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Summary

The combustion of carbon-based fuels has led to the persistent accumulation of carbon dioxide
(CO) in the Earth's atmosphere, resulting in far-reaching climate changes. To address this
pressing global issue, there is an urgent need for sustainable and efficient methods to harness
CO:s as an energy source, thus mitigating its environmental impact. One of the most promising
approaches for CO» utilization is electrochemical reduction, often carried out in water due to
its green and abundant nature. However, the intrinsic electrochemical reactivity of water

presents challenges in this process

This PhD thesis explores the potential for improving carbon dioxide (CO2) reduction efficiency
by transitioning from water-based electrochemical processes to non-aqueous media, using
acetonitrile as a solvent. To enhance efficiency, imidazolium cations are introduced as co-
catalysts and essential components of the electrolyte. The central aim of this work is to gain a
fundamental understanding of the pivotal role of imidazolium cations in promoting non-
aqueous electrochemical CO: reduction. Additionally, it investigates their potential in
facilitating efficient electrochemical conversion across a variety of affordable transition metals.
By analyzing the structure-activity relationship for imidazolium electrolyte cations, this
research provides insights into the selection or synthesis of effective electrolyte cations to

enhance non-aqueous electrochemical CO; reduction.



Samenvatting

De verbranding van koolstofhoudende brandstoffen heeft geleid tot de aanhoudende ophoping
van koolstofdioxide (CO2) in de atmosfeer van de aarde, met als gevolg ingrijpende
klimaatveranderingen. Om dit urgente wereldwijde probleem aan te pakken, is er een dringende
behoefte aan duurzame en efficiénte methoden om COs> als energiebron te benutten en daarmee
de milieueffecten te verminderen. Een van de meest veelbelovende benaderingen voor CO»-
gebruik is elektrochemische reductie, vaak uitgevoerd in water vanwege de groene en
overvloedige aard ervan. De intrinsieke elektrochemische reactiviteit van water brengt echter

uitdagingen met zich mee in dit proces.

Dit proefschrift verkent de mogelijkheden om de efficiéntie van de reductie van kooldioxide
(CO») te verbeteren door over te stappen van elektrochemische processen in water naar niet-
waterige media, waarbij acetonitril als oplosmiddel wordt gebruikt. Om de efficiéntie te
verbeteren, worden imidazoliumkationen geintroduceerd als mede-katalysatoren en essentiéle
componenten van de elektrolyt. Het centrale doel van dit onderzoek is een fundamenteel begrip
te verkrijgen van de cruciale rol die imidazoliumkationen spelen bij het bevorderen van
elektrochemische CO»-reductie in niet-waterige omgevingen. Daarnaast onderzoekt het hun
potentiecel om efficiénte elektrochemische conversie te vergemakkelijken over een
verscheidenheid aan betaalbare overgangsmetalen. Door de structuur-activiteitsrelatie voor
imidazolium-elektrolytkationen te analyseren, biedt dit onderzoek inzicht in de selectie of
synthese van effectieve elektrolytkationen om de niet-waterige elektrochemische CO;-reductie

te verbeteren.
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Chapter 1:

CO:; Reduction in Non-Aqueous Media: Advantages,
Mechanism, and Promotional Effects of Imidazolium

Cation



1.1. Why electrochemical reduction of CO: and associated challenges

The electrochemical reduction of CO2 (CO2RR), driven by electrical energy from renewable
sources, holds significant promise in mitigating the escalating levels of atmospheric CO> and

the resulting impact on Earth's climate. Moreover, such process presents an alternative avenue

to traditional fossil resources as a sustainable carbon source’. To achieve efficient

10-12

electrochemical CO; reduction, substantial advancements in catalyst properties ', electrode

)13—15

design (such as gas diffusion electrodes)'*!®, and electrolyte composition'é!® have been

reported. However, several challenges still need to be addressed before the technology becomes

19-20

commercially viable , particularly in the context of aqueous electrolytes. These challenges

21-23

encompass the low solubility of CO; in water , the acidification of the electrolyte due to

CO; dissolution (resulting in bicarbonate/carbonate formation and salt precipitation)®*%S, the

27-28

concurrent occurrence of the competing hydrogen evolution reaction”’°, and the instability of

metal and metal oxide catalysts in acidic aqueous environments?-3°.

1.2. CO: reduction in non-aqueous solvents

The electrochemical inertness of organic solvents, such as acetonitrile, presents potential
solutions to alleviate some of the issues mentioned earlier with aqueous media®!2*3!, Notably,
CO:; solubility in acetonitrile is approximately eight times higher than in water®?, a critical
parameter that promotes enhanced CO; utilization within the context of reactor design. The
absence of water ensures a high selectivity towards COz reduction products. This is further
reinforced by the consideration of the broad electrochemical window (electrochemical stability)
of organic media, as well as the fact that CO2 becomes the sole redox-active species on the
electrode-catalyst surface. For instance, acetonitrile and propylene carbonate have been
reported to exhibit electrochemical windows of 6.1 V and 6.6 V, respectively *.

10



This extended electrochemical window provides ample room for accommodating diverse redox
chemistries, a considerable advantage compared to the constraints posed by water as a solvent,
with its electrochemical window typically around 2.06 V (the exact value may depend on the

solution's pH).

