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ABSTRACT

Carbon dioxide (CO,) plays a key role in controlling the temperature of the Earth. But the increase in the
concentration of CO; in the atmosphere brings with it a series of consequences, originating several
environmental problems. The use of electrochemical, spectroscopic and molecular dynamics techniques are
useful toolkits to valorize carbon dioxide, and to know the reduction mechanism as a function of CO;
concentration, the cathode nature, and the electrolyte. This manuscript will be mainly centered in the use
of'ionic liquids (IL) for efficient CO; capture and valorization into different valuable products thanks to the
CO; electrochemical reduction. In this sense, spectroelectrochemistry based on cyclic voltammetry
coupled with Polarization Modulation-Infrared Reflection-Absorption Spectroscopy (PM-IRRAS) and
Infrared Reflection-Absorption Spectroscopy (IRRAS) appear to be an efficient instrument to follow the
COz reactivity in imidazolium ionic liquids. Finally, we present molecular dynamics paired with cyclic
voltammetry in order to calculate the diffusion coefficient of CO, and the number of electrons involved in
its reduction process, respectively. Therefore, the current research opens the door to the use of theoretical-
experimental approaches altogether to determine how is the CO; reduction mechanism. The CO; reduction
products in function of the solvent and nature of the cathode is suggested, proving that the product obtained

from the electrochemical reduction of CO, depends on the electrode material and the solvent.

Keywords: Carbon dioxide, lonic Liquids, Electrochemistry, Reduction Mechanism.
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1. INTRODUCTION

Carbon dioxide (COy) is possibly the most well-known molecule. It played a vital role in the origin of
life[1] and, as it is the main source of energy of plants and some bacteria, is still essential for all living
beings on Earth. CO; is also one of the main products of the combustion of organic material, such as the
widely used fossil fuels. Since the prehistoric era, the humanity has used combustion as a main source of
energy and, therefore, it has become the basis of the technological development. In this sense,
anthropogenic CO; emissions, such as fossil fuel combustion and net land use, have become significantly
important since the industrial revolution (since the 1760s). CO, concentrations have increased by 40%
since pre-industrial times.[2,3] Atmospheric CO> is the primary greenhouse gas. An excessive amount of
this gas causes an increase in atmospheric temperature which is leading to severe environmental
problems.[4] Moreover, predictions suggest that the excessive emission of CO> in the atmosphere and the

associated global warming will have a negative impact in the global economy.[5,6]

This creates a need to reduce CO, emissions by searching alternative sources of energy and diminishing the
use of fossil fuels, as well as trying to reduce the CO, levels in the atmosphere by directly capturing this
molecule. One of the solutions proposed was carbon capture and storage (CCS) strategies,[7] which
comprises several processes and materials used in order to retain CO», allowing its permanent storage in,
for example, underground reservoirs. Furthermore, the carbon capture technologies can be adapted to
transform CO; into more valuable products.[8] CCS technologies can play a key role in softening the
transition into an emission-free society, as can able the use of conventional sources of energy, reducing the
emitted CO,. Nowadays, postcombustion carbon capture systems are the most mature technology and the
easiest to adapt, as they can be directly used in current power plants or other sources of CO».[9] Moreover,
these technologies can be extremely helpful in reducing the emissions in other sectors which are difficult

to decarbonize.

Amine scrubbing processes are the most used mechanisms for postcombustion CO; capture.[10] In this
process, mixing of gaseous CO, molecules takes place in an absorbent liquid solvent which is lately
regenerated. Chemical absorption by aqueous amine-based solvents appears the most promising near-term
solution for CO; capture from flue gas, because of their ability to capture CO, at low pressure with adequate
absorption/desorption kinetics. CO, removal from flue gases is practiced on a large scale using aqueous
solution of amines such as monoethanolamine (MEA) and diethanolamine (DEA), which have more than
90% of efficiency.[11] To liberate the CO, at a higher concentration, these amine solutions are then

regenerated by steam stripping. These liquid solvent-based technologies for carbon capture present several
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drawbacks like amine loss in the regeneration process, after the capture of the CO», or degradation of

the solvent due other chemicals found in flue gases.[12]

For this reason, searching alternatives to amines as absorbents has grown enormously in recent years. One
of the most fertile research fields on this process has been the ionic liquids (IL), because they are capable
to overcome this kind of problems.[13—15] Unlike MOFs, which are frequently considered in CCS
systems,[16] IL degrade at temperatures over 300 °C and are, typically, non-flammable. Stability vs
elevated temperatures and non-flammability are important in CCS applications to improve safety and to
allow a greater lifespan, reducing costs.[7,17,18] ILs are constituted purely by the combination of anions
and cations, which are typically bulky and asymmetric to hinder crystalization.[7] Due to their inherent
advantages (melting point below 100 °C), IL are often considered as a solvent in CO; valorization processes,
which consists in the transformation of captured CO- in other valuable products. In this sense, the use of
electrochemical approaches to transform waste CO: into valuable chemical products in one of the most
studied processes to valorize CO,. ILs also offer wide electrochemical windows, which enhances the

tunability of electrochemical reactions.[18-21]

