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ABSTRACT

This work investigates electrocatalytic reduction of CO- in concentrated electrolytes at
temperatures below zero. In Mg(ClO4). and KOH brines the reduction of CO; at these low
temperatures is promoted in favour of the main competing reaction, hydrogen evolution. These
results discuss potential scenarios for CO, reduction in non-standard conditions, such as in
the freezing, CO- rich environment on the Martian surface. In an aim to understand the reason
for the increase in CO; 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 CO, discussed. The role of the electrolyte in stabilising reactant
intermediates is probed using computational calculations. Together these results provide

preliminary insights into the CO- reduction reaction at these low temperatures.
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Introduction

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,! 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.? Mars and Venus have atmospheres very unlike
our own, there the atmosphere is mostly CO, and there is no significant O> or H.O 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 surface® 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 CO;rich, atmosphere and then heating it to over 1000 K to convert
it to syngas using a solid oxide fuel cell.»* As of March 2022, MOXIE (Mars Oxygen ISRU
Experiment) has been used to generate around 50 g of O, which would be used to provide

breathable air for astronauts and for fuelling the Mars Ascent Vehicle (MAV).!
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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 9.8 3.72 8.87

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 water® 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.®** CO. solubility increases as temperature

decreases® and since the atmosphere on Mars is mostly CO, and the average surface

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

concentrations of dissolved CO..
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The parameters of pressure, temperature, and electrolyte salinity are a rich area of
research for the electrocatalytic conversion of CO. on Earth.}>** The ever-increasing
concentration of CO: in our atmosphere is causing climate change at an alarming rate.'® One
avenue of mitigating these effects is to capture CO; 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 CO; is one of many potential methods of CO- conversion.

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

product E°/V electrocatalyst FE/ % dq/Vv
HCOOH -0.250 Pb 97.4 -1.19
(6{0) -0.106 Au nanopatrticles 97 -0.58
CH4 0.169 Cu poly-faceted 40.4 -1.34
CzoH4 0.064 Cu poly-faceted 26.0 -1.13
CHsCHOH  0.084 Cu20 9-16 -1.08

The CO; reduction reaction (CO2RR) was first studied in depth by Yoshio Hori in the
1980s. He showed that although many metal catalysts will reduce CO,, copper is unigue in
producing hydrocarbons in appreciable amounts'®!” and later work by Kuhl et al. identified up
to 16 different reaction products, including very small amounts of acetone, ethylene glycol and
methanol.'® Table 2 shows some of the common products of CO;RR 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).1%2° Competition from the HER is a major issue
in aqueous electrolytes since under CO; reduction conditions, the main pathway is via

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

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
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electrolyte can improve the buffering capability of the electrolyte near the surface.? This lowers

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

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

where larger cations promote the production of C, 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 role?*-2* 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
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example, Cu(100) surfaces promote the production of C, products rather than C1.2526 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 COzRR rates.

Another bottleneck to the reaction efficiency is that at standard temperature and
pressure, CO; 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 CO. are essential for inhibiting HER in favour of CO2RR,
Figure 2(d).’*?-2° High concentrations of CO, 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 CO, in solution is therefore desirable for high faradaic
efficiencies. This has been achieved through pressurisation® 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.®! These phases are well known
since in the mining industry they can form in gas pipelines, causing costly blockages, and since
CHa4 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

:i h o ’( W
F N ae 2. 2 A% a’
- SV oY s
A N " B ﬁ_} -.*_J»‘(

Figure 3. Cages present in sl type clathrate with CO2 occupant. (A) 20 water molecule cage,
5% (B) 24 water molecule cage, 5262
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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.323 When CO; is the guest molecule, an sl
type clathrate is formed which is made up of two types of cages, shown in Figure 3, where the
smaller 5!2 cage is made of 12 pentagons and the larger 5262 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 CO;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
CO; at sub-zero temperatures in brines. By decreasing the temperature, the concentration of
CO; 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 CO; at low temperatures in brines.

Chapter 1 is a literature review of the electrochemical reduction of CO2to 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 CO; 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 CO, 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 agueous
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 CO; reduction in Mg(ClO4), 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. H 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 *H. 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), 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 CO». From these results,

conclusions about the diffusion and concentration of COzin 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 CO; 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 CO; 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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Abstract

Electrochemical reduction of CO, in traditional aqueous electrolytes suffers from
low faradaic efficiency towards desired products which can be traced back to low
CO, solubility and strong competition from the hydrogen evolution reaction. The
use of non-conventional electrolytes aims to mitigate these issues. This review
will give a focused overview summarizing some of the most recent contributions
on the electrochemical conversion of CO, in organic solvents, ionic liquids, solid
electrolytes, and brines. We summarize the findings in terms of activity, selec-
tivity, and durability for each of the systems. In addition, it provides an outlook
about the role of water, cations, and anions in the reaction. We also highlight the
challenges of the electrochemical reduction of CO, in each of the electrolytes.
All the studies referred to in this review contribute meaningfully to reaching the
technical targets for CO, electrolyzers in non-conventional electrolytes.
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1 | BACKGROUND AND BROADER
CONTEXT

A recent survey found that worldwide two-thirds of peo-
ple viewed climate change as a global emergency.'! The
2021 IPCC report on climate change stated that “limiting
human-induced global warming to a specific level requires
limiting cumulative CO, emissions, reaching at least net
zero CO, emissions, along with strong reductions in other
greenhouse gas emissions.”(?] In 2019, the level of CO,
in the atmosphere was almost 410 ppm, the highest in
the last 800,000 years, meanwhile, average global temper-
atures have risen 1°C compared to before the industrial
revolution.[?] Via international agreements, such as the
Paris Agreement, countries have committed to dramati-
cally reducing their CO, emissions so that the rise in global

temperature does not exceed this 2°C. Two of the priorities
of the agreement are to decrease human activities that pro-
duce CO,, as well as the development of technologies capa-
ble of reducing and converting CO, emissions into added-
value products through a circular economy.

CO, can be converted to many useful products via many
different methods. In the gas phase, at high pressures and
temperatures, the reaction of CO, with H, yields CO and
water via the reverse gas water-shift reaction,!*! methane
and water via the Sabatier process,[*! and methanol via
a hydrogenation reaction.l’! In the aqueous phase, the
reaction between CO, and hydroxide salts produces car-
bonate salts such as CaCO; and Na,CO; which are used
in the glass industry, road construction, and cement
production.[®] An alternative route to converting CO,, is to
mimic the natural processes. Nature is already extremely

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2022 The Authors. Electrochemical Science Advances published by Wiley-VCH GmbH.

Electrochem. Sci. Adv. 2022;€2100178.
https://doi.org/10.1002/elsa.202100178

wileyonlinelibrary.com/journal/elsa 10f16



Chapter 1

Chemistry
REVIEW Earope
. . A uropean Chemica
20f16 Electrochemical Science Advances doi.org/10.1002/elsa.202100178 Societies Publishing
(a) - SN~ HCOO™ 300
Co, — ({! j 1
(L) | =)
| an, wo
[ T T 250 -
.\ ().\ /0— /“ ESS B
e R o R — o
ase f— P s@ve) =0 % 200 i
& o~
HO_ _o H,0 Q
N# o or CH,OH ]
- ¢ > | I\ 2O | e § 150 .
> e =
ar+e) S Cu(111) @ -0.8 V Al i o s o -
v o
Cu(100) @ -04V l /0_ % 100 g .
(b) 29 _C4.-C"" o\c_ 29 @+e) - - §
56 2= i 50 E ol ll2 -
. e e 2|15 5| % &
P e : oy EE IEIEE
T H ’C=c\ Y ’/(/\ 8z C/, (i 0 s
0!! I+ ¢) Q @+e) 9 ar+e \q’ W +e) o Solvent
- M +¢)
= H u H_H CH,CH,OH FIGURE 2 CO, solubility in some common organic solvents at
oy o - ¥
o HT’O Hu,c—c\o @ ,HH/C_C< ar+e) i 298 K and 101.3 kPa. Data from Gennaro et al.,/*] TUPAC data
2= o= L —> 32— series,|** and CRC Handbook of Chemistry and Physics!*!
2 ! ..\(‘4__0 HCOO ™
< . 5 o ; ;
wo J o & o i s modynamic stability of either the COH or CHO interme-
. ’ e |—> = diate depends on the metal catalyst determines the prod-

FIGURE 1 Proposed reaction pathways for the reduction of
CO,. (a) reduction pathway to CH;OH (black arrows), CH, (blue
arrows), HCOO™ (orange arrows). (b) Reduction pathway to
ethylene (grey arrows), ethanol (green arrows). (c) Alternative
reduction pathway to HCOO™ (purple arrows). Reprinted with
permission.!'*] Copyright 2015, the American Chemical Society

effective at utilizing CO, from the atmosphere through
photosynthesis to generate glucose and other carbohy-
drates. Designing enzymes that replicate this process in
flue gas which is high temperature and has a high CO, con-
centration is a rich area of research with many technical
challenges.[”10]

One widely explored approach to the conversion of CO,
into a variety of products is the electrochemical reduc-
tion of CO, (CO,RR). Even though the CO,RR was first
reported in 1873 by Sir B. C. Brodie,!"!) was not until
1985 that Hori et al. reported a systematic study for the
electrochemical conversion of CO, to methane on copper
electrodes.!’] For CO, electrolyzers to be economically
feasible, Faradaic efficiency of 80%-90%, current density
of greater than 300 mA cm™2, cell voltage of less than 1.8
V, and stability of greater than 80,000 h are required. "
Improving the selectivity of the CO,RR has proven to be
a challenging task.I"*] Figures 1 shows the proposed reac-
tion pathways to some of the main products in aqueous
electrolytes.[>] Perhaps, a common beliefis that the reduc-
tion to CO is an important step in the formation of CHy,
methanol, and C, products. In fact, research has shown
that the protonation of the CO is the potential limiting step
for the formation of C, products!'®'”! and that the ther-

uct selectivity.l'®] The rate-determining step for the pro-
duction of C, products is the formation of a CO-dimer
intermediate which becomes thermodynamically stable at
-0.40 V and needs to be stabilized via surface or solvent
interactions.["”] The stabilization of different intermedi-
ates depends on the catalyst used and results in differing
product selectivity for different metals.'”2°] Density func-
tional theory (DFT) studies can be used to investigate the
thermodynamic and kinetic modeling of the pathway.['*-']
Since Hori’s 1985 study, extensive work has been reported
on the CO,RR, the main focus of those studies being the
electrode materiall’1%22-35] and the composition of the
aqueous electrolyte (cation effect and pH).[36-*!]

A large proportion of CO,RR research focuses on the
development of new catalysts or the understanding of the
electrochemical reactions in aqueous solutions.!'#2-#4]
The main advantage of an aqueous solution is the low
cost and availability of the solvent, as well as its low toxic-
ity. However, there are some major drawbacks that can be
attributed to the use of an aqueous solution when studying
the CO,RR. The first is the poor CO, solubility in water,
Figure 2. At 298 K and 1 atm, the maximum solubility
of CO, is 3¢ mM,[*] and the addition of electrolyte salts
causes a salting-out effect which reduces this further. It is
also important to note that CO, solubility depends on the
pH and the formation of carbonate salts.[***°] One way
to mitigate the low solubility, is to increase the pressure.
Increasing up to around 6000 kPa, dramatically increases
the mole fraction of CO, by around four times.!*”! How-
ever, working at high pressure introduces energy costs
and engineering challenges. Even if CO, electrolyzers are
introduced at the exhaust of power plants or industrial
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CO, sources such as cement and steel production, the flue
gas is at atmospheric pressure so pressurization would
be required.[*34°! The second main inconvenience in the
use of water as a solvent, is that the hydrogen evolu-
tion reaction (HER) occurs in the same potential window
and so H, production competes with CO, reduction.!>*!]
To overcome these experimental inconveniences, reduc-
tion in alternative electrolytes such as ionic liquids (ILs),
organic solvents, molten carbonates, and most recently
brines have been investigated. This review will summarize
the main findings on the CO,RR to hydrocarbon products
in these electrolytes and critically, from our point of view,
propose the main challenges in the topic.

