 28

 Here for the first time, 

we report the formation of ethanol as one of the products of the reduction of CO2. We believe 
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that the C-C coupling is promoted by the increase of the surface coverage of CO at low 

temperatures and the change of the lattice of the palladium. 

Figure 3C shows the electrochemical reduction of CO2 on Au(111) electrodes in 4.4 m 

Mg(ClO4)2 at 0C and -18 C. As in the case of Pd and Pt, the electrochemical reduction of 

CO2 is favoured at lower temperatures. Interestingly, the voltammetric profile at -18 C 

showed an oxidation signal at 0.4 V vs RHE which is not present at 0 C. Since the main 

product of the CO2 reduction on gold is CO, this signal is likely due to the oxidation of CO. 

Earlier work has shown that CO oxidation takes place on gold electrodes at lower potentials 

in alkaline media.
29

 As the CO2 reduction reaction takes place, the local pH becomes more 

alkaline due to the HER favouring the adsorption and oxidation of CO. However, such an 

effect should also be observed at 20 C. The presence of the signal only at low temperature 

can be attributed to the higher concentration of CO near the electrode at low temperature, 

resulting from the increased CO2 reduction reaction. 
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Figure 5. (A-B) Voltammetric profiles of Cu(111) electrode in (A) Ar-saturated and (B) 

CO2 saturated 4.4 m Mg(ClO4)2. The solutions were saturated and the voltammetries 

were recorded with a stationary electrode and at different temperatures as indicated in 

the figure. The arrow indicates the trend as a function of the temperature. (C-D) 

HMRDE voltammograms of Cu(111) electrode in a (C)  Ar-saturated and (D) CO2-

saturated solution of 4.4 m Mg(ClO4)2 at different temperatures. Rotation rate: 1600 

RPM and scan rate,=: 50 mV s
−1

. The arrow indicates the trend as a function of the 

temperature. 
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The curves for the electrochemical reduction of CO2 on Cu(111) in static conditions, as a 

function of the temperature, are shown in Figures 5A and 5B. It was found that the currents 

associated to the CO2 reduction increased as the temperature decreased, likely due to the 

increase of the concentration of CO2 in solution.  

It is well known that mass transport gradients play an important role in the kinetics of the 

CO2 reduction reaction and HER. The use of a hanging-meniscus rotating electrode during 

experiments on the Cu(111) enable strict control over the mass transport, diminishing  the 

concentration gradients at the electrode interface, and by minimising changes of the pH at the 

surface.  

Figures 5C and 5D show cyclic voltammograms of a Cu(111) rotating disc electrode in a 

hanging meniscus configuration (HMRDE) in Ar-saturated  and CO-saturated 4.4 m 

Mg(ClO4)2 electrolyte at different temperatures. Three well defined regions can be 

distinguished. In the Figure 5C, Ar-saturated solution, region I, between -0.2 V and -0.45 V 

vs RHE is assigned to hydrogen evolution reaction from proton reduction. Region II, between 

-0.45 V and -0.7 V vs RHE leads to a current plateau indicating mass transport limitation. In 

region III, at potentials more negative than -0.7 V RHE, the current increases independently 

from proton mass transport and can be assigned to HER from water reduction. 

As can be seen in Figure 5C, Ar-saturated solution, the onset of the proton reduction current  

in region I, is slightly shifted to a more negative potential and the diffusion current, region II, 

is almost unaltered when the temperature is decreased from 0 to -18 C. This is an indication 

that the mass transport and reduction of protons is almost independent of the temperature. On 

the other hand, the HER from water reduction, region III, is shifted to more negative 

potentials as the temperature decreases. Interestingly, the larger overpotential was found 

at -18C where the crystallization of the water is expected at this concentration of the brine.  
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In contrast, the CO2-saturated solution, Figure 5D, the voltammograms are strongly 

influenced by the temperature. The onset potentials in regions I and III,  shift towards more 

positive potentials and the diffusion limiting currents increase as the temperature decreases. 

These results show that under well-defined mass transport conditions, the rate of the 

reduction of CO2 is largely dependent on temperature and that the concentration of CO2 at the 

interface is greater at low temperatures as confirmed in Figure S3.  