Selecting the adequate reagents, different molecules of interest can be synthetized by an
electrocarboxylation process, i.e., fixing the CO, electrochemically to form a carboxylic acid.[22-29]
Examples of molecules that can be synthetized following this process are non-steroidal anti-
inflammatory drugs (NSAID), such as ibuprofen and naproxen.[30,31] These molecules are valuable
pharmaceutical products that, thanks to the use of IL, can be obtained by green synthesis
processes.[32,33]

Considering previous works on aprotic solvents, there are two main pathways of reaction that follow
diverge after CO; is reduced into its radical anion specie (reaction 0, scheme 1). In one of these pathways
the reaction follows the formation of oxalate (C204%), from the dimerization of two CO, "~ radicals, which
involves only one electron transfer (reaction 1). The other pathway (reaction 2) involves the formation
of an radical anion intermediate trough the reaction between CO; " and a molecule of CO,, which evolve
into carbonate (COs*), carbon monoxide (CO) and carbon dioxide (CO,), reactions 3 and 3’. In this

second pathway, the electrochemical reduction mechanism of CO, involves two electrons.[34]
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Scheme 1. CO; reduction reaction and products formation in aprotic solvents adapted from reference 34.

The solvent and the electrode employed for reducing the captured CO, can affect what product, is
synthetized and the process efficiency.[23] For this reason, the aim of this work focuses on introducing
different approaches in order to disclose the CO; electroreduction mechanism. Determining the number of
electrons involved in the reduction process is a crucial parameter that gives information about how the
reaction takes place. Thanks to the information given by cyclic voltammetry and molecular dynamics
simulations, we can quickly determine this parameter and predict if the chosen electrode material and

solvent are suitable for obtaining desired CO; electroreduced products.
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2. MATERIALS AND METHODS

2.1. Materials

Carbon dioxide (CO,) and nitrogen (N») were purchased from Carburos Metalicos S.A. (Cornella de
Llobregat, Spain), purity of 99.9999%). All the commercially available reagents, acetonitrile (ACN) and
tetrabutylammonium tetrafluoroborate (TBABF4) were acquired from Sigma-Aldrich (Madrid, Spain)
with maximum purity and used as received. Titanocene was received from AFINITICA and used without
further purification. 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI)
was acquired from Solvionic (Toulouse, France) and were dried with activated molecular sieves for 24

h in order to guarantee that the amount of water was always less than 100 ppm.

1-Ethyl-3-methylimidazolium trifluoromethanesulfonate (EMIM OTf) was synthesized following
the procedure described in Scheme 2. In a three-neck 500 mL flask, 50 g of methyl
trifluoromethanesulfonate was dissolved in benzene and was slowly mixed with 28 g of 1-
ethylimidazole, which was solved previously in benzene keeping the temperature at 0 °C. After the
reaction was finished, the solvent was removed, and the crude was purified under vacuum using
activated carbon. The final IL was characterized by '"H-NMR (400 MHz, D,0) and Karl Fischer. Prior
to use, the ILs was dried under vacuum to remove traces of water and was stored under ultrapure
dinitrogen (Praxair, Inc., Danbury, CT, U.S.A.) in a nitrogen glovebox with <10 ppm of water. Water
content analysis of ILs was carried out on an 831 Karl Fischer (KF) coulometer (Metrohm, Riverview,
FL, U.S.A)).

—/® © o F
F = /
N/\\N' + HSC_O\ICI)CI—F N/\N— O\SII/C\_F
™ ST l, woF
(0]
EMIM OTf

Scheme 2. Synthesis of EMIM OTf.
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2.2. METHODS

The theoretical-experimental approach described is divided in two parts. Firstly, molecular dynamics
(MD) are employed to determine the diffusion coefficient of the CO, in EMIM TFSI. Secondly,
electrochemical techniques are used to obtain the number of electrons involved and disclosed the CO;

electroreduction mechanism in imidazolium ionic liquids.