The advantages discussed above have spurred investigations into CO> reduction in non-aqueous
media, although the number of such studies is not as extensive as those conducted in aqueous
media. By utilizing a two-layered carbon-free lead (Pb) gas diffusion electrode (GDE), Konig
et al.** demonstrated a 53% Faradaic efficiency for oxalate production at a current density of
approximately 80 mA/cm? and a potential of approximately -2.5 V vs. Ag/Ag*. Their study
employed a 0.1 M tetracthylammonium tetrafluoroborate solution in acetonitrile as the

electrolyte. In a different study, Tomita et al. >’

observed that for a Pt electrode, the main product
was oxalic acid at a current density of 5 mA/cm? using a 0.1 M tetraethylammonium perchlorate
acetonitrile-water mixture. However, an increase in water concentration led to a decrease in
oxalic acid formation and an increase in formic acid production. At higher water concentrations,
hydrogen evolution became dominant. Another study by Figueiredo et al.?! reported CO as the
primary product in wet acetonitrile using an ammonium-based electrolyte. The formation of
CO, accompanied by formate and carbonate, was also reported by Christensen and Hamnett3¢
using a 0.1 M tetrabutylammonium tetrafluoroborate solution in acetonitrile over an Au
electrode. As we can observe, the performance of CO> reduction in non-aqueous media has
exhibited significant variations dependent on factors such as the composition of the electrolyte,
the nature of the electrode, and the availability of proton donors. For readers interested in an

1.37

extensive review, a recent work by Reis et a offers a comprehensive overview of CO»

electrochemical reduction studies in non-aqueous media.
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1.3. Electron transfer and reaction intermediates mediated by imidazolium

cations

From a mechanistic perspective, the initiation of CO; reduction has been argued to involve a

first electron transfer to the CO> molecule'® 38

. In the case of a metal electrode catalyst, this
step follows CO> adsorption. The following central equation can be considered for CO-

activation:

CO, +x +e~ - xCO3 [Eq 1.1]
Due to the high reactivity and short lifespan of this intermediate, as identified by Bard et al.* ,

the predominant reaction and subsequent product distribution considerably depend on the

140 (41-42

nature of the electrode material®, the surrounding microenvironmen , and the availability

of protons*’

. In situations involving low-proton aprotic media, numerous studies have
documented the formation of CO, oxalate, and carbonate as the primary products. Additionally,
in the presence of residual water, other products like hydrogen, glyoxalate, glycolic acid,
glyoxylic acid, and formic acid have been observed in the reaction mixture***®. The formation
of CO in non-aqueous media has predominantly been linked to a disproportionation reaction.
In this process, upon the second electron transfer to an adsorbed *CO; intermediate, carbonate
and CO are simultaneously generated in equimolar proportions. Oxalate, on the other hand, has
been proposed to emerge from a self-coupling reaction of adsorbed *CO; intermediates, while
the presence of water has been suggested to drive the formation of formate 3" 3. The first
reaction stage mentioned in Eq. [1.1] requires a significantly negative standard potential, as
reported to be -2.21 V vs. SCE on a mercury electrode in DMF solvent**. Recent work by

Koper et al. *° has even demonstrated the absence of COx conversion in the absence of solvation

effects that stabilize the negatively charged CO> intermediate. Without water as a potential
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moderator for energy requirements during the initial electron transfer, the utilization of

electrolyte cations to engineer the kinetics of CO- reduction appears to be a promising approach.

Among the electrolyte cations, imidazolium cations have shown great promise for CO:
reduction in both aqueous and non-aqueous media. Rosen et al. reported a 96% faradaic
efficiency for CO formation on an Ag electrode in an ethyl methyl imidazolium-water mixture
(18 mol % EMIM BF4 in water) with a cell voltage of 1.5 Volts (+0.2 V overpotentials)>.
Following this seminal work, various attempts have been made to utilize imidazolium-type
molecules to enhance CO: reduction in non-aqueous media. Lau et al. employed C2-
functionalized imidazolium cations to achieve an onset potential of around -2.0 V vs. Fc/Fc*
for CO» reduction over an Ag electrode in acetonitrile®, and Atifi et al. reported the use of butyl
methyl imidazolium hexafluorophosphate for the conversion of CO> to CO with 85% FE using
a Bi electrode’'. Sung et al. also demonstrated the improved efficiency of a molecular Lehn-
type catalyst through the incorporation of imidazolium species into the secondary coordination
sphere®2.

Despite these efforts, the reported onset potentials and associated energy losses in
imidazolium solutions remain relatively high. Moreover, the fundamental understanding of the
function of imidazolium cations is limited, and several hypotheses regarding the promotion
mechanism have been proposed. These hypotheses include: i) the coordination of the cation
with the adsorbed CO- intermediate, the nature of which still requires clarification® *, ii) the

5354 iii) the formation of an intermediate imidazolium

suppression of the H» evolution reaction
carboxylate providing a low-energy pathway for the conversion of COz to CO** %, or iv) the
stabilization of the high-energy *CO.” intermediate (on Ag surfaces) through hydrogen
bonding via the C4-H or C5-H functionality of C2-substituted imidazolium cations (Figure 1.1)

8. However, different reaction conditions have been previously applied, including variations in

applied salts (different anions and C2-substituted imidazolium cations) and variable water
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content in solvent compositions, making it difficult to discriminate between these hypotheses

and to properly assess the general function of the cations based solely on existing literature.
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Figure 1.1. (a) Schematic representation of interactions involving imidazolium, as proposed by Kamet et al.? This includes
cation coordination with adsorbed intermediates, carboxylation, and a side reaction leading to oxalate formation as a
byproduct on a Pd electrode. (b) Proposed mechanism by Lau et al.® involving hydrogen bonding to adsorbed *CO,
intermediate as the main mechanism for C2-methylated imidazolium on Ag electrode. These studies were conducted in an
acetonitrile environment.