 

Figure 6. HMRDE voltammograms of Cu(111) electrode in (black curve) Ar-saturated 

(red curve) CO2-saturated solution of 4.4 m Mg(ClO4)2 at different temperatures and 

rotation rate as indicated in the figure.  Scan rate, 50 mV s
−1

.  

Figure 6 shows the comparison between the voltammograms of Cu(111) HMRDE in an Ar-

saturated  and CO2-saturated 4.4 m Mg(ClO4)2 electrolyte at different temperatures and 

different rotation rates.  

Compared to the Ar-saturated solution, at temperatures above -10 C the onset of reduction 

current in the CO2-saturated solution in region III, is slightly shifted to a more negative 

potential. However, as the temperature becomes more negative and the rotation rate 

increases, the onset of the reduction current shifts to more positive potentials. It is also 

important to note, at temperatures greater than 0 C the diffusion current, region II, is almost 
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identical to the diffusion current in Ar-saturated electrolyte, independent of the rotation rate 

as previously reported for the reduction of CO2 in acidic media.
30

 This is in contrast to lower 

temperatures, -10 C to -18 C, where the diffusion current increases as the rotation rate 

increases. Since the diffusion current, from the Levich constant depends on the kinematic 

viscosity ( 
-1/6

) and the diffusion coefficient (D
2/3

), where both factors decrease with 

temperature, the only possible factors that might result in an increase in the diffusion current 

are the number of electrons (n) and the concentration (C). It was previously proven that the 

concentration of CO2 increased with decreasing temperature, Figure S3. Below, we will 

discuss the changes in the product selectivity that result from the change in the number of 

electrons transferred. The increase in the limiting current, as a function of the rotation rate, at 

-18 C might also influence the onset of the reduction current in region III.   

 

Figure 7. Arrhenius plots at -0.4 V (black square) and -0.45 V (red circle) on a Cu(111) 

electrode in a CO2-saturated solution of 4.4 m Mg(ClO4)2. To obtain the ln(K) the 
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kinetic currents (jk) at each potential were corrected by the diffusion current (jd) at -0.72 

V according to the modified Koutecky-Levich equation.(A) Currents obtained at 250 

rpm and (B) currents obtained at 1600 RPM 

In order to determine the Ea of the process from the Arrhenius plots, the true kinetic currents 

(jkin) were determined at -0.4 V and -0.45 V vs RHE  by correcting the currents at each 

potential (j) by the diffusion currents (jDiff) using the modified Koutecký–Levich equation as 

previously described for the ORR.
31

 The concentration of the CO2/HCO3
-
 was also 

determined at each temperature following the procedure described in the SI and shown in 

Figure S2. Figure S3 shows how the solubility of CO2 increases as the temperature decreases. 

As a result of the increase in the solubility of CO2, HCO3
-
 is formed and the pH increases. 

The Arrhenius plots for the Cu(111) electrode at 2 different potentials, -0.4 V vs RHE, region 

I, and -0.45 V vs RHE, region II, and 2 rotation rates are shown in Figure 7. The kinetic 

constants were determined, taking into account that both CO2 and HCO3
-
 are reactive species 

in the CO2 reduction reaction. As can be seen, the Arrhenius plots present two different 

slopes, positive slopes at temperatures greater than -5C and negative slopes at temperatures 

less -5C, independent of rotation rate and the potential. At higher temperatures, greater than 

-5°C, the calculated Ea values were Ea = 4.3 ± 0.3 kJmol
-1

 at -0.4 V and Ea = 3.58±0.04 

kJmol
-1

 at -0.45 V and at temperatures lower than -5°C, the Arrhenius plots show an Anti-

Arrhenius behaviour with Ea = -1.25±0.25  kJmol
-1

 at -0.4V and Ea = -1.52±0.08  kJmol
-1

 at -

0.45 V.  

Other kinetic parameters, such as Tafel plots and the electron transfer coefficient, could be 

extracted from the cyclic voltammetry, however this manuscript does not include the kinetic 

analysis to avoid oversimplifying of the process. Previous works have oversimplified the 

analysis of the kinetics of the CO2 reduction reaction, typically assuming that the surface 

coverage of the intermediate species is constant.
32

 However, this simplification leads to an 
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incomplete description of the actual surface kinetics, in particular on Cu electrodes where the 

coverage of different reaction products and different intermediate adsorbed species varies 

with the applied potential.  