2.2.1. Molecular Dynamics simulations of CO; diffusion in EMIM TFSI

All atomic Molecular Dynamics simulations were employed in order to determine the diffusion
coefficient of a CO, molecule in the IL of interest. In our simulations, we considered the motion of a single
CO; molecule inside an IL made by 499 EMIM TFSI pairs at 7= 298 K and 1 atm of pressure. The resulting
system with a single CO, molecule and 499 EMIM-TESI pairs (a total of 16969 atoms) is shown in Figure
1. As only one CO; molecule is included inside the IL liquid box composed by 499 pairs, hence the
simulated CO» concentration is 7.69 mM. This value is obtained considering a single molecule of CO,
within a simulation box volume of 216000 A3 (60 x 60 x 60 A). The interactions between atoms during the
simulation were modelled using previously developed forcefields. The employed forcefield for the IL was
the nonpolarizable forcefield previously developed by Brela et al.[35] for NAMD simulations of EMIM
TFSI. This forcefield has been validated by comparing with Ab Initio MD simulations (it correctly
reproduces correlation functions and spatial distributions of donor-acceptor pairs in EMIM TFSI) and it
also correctly predicts observables such as the experimental density of the IL (predicted value 1.515 g/cm®,
experimental value 1.518 g/cm®). The CO, molecule was described using the CHARMM36 general force
field[36] as in our previous work on simulations of liquid solutions containing CO».[36] The simulations
were performed using Nanoscale Molecular Dynamics (NAMD) 2.13 program[37] and the visualization
and analysis of the results was performed using the Visual Molecular Dynamics (VMD) program[38] and
our own scripts. In our simulations, the equations of motion for all the atoms were solved with a time step
of 2 fs. Temperature and pressure were kept constant at 298 K and 1 atm using a Langevin thermostat
(relaxation time 1 ps) and the isotropic Nosé-Hoover-Langevin piston (oscillation period of 100 fs and
decay time of 50 fs). Electrostatic interactions were computed using the PME method (PME) with the
standard settings in NAMD (1 A resolution, updated each 2 times steps). Lennard-Jones interactions were
truncated at 1.2 nm employing a switching function starting at 1.0 nm. Periodic boundary conditions were

employed in all directions.

The protocol followed in the simulations was the following. First, we randomly inserted a CO, molecule
inside a pre-equilibrated IL originally made by 500 EMIM TFSI pairs (the pre-equilibrated liquid
coordinates were kindly provided by the authors[35]). An EMIM molecule was deleted due to overlap with
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the randomly inserted CO; molecule and a random nearby TFSI molecule was deleted in order to
preserve electroneutrality. Before production, the system required further equilibration due to this
deletion/insertion process was energy minimized and equilibrated for ~1 ns until we observed full
equilibration of the thermodynamic magnitudes (temperature, pressure, energy and volume of the
system). After equilibration, we performed a full production run of 400 ns, monitoring the trajectory of
the CO; molecule. This long simulation time was selected not only to ensure that the CO, molecule is
able to explore the IL away from its initial neighbors but also to ensure equilibration of the IL which is
a liquid with sluggish dynamics, as seen previous simulations.[35] The motion of the CO, molecule
inside the IL was analyzed and the diffusion coefficient was extracted, as discussed in the Results

section.

O
|
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Figure 1. Left; Molecular structure of EMIM(a) and TFSI (b). Right: Snapshot of the initial configuration for a CO,
molecule inside an EMIM-TFSI liquid box considered (scale bar = 1 nm). The CO, molecule was shown in Van der
Waals representation and the EMIM TFSI ions were shown as transparent bonds to facilitate visualization. The
employed color code was CPK (O:red, N:blue, C:cyan, S:yellow, F: pink).

2.2.2. Electrochemical Experiments

An electrochemical conical cell was used for the set-up of the three-electrode system. For cyclic
voltammetry (CV) experiments of aprotic solvents and EMIM TFSI, the working electrode were a silver
disk and copper disk, both with a diameter of 1.6 mm and a glassy carbon disk with a diameter of 1 mm.
They were polished using a 1 mm diamond paste. The counter electrode was a Pt disk < 1 mm in
diameter. All the potentials were reported versus an aqueous saturated calomel electrode (SCE) isolated
from the working electrode compartment by a salt bridge. The salt solution of the reference calomel
electrode was separated from the electrochemical solution by a salt bridge ended with a frit, which was

made of a ceramic material, allowing ionic conduction between the two solutions and avoiding
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appreciable contamination. Ideally, the electrolyte solution present in the bridge is the same as the one used
for the electrochemical solution, in order to minimize junction potentials. The error associated with the
potential values was less than 5 mV. The ohmic drop can be one of the main sources of error when IL are
used as solvents, since they are more resistive media than polar aprotic solvents with 0.10 M concentration

of supporting electrolytes.