Unraveling the underlying role of these cations in CO; reduction performance holds the
potential to open new avenues for the efficient design of non-aqueous electrochemical CO>
reduction systems. This thesis embarks on a comprehensive investigation into the influence of
imidazolium cations on the performance of (predominantly) Au electrodes in the
electrochemical reduction of CO: in non-aqueous media. Rigorous measures have been taken
to maintain anhydrous conditions, mitigating the potential interference from water (Chapter
2). Au electrodes were chosen as a benchmark catalyst facilitating a systematic exploration.

The research strategy involves a combination of synthetic methodologies, electrochemical

14



experiments, and Density Functional Theory (DFT) calculations aimed at providing deep
insights into the promotional effect that imidazolium cations exert on CO; reduction. In
particular, the influence of substituents at both C1, C3- and at the N1, N3- positions of the
imidazolium ring on its catalytic performance will be scrutinized (Chapters 3 and 4). This
analysis will shed light on the structure-activity relationships governing the impact of cations
on CO; reduction. Expanding the investigation, the performance of anhydrous imidazolium-
acetonitrile will be systematically examined on other electrode materials, including Ag, Zn, Cu,
and Ni (Chapter 5). This broader exploration aims to understand the generality of the observed
effects and the potential for cation-mediated enhancement across different catalysts.
Furthermore, the performance of C2-methylated imidaozlium cation will be investigated using
in-situ FTIR spectroscopy (Chapter 6). Finally, the impact of the alkyl chain length of 1-alkyl-

3-methyl imidazolium cations on their catalytic efficiency will be also discussed (Chapter 7).
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Chapter 2:

Advancements in Non-Aqueous Electrochemical CO;
Reduction: Design and Optimization of Experimental

Protocols



Summary

Chapter 2 delves into an investigation of the applicability of common practices and
experimental protocols for non-aqueous electrochemical CO; reduction. The chapter focuses
on exploring the influence of widely used Ag/Ag* reference systems and metallic (such as Ag)
counter electrodes, shedding light on the associated artifacts that arise when studying the CO>
reduction process in non-aqueous media. Building upon the limitations of existing methods, a
novel experimental protocol is developed to establish a robust approach. This work introduces
key modifications that address two critical aspects: a) ensuring reliable potential recording for
the working electrode, which serves as a vital parameter for assessing catalytic performance,

and b) providing detailed steps to prepare and conduct experiments under anhydrous conditions.
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Anhydrous Electrochemistry: Methods and Considerations

The main objective of this study was to investigate the co-catalyzed reduction of CO> by
imidazolium cations over Au electrodes in the absence of water. To ensure anhydrous
conditions throughout our experiments, significant emphasis was placed not only on
maintaining anhydrous conditions during preparation, but also throughout the entire course of
the experiments. To achieve this, a detailed protocol was established and elaborated on in this
section, which ensured relatively consistent water content (<50 ppm). This was essential to
ensure the integrity of the results and prevent any interference from variations in water content
on the performance and assessment of the reaction mechanism. Throughout this chapter, a
model system consisting of 1,3-dimethyl imidazolium NTf, (MM NTf;) in anhydrous
acetonitrile was employed to investigate the experimental approach. The performance of the

MM cation in promoting COz reduction will be discussed in detail in Chapter 3.

Electrodes and reactor. For each electrolysis measurement, the electrodes underwent an initial
polishing process using sandpaper until a smooth and shiny surface was achieved. In the case
of voltammetry electrodes, a polishing pad (Prosense, QVMF 1040) was moistened with
ethanol and the electrode was gently polished for a duration of 4 minutes (no alumina was
utilized on the polishing pad). Subsequently, the electrodes were thoroughly rinsed with Milli-
Q water (Milli-Q® Reference, 18.2 MQ, 5 ppb TCO, Merc) and subjected to a 10-minute
sonication in 0.5 molar HNOs3. Following this step, another round of sonication in ethanol was
performed, concluding with a 10-minute sonication in HPLC grade acetonitrile (99.9%, Sigma
Aldrich) to ensure the electrodes' cleanliness. It is important to note that the electrodes were

always rinsed with Milli-Q water between each sonication step.

Noble electrodes such as Au underwent additional electrochemical cleaning (Supporting

Information Section III) as necessary. However, general electrochemical cleaning as proposed
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by some studies>® for electrodes such as Cu resulted in poor electrochemical results with
unassigned peaks (Supporting Information Figures S2.7a-S2.7¢) . Thus, it is recommended
to avoid electrochemical cleaning with non-noble metals, and if necessary, rigorous sandpaper

polishing (mechanical cleaning) should be applied.

The glass reactor, reference compartment, graphite rod, gas inlet, and gas outlet tubes
underwent a thorough rinsing process using Milli-Q water, ethanol, and HPLC grade
acetonitrile. Subsequently, the working electrode and all other reactor components were
assembled, and the entire setup was sonicated for 2 sets of 5 minutes using HPLC grade
acetonitrile. Following this step, the reactor was subjected to a continuous purge of super dry
helium (Helium A/Zero Grade N4.6, Linde) for a duration of 30 minutes prior to the
introduction of the electrolyte. In experiments involving CO;, a dryer (ZPure DS H20,
ChromRes) was employed to ensure the complete removal of moisture from the CO> inlet
(Carbon Dioxide Food Grade, Linde) before it entered the reactor. This additional step ensured
that the COz supplied to the reactor was free from any residual moisture. Figures S2.1 displays
the results of SEM and EDX analysis from Ni and Au electrodes after the above-mentioned
cleaning procedure. The surface appears to be sufficiently clean for being tested in

electrochemical experiments.