2 | CO,RRIN ORGANIC SOLVENTS
Organic solvents were one of the first popular alterna-
tives to the aqueous electrolyte for the CO,RR. When the
appropriate organic solvent is used, the solubility of CO, is
higher than in water, for example, 314 mM of CO, can be
dissolved in acetonitrilel*2! and 151 mM in methanol[**! at
298 K in comparison with the 34 mM of CO, in water.!>*]
The CO,RR in aprotic organic solvents overcomes the
problem of the selectivity towards the formation of hydro-
gen and opens pathways to products such as oxalate.!*]
In dry acetonitrile, CO is the main product.!**-**! Trace
amounts of water can promote the formation of oxalic acid
or formate!® %] and spectroscopic investigations show
that this residual water provides an alternative reduction
pathway.[°!] Again in propylene carbonate electrolytes,
CO is the dominant product,!°>%*] although oxalate has
been detected using Single Potential Alteration Infrared
Reflectance Spectroscopy on a lead electrode.!*!

However, in order to form hydrocarbons, protic solvents
are needed.!”] Methanol is a popular choice of investiga-
tion since it is already used in the Rectisol process, ®7]
independently developed by Linde and Lurgi, to separate
CO, from feed gases. Cu or Ni electrodes are the only
metals that produce hydrocarbons at significant efficien-
cies in methanol.!®°! Thus, most of the studies have
been focused on these two metals, mainly on Cu cata-
lysts, changing other physicochemical parameters such as
temperature, pressure, and the supporting salt of the elec-
trolyte.

In the early 90s, Naitoh et al. showed that lowering the
temperature of methanol increases the faradaic efficiency
(FE) of hydrocarbon formation on Cu.[”°] When reducing
the temperature of the methanol electrolyte with 80 mM
benzalkonium chloride supporting electrolyte, from 0 to
-15°C, the FE for CH, (FE(ypy) increased from 10.2% to
32.8% at -2.1 V versus SCE. However, FE for H, (FEy,) also
increased from 5.2% to 28.1%. Surprisingly, using the same

electrolyte and catalyst material, Mizuno et al. reported
improved FEcp4 up to 36% at -2.1 versus SCE while FE,
remained below 10% when the temperature was reduced
down to -30°C.["!]

Various studies from Kaneco et al. have looked at the
product distribution of the reaction as a function of the
composition of the supporting electrolyte, Table 1.[66.72-77]
Two important parameters need to be described and dis-
cussed in this section: i) the solubility of the salts and
i) the cation and anion effect. Even though both can be
treated and discussed separately, they are not exclusive.
The solubility of the salts varies in methanol which results
in changes to the conductivity and viscosity of the elec-
trolyte. In general, it can be observed that a higher con-
centration of the electrolyte salt increases the current den-
sity of the reaction (ji,,). There is also a clear effect of
the cation on the reaction mechanism. Increasing the size
of the cation decreases FEq4 and similarly increases the
production of CO and HCOOH. Larger cations (K*, Rb*,
Cs™) also tend to hinder the production of methane. Larger
cations, which are weakly hydrated, adsorb to the surface
of the electrode decreasing H* coverage which simultane-
ously encourages the dimerization of CH, intermediates
and the production of less protonated products such as CO
and HCOOH, Figure 3a.I7>770] Acetate anions do little to
suppress HER and FEyy, is greater than 17.9% for all elec-
trolytes tested. Generally, halide anions have high FEqyy,
especially for Li salts, and as the size of the anion increased
FEy, decreases. Thiocyanate ions promote the production
of HCOOH and in these electrolytes, FEqo increases as
cation size increases. Hydroxide ions promote dimeriza-
tion to form C,H, but also produce significant amounts
of CO. Carrying out electrolysis at more negative poten-
tials can increase the yield of C,H, for hydroxide support-
ing salts.!7>7075] It is important to note, that the chemical
nature of the salts used in the electrolyte, will also influ-
ence the solubility of the CO, in methanol. To our knowl-
edge, such detailed studies have not been performed.

Cuisnot the only electrode that has been investigated for
hydrocarbon production. Ohya et al. used Cu,0/Zn elec-
trodes in methanol with 300 mM KOH as the supporting
electrolyte at -30°C.[7°] Increasing the wt% of Cu,0 in the
catalyst had little effect on FE};, which stayed around 20%.
2.5wt% Cu, O was determined to be the best electrode com-
position for hydrocarbon formation. FEcy, was 7.5% and
decreased at higher wt% and FE,y, did not significantly
increase from around 6%.

The Rectisol process is carried out at high pressure and
so research has been done to look at the effect of increas-
ing pressure. Saeki et al. investigated the effect of pressure
on the CO,RR in methanol/0.1 M TBABF,.!%] Figure 3b
shows that as the pressure increases, the onset potential
for CO, reduction on Cu moves to less negative potentials.
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TABLE 1 Current density and faradaic efficiency for different products for CO, reduction on Cu electrode in methanol using various
supporting salts. Electrolysis was performed at -30°C and -3.0 V versus Ag/AgCl sat. KC1. Data taken from references!*7>77]

Electrolyte Current density Faradiac efficiency (%)
(mmol dm—3) (mA cm™2) CH, C,H, C,Hy Cco HCOOH H, total Ref.
CH,COOLi (500) 9.7 56.2 4.4 12 Tl 17.9 98.2 (731
CH;COONa (250) 7.6 43.4 5.1 1.1 4.6 34 88.2 %1
CH;COOK (500) 12.9 27 7.1 0.02 6.5 13 325 86.1 (7]
CH;COOCs (500) 5.5 123 33 3.1 15.6 30.1 64.4 (6]
LiCl (500) 16.4 68.4 4 15.7 6.8 5.8 72.4 (731
NaCl (250) 5.6 54.7 8.6 19.3 7.4 2.4 92.4 (7]
CsCl (30) 1.7 2.8 8.8 0.01 35.6 14.6 8.4 70.2 L6l
LiBr (500) 17 68.1 6.8 19.2 6.3 2.8 103.2 (73]
NaBr (250) 21.7 53.1 8 5.4 6.7 12.6 85.9 4]
KBr (50) 3.2 6.4 9.8 35 17.4 36 722 {71
CsBr (25) 15 0.1 5.9 54.1 13 7 80.1 [66]
Lil (500) 19.3 65.5 9 14.9 - 0.95 90.4 (3]
Nal (250) 16.7 63.1 5.2 2 9.2 9.1 86.6 (]
KI (50) 42 15.8 19.9 0.17 15.2 = 3.5 54.6 (7]
CslI (30) 1.3 1 9.9 0.05 40 4.8 6.2 61.9 [66]
NaSCN (250) 8.9 49.8 7.9 2.7 15.2 1 77.4 [7]
KSCN (50) 2.6 22.4 12.6 0.23 21 = 15.3 715 [72]
CsSCN (30) 13 2.4 6 36.1 16.3 72 68 [66]
LiOH (80) 5.3 58 16.5 135 6.8 13 96.1 (73]
NaOH (80) - 62 16 15.5 7.8 1.9 103.1 [75]
KOH (80) 45 10.8 27.9 13.9 8.5 2.6 63.7 [76]
RbOH (80) 3.9 3.5 243 33.8 12.8 3.6 78 ]
CsOH (80) 5.4 5.5 25.7 7.4 13.4 23.3 75.3 (73]
LiCl0, (500) 27 71.8 1.6 14.3 3.7 12 103.4 (7l
NaClO, (250) 22.7 70.5 3.1 3.2 4.2 17.9 99 (7]
0.005 M TEAP 1.6 5.9 12 54.2 20 6.7 88 (7]
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Increasing the pressure suppressed the HER but the main
products were CO and formate, and hydrocarbon forma-
tion did not increase. Later work by Saeki et al., used vari-
ous electrolytes at 40 atm and at ambient temperatures.!*°]
Under these high-pressure conditions either H, or CO
were the main product and the current efficiency for CH,
was below 10 %. In later work, Kaneco et al. showed
the combination of high pressure and low temperature
increased the efficiency of CH, production.!””] At 10 atm
and -30°C with 500 mM LiCl supporting salt, the maxi-
mum efficiency for CH, was 20.2% at -3.0 V versus Ag
quasi reference electrode (QRE). At more negative poten-
tials, H, production dominates and FEcy, decreased to
less than 5%. Murugananthan et al. used 500 mM LiClO,
at 4 atm and -30°C and FEy, increased at more nega-
tive potentials up to 37.4% at —4.0 V versus Ag QRE.[®!]
However, FEy, increased under the same conditions up to
60.2%. In order to try and inhibit H, production, Kaneco
et al. used 500 mM CsOH as a supporting salt.[2] Cs* is
less hydrophilic than Lit which affords a less hydrogen-
rich environment at the surface of the electrode. FEcyyy
decreases dramatically at potentials more negative than —
2.0 V versus Ag QRE but FEy;, production decreases con-
currently. Instead, the production of C,H, and CO increase
as potential decreases. The suggested explanation for this
trend is that the lack of protons makes desorption of CO or
dimerization to form C, products more likely.

Very few investigations have pursued the fundamen-
tal aspects of the reaction from the atomistic view of the
reaction mechanism. We, however, would like to high-
light the work of Figueiredo et al. using in-situ Fourier-
transform infrared spectroscopy (FTIR) to determine the
role of the water and the supporting electrolyte in the elec-
trochemical conversion of CO, in acetonitrile on different
metal electrodes.|®! The authors concluded that in ace-
tonitrile containing small amounts of water, the main reac-
tion products of the electrochemical conversion of CO, are
carbonate, bicarbonate, and CO. The authors concluded
that the formation of carbonate and bicarbonate species
is due to the formation of an electrochemically generated
hydroxyl group from water reduction.

3 | CO,RRINILs

ILs are flexible solvents as both anion and cation can be
tailored to suit the needs of the reaction. As with organic
solvents, the use of ILs aims to address the main prob-
lems of the aqueous systems, CO, solubility, and the com-
petitive HER. They have a large capacity for CO, absorp-
tion, Figure 4, and functionalization can increase this
further.I**] Hollingsworth et al. have suggested that the
chemical absorption of CO, using a super-basic anion

can also provide an alternative pathway of lower activa-
tion energy for the production of formate.!**! The intrinsic
ionic conductivity of ILs and the wide potential window
of stability makes them attractive solvents for the CO,RR.
Previous reviews by Alvarez-Guerra et al.[%*] and Chen and
Mu 6] have summarised IL solvents where CO, is reduced
to valuable products such as CO or reacted with methanol
and an alkylating agent to form dimethyl carbonate. How-
ever, there is less focus on the production of hydrocarbons
in these systems which is what this review will highlight.

Kang et al., reported a broad study of the CO,RR in pure
[bmim][BF,] using different metals as catalysts.[*”] The
results in Figure 5 show that on all metals, except Au, at
-2.2Vversus Ag/Ag* the current density for CH, is higher
than for CO or H,. For Fe and Zn, the main overall prod-
uct changes to CH,. These results contrast with the selec-
tivity commonly observed for the same metals in an aque-
ous solution. In aqueous electrolytes, Cu is known to be
the only metal to reduce CO, to hydrocarbons. The CO,RR
on metals such as Au, Ag, and Zn stop after two-electron
transfers to produce CO and the HER dominates on Pt and
Fe. Despite the changes in selectivity, the total current den-
sity reported is generally lower than that reported in aque-
ous solvents.[”] For example, on Cu catalysts designed for
methane production in 0.1 M KHCO3, jozq; Of 5-7 mA cm ™2
have been reported.["”]

N-doped graphene-like material (NGM) carbon elec-
trodes in [bmim][BF,] can produce CH, with very high
efficiencies.!*8! Sun et al. formed the NGM from different
nitrogen-containing bases and the FEcy, varied depend-
ing on the nitrogen content of the catalyst. The surface
nitrogen content was measured by X-ray photoeletron
spectroscopy (XPS) and the bulk content was measured
by elemental analysis and in general, higher N content
promoted CH, production. The NGM formed from 3-
pyridinecarbonitrile had the highest FEcp4 (93.5%) and at
-1.4 V versus NHE the main by-products were CO and
H, (FEco = 4.2% and FEy, = 2.1%). The performance of
the NGM electrode was compared to Cu foil under the
same conditions. In pure [bmim][BF,], the FEcy, was
almost 20% greater for the NGM than for Cu foil, while in
[bmim][BF,] with 3 wt% H,O the NGM was 45% more effi-
cient than Cu foil.