In the case of EMIM OTf All electrochemical experiments were carried out with a CHI 660D
electrochemical analyzer (CH Instruments, Austin, TX, U.S.A.), at room temperature and ambient pressure.
For working electrode, disk-shaped substrates to support IL films are cut from 14 mm-diameter
polycrystalline silver rods (99.99% purity, ESPI Metals, Portland, OR). The disk surfaces are mechanically
polished to 0.3 pm grit size with alumina powder to obtain a mirror finish. Subsequent chemical polishing
uses a well-established method including an acid etch, which employs H.SO4 (ACS grade, BDH), HC1O4
(70%, Sigma), and NH4OH (28—30%, BDH), all used as received, along with an aqueous solution of 4 M
CrOs3 (99.9%, Aldrich) and 0.6 M HCI (ACS grade, BDH). All solutions are prepared with ultrapure water
(18.2 MQ cm ™" with TOC < 4 ppb) generated by a Milli-Q UV Plus System (Millipore Corp). Two different
Pt wires (99.997% metal basis, Alfa Aesar) serve as the quasi-reference and auxiliary electrodes,

respectively.

Infrared reflection absorption spectroscopy (IRRAS); IR radiation from the Fourier Transform Infrared
Spectroscopy (FTIR) spectrometer source is passed through a wire grid polarizer to create a p-polarized
beam, which is impinged on the surface at a glancing angle of ca. 78° from the normal. This arrangement
is made on an external optical bench in a custom enclosure purged with dry, CO,-free air. Background
spectra are collected in the same geometry using a freshly polished, cleaned, and dry substrate. The
combination of incident p-polarized light and selection rules of IRRAS on metal substrates allow absorption
by any molecular vibrations with a component of their dipole moment perpendicular to the Ag surface. All

IRRAS spectra are averaged over 1000 scans.

Polarization Modulation-Infrared Reflection-Absorption Spectroscopy (PM-IRRAS); Its measurements
were carried out using a Thermo-Nicolet iS50 Fourier transform spectrometer with an external bench
utilizing a photoelastic modulator (PEM) from HINDS Instruments and a GWC Instruments demodulator.
A liquid nitrogen-cooled MCT-A detector was used for all IR measurements. The IR beam was p-polarized
using a wire grid and passed through the PEM before being focused onto the top portion of the substrate at
an angle of 78 + 3° with respect to the surface normal. Each spectrum was averaged over 1000 scans and

recorded with 4 cm ™' resolution.

9/28



For both spectroscopy techniques it was important to have the cell completely closed for maintaining the
desired atmosphere (Figure 2).

QuasiRE

)

Prism

Quasi RE

WE

Cell

Figure 2. a) Three electrode system: Ag WE, Pt CE, Pt QuasiRE. b) Spectroelectrochemistry cell disposition with the
prism which allows to change IR beam direction.

2.2.3. Determination of the CO; concentration in the electrolytic media

A thermal mass flow meter of modular construction with a ‘laboratory style’ pc-board housing (EL-
FLOW® Mass Flow Meter/Controller, Bronkhorst Hi-Tec, Ruurlo, Netherlands) was used to monitor the
CO; concentrations in the solution. Control valves are integrated to measure and control a gas flow from
the lowest range of 0.2—10 mL/min. To calculate the CO, concentration in the solvent, we have considered
the bubbling conditions (time, flow rate, density, and temperature) to quantify the amount of CO,
introduced, the purity of CO», and the volume of the solution. Average data is shown for 3 independent
measurements in pure solvents. Secondary methods have been used for verifying the CO, concentration
values. In this sense, Titanocene (E’=-1.07 V vs SCE) was used as a one-electron redox probe in ACN. A
closer look at the CVs revealed that the peak currents are of the same order of magnitude as expected for
one electron transfer reactions of a diffusing solution species in ACN using the same experimental set-up.
Finally, a gravimetric methodology [18] was used as a non-electrochemical secondary for validating CO,

concentrations in ionic liquids.
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3. RESULTS AND DISCUSSION

3.1. Electrochemical reduction mechanism of CO;

This section establishes the electrochemical reduction mechanism of COs> in aprotic electrolytes (stating
from organic aprotic solvents and moving to imidazolium ionic liquids) using different cathode materials
(carbon, silver and copper). We analyze CO, saturated-acetonitrile solutions with different working
electrodes (specially Cu, Ag and GC) to determine whether the electrochemical methods employed are
reliable and useful to achieve a good understanding of the CO; behavior in those system. We compare these
results to those in imidazolium IL solvent (EMIM TFSI) so as to determine the influence of the solvent in

the CO; reduction products.
3.2.1. Electroreduction mechanism of CO; in acetonitrile using different cathodes

In order to analyze the reduction reaction mechanism of CO», several cyclic voltammograms are done
in the electrolytic media for varying concentrations of CO», across three electrode materials (Figure 3a-c).
As a result, a new reduction peak that increases when the amount of CO; in solution is growing. This
reduction peak appears at -2.3V vs and at -2.5 V vs SCE when silver or copper are used as a cathode,
respectively (Figure 3a-b). This first electrochemical process is related to the reduction of CO, to its radical
anion in the working electrode surface. The shape of the CO, reduction peak is related with the peak splitting
(AEp), which is determined difference between the cathodic peak potential (E,c) and the half-peak potential
(where the Ipe = Iper).[39] In both cases, the AE, value is 118 mV, which indicates a slow electron transfer
process. Finally, in the case of using GC as a cathodic material, the reduction feature is not observed, hence

it was decided to discard this electrode for further experiments.