Counter electrode. A graphite rod was chosen as the counter electrode to mitigate additional
artifacts resulting from metal oxidation and subsequent deposition onto the working electrode.
The choice of counter electrode plays a crucial role in the electrochemical CO; reduction
process. Figure 2.1 presents a comparison of chronoamperometry results for CO> reduction on
an Au electrode using different counter electrodes: Au and Ag (Figure 2.1a) as well as graphite
(Figure 2.1b). The results show that employing Au and Ag as counter electrodes leads to an
increase in current, suggesting the occurrence of additional reactions. On the other hand, when

graphite is used as the counter electrode, the performance of the CO» reduction remains stable,
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with a consistent Faradaic efficiency for CO production. Figure S2.8 further supports the
influence of the counter electrode choice. It displays images of an Au voltammetry electrode
before and after conducting linear sweep voltammetry (LSV) experiments for CO- reduction,
with Ag employed as the counter electrode. The deposition of silver on the Au electrode during
the experiment results in a noticeable transformation, resembling the appearance of silverish.
However, when using graphite as the counter electrode, no significant changes in the electrode's
appearance are observed after the voltammetry experiments. These observations emphasize the
importance of selecting the appropriate counter electrode material in non-aqueous

electrochemical COz reduction studies to minimize unwanted side reactions and artifacts.
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Figure 2.1. Chronoamperometry results for Au electrode under CO; purging with 0.5 mol% of MM NTf; as electrolyte in

anhydrous acetonitrile. (a) with Au and Ag as counter electrode. and (b) with graphite as counter electrode. Both experiments
were performed at -1.8 V vs. Ag/Ag*. The higher current observed for the experiment with graphite is due to the larger size of
the working electrode (Au foil).

Glassware to prepare electrolyte solutions. All glassware intended for solution preparation
underwent a thorough cleaning process. Firstly, the glassware was sonicated in Milli-Q water
for a duration of 10 minutes. Following that, a subsequent round of sonication was conducted
using ethanol for an additional 10 minutes. This ensured the removal of impurities or residues
from the glass surfaces, ensuring a clean environment for solution preparation. After the
cleaning process, the glassware was dried at a temperature of 200 degrees Celsius for a
minimum of 2 hours, immediately transferred to the glove box antechamber while hot, where
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it was subjected to five evacuation-N: refilling cycles before it was taken into the glove box.
This ensured the complete elimination of any remaining moisture. The dried glassware was
utilized for the preparation of electrolyte solutions and reference solutions using anhydrous
acetonitrile. Electrolyte solutions always contained 0.5 molar percent of the electrolyte salt
target to study. The electrolyte solutions were formulated to contain a target concentration of

0.5 molar percent of the electrolyte salt under investigation.

Reference electrode and solution preparation. In order to avoid the cross-contamination of
the working solution with other organic cations, for each cation, a new reference solution was
prepared for the electrochemical measurement. A reference solution always contained 0.1
mol% (0.02 molar) of Ag OTf with 0.4 mol% of the electrolyte subject to study (in total 0.5
molar percent of salt concentration in anhydrous acetonitrile)’. The reference solution was
separated from the working solution by an ultrafine frit. Ag wire was used as the pseudo-
reference electrode. The potential recorded versus the Ag reference electrode immersed in an

electrolyte containing 0.02 molar silver salt in acetonitrile can be converted into the SHE scale

by the following equation’®:
E (vs.Ag/Ag*) = +542 mV vs. SHE (+ 45 mV)

Electrochemical measurements. Solutions (electrolyte and reference solutions) were
transferred with caution into the reactor with gas-tight syringes. Before solution injection, the
reactor was washed twice with anhydrous acetonitrile (transferred from the glove box). After
injection, the solutions were kept under He/CO; purging for lhr to remove any remaining
oxygen. Karl-Fischer titrations were performed to measure the water content from solutions
inside the glove box and after the injection into the reactor. 48-55 ppm water was found for all

solutions and it was confirmed that no water was introduced to the solutions upon transferring
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from the glove box into the reactor. Figure S2.9 illustrates the electrochemical set-up utilized

in this study.

For recording potentials versus Ag/Ag*, an Ag wire was used as the pseudo-reference electrode.
0.1 mol% Ag OTf in 0.1 mL anhydrous acetonitrile was always used as the reference solution
and was separated from the working solution with an ASTM ultrafine frit. Working solutions
always contained 0.5 mol% of the electrolyte and were all prepared inside the glove box. NTf>
was always used as the common electrolyte anion and anhydrous acetonitrile was the common
solvent for all measurements. A graphite rod (99.99% Sigma Aldrich) was used as the counter
electrode. Gas chromatography (Compact GC 4.0, Inter science) was used to analyze the gas
products from the reactor. He was used as the carrier gas and the Pulsed Discharge Detector of
the GC was calibrated for 1 to 100,000 ppm CO (Carbon Monoxide CP Grade N3.0, Linde).
All electrochemical measurements were performed with a Biologic SP-300. RDE
measurements were performed using a WaveVortex 10 Electrode Rotator (Pine research).
Figure 2.2 illustrates the sensitivity of our non-aqueous setup to the presence of water. The
figure showcases the LSV (Linear Sweep Voltammetry) results obtained from the Ni electrode
under He purge, with varying levels of residual water concentration. Notably, the findings
reveal a discernible increase in the reductive current upon the introduction of water into the
system in the potential range of -1.0 to -1.5 V, lower than required for reduction of CO>. The

reduction of H20 becomes mass transfer limited in the range of -1.5 V to -2.0 V.

To ensure consistent hydrodynamics and minimize variations during linear sweep voltammetry
(LSV) and electrolysis (EL) measurements, several parameters were kept constant. These
parameters included maintaining a consistent reaction volume size, counter electrode size, and
gas flow rate (5 ml/min). These measures were implemented to ensure reliable and meaningful
comparisons of the apparent relative activities when studying different electrolytes or

electrodes. Prior to any electrochemical measurement, it was ensured that a stable open-circuit
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voltage was achieved. Reproducibility of measurements was checked to ensure reliable data.
Due to its inherent activity for water reduction, a Nickel electrode was used to probe the impact

of the presence of water experimentally.
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Figure 2.2. LSV results for a Ni electrode under He purge at varying levels of water content. Introducing 500 ppm (red) and
2000 ppm (blue) of water induces a noticeable increase in the reductive current within the same electrochemical window.