Using the NGM electrode, Sun et al. compared the prod-
uct selectivity and total current density of IL electrolytes
with varied anions (BF,, PFs, TfO, Tf,N, and DCA).[%%]
Within their choice of anions, product selectivity was
largely unchanged but the overall current densities were
larger for fluorinated anions, and the authors attributed
this to strong interactions between CO, and fluorine. In
addition, Sun et al. also investigated the effect of adding
trace amounts of water to [bmim][BF,] on FEcy,. The
addition of water steadily increased current density up

European Chemical
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FIGURE 4 Solubility of carbon dioxide expressed as molality (mol CO,/kg solvent) in different ionic liquids at 59.85°C. Figure reprinted

with permission!®*!

to 5% and maintained FEcyy, of greater than 80% for the
NGM electrode. However, CO and H, were the major
by-products of the addition of water with H, production
increasing at higher overpotentials. The increase in cur-
rent density was attributed to a decrease in viscosity and
a decrease in pH due to the formation of hydroxide ions

coordinating to the BF;". Interestingly, using a similar elec-
trolyte, [bmim][BF,] and 0.5% water, Miao et al. found
that the residence time of the electrolyte in a microscale
electrochemical reactor results in changes in the products
selectivity.!*"] Using Ni-coated graphite sheets as the elec-
trodes, they showed that longer mean residence times in
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the reactor, increased the product conversion to CH, while
shorter residence times result in HCHO or CH30H being
the major products.

To further illustrate the importance of the IL in enhanc-
ing the formation of CH,, we recall the work of Liu et al.
which evaluated the CO,RR in [bmim]|[BF, ] with 4% water
and in 0.1 M KHCO; using ultrathin layers of MoTe, as a
catalyst. It was found that in [bmim][BF,] with 4% water
the MoTe, reduces CO, to CH, with FEqp, =83% at-1.0V
versus reversible hydrogen electrode (RHE) while in 0.1 M
KHCO; and FE(yy4 was only 20%.

Based merely on Tafel analysis, Sun et al. and Liu et al.
suggest [%90] that the rate-determining step is the forma-
tion of an adduct between the radical anion of CO, (CO,*)
adsorbed to the catalyst surface, however further DFT cal-
culations and spectroscopic measurements are required to
confirm the presence and stability of this reaction inter-
mediate. Some work has been done to try and elucidate
the mechanism but mainly focusing on the reduction of
CO, to CO. DFT calculations by Niu et al. showed that
the CO,- is stabilized by the partial positive charges on
nearby protons on the [bmim] cation.!”!! They compared
the onset potential of the reduction of CO, to CO on an Ag
electrode in ILs with varied cations and argued that ster-
ically hindered cations do not provide effective stabiliza-
tion to the radical and so the overpotential is increased.
Lau et al. used a series of imidazolium cations to show

that the cation acts as a co-catalyst for reduction to CO on
Ag electrodes.”2] The behavior depends on the availabil-
ity of the protons at the C4 and C5 positions to interact
with the CO,+ but their experiments showed that imida-
zolium cations still reduced the overpotential even when
these positions were substituted and so suggested that the
cation has some alternative method of binding. Other work
by Vasilyev et al. compared the co-catalytic activity of dif-
ferent cations and they summarised that those which had
an accessible localized positive charge were most effective
atstabilizing the CO,+ and reduced the overpotential of the
reaction.[®*] They also carried out DFT calculations and
found that the enthalpy of hydrogen bonds between the
cation and the radical were too small to be solely responsi-
ble for the stabilization.

To this stage, it seems important to discuss the role of the
water and the ionic liquid in the CO,RR. Many questions
have arisen in terms of conductivity, viscosity, proton avail-
ability, or co-catalysis. Golru et al. looked at the catalytic
activity and selectivity during the CO,RR in diluted solu-
tions of different ILs in 0.1 M KHCO,.!”*] Using just 10 mM
of IL with [bmim] as a cation and [Tf,N], [TfO], [Ac], [Cl]
and [DCA] as anions, the authors found that for all ILs,
except [bmim][DCA], at -0.92 V versus RHE, formate was
the major product while at -1.12 V versus RHE, CH, pro-
duction dominated. For [bmim][DCA], H, was the main
product which is likely due to [DCA] having a high affinity
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for water which promotes the HER. The authors used elec-
trochemical impedance spectroscopy (EIS) to help explain
the changes in selectivity. The solution resistance (R;) was
similar for the aqueous 0.1 M KHCO; and all the added IL
solvent systems and so product changes were attributed to
differences in the double layer. The charge transfer resis-
tance (R.;) decreased for all electrolytes at more negative
potentials as the energy barrier for reactions is lowered. At
more negative potentials the electrolytes showed an induc-
tive loop in the Nyquist plots, which indicates adsorp-
tion/desorption of ions on the electrode surface, and the
R, increased signifying slower diffusion of CO, to the sur-
face. At the more negative potentials, the IL accumulates
on the surface which seems to stabilize the intermediate
for CH, rather than HCOOH.

Similar to organic solvents, very few works have inves-
tigated the CO,RR in ILs from the fundamental atom-
istic point of view, using in situ spectroscopic tech-
niques or theoretical calculations.[*>=7) We will men-
tion the work of Papasizza et al. implementing in situ
ATR SEIRAS to understand the changes in the struc-
ture of the double-layer during the CO,RR to CO in
ILs and ionic-liquid/water mixtures.!?*! The in situ ATR
SEIRAS experiments revealed two types of water in
the [EMIM|BF4/water mixture, with different degrees of
hydrogen bonding at the interface: water in water-rich
regions (bulk-like water) and water in a [EMIM|BF4-rich
environment. During the CO,RR, only bulk-like water was
observed at the electrochemical interface.

4 | CO,RRIN MOLTEN CARBONATES

Molten carbonates are interesting electrolytes for the high-
temperature CO,RR for a number of reasons. At high tem-
peratures, the kinetics of the reaction is quick, the overpo-
tential for the reduction is relatively low, and non-precious
metals can be used as catalysts.[”"'%*] In addition, the
product selectivity at high temperatures is better for two
reasons: i) HER is hindered because water is not usually
present in the system, and ii) there is a wide potential
gap between the reduction potential of the two main prod-
ucts, C and CO, over a large temperature range. Absorp-
tion of CO, into these systems is high since oxygen anions,
react with CO, to generate carbonate ions which are then
reduced, and the oxygen anion regenerated, Figure 6a.

CO¥ +4e~ - C+30% o))
CO, + 0% - CO% )

Common electrolyte mixtures contain multiple types of
carbonate or carbonate with chlorides in order to reduce

the melting temperature of the electrolyte, Figure 6b. Cath-
odes are usually transition metals or steel and anodes are
materials effective for oxygen evolution that can withstand
the corrosive environment. Research is mostly focused
on producing different morphologies of carbon such as
nanoparticles, nanotubes, and graphite sheets. Work by
Hu et al. showed that the addition of borates to the elec-
trolyte acts as a buffer which lowers the overpotential of
CO, reduction and that by changing the conditions of the
electrolysis, the product can be tuned between CO and car-
bon nanofibers.['>] Yu et al.['®®! and Jiang et al.[*! have
reviewed the conditions used to generate different carbon
morphologies and syngas. Here, the production of hydro-
carbon fuels is highlighted but throughout the production
of carbon products at the cathode is a competes.

Wu et al. reported that methane could be synthesized
from the electrolysis of CO, and steam in an alkali car-
bonate with LiOH mix using a Fe cathode and a Ni
anode.'®! They varied the concentrations of hydroxide
and showed that with very low concentrations of LiOH,
carbon was the only product whereas with higher concen-
trations of LiOH, hydrogen, from concurrent water split-
ting, was the main product. The optimum ratio of hydrox-
ide to carbonate, ngy:ncos3, for methane production was
0.3:1 so Li; 457Nag 350K 214C03-0.3LiOH was used as the
electrolyte. A range of temperatures (500-650° C) and oper-
ating currents (0.25-1.00 V) was tested. Increasing the tem-
perature and the operating current both increased the pro-
duction of H,. The current efficiency was highest (97.4%)
at 600°C and 0.25 V. These conditions had the highest
gas composition of methane (64.9%) and lowest of hydro-
gen (34.8%). Longer chain hydrocarbons were also detected
using gas chromatography-flame ionization detector (GC-
FID) at the lower temperature of 500°C.

The results summarised in Figure 7 show the effect of
different electrode materials (Fe, Cu, Ni, and graphite) on
the product selectivity of the CO,RR using Li; 4,7Na 350K
0.214C05-0.15LiOH as the electrolyte.['®] While the cath-
ode material did not affect the FE.,), Ji et al. found a large
impact on the product distribution. It was found that a
graphite cathode produced a significant amount of CO and
Ni cathode promotes the production of H,. Out of the four
cathodes, Fe produces the greatest amount of CH, and the
lowest amount of H,.

An extensive study by Al-Juboori et al.l''! investi-
gated the effect of temperature, applied voltage, and feed
gas on the product distribution during the CO,RR using
titanium as the cathode. At higher temperatures, longer
chain hydrocarbons were also formed, for example, C;H¢
which decreased the overall efficiency. In a molten carbon-
ate mixture, Li, CO3;-Na,C0O;3-K,COs;; 43.5:31.5:25.0 mol%,
hydrocarbon production was promoted as the temperature
increased from 425 to 500°C and the competing produc-
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FIGURE 7 Results of the CO, electrolysis at a constant current
of 0.25 A at 550°C in Li, 4,;Na 350K 5,4C05-0.15LiOH for different
cathode materials. Right axis, faradaic efficiency. Left axis, product
composition, CH, (black), H, (red), CO (blue). Data taken from
referencel'”’]

tion of CO and H, decreased. Unsurprisingly, it was also
found reported that higher water content in the feed-gas
promoted H, evolution to the detriment of hydrocarbon
production. Figure 8 shows the FE for the production of
short-chain hydrocarbons which were reported in another
study by Al-Juboori et al. under the same conditions illus-
trating that CH,, is not the only hydrocarbon produced.!"""!
Wau et al. found a similar trend in Li; 4»7Na 350K .214CO3-
0.3LiOH, where CH, production increased from 500 to
600°C.I"%8] However, at 650°C CH, productions reduced
dramatically and they hypothesized that the LiOH dehy-
drated and so there was less water available to form hydro-
carbons.

The voltage and the current are the key parameters in
this reaction. Both Wu et al. and Ji et al. found that lower
electrolysis currents favored the production of CH, over
HZI[IOR‘IOQ] Wau et al. found that in Li; 457Na (350K .214CO5-

-
»
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e

I Production Rate
—m=— Faraday Efficiency
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o @ o N
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]
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4

Faraday Efficiency (%)

o
N
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CH4 C2H4 C3H6 C4Hg

Hydrocarbon Products

FIGURE 8 Production rates and faradaic efficiencies for
various hydrocarbons products at 1.5 V and 425°C on a Ti electrode
in Li,CO;3-Na,C0O;-K,CO;; 43.5:31.5:25 mol% Reproduced with
permission,!" Copyright (2020), American Chemical Society

0.3LiOH at 0.25 A the yields of CH, and H, were 64.9% and
34.8%, respectively compared with 27.4% and 69.4% at 1.5 A.
In another study by Al-Juboori et al.,l'!] they found that
electrolysis at 2 V produced no hydrocarbons and instead
carbon was deposited.

5 | CO,RRIN AQUEOUS BRINES

Although the addition of salt to the electrolyte con-
tributes to the salting-out effect, reducing the solubility
of CO,, there are advantages to the use of highly con-
centrated brines. Water-in-salt electrolytes are electrolytes
that are so concentrated that solvation shells for the ions
are incomplete.!""2! Brine electrolytes, while very concen-
trated, do not meet this requirement. The stability pro-
vided by ions to reaction intermediates changes the selec-
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tivity of the reaction!"**’] and the addition of salts low-
ers the freezing point of the electrolyte allowing CO,RR at
low temperatures where CO, solubility is higher. Gas diffu-
sion electrodes can be used to reduce the issue of low CO,
solubility in these systems. However, the selection of ion
exchange membranes for GDE systems is challenging, in
particular at alkaline pH and low temperatures, for exam-
ple, those expected in Mars. Research in this type of elec-
trolyte is much less developed, thus this section not only
summarises the CO,RR in brines but also includes those
findings where the local concentration of electrolytes near
the surface mimics the brines and will contribute to the
understanding of the field.