a) 0.0
0.0
< 30x10% 3.0x10°*
g 6.0x10% 6.0x10°*]
é 9.0x10™1 9.0x10*
1.2x10°% 1.2x10°%

26 24 22 20 18 16 28 26 24 22 20 -8
Potential (V vs SCE) Potential (V vs SCE)

Figure 3. CV for different concentrations of CO; in the ACN + 0.10 M TBABF; solution. Scan rate (v) of 0.5 V/s.
T =25 °C. Pt CE, SCE RE, Working electrode (a) Ag (d = 1.6 mm) (b) Cu (d = 1.6 mm)
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Figures 4 represents observed peak currents versus the amount of CO; in the solution, recorded for
silver and copper electrodes. Current saturation is observable as the concentration of CO; in the solution

increases beyond ca. 250 mM for Ag and ca. 150 mM for Cu.

a) b)
1600 3 1600—-
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L—— & .‘.-“ ;‘ ‘!..._.
—3 400 —2400- .
0- -. 01 » g
"0 10 20 30 40 50 0 10 20 30 40 50
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Figure 4. Current peak for the cathodic process, ipc, versus the CO, concentration, [CO»]. Working electrode (a) silver
(d= 1.6 mm) (b) copper (d= 1.6 mm). Pt CE. SCE RE. The I, differences depicted in Figure 4 are the averages of

three independent determinations.

The saturation values are useful to determine the activity of electroactive species in the solution.
However, with the aim of calculating the number of electrons involved in the reduction, we focus on the
linear part of the plot which and apply the Randles-Sevcik equation.[40] It is important to highlight that
from the voltammograms observed in figure 3, the reduction process of CO- in acetonitrile is clearly
non-reversible, as no anodic peak is observed. Therefore, the equation is adapted in order to describe

the process observed in this case (Equation 1):[41]

ipc = (2,98 105)An§ Dl.% va c; a (1)

The Faraday constant and the temperature are grouped into the numeric constant displayed in the
equation. The other parameters refer to 4, area of the working electrode; n, is the number of electrons
involved in the process, D, is the diffusion coefficient of CO> in the solvent considered;[42] v, is the
scan rate of the cyclic voltammetry; ¢; is the bulk concentration of the electroactive specie of interest
(CO») in the solvent; finally, the charge transfer coefficient (o), which can be calculated from the peak

with value (AEp),[40] is 0,4 for both electrodes. The a value only appears in equation 1 since the rate
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of the electron transfer is slow. Values of o smaller than 0.5 are in good agreement with decreasing rate

constant values.

As a result, the number of electrons () involved in the CO; reduction reaction determined from the
slope (Figure 4) in acetonitrile, using the working electrode of silver and copper are 1.1+0.3 and 0.85+0.3,
respectively. These results are in good agreement with the fact that the electrochemical reduction

mechanism of CO; in acetonitrile is a dimerization process leading to the formation of oxalate as a final

product.
Co, + e co,
-«— eo\ /r
2 C02 - > //C_C\
0] O@

Scheme 3. Reduction of CO, in acetonitrile, an aprotic solvent with Ag and Cu working electrodes.

3.2.2. Disclosure of the electroreduction mechanism of CO; in EMIM TFSI using altogether Cyclic

Voltammetry and Molecular Dynamics simulations

The behavior of the CO: in the ionic liquid EMIM TFSI is analyzed using cyclic voltammetry in order
to study the influence of the electrolyte in its reduction mechanism. Figure 5 displays the voltammograms
for a saturated-CO: solution (0.4 M [CO.], determined through thermal mass flow-meter which monitored
a gas flow of 10 mL/min) in EMIM TFSI (in red) and the same solution at inert atmosphere, N», (in black),
using silver and copper as working electrodes (Figure 5a and 5b, respectively). CV response shows an
irreversible slow electron transfer at -2.05 V vs SCE with silver working electrode and at -2.45 V vs SCE
with copper working electrode. It is also observed that rate of the electron transfer is electron transfer with
copper electrode is slower than silver working electrode, showing an a value of 0.18 (Cu) and 0.33 (Ag)

calculated with value (AEp),[40][43] respectively.