Gas Analysis and Faradaic Efficiency Evaluation Method. To evaluate Faradaic efficiency
for a reaction, gas and liquid products were analyzed. For gas analysis, the GC was first
calibrated for the relevant ppm's of CO and other potential products for CO> reduction. Figure
S2.4 shows examples of the calibration data for CO and H». The pressure drop over the lines of
the GC was taken into account for calculating CO concentration. The flow in was always
contrasted with the flow out to ensure a leak-less experiment. Before electrolysis, a few
sequences from the reactor were recorded to obtain the background with no reaction. After
obtaining the background, electrolysis started and CO was detected (Figure S2.5). After GC
measurement, the pressure drop was re-measured to ensure that the experimental conditions
were the same as at the beginning of the electrolysis. Based on calibration measurements, CO
ppm was evaluated and then converted to mol fraction by the use of GC pressure drop, lab
temperature, and total volume of the gas. After electrolysis, the solution was always analyzed

by NMR to inspect the presence of other possible products.
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Artifacts and Protocol for Potential Recording in Non-Aqueous

Electrochemical CO: Reduction

In our preliminary approach to investigate non-aqueous CO> reduction through electrochemical
measurements, we employed a three-electrode cell, a widely adopted configuration in
electrochemical research, as extensively reported by previous researchers™®!. This
configuration, as detailed in the previous section, involved the utilization of an Ag wire as the
pseudo-reference electrode. For recording potentials relative to Ag/Ag*, a reference solution
was employed, consisting of 0.1 mol% (0.02 molar) of Ag OTf with 0.4 mol% of the electrolyte
under study. To maintain consistency, the salinity of the reference solution was matched with
that of the working solution, thereby preventing salt transport induced by concentration
potential between the compartments. To ensure proper separation between the reference
solution and the working solution, we incorporated an ASTM ultrafine frit. Moreover, we chose
to use a graphite counter electrode to mitigate any potential issues arising from metal deposition
from a metallic counter electrode, which could interfere with the reaction mechanism under

investigation at the working electrode.
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Figure 2.3. (a) Linear sweep voltammetry (LSV) results for CO; reduction on a Pt wire electrode in anhydrous acetonitrile. The
electrolyte and co-catalyst used were 0.5 mol% of MM NTf,. Subsequent cycles are indicated by the corresponding numbers.
(b) Electrolysis results for the same system demonstrating the consistent production of CO with 100% faradaic efficiency.
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Figure 2.3 (a) illustrates the linear sweep voltammetry (LSV) results for CO reduction at a Pt
electrode using the three-electrode configuration described earlier. The electrolyte and co-
catalyst utilized were 0.5 mol% of 1,3-dimethyl imidazolium bis(trifluoromethylsulfonyl)imide
(MM NTf5). The detailed discussion on the role of MM cation and other imidazolium cations
in CO2 reduction will be presented in future chapters. In this context, the system serves to

demonstrate the establishment of the experimental protocol.

Form Figure 2.3 (a) we observed a slight increase in the reductive current for the Pt electrode
with subsequent cycles. While these incremental changes may not be readily apparent in just
two consecutive cycles (as shown in Figure 2.4), they become more noticeable when multiple

cycles are overlapped, revealing an overall increase in the current.

Figure 2.5 presents the EDX-SEM results obtained from the Pt electrode after electrolysis, as
detailed in Figure 2.3. The SEM image highlights two distinct regions. In one of these regions,
marked by spectrum 30, a dendritic structure is clearly observed. The corresponding EDX
analysis in the top-right corner confirms the presence of Ag (43%), C (29%), and N (18%)
elements in this region. Conversely, in the second region, represented by spectrum 31, no

dendritic structure is evident. The EDX analysis from this region further supports the hypothesis
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Figure 2.4. Overlapping the first two cycles of LSVs from Figure 2.3 for demonstration purposes.
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that the presence of Ag, C, and N in spectrum 30 is specifically associated with the dendritic
structure. It is worth noting that NHCs (parent N-heterocyclic compounds) have been
documented for their ability to coordinate with metallic nanoparticles and heterogeneous
metallic surfaces (as shown in the bottom left panel in Figure 2.5)°2%*, Metal-NHC complexes
have found applications in the fields of catalysis and biochemistry®®. The results obtained from
Figures 2.3-2.5 allow us to propose a hypothesis that, upon applying a reductive potential, Ag
particles from the reference solution and imidazolium compounds present in the working
solution may form NHC-imidazole clusters on the surface of the Pt catalyst. However, a more
detailed analytical and electrochemical study is required to determine the exact composition

and coordination number of these clusters.

It is important to highlight that the observed surface coverage with Ag-MM species, as
mentioned earlier, is attributed to the use of Ag NTf> reference solution, which reaches a
maximum concentration of 20 ppm in the electrolyte solution if all Ag leaks from the reference
solution compartment. Various reference capillaries, both commercially available and custom-
made, were tested to investigate the possibility of preventing Ag leakage from the reference
solution. Unfortunately, regardless of the type of frit used in the capillaries, the deposition of
Ag was consistently observed. However, it is important to note that the extent of Ag deposition
varied depending on factors such as the magnitude of the reductive potential applied and the

duration of electrolysis.
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Figure 2.5. Scanning electron microscopy (SEM) results along with associated energy-dispersive X-ray spectroscopy (EDX)
analysis of the Pt electrode investigated in Figure 2.3. The bottom left panel illustrates a schematic representation of the
coordination of metal nanoparticles with NHC (N-heterocyclic compound) compounds, adapted from reference’.