Regarding the selectivity, results seen in Figure 4B, show that on Cu(111) the HER decreases 

and the formation of hydrocarbons, CH4 and C2H4, increases as the temperature decreases 

from 20 C to -18 C. Similar trends were observed by Ahn et al. for the temperature range 

between 42 C and 2 C.
33

 An increase in the CO production rate was also observed at low 

temperatures. It is important to note that the solubility of all these gases, CH4, C2H4 and CO, 

increase at low temperature due to the formation of their respective gas hydrates. The NMR 

analysis, Table 1, shows larger concentrations of formic acid and small amounts of methanol, 

gem-diol and ethanol were detected after 20 min of electrolysis at -18 C.  

The changes in product selectivity during the CO2RR can be attributed to different sources, 

and in fact many of the reasons can be interlinked. As shown before, the decrease in the 

temperature results in a decrease of the HER, but also result in an increase of the solubility of 

the CO2 species. Koper’s group reported that the water reduction pathway is specifically 

inhibited by adsorbed CO during the CO2RR leading to high faradaic efficiency for CO2 

reduction on copper electrodes. This inhibition of the HER pathway becomes more 

pronounced at increased mass transport of CO2.
30

 In our system, the mass transport is not 

only affected by the decrease in the temperature but also by the viscosity of the highly 

concentrated electrolyte. Jaramillo’s group reported that methane formation only occurs at 

potentials within a CO mass-transport-limited regime and the C2+ products are sensitive to 

the CO partial pressure.
34

 While the mass transport effect has been mainly identified on high-

surface area nanostructured electrodes,
35

 based on the results on HMRDE , mass transport 

effects on the product selectivity in our extended surface electrodes cannot be discarded. In 
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addition, the solvation of the CO2  and the intermediates by a more rigid structure of the water 

in the CO2 hydrate might affect the product selectivity.   

Previous works have demonstrated that in gas hydrate crystal structures, the arrangement of 

their hydrogen bond network is “ice-like” but with slight distortions. Further stabilized by 

encaging a guest molecule, the cage structures in gas hydrate crystals are considered 

relatively rigid and the lattice water molecules are largely restricted from rotation and 

translation 
36

The rigidity of the gas hydrate structure may influence different steps of the 

reaction mechanism. Studies performed by Luo et al. suggest that the hydrogenation of  COads 

to COHads or CHOads is a key step determining the selectivity of the reduction of  CO2 to 

hydrocarbons.
37

 The formation of these intermediates depends on the coverage of CO and 

protons, which depends on the applied potential.  

2.3. Electrochemical oxidation of CH4 in brines at -40C. 

As previously mentioned, another interesting system to study is the electrochemistry of 

methane hydrates due to their abundance in deep ocean sediments and as icy brines on 

Mars.
38

 Figure 8A shows the concentration of CH4 in H2O and 11 m NaOH as the 

temperature decreases. The concentration of CH4 in water at temperatures between 20C and 

0C are in agreement with previous values reported.
12, 39

 It was found that the concentration 

of CH4 decreases upon increasing the salinity of the solution.
39

 However, by increasing the 

concentration of NaOH, lower temperatures can be reached so there is a net increase in CH4 

solubility at the lowest temperature of -38C. Upon bubbling CH4 through an 11 m NaOH 

solution at -38 C, the solution turned into a viscous emulsion-slurry solution
40

 Figure 8B. 

The voltammetric profile of Pt(111) in this solution is shown in Figure 8C. At this 

temperature, an oxidation wave is observed in the positive scan between 0.4 and 0.6 V vs 

RHE, confirming the oxidation of CH4. At higher potentials the platinum oxide features are 
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smaller than those in a solution without CH4. This suggests the presence of adsorbed 

intermediate species, which are products of the oxidation of methane at lower potentials. The 

broadening of the double layer and the reduction currents in the negative going scan also 

suggest the presence of adsorbed intermediate species. At 20 C under the same conditions of 

electrolyte concentration, the platinum electrode did not show any signal associated with the 

oxidation of CH4. This is also true for temperatures ranging between 20C and -30C. The 

oxidation of methane was only observed between -30C and -38C upon the formation of the 

gel or slurry.  