Before determining the number of electrons involved in this first reaction, it is needed to calculate the
diffusion coefficient of CO; in this solvent. Although, different methodologies have been previously applied
for determining (Dco2),[44,45] in the current work we decide to use molecular dynamics (MD) simulations,
which is an essential technique to study a variety of molecular properties including molecular diffusion.
Employing molecular dynamics (MD) simulations for calculating diffusion coefficients is an appealing
alternative to the experimental approaches, which very often include high cost or technical difficulties when
high pressures and/or temperatures are involved.[44] Hence, in the current section it will be combined

molecular electrochemistry and molecular dynamics tools for a first time.
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Figure 5. Voltammogram for solutions of EMIM TFSI with 0.45 M CO; (red) and N, (black). Scan rate: v= 0.5 V/s.
T =25 °C. Pt CE, SCE RE, Working electrode (a) silver (d = 1.6 mm) (b) copper (d = 1.6 mm).

Determination of diffusion coefficient of CO,in EMIM TFSI from MD simulations

A simulation of a time interval of 1 ns was run, after the equilibration process, obtaining the position
of the CO; versus time. We have analyzed both qualitatively (trajectory visualization) and quantitatively
(diffusion coefficient) the motion of a CO, molecule inside an EMIM TFSI liquid at 298K and 1 atm
using molecular dynamics simulations (see Methods). The motion of the molecule during a short
fragment of the trajectory (1 ns) is illustrated in Figures 6 and 7. As seen in these figures, the motion of
the CO, molecule has the typical appearance of a Brownian motion, moving faster than neighboring IL
molecules, as should be expected. As seen in Figure 6, the displacement of the CO, molecule inside the
simulation box during 1 ns is substantial. It should be noted that during the full 400 ns simulation, the
molecule is able to explore the full simulation box, so that significant statistics of the motion of the CO»

molecule can be collected.

Figure 6. Illustration of the trajectory of the CO, molecule inside the EMIM-TFSI liquid during a short fragment of
the simulation (1 ns). The initial positions of the atoms from EMIM and TFSI molecules are shown as translucid
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spheres with their Van der Waals size. The trajectory of the C atom of CO, molecule during 1 ns (with a 10 ps
resolution) is shown in blue.

AN xﬁéﬁ
o A -rgr’ag IFS381:C1
A EMI188N1 S EMI163:H1
W Y o
TR

Figure 7. Comparison of trajectories of the CO, and IL ions during a 1 ns fragment of the simulations. We show the
trajectory of CO2 molecule (with the structure of the molecule superimposed) as seen in the XY and XZ planes (left
and right, respectively, as indicated by the axis). For comparison, we also show the trajectory of some selected atoms
from EMIM or TFSI ions located nearby (the label indicates whether the atom corresponds to EMIM or TFSI, the
chemical element and a number code identifying each particular atom, the different color for each atom is selected to
facilitate visualization).

Quantitatively, the Brownian motion of a molecule is characterized by a motion with zero mean (no
average motion over time) but with a mean square displacement (MSD) that grows linearly with time with
a slope determined by the diffusion coefficient D, according to Einstein relation.[46] In our simulations,

the MSD and diffusion coefficient in a particular direction (say for example, the x axis) are given by:

MSD = (|x(t) —x(0)|*) = ZtON%O [x(t + to) — x(to)] ? 2

MSD = 2Dt A3)

where x(t) is the x coordinate of a reference atom (in this case, the C atom of CO;) at time ¢ and and D is
the diffusion coefficient (in Eq.(2), the trajectory is sampled over all possible reference times ty so that t+to
is smaller than the final simulation time. Analogous expressions can be written for the motion in all
directions (the y and z directions). Using Eq. (2) and (3), the diffusion coefficient of the CO, can be obtained
from the slope of an MSD vs Time graph (Figure 7). The diffusion coefficient as estimated from the three
axes give different values although of the same order of magnitude. This probably reflects the structural
complexity of the IL at the molecular level at it may indicate a tendency of the CO, molecule to experience
an anisotropic diffusion. As a characteristic value of the diffusion coefficient of CO, in EMIM TFSI we

can take the value obtained for the case for the slowest motion, so we take D~ 4-10'° m%s. It is important
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to note that the obtained diffusion coefficient and the experimental reference value[41] previously reported
are in good agreement considering the methods employed in this work. The number of electrons in the CO;
electron transfer is determined via equation 1, where the kinetic and thermodynamic parameters required
are obtained by cyclic voltammogram and molecular modelling tools, respectively. The number of electrons
involved in both instances is rounded to 1. This indicates that the electroreduction of CO,in EMIM TFSI
is a monoelectronic process. However, after a controlled potential electrolysis process, the electroreduction
of CO; in these IL does not lead to oxalate as a main product as in the previous section where ACN is
used.[41] It is fair to think that in this case a switching in the reaction course of CO; is seen in both
electrodes after the electrochemical reduction of CO,. These results seems to be in good agreement with
the previously publishes by Kamat and Brennecke[26] for the electrochemical reduction of CO; in the same
ionic liquid using Pb instead of Ag or Cu as a cathode. In this work, the authors proposed a catalytic role
of the ionic liquid. This phenomenon is also observed in our case where the reduction peak potential values
are shifted to less negative potential when the ACN is replaced by EMIMTEFSI with silver (c.a. ~0.30 V)
and copper (c.a. ~0.15 V) cathodes. The CO, anion radical is stabilized by the imidazolium IL, which avoids
the radical anion dimerization process,[34] and favors on the one hand the production of CO, and on the
other hand a carboxylation process where it is obtained an imidazolium carboxylated complex. Note that in
both processes the number of electrons involved will be one. At this point, in order to determine if this
reaction pathway for the electrochemical reduction of CO; is a general mechanism where imidazolium ILs
are used, we decided to study the electrochemical process in EMIM OTf instead of EMIM TFSI. This study
was performed by terms of spectroelectrochemistry based on cyclic voltammetry coupled with
Polarization Modulation-Infrared Reflection-Absorption Spectroscopy (PM-IRRAS) and Infrared
Reflection-Absorption Spectroscopy (IRRAS) using silver as a cathode, since the electrocatalytic effect is
higher Ag than in Cu cathodes.