On an Ag electrode in a gas-diffusion electrode, increas-
ing the concentration of KOH from 0.1 to 11 M increases the
formation of formate in comparison to CO, due to the lack
of H;0™ in solution.""*] Seifitokaldani et al. used DFT cal-
culations to show that when H;O" transferred the proton
to CO,, the transition state for *COOH, which is the inter-
mediate for CO formation, was lower in energy whereas
when the proton is directly transferred from the surface to
CO,, the transition state for *CHOO, which is the interme-
diate for HCOOH formation, was lower in energy. How-
ever, the authors do not account for how the pH of the
electrolyte affects the CO, < HCO; « CO;2~ equilib-
rium. At high pH, almost all CO, is in the CO;>~ form
but the DFT calculations still assume CO, is the active
species. Figure 9 shows that as the electrolyte concentra-
tion increases FEyjco0. increases. At [H;01] =107, which
equates to pH = 7, the CO/formate ratio is around 50 while
at [H;0%] = 107, which equates to pH = 15, the ratio is
0.69. In order to demonstrate that the changes in selectivity
were due to changes in H;O" concentration, and not asso-
ciated with K* concentration, KI was used as an electrolyte
in the concentration range between 1 M and 7 M, where no
change to the CO/formate ratio, in contrast to the results
by Liu et al.l"®] Similar results were obtained on Pd elec-
trodes using an applied current density of 100 mA cm—2,
FEco decreased from 75 % in 1 M KOH to 6.5 % in 10 M
KOH but FEycoo. only increased from 1.8% to 8% for Pd
electrodes due to competition from the HER.

Increasing the concentration of electrolytes increased
the total current density for CO,RR, independently of the
anion used.[""®] Verma et al. used Ag nanoparticles on
a gas-diffusion electrode in different K-based electrolytes
(KOH, KHCO;, and KCI). One of the main contributions
of this work was the study of the conductivity of the elec-
trolyte. Using EIS the authors showed that R; and R
decreased as electrolyte concentration increased. The con-
ductivity of electrolytes increases with a concentration
in the range between 0.5 and 3 M, accounting for the
decrease in Ry, and they suggested the decrease in R, was
due to K* stabilizing reaction intermediates in the rate-
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FIGURE 9 Effect of the KOH concentration on the product
selectivity during the electrochemical reduction of CO, (CO,RR) on
Ag electrodes. (a) FE for different products from electrolysis at

300 mA cm 2 (b) CO:formate ratio (left y-axis) and its inverse (right
y-axis) at different hydronium concentrations. Reprinted with
permission,!"*] Copyright (2018), the American Chemical Society

determining step, in agreement with Liu et al./">] Increas-
ing the concentration of KOH from 0.5 M to 3 M resulted
in jy increasing from 76.1 to 231.3 mA cm™2 at -2.5 V
versus RHE. In KHCO; and KCl, j,,,; increased from 12.7
to 28.0 mA cm~2 and from 8.9 to 14.6 mA cm? respec-
tively. However, in these electrolytes, FEqq decreased with
increasing concentration. For KHCO; there was a decrease
from 99.2% to 82.5% and for KCl the decrease was from
86.3% to 73.6%. Given the similarities in conductivity, the
decrease of the FEqg was attributed to the lower solvation
of the KHCO; and KCl in comparison with the KOH. The
authors also proposed that the specific adsorption of the
anions might be blocking adsorption sites for the CO,RR.
However, given the high negative potential, -2.5 V versus
RHE, we believe that this is quite unlikely, and spectro-
scopic evidence of the adsorption of anions in this poten-
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tial region would need to be proved. On the other hand,
we propose that changes of the selectivity could be asso-
ciated with other parameters such as changes in the local
pH, thus the chemical equilibrium of the CO, «& HCO;~
< CO4?, due to the HER at such negative potentials. This
effect is certainly reduced in highly alkaline media or in a
system with controlled mass transport.

Increasing the concentration of KOH from 1 to 10 M
reduced the overpotential for CO, reduction on the Ag
gas diffusion electrode."””! While increasing the concen-
tration had no effect on the onset of HER in KOH, Gabardo
et al. found the onset potential for the CO,RR moved from
around -0.360 V versus RHE in 1 M KOH to -0.117 V ver-
sus RHE in 10 M KOH, Figure 10a. Likewise, the selectivity
changed from mostly CO (FEcq = 84% and FEycoo. = 12%
at 1 M KOH) to a mix of CO and formate as concentration
increased (FEcq = 42% and FEycoo. = 40% at 10 M KOH).
Following the findings of Seifitokaldani et al.,/"*! Gabardo
et al. attempted to study the effect of the CO, pressure in
the CO,RR in these electrolytes. They hypothesized that
the increase in CO, pressure increased CO, coverage and
so there were fewer protons on the surface able to directly
protonate the CO, and form the *CHOO intermediate. The
optimal system for almost 100 % FE-o was obtained in 7M
KOH at 7 atm, Figure 10b,c.

Bhargava et al. investigated the CO,RR on Ag nanopar-
ticles on a gas diffusion electrode in CsOH solutions
between 0.1 to 3 M.["*] Based on EIS results, the authors
suggested that the increase in the kinetics of charge trans-
fer and the increase in CO production at low overpoten-
tials during the CO,RR as a function of the concentration
of CsOH was associated to the decreases of the thickness
of the double layer and the stabilization of CO,™ radicals
by the cations in the double layer.

Although most of the research of the CO,RR in brines
has been focused on Ag and Au for the production of CO,
other catalysts have been used to produce hydrocarbons.
Dinh et al. used a Cu catalyst in a gas diffusion electrode to
study the CO,RR.[""") Increasing the concentration of KOH
from 1 to 10 M had no effect on HER onset but moved the
onset of CO, reduction to less negative potentials. In 7 M
KOH, the authors reported an extraordinary FEq,4 = 70
% at -0.55V versus RHE over 150 h. At high OH concentra-
tions, CO, diffusion into the electrolyte is inhibited which
favors enhanced *CO formation and an increase in cover-
age which in turn favors dimerization. DFT results showed
that the presence of OH on the surface lowers the binding
energy of CO and increases the dipole interaction within
the OCCO adsorbed intermediate.

Using Au electrodes with different morphologies can
induce a 20-fold increase of K* ions near the surface of
the electrode in order to look at the effect of such high
ions concentrations on CO, reduction."™! Liu et al. car-
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ried out investigations in 0.5 M KHCO; and found that
high curvature of the electrode concentrates the electric
field which in turn increases the concentration of K* ions
at the surface. Au particles (radius curvature of around
140 nm), rods (radius curvature of 60 nm), and needles
(curvature of around 5 nm) were used, and XPS, powder
X-ray diffraction, and scanning electron microscopy were
used to show that the electrodes were composed of regular
Au lattices with no oxides before and after CO, reduction.
Figure 11a shows that needles have the highest FE-q (100%
vs. 60% and 20% for rods and particles, respectively) at —
0.5 V versus RHE and that at -0.2 V versus RHE, which
corresponds to an overpotential of 0.09 V, the FE-o was
still 40%. Tafel slope analysis, Figure 11b, shows a decrease
in the slope for Au needles compared to rods and parti-
cles indicating that the barrier for the rate-determining
step, the transfer of the first electron to CO,, is lowered.
This field-induced reagent concentration-effect enhances
CO, reduction. Ab-initio molecular dynamic simulations
showed that the presence of K* increases the interaction
between the CO, and the Au surface and DFT calcula-
tions show that reaction intermediates are stabilized by
K* which lowers the thermodynamic energy barrier. The
effect was enhanced in saturated KHCO; where FE_, was
95% and j o was 22 mA cm~2 at-0.35 V versus RHE. Pd was
tested in the same way and for Pd needles at -0.2 V versus
RHE, FEycoon Was 91% and jicoon was 10 mA cm~2 com-
pared to FEycoon = 13% and jiycoon = 0.05 mA cm~2 for
Pd particles.

Sargeant et al. used highly concentrated electrolytes to
carry out the reduction of CO, at low temperatures.[2*]
They reported an anti-Arrhenius relationship for the
reduction of CO, in 4.4 molal Mg(ClO,), below - 5°C. On
a Cu(111) electrode at -0.45 V versus RHE, E, = -1.52 kJ
mol~'. As the temperature was decreased to -18°C, H, pro-
duction decreased while CO, CH, and ethanol production

increased. When using a Pd polycrystalline electrode as the
catalyst, the authors found the same trend in product dis-
tribution when decreasing the temperature. The authors
suggested that the origin for the decrease in the HER activ-
ity was the formation of clathrate hydrate structures where
the entropy of the water molecules is hindered due to the
formation of cage-like structures.

6 | SUMMARY AND OUTLOOK

In summary, the reported literature postulates that the
concentration of CO, has a large impact on the catalytic
activity and selectivity for the CO,RR, independently of if
the reaction takes place in methanol or water. Even though
the concentration of CO, in methanol is around five times
larger than in aqueous media, operational parameters such
as temperature, pressure, and composition of the elec-
trolyte strongly affect the catalytic activity and the prod-
uct selectivity of the reaction. It is important to note, that
the use of protic solvents or the addition of water is, so
far, essential to form hydrocarbons in organic media, thus
even though the HER is minimized, it is still a concern.
The electrochemical reduction of small traces of water in
organic solvents, such as acetonitrile, might also result in
the formation of hydroxyl species that react with the CO,
at the interface producing carbonates and bicarbonates.
Compared to aqueous solvents, organic solvents can be
hazardous to health and they have many existing uses in
industry and so can be expensive.

It is important to mention that, so far, ILs are expensive
to manufacture at scale and can eventually degrade.!*!
Despite the high CO, solubility and inherent conductivity
of ILs, the implementation of IL in the CO,RR also requires
water as a co-reactant present in order to form hydrocar-
bons, thus the HER again becomes a competitive reaction.
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In molten carbonates, even though the conversion of
CO, does not require precious metals and the FE is higher
than in organic media, ILs, and water, the disadvantage of
these systems is the energy cost of running at high temper-
atures. In addition, as in the case of the CO,RR in organic
solvents and ionic liquid solvents, the CO,RR in molten
carbonate requires the addition of water vapor in order to
tune the selectivity towards the formation of hydrocarbons
which results in the simultaneous synthesis of H,.

The studies on the electrochemical conversion of CO,
in aqueous brines, suggest that the FE and selectivity
towards the formation of hydrocarbons can be significantly
improved. Parameters associated with the nature and con-
centration of the electrolyte need to be further studied. The
electrochemical conversion of CO, from gas hydrates is
very promising, however further studies on the effect of
pressure and temperature are needed. In addition, as high-
lighted by the authors, the studies on the electrochemical
conversion of CO, in brines at sub-zero temperatures are
relevant for the exploration and colonization of Mars as
demonstrated by the MOXIE experiments.[120-121]

The use of alternative electrolytes for CO, reduction has
been summarised in this review. By using non-aqueous
electrolytes, the main issue of poor CO, solubility can be
mitigated. It can be alleviated even further by increas-
ing the pressure or lowering the temperature. However,
in order to produce hydrocarbon products, H,O usually
needs to be reintroduced, even in small quantities, which
will cause competition from the HER, as in aqueous elec-
trolytes. There is much scope for tailoring each system to
try and increase the FE of the desired product.