To mitigate the challenge of reductive Ag deposition in electrolysis experiments, a novel
protocol was developed and implemented in this study, which is illustrated in Figures 2.6 and
2.7. In this new approach, the initial step involved conducting all linear sweep voltammetry
(LSV) measurements and electrolysis experiments using a graphite rod as both the counter and
reference electrode (Figure 2.6a). A critical requirement of this protocol was that the size of
the graphite counter electrode consistently exceeded that of the working -electrode.
Additionally, the applied current in the cell was deliberately restricted to the bulk concentration
of the reactant, specifically CO; in acetonitrile. By adhering to these conditions, the undesired
impacts of the counter electrode on the working electrode and its associated reaction were
effectively minimized. In the second step of the protocol, once a stable electrochemical

response was obtained using the two-electrode configuration, a reference solution containing
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Ag NTf; salt, identical in composition to the previously described solution, was introduced into
the reference capillary. This was followed by the recording of a single linear sweep
voltammogram (LSV) using a three-electrode configuration. The setup involved an Ag wire as
the pseudo-reference electrode, graphite as the counter electrode, and the working electrode
being the Au foil (Figure 2.6b). Importantly, a four-electrode connection was utilized to
measure the potentials of both the working electrode and the counter electrode relative to
Ag/Ag*. Subsequently, the Ag solution was withdrawn from the capillary to minimize the
potential impact of Ag-imidazolium deposition on the working electrode. In the third step, the
potential recorded versus Ag/Ag* in the second step is contrasted with the potential recorded
versus graphite in the first step (Figure 2.7a). This comparison allows for the alignment of the
previously recorded potential versus graphite with respect to the Ag/Ag* reference using the

following equation:

Eys. Ag/Ag+ = Eys. graphite + Ag [eq. 2.1]

This alignment step ensures the accurate calibration of the potential recorded versus graphite as
a function of potential (Ag) with respect to the Ag/Ag* reference, enabling reliable comparison
and analysis of the electrochemical data. Finally, in the last step, the cell potential recorded in
the three-electrode configuration was compared to that of the two-electrode configuration to
examine the overlap between the two profiles obtained in steps 1 and 2 (Figure 2.7b). This
comparison aimed to ensure the absence of any artifacts or anomalous effects arising from the
presence of the Ag salt reference solution. By assessing the consistency and agreement between
the cell potentials obtained from both configurations, the reliability and validity of the
experimental data were verified, further confirming the effectiveness of the developed protocol
in mitigating potential issues associated with reductive Ag deposition during electrolysis
experiments. Furthermore, Figure 2.7c¢ presents the scanning electron microscopy (SEM)

results along with energy-dispersive X-ray spectroscopy (EDX) analysis of the Au foil used as
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the working electrode in the aforementioned showcase experiment. Contrasting the results of
SEM-EDX analysis from the Au electrode with those from the Pt working electrode in Figure
2.5 provides supporting evidence for the efficiency of the experimental protocol devised in this
work. Specifically, no evidence of Ag deposition is observed, reinforcing the accuracy of the
potentials recorded in steps 1 and 2 as described earlier.
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Figure 2.6 . Illustrating the protocol devised for acquiring electrochemical data in non-aqueous CO; reduction. (a) Stage 1:
Potential recorded using a two-electrode configuration with a graphite rod serving as both the reference and counter electrode.
(b) Stage 2: Introduction of a reference solution containing 0.1 mol% of Ag NTf; to the reference capillary. LSV measurement
is conducted in a three-electrode configuration, with an Au foil as the working electrode. The potentials of both the working and

counter electrodes are recorded relative to Ag/Ag* using a four-electrode connection to the potentiostat. The electrolyte employed
is 0.5 mol% of MM NTf,.
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Figure 2.7 . [llustrating the protocol devised in this study for acquiring electrochemical data in non-aqueous CO; reduction. (a)
Stage 3: Conversion of the potentials recorded versus graphite in step 1 to the corresponding potentials versus Ag/Ag* by
comparing the profiles obtained in steps 1 and 2. Note that each potential may require a specific calibration constant (Ag). (b)
Stage 4: Verification of the protocol's accuracy by assessing the overlap of cell potentials obtained in steps 1 and 2. Any deviation
between the two profiles could indicate potential interference from Ag leakage- see Figures 2.8-2.9.(c) SEM-EDX analysis
providing evidence of a Ag free experiment performed following the devised protocol in this study.

Figures 2.8 and 2.9 investigate the sensitivity of our devised protocol to Ag impurities.
Deviations in the LSV results recorded in stage 3 suggest interference from Ag leakage and
potential Ag deposition (Figure 2.8). Subsequent SEM-EDX analysis (Figure 2.9) provides
further evidence of Ag deposition. These findings demonstrate the capability of our protocol to
detect and identify the interference from Ag (or other metals) deposition during electrochemical

LSV experiments.
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Figure 2.8. Sensitivity of the devised protocol for acquiring electrochemical data in non-aqueous CO; reduction. Deviations in
the current-potential profiles recorded in stage 3 indicates the possible Ag deposition during the calibration stage, see Figure

2.9.
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Figure 2.9. Sensitivity of the devised protocol for acquiring electrochemical data in non-aqueous CO; reduction. SEM-EDX
analysis providing evidence of Ag deposition arising from Ag leakage in stage 3.
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The significant implications of conducting electrochemical experiments accurately are further
illustrated by comparing the electrolysis results obtained when potentials are recorded versus

Ag/Ag* reference electrode and when our devised protocol is applied (Figure 2.10).
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Figure 2.10. Electrolysis results for CO, reduction at -1 mA/cm? using Ag, Ni, and Zn electrodes in anhydrous acetonitrile.
The electrolyte consisted of 0.5 mol% of MM NTf,. a, The reference solution contained 0.1 mol% (0.02 molar) of Ag OTf, and
an Ag wire served as the pseudo-reference electrode. b, Potentials were corrected using the experimental protocol devised in this

study, relative to the Ag/Ag* reference.