 

Figure 8. (A) Solubility curves of CH4 as a function of the temperature in water and 11 

m NaOH. The values of the solubility in water at different temperatures from 

Wiesenburg et al. and Duan et al. were included for validation of the method and proper 

comparison.
12, 39

 Inset: Pressure vs time curves obtained from MS measurements at 

different temperatures. (B) Photograph of the opaque gel formed upon bubbling CH4 in  
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11 m NaOH solution at -35 C. (C) Voltammetric profile of Pt(111) electrode in 11 m 

NaOH in absence of CH4 at -18 C(red curve), in presence of CH4 at -18 C (black 

curve) and in presence of CH4 at -38 C (blue curve).  Scan rate, =50 mV s
-1

 (D) 

Voltammetric profile of Pd electrode in 11 m NaOH at -38 C in absence (black curve) 

and presence of CH4 (red curve). Scan rate, =50 mV s
-1

. Inset shows a schematic 

cartoon of the oxidation of CH4 hydrate to CO2. 

The same observation is true for the oxidation of CH4 on palladium electrodes, where the 

oxidation of methane only took place upon the formation of the gel at -38C. As can be seen 

in Figure 8D, the onset of oxidation of CH4 appears at 0.25 V, having a maximum at around 

0.48 V vs RHE. Contrary to the observation on the platinum electrode, the reduction of 

palladium oxide is unaffected by the presence of CH4 in solution. This indicates an absence 

of adsorbed poison species on the electrode and so a different reaction mechanism to 

platinum. Previous work in the gas phase and at higher temperatures has shown that oxygen-

coated palladium surfaces favour the adsorption and dissociation of CH4.
41

 Consecutive 

scans, Figure 9A, show a decrease in the oxidation current of the methane on the Pd 

electrode, probably associated to the diffusion limitation of the gas towards the electrode 

through the viscous slurry. The oxidation of methane on Au(111) was also evaluated, 

however no oxidation was observed at any temperature, Figure S12.  

2.3.1. Product characterization of the electrochemical reduction of CO2 in brines  

Long-term electrolysis was performed in other to determine the oxidation products of the 

CH4 on Pt and Pd electrodes. During electrolysis the gas products were followed for a 

duration of 10 minutes using the modified OLEMS setup and liquids samples were collected 

after 5 and 10 min. The current transients, Figure 9B, showed a fast decrease in the current, 

reaching a plateau after 2 min. This is probably associated to the limited diffusion of the CH4 
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to the surface, as observed in the cyclic voltammetry although the formation of poisonous 

species, which block active sites at the surface of the electrode, cannot be disregarded. No gas 

products were detected during the electrolysis, however if CO2 was formed, due to the highly 

alkaline media, the formation of carbonate is expected. The qualitative analysis of the liquid 

products was performed by NMR shown in Figure 9C . Methanol and formic acid were the 

main liquid products observed. 

 

Figure 9. (A) Voltammetric profiles of consecutive scans, scan 1 (black curve) to scan 3 

(red curve), of a Pd polyoriented electrode in 11 m NaOH at -35 C in presence of CH4. 

Scan rate, = 50 mV/s. (B) Current transients at 0.5 V vs RHE recorded on Pt(111) 

(blue curve) and Pd(polycrystalline) (red curve) electrodes in 11 m NaOH in presence of 

CH4 at -38 C. (C) 1D 
1
H

 
NMR spectrum recorded at 400 MHz for liquid samples 

collected after 20 min of electrolysis at 0.5 V vs RHE in CH4-saturated solution of 10 m 

NaOH on (A) Cu(111), (B) Pd(polycrystalline), (C) Pt. The table includes NMR 

chemical shifts and multiplicities for the different products of CH4 oxidation in 10 m 

NaOH found in the 1D 
1
H spectra. 
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3. Conclusions 

The use of brines as electrolytes is an efficient route to perform electrochemistry experiments 

at low temperatures. The large decrease in temperature greatly increases the solubility of non-

polar gases such as CO2 and CH4, opening the door to new routes of electrocatalysis. 