The implementation of IL, organic solvents, and brines
will require further fundamental studies, as well as fea-
sibility studies using a gas-diffusion electrode configura-
tion. Fundamental studies, both experimental and theo-
retical, are essential to understand the role of the hydra-
tion shell and the effect of the ions in the electrochemi-
cal interphase during the CO,RR.[9%1227124] The applica-
tion of in-situ spectro-electrochemical methods such as
FTIR or Raman and other scanning electrochemical meth-
ods can provide information regarding the composition of
the interface in real-time. They will not only provide infor-
mation on the adsorbed species and intermediates but also
could provide relevant information on the degradation of
the electrolyte. In this regard, the long-term durability and
possible catalyst/electrolyte degradation also need further
studies. In particular, it is important to take into consider-
ation that many IL contains halide ions that might accel-
erate the dissolution of the metal catalyst. Further stud-
ies with mixtures of IL and organic solvent might require
the implementation of step-potential techniques that min-
imize the HER.['%5-127]

The CO,RR in molten carbonates on the other hand
faces the challenge of reducing the operating temperature
and the overpotential while keeping the high conversion
rate and selectivity in long-term electrolysis and at high
current densities. Although some work has been done to
understand the mechanism and kinetics of carbon deposi-
tion in these systems,!'2%12°] research should also be car-
ried out to understand the mechanism of hydrocarbon for-
mation. The question of how the CO;2~ is protonated to
form hydrocarbons and whether the mechanism is similar
to the aqueous electrolyte is as yet, unanswered.
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ABSTRACT: By taking advantage of the high solubility of CO, and CH, at low temperature, we report the electrochemical
conversion of these gases in aqueous media down to —40 °C. The S-fold increase in the concentration of CH, in gas hydrate slurries
makes its electrochemical oxidation feasible at temperatures below the freezing point of water. We also report the electrochemical
conversion of CO, at low temperatures and demonstrate, unexpectedly, that its reduction in these conditions follows an anti-
Arrhenius kinetics electrochemical environment. These findings open windows of investigation into electrocatalysis in brines below

the freezing point of water.

KEYWORDS: Electrocatalysis, CO, 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." Since then, many
other gas hydrates such as hydrates of hydrocarbons, sulfur
dioxide (SO,), and carbon dioxide (CO,) have been
discovered.”” 200 years after the discovery of gas hydrates,
they are barely used and there are very few examples of
technical applications.” In particular, these systems have been
disregarded for electrocatalytic applications.

However, the recent discovery of perchlorate brines on Mars
at the Phoenix landing site’ 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% CO, and, knowing the solubility of CO, increases with
decreasing temperature, it is expected that such brines will
have large amounts of carbonates and CO, hydrates.’
Furthermore, the presence of CH, in the Martian atmosphere
and formation of gas hydrates has recently been confirmed.

NASA has continuously examined technologies that may
enable Mars In-Situ Resource Utilization (ISRU).® 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

© 2020 American Chemical Society

< ACS Publications

7464

have the ability to transform the resources into air, fuels, water
for drinking, fine chemicals, plant growth, rocket propellants,
building materials, etc. CO, and CH, 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 CO, and hydrogen brought from Earth via the
Sabatier reaction, and the synthesis of oxygen required for
propellant usage.®

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 CH, into CO, and then recycling CO, back into
CH,, These reactions can then be used as a sustainable energy
cycle, in a reversible fuel cell,” under severe environmental
conditions. This will be critical to ensure the availability of key
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in situ resources sustaining future human exploration and
colonization of Mars (Figure 1). Such technology would be
based on reversible fuel cell/electrolyzer technologies and
preferentially taking place in water or gas hydrates."’

Mars

Return journe
98% CO, atmosphere ! y

Electrolysis
ot ’l.-:r

Electrosynthesis
*- HCOOH, CH,0H

Transportation
[Exploration

UB}Q\,«N Storage

Water mining

Figure 1. Electrochemical utilization of CO, and methane trans-
formation on Mars. The figure has been prepared based on the In Situ
Resource Utilization (ISRU) program from NASA. Adapted from ref
13.

So far, electrocatalytic processes in aqueous solution have
been extensively studied as a function of temperature in the
range 0—99 °C, but very little is known about electrocatalytic
processes at temperatures below the freezing point of water or
in gas hydrates."' 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 (Kgeeing)

AT = imk\cmﬂ-ns

Decreasing the temperature of water to subfreezing
temperatures significantly increases the solubility of gases in
water,'> 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
favor the adsorption of the reactive and intermediate species.

In this paper, we report the first electrochemical results for
the oxidation of CH, and the reduction of CO, 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(ClO,),, 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 Reac-
tion (HER) in Brines. The current—potential curves (I-V) of
Pt(111) and Pt(100) single-crystal electrodes in a 4.4 m
Mg(ClO,), 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 with 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
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Figure 2. (A) Voltammetric profiles of Pt(100) and Pt(111) in 4.4 m solution of Mg(ClO,), at +20 °C (black curve) and —18 °C (red curve). (B)
Voltammetric profiles of Pt(111) in 4.4 m Mg(ClO,),; temperatures indicated in the figure. (C) Arrhenius plots for the HER on Pt(111) at —0.1V

vs RHE in 11 m NaOH and 4.4 m solution of Mg(ClO,),.
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cleanliness and the effect of the purity of the electrolyte are
discussed in the Supporting Information, Figure S10.

The irreversibility of the hydrogen adsorption/desorption as
a function of the temperature contrasts with previous results by
Arvia et al.""™'* in concentrated sulfuric and perchloric acid.
This can be attributed to the large difference in proton
concentrations between the concentrated acid solutions and
the Mg(ClO,), 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 to —18 °C. In the
same range of temperature, the hydrogen adsorption peak
shifts to more negative potentials, 56 and 90 mV, respectively.
This corresponds to a temperature coeflicient of approximately
2 mV K7, an average of the adsorption and desorption
processes. This is larger than the calculated temperature
coefficient of 0.65 mV K™' for the reversible hydrogen
electrode in 0.1 M H* solution'® and the shift of 0.45 mV
K™™' estimated from the adsorption isotherm of hydrogen on
Pt(111) in 0.1 M HCIO, by Markovic et al.'® 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.'® As a
consequence of the shift in the hydrogen adsorption at low
temperature, the onset of the hydrogen evolution reaction
(HER) also shifts toward 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
CO,. Previous works by Frese et al.'” showed that the HER on
platinum electrodes at —45 °C in HCIO,-5.5H,0, close to the
freezing point of the electrolyte, follows the Volmer—Tafel
mechanism where the combination of two adsorbed hydrogen
atoms to form H, is rate-determining

Haq+ + e~ © Hy(Volmerreaction)

2H,; © H,(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 tunneling mechanism has been proposed.''*'” Our
results show a Tafel slope of 40 mV dec™ at +20 °C for the
HER in 44 m solution of Mg(ClO,),. This indicates that
either the Tafel step is the rate-determining step or the rate-
determining step is a chemical step preceded by a 2-electron
transfer step. The chemical steps could be related to the
reorganization of the water molecules in the presence of a high
concentration of ions. Unlike in acidic media, the HER in
Mg(ClO,), showed changes in the Tafel slope as a function of
the temperature, from 40 mV dec™" at +20 °C to 65 mV dec™
at —18 °C. This result is consistent with the expected short-
range structural rearrangement of water around both cations
and anions.'® In 11 m NaOH at 20 °C, a value of 135 mV
dec™ was found for the Tafel slope. This implies that the
Volmer step, which is the first electron transfer, is the rate-
determining step

H,O + e~ & H,, + 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.'
In acidic media, the anions occupy the large cavities in the
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water cage-like structure and the excess of delocalized 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.”’ This
ordering increases on cooling, Fiving way to heterogeneous ice
nucleation from the surfaces.”’ However, the water structure
ordering results in a higher energy barrier that needs to be
overcome for proton adsorption and subsequent HER.*” The
Tafel slopes in alkaline media are also temperature depend-
ent,'®** increasing from 135 mV dec™' at 20 °C up to 190 mV
dec™ at —3§ °C. The decrease in catalytic activity as the
temperature decreases follows an expected Arrhenius behavior,
as shown in Figure 2C. The apparent activation energies (E,)
in Mg(ClO,), and NaOH obtained from the Arrhenius plots
were 17.27 and 31.78 kJ mol™!, respectively. Previous reports
have shown E, values for H on Pt electrodes in HCl/CH;OH
and 0.1 M KOH of 11.2'"* and 28.9 kJ mol™,'* respectively.
The differences in E, can be partly attributed to the different
pH values but are mainly due to the coadsorption of cations
(Na* vs Mg2+)‘13

On palladium electrodes, in addition to the shift toward
more negative potentials for the hydrogen adsorption/
absorption process upon decreasing the temperature, the
intensity of the peaks associated with 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, a- and f#-, and the transformation
between these phases.”*

2.2. Electrochemical Reduction of CO, 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 CO,.*> There-
fore, it is expected that the changes to the absorption, diffusion,
and desorption of the hydrogen in the palladium electrodes
and the increased concentration of CO, at low temperatures
will strongly influence the electrochemical catalytic activity and
selectivity of the reduction of CO,.”® As mentioned before, the
HER competes with CO, 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 CO,
reduction.' "’

Figure 3A,B shows the electrochemical reduction of CO, on
palladium electrodes in a 10 m KOH solution at two different
temperatures. It shows that the CO, reduction, indicated by an
arrow, is favorable at the lower temperature. Although
seemingly counterintuitive, this behavior can be attributed to
the increase in the solubility of CO, due to the formation of
the water cages as the temperature decreases. As the
concentration of CO, increases with decreasing temperature,
the formation of carbonate species is favorable. Potassium was
selected as the cation of choice over sodium, because when
NaOH was used a white precipitate of NaHCO; formed at low
temperatures. The measured pH after CO, saturation at —18

https://dx.doi.org/10.1021/acscatal.0c01676
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Figure 3. (AB) 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 CO,-saturated solution of 10 m KOH
(red curve) Scan rate, » = S0 mV/s. (C) Voltammetric profiles of Au
polycrystalline electrode in a CO,-saturated solution of 4.4 m
Mg(ClO,), at 0 °C (red curve), =10 °C (blue curve), and —18 °C
(green curve). The voltammetric profile of the gold electrode at 0 °C
in the absence of CO, (black dashed curve) was included for
comparison. Scan rate, v = 50 mV/s.

°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 s0il.% All the
CO, reduction reaction curves were corrected for the
corresponding change of the pH at each temperature on the
RHE scale.

The product distribution for this reaction was followed by
online electrochemical mass spectrometry (Figure S1) and
NMR (Table 1 and Figure S4—8). As can be seen in Figure 44,
the formation of hydrogen decreases when decreasing the
temperature from 20 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 CO, results in the
formation of formic acid (formate) at low ovexpotentials.l'ih 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 suppres-
sion NMR (Table 1).*” The NMR spectra (Figure S6) show
the different selectivity of the reduction of CO, at different
temperatures. At the lower temperature, the formation of
formic acid is enhanced, and ethanol, which is not observed at
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Table 1. Summary of the Liquid Products Identified after 20
min of Electrolysis, at —0.6 V in a CO,-Saturated Solution
of 4.4 m Mg(ClO,), on Cu(111) and Pd (Polycrystalline)

species detected in the 1D

species detected in
'H-decoupled "*C

temperature the 1D 'H
electrode m?"C)

spectrum spectrum
Pd 20 HCOOH - trace None detected (10,000
scans)
—-18 HCOOH - 0.30 HCOO™
mM
EtOH — 0.06 mM
Cu 20 HCOOH - 0.27 HCOO~
mM
EtOH — 0.02 mM  CH,(OH),
-18 HCOOH - 0.26 HCOO~
mM
EtOH — 0.13 mM  EtOH
MeOH — trace CH,(OH),

“Species found in both types of spectra (‘H and "*C) are highlighted
in bold.
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Figure 4. Gas product distribution during the CO, reduction on (A)
Pd and (B) Cu electrodes after 15 min electrolysis at —0.6 V vs RHE
in 44 m Mg(ClO,),.

20 °C, is formed. Previous works have reported the formation
of H,, CO, and formic acid as the main Eroducts of the
electrochemical reduction of CO, on Pd.**"** Here for the
first time, we report the formation of ethanol as one of the
products of the reduction of CO,. We believe 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.

https://dx.doi.org/10.1021/acscatal.0c01676
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Figure 3C shows the electrochemical reduction of CO, on
Au(111) electrodes in 4.4 m Mg(ClO,), at 0 and —18 °C. As
in the case of Pd and Pt, the electrochemical reduction of CO,
is favored at lower temperatures. Interestingly, the voltam-
metric 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 CO, 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.”” As the CO, reduction reaction takes place,
the local pH becomes more alkaline due to the HER favoring
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 CO, reduction reaction.