33



Figure 2.10a depicts the experimental results for three catalysts (Ni, Ag and Zn) where 0.1
mol% (0.02 molar) of Ag OTf was added to the reference capillary, with an Ag wire serving as
the reference electrode. The corresponding electrodes are labeled as Ag 500, Ni 500, and Zn
500. In contrast, Figure 2.10b shows the results obtained when the electrolysis experiments
were conducted according to the protocol devised in this study. Interestingly, there are no
noticeable differences in the activity of Ni, Zn, and Ag catalysts for CO; reduction when Ag
OTf is consistently used as the reference solution (Ni 500, Ag 500, and Zn 500). However,
when the reference solution is removed from the capillary and our protocol is applied to perform
electrolysis, the differences between the three catalysts become evident. We also note that all
three electrodes display more negative overpotentials for the same current density as compared
to Ag 500, Ni 500 and Zn 500. After conducting EDX-SEM analysis on the electrode surfaces
following electrolysis (Supporting Information Figure S2.2), it was observed that Ag, carbon,
and oxygen were present. This finding is reminiscent of the situation observed for the Pt
electrode, as shown in Figure 2.5. It is important to note that the concentration of Ag in the
reactor was 20 ppm at maximum, indicating that the deposition of Ag alone cannot account for
the improved overpotentials observed for Ni 500, Ag 500, and Zn 500 electrodes compared to
the situation when Ag OTf was not used. Therefore, we can conclude that the similar catalytic
performance observed for Ni 500, Ag 500, and Zn 500 can be attributed to a modified catalytic

behavior associated with Ag-MM deposition during the electrolysis process.

While EDX-SEM analysis for electrodes used in Figure 2.9b did not show any evidence of Ag
deposition, carbon, nitrogen, and oxygen species were still present for all three catalysts
(Supporting Information Figure S2.3). This observation implies the potential deposition of
carbonyl and MM cation during electrolysis. Our experiment with the Zn electrode for 100
hours of electrolysis (Figure S2.3c) showed a very slight shift in the overpotential that could

always be compensated by the gradual addition of MM cation. In line with the EDX-SEM
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analysis, this observation allows us to assume the gradual deposition of cations over the

electrode surface during prolonged electrolysis experiments.

In conclusion, the experiments described above show that anhydrous conditions can be assessed
easily by noting a reduction potential which is significantly lower than required for the
reduction of CO», while the deposition of Ag can be prevented using the described protocol for

measurement of the reference potential.
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I- Results of EDX-SEM analysis
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Figure S2.1. The results of scanning electron microscopy (SEM) in conjunction with the associated energy-dispersive X-ray

spectroscopy (EDX) analysis from (a) Ni and (b) Au electrodes after undergoing the cleaning procedure described in the main
text.
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Figure S2.2. The results of scanning electron microscopy (SEM) in conjunction with the associated energy-dispersive X-ray
spectroscopy (EDX) analysis from (a) Ag 500 , (b) Ni 500, and (¢) Zn 500 electrodes after 5 hrs of CO, electrolysis. Ag OTf
was used as reference solution.

39



Electron Image 79

NiLa,2

B Spectrum 203

ectrum 204

Powered by Tru-Q®

Tovsstananl

A
O N I N R N R N I ]

B Spectrum 198
At%
Ag 608
C 221
81
0 52
29
09

Powered by Tru-Q®

B T B O R N R R R O

Powered by Tru-Q@

Spectrum 20

A

Skat ZnKa|[zn Kp1

R RN AR RRRRREART|

50pm
Figure S2.3. The results of scanning electron microscopy (SEM) in conjunction with the associated energy-dispersive X-ray

spectroscopy (EDX) analysis from (a) Ni, (b) Ag, and (c¢) Zn electrodes after 3 hrs (Ni), 5 hrs (Ag) and 100 hrs (Zn) of CO»
electrolysis. The protocol devised in this study was applied to perform the experiments.
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1I- GC analysis and calibration
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Figure S2.4. Calibration of the GC for H, and CO.
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Figure S2.5. Subsequent sequences of the GC for detection of the products for CO» reduction. The black line is the background
obtained before electrolysis. In this example CO is the only product. The electrolyte was 0.5 mol% MM NTf; in anhydrous
MeCN.
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III-  Electrochemical cleaning

For noble electrodes such as Au, an electrochemical cleaning procedure was employed after the
electrolysis experiments as follows: After sonication in 0.5 molar HNOs3, the electrode was
subjected to electrochemical washing in a 0.1 molar H>SO4 aqueous solution. The
electrochemical cleaning process involved the recording of cyclic voltammograms (CVs) with
20 cycles at a scan rate of 1 V/sec, followed by 10 cycles at 100 mV/sec within the voltage
range of 0.2 to 1.5 V versus Ag/AgCl. Figure S2.6 provides an illustration of the
electrochemical cleaning procedure for the Au electrode. The cleaning process was continued

until repeatable cycles were achieved.
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Figure S2.6. Electrochemical cleaning of Au electrode in a 0.1 molar HoSO4 aqueous solution. (a)The first 20 cycles demonstrate
the gradual attainment of repeatable cycles. The initial cycle displays a noticeable oxidation peak, indicating the removal of
carbon species from the electrode surface, which was previously exposed to CO; electrolysis experiments. (b) Subsequent cycles
exhibit consistent and repeatable behavior. The electrochemical cleaning process was conducted immediately after CO,
electrolysis in a 0.5 mol% MM NTf; electrolyte solution in anhydrous MeCN.