It was found that in brines of NaOH, KOH and Mg(ClO4)2 at low temperatures, the HER is 

hindered due to the formation of rigid ice-like structures at the interface between the 

electrode and electrolyte. In Mg(ClO4)2 brines at low temperatures, the HER from the water 

pathway competes with CO2 reduction on a copper electrode at high overpotentials. At low 

overpotentials the water reduction to H2, where the proton reduction reaction is a diffusion-

limited process, hardly influences the reduction of CO2 under mass transport conditions. 

Water reduction appears to be a slower process as the temperature decreases in comparison 

with the HER from protons.  The combination of the high CO2 concentration in solution and 

the decrease in the competitive HER results in a change in the product selectivity.  

The electrochemical oxidation of CH4 in NaOH brines was observed on Pt and Pd electrodes 

at temperatures below -35C and upon the formation of a gel/slurry type solution. Small 

amounts of CO2 were observed but the precise quantification of the products is not possible 

with the available techniques.  

These systems open wide the door to many electrochemical applications in aqueous media 

where the reactions of interest are limited by the low solubility of the reactant species at high 

temperature or are limited by the HER. 

We believe that a fundamental understanding, including modelling, of the formation of ice-

like structures in these brines at the catalyst interface is very important and needs to be 

further explored.
42

 In addition, further optimisation of the parameters of gas pressure, 
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temperature and composition of the electrolyte will allow the implementation of these 

systems in electrocatalysis.  

In addition, our results provide an alternative explanation for the discovery of organic 

molecules on Mars.
43

 The presence of small organic molecules such as CH4 could be the 

result of the photochemical hydrogenation of CO2, from the CO2-saturated aqueous brines,
6e

 

catalysed by metal oxide semiconductors present in the Mars soil.
44

 It is therefore relevant to 

extend these studies to photoelectrochemical systems and to those metals and metal oxides 

present on Mars, in order to complement this research. 

4. Experimental Methods 

The working electrodes used in this work were: Cu(111), Au(111), Pt(111) and Pt(100) bead 

type single crystal electrodes from (icryst) and a Pd disk (Alfa Aesar, 99.995%). Prior to each 

experiment, the Cu electrodes were prepared as described in reference.
45

 The Au and Pt 

electrodes were prepared according to references.
46

 The palladium working electrode was 

polished to a mirror finish using 1 μm diamond paste and then sonicated in Milli-Q water. 

The uncompensated solution resistance was measured as a function of the temperature using 

the positive feedback mode of the potentiostat and all voltammetries have been corrected by 

the Ohmic drop. 

In the experiments, a high surface area gold wire or a high surface area Pt wire was used as a 

counter electrode accordingly and Hg/HgO was used as a reference electrode. All potentials 

are referenced to reversible hydrogen electrode, RHE. Electrochemical measurements were 

performed with an Autolab PGSTAT12. 

Electrolyte solutions were prepared with high purity reagents (Sigma-Aldrich, KOH ≥85 %, 

NaOH ≥ 99%, Fischer Scientific, Mg(ClO4)2.6H2O Sigma-Aldrich 99%, K2CO3 ≥99%) and 

ultra-pure water (Elga PureUltra, 18.2 MΩ cm
-1

, 1 ppb total organic carbon). Electrolytes 
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were purged with argon (Ar, N66), or saturated with methane (BOC, Research Grade) or CO2 

(BOC, Research Grade) for at least 20 minutes prior to the corresponding experiment. Details 

on calibration and experimental setup used for the determination of the solubility of the gases 

are included in the supporting information. The temperature control experiments were 

performed by immersing the electrochemical cell in a cooling medium of 1:1 glycerol:water 

and cooled to temperature using an HUBER TC45E-F immersion cooler. To accurately 

control the temperature of the electrolyte without contaminating the electrolyte inside the 

cell, the temperature was measured in a “shadow beaker” with a similar volume and placed 

next to the electrochemical cell inside the ice bath. The temperature was measured using a 

digital thermometer. In a control experiment, the temperature of the solution inside the cell 

and of the ghost beaker were measured simultaneously to ensure that the cell and the shadow 

beaker were in thermal equilibrium.  

Further details on the gas analysis, Figure S13, and product characterisation and 

quantification can be found in the supporting information. 
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