The curves for the electrochemical reduction of CO, on
Cu(111) in static conditions, as a function of the temperature,
are shown in Figure SA and B. It was found that the currents
associated with the CO, reduction increased as the temper-
ature decreased, likely due to the increase of the concentration
of CO, in solution.
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Figure 5. (A,B) Voltammetric profiles of Cu(111) electrode in (A)
Ar-saturated and (B) CO, saturated 4.4 m Mg(ClO,),. 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) CO,-saturated solution of 44 m Mg(ClO,), at different
temperatures. Rotation rate: 1600 rpm and scan rate, » = 50 mV s\,
The arrow indicates the trend as a function of the temperature.

7468

It is well-known that mass transport gradients play an
important role in the kinetics of the CO, 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 minimizing changes of the pH at
the surface.

Figure SC,D shows 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-
(ClO,), electrolyte at different temperatures. Three well-
defined regions can be distinguished. In Figure SC, Ar-
saturated solution, region I, between —0.2 and —0.45 V vs
RHE is assigned to the hydrogen evolution reaction from
proton reduction. Region II, between —0.45 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 vs 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
—18 °C where the crystallization of the water is expected at
this concentration of the brine.

In contrast, the CO,-saturated solution, Figure SD, the
voltammograms are strongly influenced by the temperature.
The onset potentials in regions I and III shift toward 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 CO, is largely dependent on temperature and
that the concentration of CO, at the interface is greater at low
temperatures as confirmed in Figure S3.

Figure 6 shows the comparison between the voltammograms
of Cu(111) HMRDE in an Ar-saturated and CO,-saturated 4.4
m Mg(ClO,), 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 CO,-
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 identical to the diffusion
current in Ar-saturated electrolyte, independent of the rotation
rate as greviously reported for the reduction of CO, in acidic
media.” This is in contrast to lower temperatures, —10 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 (v™'/°) and the diffusion
coefficient (D*?), where both factors decrease with temper-
ature, the only possible factors that might result in an increase
in the diffusion current are the number of electrons (1) and the
concentration (C). It was previously proven that the
concentration of CO, increased with decreasing temperature

https://dx.doi.org/10.1021/acscatal.0c01676
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Figure 6. HMRDE voltammograms of Cu(111) electrode in (black curve) Ar-saturated, and (red curve) CO,-saturated solution of 44 m

Mg(ClO,), at different temperatures and rotation rate as indicated in the figure. Scan rate, v = 50 mV s\

(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 IIL

In order to determine the E, of the process from the
Arrhenius plots, the true kinetic currents (ji;,) were
determined at —0.4 and —0.45 V vs RHE by correcting the
currents at each potential (j) by the diffusion currents (jpy)
using the modified Koutecky—Levich equation as previously
described for the ORR.*' The concentration of the Cco,/
HCO,™ 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 CO, increases as the
temperature decreases. As a result of the increase in the
solubility of CO,, HCOj;™ is formed and the pH increases. The
Arrhenius plots for the Cu(111) electrode at two different
potentials, —0.4 V vs RHE, region I, and —0.45 V vs RHE,
region II, and two rotation rates are shown in Figure 7. The
kinetic constants were determined, taking into account that
both CO, and HCO;™ are reactive species in the CO,
reduction reaction. As can be seen, the Arrhenius plots present
two different slopes, positive slopes at temperatures greater
than —5 °C and negative slopes at temperatures less —5 °C,
independent of rotation rate and potential. At higher
temperatures, greater than —5 °C, the calculated E, values
were E, =4.3 + 0.3k mol™ at —0.4 Vand E, = 3.58 + 0.04 kJ
mol™" at —0.45 V, and at temperatures lower than —5 °C, the
Arrhenius plots show an anti-Arrhenius behavior with E, =
—1.25 + 0.25 kJ mol™" at =04 V and E, = —1.52 + 0.08 kJ
mol™ at —0.45 V.

Other kinetic parameters, such as Tafel plots and the
electron transfer coeflicient, could be extracted from the cyclic
voltammetry; however, this manuscript does not include the
kinetic analysis to avoid oversimplifying the process. Previous
works have oversimplified the analysis of the kinetics of the
CO, reduction reaction, typically assuming that the surface
coverage of the intermediate species is constant.”> However,
this simplification leads to an 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.
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Figure 7. Arrhenius plots at —0.4 V (black square) and —0.45 V (red
circle) on a Cu(111) electrode in a CO,-saturated solution of 4.4 m
Mg(ClOy),. To obtain the In(K), the kinetic currents (ji) at each
potential were corrected by the diffusion current (j;) at —0.72 V
according to the modified Koutecky—Levich equation. (A) Currents
obtained at 250 rpm and (B) currents obtained at 1600 rpm.

Regarding the selectivity, results seen in Figure 4B show that
on Cu(111) the HER decreases, and the formation of
hydrocarbons, CH, and C,H,, increases as the temperature
decreases from 20 to —18 °C. Similar trends were observed by
Ahn et al. for the temperature range between 42 and 2 °C.”
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, CH,;, C,H,, and CO, increase at low
temperature due to the formation of their respective gas
hydrates. The NMR analysis, Table 1, shows that 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 CO,RR 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 results

https://dx.doi.org/10.1021/acscatal.0c01676
ACS Catal. 2020, 10, 74647474



Chapter 2: main paper

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

A ¢ %
_ S 15
s 54 ° 10
g L4 <
"70 ; 5
T 44 $ :
g £ o )
5 ° 8 65 70 75 80
5 O Time (s)
34 u
c
¢
% & Water (Ref) ° &
g 24 = Water (This work)
5 * 11M NaOH L4
o
1 T T T T T T
240 250 260 270 280 290 300 310
Temperature (K)
T T T -
C 100 . D
200 4
50 E
§ 0. ] § 100 4 ’
< =
= .50 . i 1
100 :
-100 4 -
0.0 05 1.0 00 05 10
E (V) vs RHE E (V) vs RHE

Figure 8. (A) Solubility curves of CH, 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.'**” Inset: Pressure vs time
curves obtained from MS measurements at different temperatures. (B) Photograph of the opaque gel formed upon bubbling CH, in 11 m NaOH
solution at —35 °C. (C) Voltammetric profile of Pt(111) electrode in 11 m NaOH in absence of CHy at —18 °C (red curve), in the presence of
CH, at —18 °C (black curve), and in the presence of CH, at —38 °C (blue curve). Scan rate, » = 50 mV s™". (D) Voltammetric profile of Pd
electrode in 11 m NaOH at —38 °C in the absence (black curve) and presence of CH, (red curve). Scan rate, v = 50 mV s™". Inset shows a

schematic cartoon of the oxidation of CH, hydrate to CO,.

in an increase of the solubility of the CO, species. Koper's
group reported that the water reduction pathway is specifically
inhibited by adsorbed CO during the CO,RR leading to high
faradaic efficiency for CO, reduction on copper electrodes.
This inhibition of the HER pathway becomes more
pronounced at increased mass transport of CO,* 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.”* While the mass
transport effect has been mainly_ identified on high-surface-
area nanostructured electrodes,” based on the results on
HMRDE, mass transport effects on the product selectivity in
our extended surface electrodes cannot be discarded. In
addition, the solvation of the CO, and the intermediates by a
more rigid structure of the water in the CO, 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.”
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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 CO,4 to
COH, 4, or CHO,4; is a key step determining the selectivity of
the reduction of CO, to hydrocarbons.”” The formation of
these intermediates depends on the coverage of CO and
protons, which depends on the applied potential.

2.3. Electrochemical Oxidation of CH, in Brines at
—40 °C. 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.*® Figure 8A shows the concentration of CH, in H,O and
11 m NaOH as the temperature decreases. The concentration
of CH, in water at temperatures between 20 and 0 °C is in
agreement with previously reported values."** It was found
that the concentration of CH, decreases upon increasing the
salinity of the solution.”” However, by increasing the
concentration of NaOH, lower temperatures can be reached,
so there is a net increase in CH, solubility at the lowest
temperature of —38 °C. Upon bubbling CH, through an 11 m
NaOH solution at —38 °C, the solution turned into a viscous
emulsion—slurry solution® (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

https://dxdoi.org/10.1021/acscatal.0c01676
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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 the presence of CH,. Scan rate, v = 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 the presence of CH, at —38 °C. (C) 1D 'H NMR spectrum recorded at 400 MHz for
liquid samples collected after 20 min of electrolysis at 0.5 V vs RHE in CH,-saturated solution of 10 m NaOH on (A) Cu(111), (B)
Pd(polycrystalline), and (C) Pt. The table includes NMR chemical shifts and multiplicities for the different products of CH, oxidation in 10 m

NaOH found in the 1D 'H spectra.

of CH,. At higher potentials the platinum oxide features are
smaller than those in a solution without CH,. 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 CH,. This is also
true for temperatures ranging between 20 and —30 °C. The
oxidation of methane was only observed between —30 and
—38 °C upon the formation of the gel or slurry.

The same observation is true for the oxidation of CH, on
palladium electrodes, where the oxidation of methane only
took place upon the formation of the gel at —38 °C. As can be
seen in Figure 8D, the onset of oxidation of CH, 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 CH, 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
favor the adsorption and dissociation of CH,.*" Consecutive
scans (Figure 9A) show a decrease in the oxidation current of
the methane on the Pd electrode, probably associated with the
diffusion limitation of the gas toward 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 CO, in Brines. Long-term electrolysis was
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performed in order to determine the oxidation products of the
CH, on Pt and Pd electrodes. During electrolysis, the gas
products were followed for a duration of 10 min using the
modified OLEMS setup, and liquid 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 with the limited diffusion of the
CH, 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 CO, 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.

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
nonpolar gases such as CO, and CH,, opening the door to new
routes of electrocatalysis.

It was found that in brines of NaOH, KOH, and Mg(ClO,),
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(ClO,), brines at low
temperatures, the HER from the water pathway competes
with CO, reduction on a copper electrode at high over-
potentials. At low overpotentials, the water reduction to H,,
where the proton reduction reaction is a diffusion-limited
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process, hardly influences the reduction of CO, 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 CO,
concentration in solution and the decrease in the competitive
HER results in a change in the product selectivity.

The electrochemical oxidation of CH, in NaOH brines was
observed on Pt and Pd electrodes at temperatures below —35
°C and upon the formation of a gel/slurry type solution. Small
amounts of CO, 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
modeling, of the formation of ice-like structures in these brines
at the catalyst interface is very important and needs to be
further explored.”” In addition, further optimization of the
parameters of gas pressure, 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.** The presence of
small organic molecules such as CH, could be the result of the
photochemical h)'drogenation of CO,, from the CO,-saturated
aqueous brines,” catalyzed by metal oxide semiconductors
present in the Mars soil. ™ 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 ref 45. The Au and Pt electrodes were
prepared according to ref 46. The palladium working electrode
was polished to a mirror finish using 1 ym 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 PGSTATI12.

Electrolyte solutions were prepared with high purity reagents
(Sigma-Aldrich, KOH > 85%, NaOH > 99%, Fischer
Scientific, Mg(ClO,),-6H,0 Sigma-Aldrich 99%, K,CO; >
99%) and ultrapure water (Elga PureUltra, 18.2 MQ cm™) 1
ppb total organic carbon). Electrolytes were purged with argon
(Ar, N66), or saturated with methane (BOC, Research grade)
or CO, (BOC, Research grade) for at least 20 min prior to the
corresponding experiment. Details on calibration and exper-
imental setup used for the determination of the solubility of
the gases are included in the Supporting Information. The
temperature control experiments were performed by immers-
ing the electrochemical cell in a cooling medium of 1:1
glycerol:water and cooled to temperature using an HUBER
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TC4SE-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 temperatures 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
characterization and quantification can be found in the
Supporting Information.
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SUPPORTING INFORMATION

2.S1.1 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 Qcm? for Mg(ClO.), and 3-32 Qcm?

for NaOH.

2.S1.1.1 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, N> and CO. during the reduction

of CO,, the calibration method described by Binninger et al. was implemented.*
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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 ¢L.
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2.S1.1.2 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.?