3.2.3. Electroreduction mechanism of CO; in EMIM OTT using silver as a cathode

A study of the direct reduction of CO; at silver surface and EMIM OTf with spectroelectrochemistry
based on IRRAS and PM-IRRAS spectroscopy, cyclic voltammetry, and amperometry determinations
is performed in order to fully disclose the electrochemical reduction mechanism. The experiments were
carried out in three different atmospheres (N, CO and CO,). To have a background and know which
frequencies are related to the functional groups, the ionic liquid was characterized in inert atmosphere,
with N», and carbon monoxide, CO, to have a pattern to compare the products that appear on the spectra

in the CO; reduction.

16/28



EMIM OT{ characterization under N, atmosphere

Figure 8 shows the cyclic voltammetry response for EMIM OTf, which is reduced at E,c =-2.0 V (vs
Pt), due to its imidazolium ring.[47,48]
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Figure 8. Cyclic voltammetry of EMIM OTf with Ag WE (d = 14mm), Pt CE and Pt QuasiRE. Scan rate (v): 0.5 Vs~ .
Under N atmosphere. T= 15 °C.

IRRAS and PM IRRAS spectra (Figure 9) show absorption patterns consistent with functional groups
in the ionic liquid. The IRRAS spectroscopy also shows ionic liquid functional groups and the characteristic
signatures of environmental water and carbon dioxide vapor. PM IRRAS shows an improvement in the
spectra quality by removing the interactions of gas phase water and CO,, allowing assignment of peaks
arising from C=C stretching, C-H bending, and C-N ring stretching vibrations in the cation structure of
EMIM OTTf.[49,50] The spectroscopic data related to the functional groups of EMIM OTf are summarized
in Table 1.
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Figure 9. Spectroscopy of EMIM OT{ under inert atmosphere on a silver surface (a) PM IRRAS spectra (b) IRRAS
spectra.

Table 1. EMIM OTf spectroscopy characterization.

Assignments IRRAS (cm™) PM IRRAS (cm™)
SO; asym str 1263, 1270 1263, 1270
CF; sym str 1226 1226

CF; asym str 1165 1165

SO; sym str 1032 1032
C(4/5)-H str 3163 3163
C(2)-H str 3120 3120

CH3; asym str 2990 2990

CH; asym str 2956 2956

CH3; sym str 2890 2890
C=Cstr/C-Nstr/C-Hb - 1300-1600

To determine how the ionic liquid is reorganized when applying negative potentials, four different
potentials were applied across the electrochemical window of the ionic liquid. The imidazolium ring
(1600 — 1300 cm™) modes increase with more negative potentials (Figure 10). It is concluded from these
data, that the cationic part of EMIM OT{f would move nearer to the electrode surface as the potential

becomes more negative.
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Figure 10. PM IRRAS of EMIM OTY at different applied potentials, after subtraction of blanks, under inert
atmosphere. (a) all wavelength (b) zoom at determined wavelength (1100-1900 cm™).

EMIM OT{ characterization under CO and CO, atmospheres

Figure 11a shows the cyclic voltammetry response and Figure 11b the IRRAS spectroscopy of the
ionic liquid in the three different atmospheres; when the solution was saturated with CO or CO,, IRRAS
spectra changed and new peaks appear at frequencies related to CO (2143 cm™) or CO» (2235 cm™),
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indicating that CO or COs is present in the solution. However, PM IRRAS spectra is the same as inert
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Figure 9a), because this method is ‘surface sensitive’ and only shows what is happening at the electrode

surface. Therefore, just bubbling the gas into the solution of ionic liquid was not enough to show the

presence of CO or CO; at the working electrode surface.
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Figure 11. Characterization of EMIM OTf ionic liquid under N; (blue line), CO (black line) CO; (red line) saturated
atmospheres by (a) Cyclic voltammetry. Ag (d = 14mm) WE, Pt CE, Pt QuasiRE. T = 15°C. Scan rate: 0.5 Vs’ (b)
IRRAS spectroscopy.