The concentration of CO, as a function of the temperature was measured using a
similar protocol to that shown in Figure S2. However, given the CO2/HCOs/CO3 equilibrium, a
calibration was needed to determine the concentration of the species in solution. Solutions of
different concentrations of KHCO3z; and K.CO3; were prepared and saturated with CO, 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 CO: in the solution was detected until a stable baseline
was reached. Then, an excess of 1 M H,SO4 was injected to decrease the pH and convert the
HCO3/CO3 species to CO». A typical curve of the CO; signal (m/z=44) is shown in Figure S3(A)
and the calibration curves for different concentrations of KHCOs and K>COs are shown in
Figure S3(B). In order to obtain a quantitative analysis, the curves of the CO; 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 H2SOa.

In order to determine the concentration of CO. as a function of temperature, including
the carbonate species, the CO; 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 CO, remained in solution, the temperature was gradually increased to 50 C
with a hot plate. Figure S3(C) show the curves of the concentration of CO, as a function of
temperature in a solution 4.4 m Mg(ClOa4).. The CO; signals were corrected at the baseline for

the increased water pressure associated to the change in temperature.
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Transfer
s saturated

P %ﬁ\ solution
{

Cooling bath

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 CO- 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
H2SO, for the formation of CO.. (B) Calibration curve for the signals of CO> measured using
the head space mass spectrometry as a function of the concentration of KHCOz and K>COs3
(C) Mass spectrometry curves for the concentration of CO, on a CO; saturated solution
Mg(ClO.); as a function of temperature.
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2.S1.1.3 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 *H NMR.

1D H NMR spectra were acquired using a pulse sequence with excitation sculpting
and gradients to suppress the water (H20) peak;® 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 O 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 O ppm. The longest T1 of 8 s
was measured for formate in 4.4 m Mg(ClO.)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 3C data.
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For the 'H-decoupled 1D 3C 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 *C NMR spectrum, 36,000 scans were measured in order to have
a sensitivity good enough to determine the number of *H attached to each carbon detected in
the *H-decoupled 1D *3C spectrum. A small number of points from the fid (30) were also back

predicted while processing this 1D **C 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.S1.1.4 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.* 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). 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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1 75 uL of 0.1 mol dm= phenol in 4.4 m Mg(ClOu,).
1 15 uL of 0.1 mol dm= DMSO in 4.4 m Mg(ClOu).

1 150 pL of D,O (for lock purposes)

For the calibration curve, stock solution of each concentration was added to get a total
volume of 1500 uL. For analysis of electrolysis products, the electrolyte was used. Each

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

1D H 1D 13C
HCOO- 8.38 ppm (singlet) 171.5 ppm (doublet in 1D-
coupled 13C spectrum)
CH3CH20H | 3.75 ppm (quartet); 1.24 ppm (triplet) 82.0 ppm; 16.9 ppm
CHsOH 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 82.2 ppm (triplet in 1H-
water peak (previously reported as coupled 13C spectrum)
4.7 to 4.88 ppm)
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 *H 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 H.O peak.
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DMSO as a function of concentration of the species
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of electrolysis, at -0.6 V in a CO-saturated solution of 4.4 m Mg(ClO.), on Cu(111) (A) -18 C

()20 T

26



Chapter 2: Supporting Information

171.55
82.22
49.46

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 920 80 70 60 50 40 30 20 10 ppm

Figure S8. 1D **C spectra recorded at 125 MHz for liquid sample collected after 10 min of

electrolysis on Cu(111) at 20 C; the top spectrum shows the *H-decoupled spectrum while
the bottom spectrum shows the *H-coupled *C spectrum
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Figure S9. Voltammetric profiles of Pt(111) in CO.-saturated 4.4 m solution of Mg(ClQO4),
different temperatures as indicated in the figure. The arrows indicate the direction of the scan.
Inset: lon mass curves for the m/z=2 during the CO; 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(ClOg). 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.

29



Chapter 2: Supporting Information

Lo i A

Hdesorption/oxidation

j (mA/em?)

-100

E (V) vs RHE

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, U- and b-, and the transformation between these phases.® This transformation is a
shift from an U-phase, of low hydrogen content, to a b-phase containing up to 0.8 atoms of
hydrogen per atom of palladium in the matrix.® 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.”° 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.
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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 3 = 50 mV/s. (B) Voltammetric profile of Au(111) in 11 m NaOH at -35 °C in
absence (black) and presence of CHs (red). Scan rate 3 = 50 mV/s
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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.
(0] O ¢ ™ UL T&TL wn O (S1)

Where Erke (V) is the potential vs RHE, Engrgo (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 O; 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 CO,, particularly at low temperature.
Density and kinematic viscosity of highly concentrated Mg(ClO4). and KOH solutions have
been determined, both at low temperatures and in the presence of CO; 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(ClO,). ,at
all temperatures measured, was observed. Conversely, CO, 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 CO: 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.? 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 O via a solid oxide

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

Other electrocatalytic processes could be carried out to produce necessary chemicals,
such as hydrogen or methane, by electrolysis of CO; dissolved in water.>* 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=° Previous research has shown that lowering
the temperature below 0 °C increases the production of CH, and CO and decreases the
production of H> when CO: is electrocatalytically reduced in brines of Mg(ClO4)..2 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 electrolyte'®!!, 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, qdl, 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.

VoL o oo (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.*?*® 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 CO», methane and O,.** As such the increase
of the reactants might also increase the rate of electrochemical reaction involving these gases.
For example, in Mg(ClO.). brines as the temperature is lowered to -35 °C, the solubility of O
increases to around 1.1 mM and the current due to O, reduction increases.® In previous works
we have also reported an increase of the reaction rate of the electrochemical conversion of

CO; and methane at sub-zero temperatures in agueous brines of Mg(ClO4); and KOH.?

Changes in temperature not only have an effect on the solubility of CO, in aqueous
electrolyte, they will also have a marked effect on the dynamic viscosity, d and the density, } .
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.

L @ O—— —006— 00w )

Where at a distance x from an electrode for a species i, J is the flux (mol s* cm?), D
is the diffusion coefficient (cm? s?), C is the concentration (mol cm), z is the charge, F is the
Faraday constant, R is the gas constant, T is the temperature (K), (i is the electrostatic potential
(V), and v is the velocity (cm s). The diffusion coefficient, D, can be derived from the Einstein-

Stokes equation (3),

o — 3)

where, kg is the Boltzmann constant, res is the effective radius of the species (m), and
d is the dynamic viscosity of the solution (Pa s). The dynamic viscosity is derived from the

kinematic viscosity, 3, (m? s) and the density via equation (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 CO; conversion'®-1° and water splitting®,
herein we report the values of density and dynamic viscosity at sub-zero temperatures down

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

These results can then be used to better understand the anti-Arrhenius behaviour seen
during the electrochemical conversion of CO; and the oxidation of methane at temperatures
below -5 °C reported in our previous work.® A more complete understanding of electrochemical
conversion of CO; 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(ClO,). (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 MQ cm™, <5 ppb total organic carbon) to make the correct concentration in mol kg*. All
solutions were left in a temperature controlled 1:1 glycerol: water bath, cooled using a HUBER
TCA45E cooler with a temperature control £0.5 K until they reached the desired temperature.
Solutions were saturated with CO, (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(ClO.,), 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* cm).

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 (3) was calculated using the equation,

t 5 0 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, 3, was converted to the dynamic viscosity, d, 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.?! 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.?> 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. @ Reference 21. ® Calculated from reference 22.

J at25°C/gcm?® dat25°C/mPas
This work literature This work literature
water 1.0005 + 0.0008 0.9972 0.900 + 0.004 0.8902
8.5m KOH 1.3024 + 0.0010 1.309° 2.271 + 0.008 2.362°

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), 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* is close to the saturation of the Mg(ClO4). solution and
below this temperature precipitation of 6H.0.Mg(ClO4). occurs? which is the most stable form

under Martian conditions.?®* Upon CO; saturation, the solution of 3.8 m Mg(ClO4). showed no

T T T T T T T T T T
1.40 4 ]
1.46 4 ]
=
o 1441 1o 1364 i
£ £
Q o
= 2134
1424 1%
1.32 4 1
1404 ™ without CO, ] ] = without CO,
» saturated with CO, 1309« saturated with CO, .
T T T T T T T T T T
250 260 270 280 290 300 250 260 270 280 290 300
TIK T/IK

Figure 1. Density as a function of temperature between 255 K and 298 K with CO; (red)
and without CO- (black). (A) Results from 3.8 m Mg(CIlO.).. (B) Results from 8.5 m KOH.
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Table 2. Measured density of 3.8 m Mg(ClO.). and 8.5 m KOH solutions, with and without
CO, saturation.

3.8m COzsat. 3.8 m 8.5 m KOH CO;sat. 85m
Mg(ClOa)2 Mg(ClOa) KOH
T/K } /gem?3
298 1.4006 + 0.0011 1.4000 + 0.0011 1.3024 + 0.0010 1.3430 = 0.0011
273  1.4332+0.0011 1.4307 £ 0.0011 1.3300 £ 0.0010 1.3706 + 0.0011
263 1.4445 + 0.0011 1.4451 + 0.0011 1.3409 £ 0.0011 1.3821 +0.0011
255 1.4562 + 0.0012 1.4566 + 0.0012 1.3493 + 0.0011 1.3847 + 0.0011

significant change in the density at any T measured suggesting little absorption of CO; in the
solution. These results are in agreement with the poor solubility of CO, at the pH of the
Mg(ClO.): solutions (pH=8). Previous work by our group using mass spectroscopy found that,
in the same electrolyte, the concentration of CO; increased from 1.12 mM at 293.15 K to 5.08
mM at 253 K.® However, such small changes of concentration of CO: 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 CO», the density of 8.5 m KOH increases by 0.04 g cm= across
all the measured temperatures. This indicates that the amount of CO, absorbed is constant
over all temperatures in this range. Alternatively, as in the case of the Mg(ClO.)2, the variation
in concentration of CO; 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 CO-
increases with concentration of KOH?*, due to the formation of (bi)carbonates, but at very high
concentrations of the electrolyte, the CO. solubility is limited due to the so called the “salting
out” effect.?>?® The balance between these factors, (bi) carbonate formation and salting out
effect, and the expected increase in CO; solubility due to the lower temperature, may account

for the observed constant CO; concentration across the temperatures measured.
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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, 3, was converted to the dynamic viscosity, d, via
equation (4) and the results are shown in Table 3. Over the temperature range investigated,
the values of viscosity for both Mg(ClO.), and KOH solutions fit an Arrhenius relationship,

eqguation (6),

- 0Q (6)

Where R is the gas constant, A is the preexponential factor (Pa s), and Ej is the
activation energy (kJ mol?). The Arrhenius plots are shown in Figures 2A and 2B. Figure 2A

shows little difference between d for the CO; saturated and unsaturated Mg(ClO.). solution.

This agrees with the interpretation of the | results where there is little absorption of CO..
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Figure 2. Viscosity as a function of temperature (black) without CO, and (red) upon
saturation with CO.. (A) and (C) Results from 3.8 m Mg(ClO,).. (B) and (D) Results from 8.5
m KOH.
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Table 3. Calculated d values for Mg(ClO4), and KOH solutions with and without saturation with
CO:a..

MS((%&)Z Cc,ﬁgs'(%tl'&i m 85MKOH  CO;sat 8.5m KOH
T/ K d/mPas
208  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

Previous work has attributed the increase in viscosity for concentrated Mg(ClO4). 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.?’

On the other hand, Figure 2B shows an increase in the difference in d for the
unsaturated and CO; saturated KOH solutions as the temperature decreases . Since, |
indicates that the concentration of CO, is constant across the temperature range, then the
change in d must be due to changes in the strength of the intermolecular forces of attraction.
When the CO; dissolves, it reacts with the available water and sets up an equilibrium between
COs?, HCO3 and H>COs. In concentrated KOH, the most abundant ion is HCO3', which causes
an associated lowering of the pH.2* 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).

it iE - )
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de, 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 E; when
KOH is saturated with CO, which supports that there is an increase in the strength of the

interactions between the ions.