Cyclic voltammetry shows a huge peak related to the reduction of CO; on the silver surface. But
under CO and N, atmospheres CV response is not shown, because there was no reduction feature present
in the electrochemical potential window of EMIM OTf. To determine what is happening in the ionic
liquid and on surface of the working electrode when COs is reduced, different determinations of PM
IRRAS were performed, coupled to amperometric determinations at E,c =- 1.5V, -1.8 V.and -2.0 V (vs
Pt) in a carbon dioxide saturated atmosphere. Figure 12 shows PM IRRAS spectra of the different
applied potentials after 1 h. No change in the structure of the ionic liquid is initially observed, but when
the negative potential is applied, the peaks related to cationic part of ionic liquid increase in intensity,

which means that imidazolium ring is oriented towards the silver surface.

New peaks (1577 cm™, 1508 cm™ and 1477 cm™) also appeared and increased in intensity with potential
applied (Figure 12b). These new peaks could be related to a carboxylated species on the structure of the
ionic liquid, because when the ionic liquid was characterized under inert atmosphere, these new peaks did
not appear. If it is focused on the 1577 cm™ peak, intensity value increases as potential increases (Figure

13), because a larger amount of carbon dioxide is reduced.
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Figure 12. PM IRRAS of amperometric determinations of EMIM OTf at different applied potentials, after 1 h. After
subtractions of blank, under CO, atmosphere. (a) all wavelength (b) zoom at determined wavelength (1300-
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Figure 13. Absorbance ratio versus potential applied at 1577 cm™' peak.

To check that the new peaks are related to CO, reduction products, additional experiments were
conducted, wherein an applied potential of -2.0 V (vs Pt) was held on the system for 2 h, followed by a
brief nitrogen purge to remove carbon dioxide. Figure 14 shows the current vs time response of the
experiment, when the solution is saturated by CO» the current intensity value increases. However, when the

CO; is removed from the solution, the intensity current decreases.
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Figure 14. Current (A) versus time (s) response of amperometry experiment at -2.0 V (vs Pt). Ag WE, Pt CE, Pt
QuasiRE. T= 15°C.

With all these data, it is possible to see that CO; is reduced in EMIM OTf. However, the infrared
measurements show no detectable amounts of CO, oxalate, or carbamate species. Instead, a carboxylated
ionic liquid was produced. It is believed that when CO; radical anion is generated, it reacts with the ionic
liquid structure after an absorption process of both reactants (Scheme 4). In this mechanism, the
imidazolium ring is oriented into the surface promoting an easy attachment of the carbon dioxide
reduced species to the surface. [51-56] This hypothesis is supported by the measured infrared absorption
frequencies, since new peaks appear in the same region of EMIM ring functional groups. Finally, after
the CO; radical anion forms the carboxylate with the EMIM cation, a desorption process from the
electrode surface is taking place. It is important to highlight that the strong solvation effects of CO,
radical anion in imidazolium ILs prevents the dimerization reaction avoiding the formation of oxalate,

carbonate or CO and favoring the electrocarboxylation of the EMIM cation after an adsorption process.

Q oH
AN
N\ N N%
CO, NA 0 NN\ ®N
N\ 09,0 \
et & AR ~
CO,, Electrochemical Reduction CO, " and EMIM adsqrpuon Desorption of
and chemical reaction electrocaboxylated product

Scheme 4. Proposed carboxylation process for synthesis of EMIM OTf carboxylated ionic liquid.
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4. CONCLUSIONS

The use of electrochemical, spectroscopic and molecular dynamics techniques has been revealed as a
very attractive approach so as to disclose the electrochemical reduction mechanism of CO; depending on

the electrolyte used. In this sense:

e When organic electrolytes are used the electrochemical reduction mechanism of CO; can be
disclosed using standard electrochemical techniques such as cyclic voltammetry and controlled
potential electrolysis. The use of silver and copper electrode working materials yielded to oxalate

through CO; dimerization processes.

e The replacement of organic electrolytes for imidazolium ionic liquids allows also to switch the CO,
reduction mechanism moving from the production of oxalate to the electrocarboxylation of the
imidazolium moieties of the ILs. The solvation of CO, anion radical by the imidazolium cation
favors the electrocarboxylation process of the ionic liquid avoiding the CO; dimerization process.
The use of altogether of complementary techniques such as spectroelectrochemistry based on
cyclic voltammetry coupled with PM IRRAS and IRRAS as well as molecular modeling
simulation tools has revealed as very powerful tools to fully understand the CO- anion radical

reactivity in ionic liquids.
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