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

R? values for Figure 2C

solution 10°ds / mPas Ea/ kJ mol? &D
3.8 m Mg(ClOa)> 1.14 +0.03 19.3+0.4 0.999
CO; sat. 3.8 m Mg(ClO,),  1.32 + 0.04 19.0 + 0.4 0.998
8.5 m KOH 1.03+0.03 19.1+05 0.998
CO;sat. 8.5 m KOH 1.07 £ 0.02 19.6 £ 0.3 0.999

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

Using the values for d 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 CO.
was assumed to be the same as in pure water?® but loosely dependent on temperature.?® As
T decreases, the diffusion coefficient also decreases in both solutions. The larger d values for
8.5 m KOH correspond with lower D values compared to 3.8 m Mg(ClO4),. According to
equation (2), lower values of the diffusion coefficient, indicate a lower flux and a decrease in

mass transport of CO; through the solutions.

Table 5. Calculated diffusion coefficient for CO. in Mg(ClO.), and KOH at various temperatures

CO; sat. 3.8 m Mg(ClO4)2 CO; sat. 8.5 m KOH

T/K D/10m?s?

298 7.01 6.71
273 3.43 6.71
263 2.37 3.19
255 1.71 2.19
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Interestingly, our previous work showed an increase in the electrochemical conversion
of COz 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.

.4 Conclusions

The density and dynamic viscosity of highly concentrated KOH and Mg(ClO4).
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, d and ] for all solutions increased. |
increased linearly and d 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(ClO,). solutions saturated with CO- is also

reported.

3.8 m Mg(CIO4). shows no significant differences in d or j at any measured
temperature after saturation with CO,. The results are associated to the poor solubility of CO,
at the pH of the Mg(ClO4),. Conversely, 8.5 m KOH solutions show marked changes in
physicochemical behaviour upon saturation with CO». A constant increase in } is observed, at
the same time a much greater increase is observed in d at lower temperatures. We conclude
that the formation of (bi) carbonate species, due to the reaction between the CO- 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 CO; is significantly reduced in these
solutions which will result in less mass transport through the electrolyte. This indicates that the

increase in CO- reduction current at low temperature seen in our previous work is not due to
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an increase in transport of CO- to the electrode surface but more likely other factors such as
overall CO; concentration.®> 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 CO..
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Investigating the stabilising effects of the electrolyte on CO>
reduction intermediates using DFT calculation

50



Chapter 4

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
CO.. 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 Mg?*, on single carbon CO; reduction intermediates
and the results are illustrated using scaling relations. From these relations, it is shown that K*
and Na* influence intermediates similarly, while Mg?* interacts differently, likely due to its
greater charge. These results are then applied to the reduction of CO, 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 Schrédinger equation for a
many-body system and the technique provides a good balance between accuracy and
computational resources. Herein, DFT calculations are used to investigate the stabilisation of

key CO- reduction intermediates by experimentally relevant species, hamely 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 C, products are
observed, and the formation of ethylene is shown to be independent of pH.? Results from DFT
calculations showed that at low overpotential, the formation of a C,O;" 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.®* Further
calculations proposed that at high overpotential, the reaction mechanism changes and the C»
intermediate is formed from the dimerization of *CO and *CHO.® 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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Figure 1. Schematic showing the reduction of CO; on Cu catalysts to its various products.
Reprinted from reference. 44

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.®” 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.® The
adsorption energy of similar intermediates correlates in a linear fashion, for example, *OH and
*O0H which are key intermediates in oxygen catalysis,>® 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.’® For CO; reduction, there has been some progress in
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detecting”*! and understanding how to “break” these scaling relations?*2 but also criticism that

there is insufficient consideration given to solvent effects.'*

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.’>’ This
method is computationally cheap but, because it does not account for hydrogen bonding to
adsorbates, it can be inaccurate.*® Explicit solvation models include explicit water molecules
in the calculations and although these models have a greater accuracy they are very
computationally demanding.’® 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.?® In other studies,
electrolyte ions have been included and shown to affect the selectivity and the activity of the
CO; reduction reaction. On Ag electrodes, larger cations promoted CO production over H;
production?! and increased the current density due to formation of CO and HCOO".?> On Cu
electrodes, increasing cation size also favours CO- reduction over H evolution as well as
promoting C. products rather than C;.22 DFT calculations have provided an explanation by

showing that larger cations provide greater stabilisation to C; intermediates.?*

This chapter aims to look at how C; 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 Mg?" cations affect the intermediates and scaling relations are constructed to
determine this. The specific effects of the cations on the first steps of CO; reduction, namely

CO; 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 package?® using
the PBE exchange-correlation functional®® and the projector augmented-wave (PAW) method?’
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/A. The Methfessel-Paxton smearing method?® 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 A 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.” For gas-phase calculations a 15 A

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

4.2.1 Reaction energies

For the reduction of CO; to CO, the reaction energy, G, in vacuum was calculated

using the equation (1).
Yo Yo YO WY (1)

Where gEprris the calculated DFT reaction energy, gqEzee is the zero-point energy and
gf is the entropic contribution. gqEzre was calculated with DFT using the vibrational
frequencies from the simple harmonic oscillator approximation. For gas and liquid molecules,
g6 was taken from standard entropies reported in the literature.*® A liquid phase correction
was applied to oS for water.32%3! For adsorbed intermediates, g 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 CO, and CO specifically, semiempirical corrections have been applied.*
When solvation or cationic corrections are applied, it is assumed that any changes in qEzpe
and oS are negligible since all species remain adsorbed.?° 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 CO2reduction to CO

When investigating the effect of solvation on the reduction of CO; to CO, (3x3) 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 (6x6x1).

VASPsol was used to calculate stabilisation by implicit solvation.’®>® For explicit
solvation, step wise addition of H,O molecules was used.? The additional stabilising energy
provided by each additional water molecule solvating the CO, reduction intermediate, qu", is
compared to the stabilising energy provided when the water molecule is solvated by other

water molecules, q w20, and if qw'< g 20 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.
TO0 10 “00 0700 2)
To calculate the stabilising energy of a single water-water interaction, equation (3) is used.
-30 -30 3)

Where, 30 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,

55



Chapter 4

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.

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

equation (4).
z "006 0 00 4)

The stabilisation provided by the micro-solvation environment is the difference between 30O
and 30 . 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 CO; reduction intermediates, (4x4) (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 (3x3x1) 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.”

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

v

Yo @ Qo © (5)

Where, E- is the energy of the metal surface, E-, is the energy of the surface with the adsorbed
intermediate (*COOH, *CO, *COH, *CHO, *C, *CH, *CH,, *CHs) and E is the energy of the

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

*K used as an example.
zy) zp 0z v 2 (6)
And so, the stabilisation energy provided by *K, g+, is given by equation (7),
m Q QG Q 0O (7)

Where E«w-k] IS the energy of the intermediate with a co-adsorbed K, and Exx is the energy of

adsorbed K.

4.3 Results and Discussion

4.3.1 Scaling relations

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

each intermediate are plotted vs. YQ using the linear equation (8).
YO & YQ Q (8)

The gradient of the line can be calculated using a simple electron counting relation,
& 0 jO ,where( isthe number of electrons required for an intermediate, w, to reach a
full outer shell and U 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 1,3* 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 SHvs S
scaling relation is similar to that of OH vs 0.8 However, other factors can influence the gradient
such as solvation or covalent character in the interaction between the adsorbed intermediate
and the surface.'* 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.3®
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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) *CHs, (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.
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Table 1. Parameters from the linear fits in Figure 2.

parameter cation adsorbed intermediate
CH CH: CHs CO COOH COH CHO
- 0.80 0.54 0.27 0.53 0.36 0.81 0.46

m *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
- -0.95 -0.31 -0.01 1.81 -0.33 0.61 0.40
Y *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
- 0.994 0.974 0.900 0.957 0.965 0.995 0.983
R? *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 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 Ny is 3, (*CH and *COH) have gradients close to 0.75, where Ny is 2
(*CHz, *CO, and *CHO) the gradient is close to 0.5 and where Nyis 1 (*CH3z and *COQOH) 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.?43

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.®3” 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
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change. Thus, the changes to the offset must be due to stabilisation by the cations. The
stabilisation provided by the cation is denoted with g+« 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, q+, compares to the presence of *Na, q +na, for
each of the intermediates. If the ions affect the intermediates in the same manner, then there

will be a linear relationship between g+ and q+na With a gradient of 1. To show the expected
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Figure 3. Energy stabilisation provided by (A) *Na (g +a) and (B) *Mg (q+mg) plotted against
energy stabilisation provided by *K (q+) for C; intermediates in the reduction of CO,. The
trendlines show the parity line y = x.
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Table 2. Parameters for the linear fits shown in Figure 3 for g «wgVs. q « for each intermediate.

CH CH, CHs 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
R? 0.788 0.855 -0.121 0.526 0.495 0.491 0.280

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 *CH, follow this correlation indicating that the intermediates are

stabilised in a similar way by both *K and *Na. *CH; 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 g «ug vs.  « are shown in Table 2. It is clear from the R? correlation coefficients
that none of the intermediates follow closely the linear relationship, except perhaps for *CHo,

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

4.3.2 Application to reduction of CO2 to CO

The reduction of CO; to form CO via *COOH is the first step (except for formic acid
which is formed via *OCHO) common to the production of all CO; reduction products. To
illustrate the electrocatalytic effects of different methods of stabilisation the results are applied
to the reduction of CO, to CO on three experimentally relevant surfaces. Cu, Pd and Au were
the metals used in our previous work®® and so these surfaces have been highlighted in
Figure 4. The black line shows the reaction energy, qiG, for the intermediates without any
external stabilisation. For all three surfaces, the adsorption of CO, 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
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being poisoned by *CO, reducing their efficiency.*® On Au(111) however, this final step is
favourable hence COy is the main product of CO; reduction.*® 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.4%4!

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, qsow,imp, Was calculated using the VASPsol programme which
simulates the dielectric screening of the surrounding solvent.'>® However, q sow,mp 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
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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.
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corrections, ( soivexp, ONly if there is an H-bond formed and the results are shown as the lilac

line in Figure 4.2° For this reason, ( sovexp COrrections are greater for *COOH than *CO.

Cation stabilisation affects both intermediates to a greater extent on all surfaces.
Stabilisation by *K, q« , is shown in red, stabilisation by *Na, qa, iS shown in blue, and
stabilisation by *Mg, q «mg, iS sShown in green. For *CO, q + is greater than q «na, but for *COOH,
g +na IS greater than g «. In turn, q «wg is greater for both intermediates than g« and ¢ «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 CO..#2 In other work, *K has been shown to stabilise the *COOH intermediate and strengthen
the bond between the central C and the metal surface.*®* *COOH is more polarisable than
*C0O,?2 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 CO; 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
*CO”* and addition of H-bonding to calculations provides additional stabilisation to certain
intermediates compared to implicit solvation? but in this work they are extended to more
surfaces and include the divalent Mg?*. K* and Na* seem to affect intermediates similarly and
to the same extent, but the results from the scaling relations show that Mg?* 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, C; intermediates are only part of the full story of CO;

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

This thesis has shown that electrochemical reduction of CO; 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 CO;
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. lonic liquids can have very high CO; 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(ClO,).,
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(ClO.). 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 CO. 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 CO to the electrode surface, but more likely an increase in the CO, concentration.
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One of the central ideas in this thesis is that CO> concentration increases at low
temperatures. The increase in the density of KOH at low temperatures supports this
hypothesis. However, for Mg(ClO4). 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 CO, concentrations. This merits further
investigation since it could be that the concentration of Mg(ClO.), used is so close to the
saturation point, that the salting out effect, limits the CO, 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 Mg?* 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 CO,, 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, CO.RR 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 CO; in deep sea clathrate structures since the size
of the CO; 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 CO; 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 CO.. Then the effect of each parameter can on the viscosity of the electrolyte and the
diffusion coefficient of CO. 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 CO; in solution, experiments on varying the CO;
bubbling time or pressure should be carried out. However, a consistent methodology for
measuring CO; 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 CO,, which may then be measurable using an analytical balance. This methodology is
faster and does not utilise the assumption that all dissolved CO; is released into its gaseous

form used for analysis of OLEMS experiments.

Further computational calculations should look at the stabilisation of C, products by
Mg?* 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 C. 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 O, 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.
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