However, electrochemical cleaning for non-noble metals such as Cu resulted in poor
electrochemical behavior. Figure S2.7a illustrates the cleaning results of a Cu electrode, which
does not exhibit a reversible reduction and oxidation cycle as observed for the Au electrode.
Comparatively, Figures S2.7b and S2.7¢ present the cyclic voltammetry results for Au and Cu
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electrodes, respectively, after the electrochemical cleaning process. In the case of the Cu
electrode, a noticeable unassigned peak is observed during the reduction cycle, while the Au

electrode exhibits the expected behavior of a clean electrode.
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Figure S2.7. (a) Electrochemical cleaning of Cu electrodes in a 0.1 molar H.SO4 aqueous solution. b and ¢, Cyclic voltammetry
in CO; saturated anhydrous acetonitrile for Cu (b) and Au (c) electrodes after electrochemical cleaning. 0.5 mol% MM NTf,
was added as supporting electrolyte.
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IV-  The effect of counter electrode

Figure S2.8. Au voltammetry electrode before (a) and after (b) voltammetry experiments under CO; purging with Ag as the
counter electrode. The deposition of silver is visibly observed after the voltammetry experiments. The supporting electrolyte
used was 0.5 mol% MM NTf,.
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Figure S2.9. Experimental set-up designed for conducting electrochemical CO, reduction under anhydrous conditions. Solutions
were consistently transferred from the glove box and injected into the reactors while maintaining a continuous purge of super
dry He or CO, gas inlet.
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Chapter 3:

Unveiling the Role of Imidazolium Cations in Promoting

Electrochemical CO; Reduction

Proposed concerted pathway in the electrochemical reduction of CO,

CO, reduction activity in anhydrous acetonitrile

Imidazolium C2-proton acidity

This chapter is partially based on: S. Neyrizi, J. Kiewiet, M. A. Hempenius, G. Mul, What It Takes for
Imidazolium Cations to Promote Electrochemical Reduction of CO,.ACS Energy Lett. 2022, 7,
3439-3446.



Summary

In this chapter, it is first demonstrated that the combination of imidazolium cations with
anhydrous media (dry acetonitrile) leads to unprecedently low overpotential for CO>
conversion over conventional electrodes (such as Au foil) with 100% Faradaic efficiency for
CO production. Modification of N and N3 functionality of imidazolium cation shows a direct
correlation between the performance for CO> reduction in anhydrous media and C2-H acidity
of the cation. Based on NMR analyses, DFT calculations, and isotopic labeling study, showing
an inverse kinetic isotope effect, it is demonstrated that the mechanism involves a concerted
coupled proton-electron transfer with a partial proton transfer to the electrode-adsorbed CO>

intermediate.
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Introduction

Imidazolium cations have been shown to enhance the performance of electrode catalysts for
CO; reduction in aqueous and also in non-aqueous media- for more details see Chapter 1.
However, their underlying role and the reason for their enhanced performance over other
electrolyte cations remain unclear.

In this chapter, the objective is to develop a comprehensive understanding of the mechanisms
underlying the effectiveness of imidazolium cations in facilitating CO> reduction. To
accomplish this, Au electrode and anhydrous acetonitrile were chosen as a model system for
conducting a systematic investigation into how the molecular structure of imidazolium
compounds influences their performance in electrochemical CO; reduction.

Regarding improvements in kinetics in non-aqueous media through the use of imidazolium
cations, previous studies have reported an onset potential of approximately~ -0.4 V vs SHE for
CO formation, albeit with the presence of 10 to 500 mM H>O0%. Lau et al. reported onset
potentials around -2.0 V vs. Fc/Fc* when utilizing a C2-methylated imidazolium cation in
acetonitrile®. Here it is found that the systematic chemical modification of the imidazolium
cations under well-controlled anhydrous media leads to an onset potential of around -0.8 V vs.
Ag/Agt (~ -0.258 V vs. SHE) which shows significant improvements over previous studies.
Furthermore, the performance of the imidazolium cation is proved to be in strong correlation
with the acidity of the C2-H bond, demonstrating the kinetic relevance of proton donation
through isotopic labeling experiments. Finally, complementary DFT calculations are conducted
to support the findings, confirming that a concerted coupled electron-proton transfer
mechanism with partial proton transfer is the most likely operative mechanism.

The demonstrated mechanism provides guidelines for improvement in the energy efficiency of

non-aqueous electrochemical CO; reduction by a tailored design of electrolyte cations.
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Results and discussion

Figure 3.1 a shows linear sweep voltammetry (LSV) for the Au disk electrode immersed in
such anhydrous acetonitrile containing 0.5 mol% of 1,3-dimethyl imidazolium NTf, (MM
NTf>) introducing a purge of He or CO: in a small conventional, undivided electrochemical
cell. The absence of a noticeable faradaic current within the potential window of -1.8 to -2.2 'V
vs. Ag/Ag* in the absence of CO, demonstrates the stability of the imidazolium cation against
electrochemical conversion, which is also confirmed by NMR analysis. In the presence of CO»,
significant current can be observed, assigned to the conversion of CO to CO. Such currents are
not observed when other types of cations (Cesium NTf> and tetraethylammonium NTf>) are
dissolved in acetonitrile (Figure 3.1 b). Thus, the unique ability of imidazolium cations in
promoting the reduction of CO: in anhydrous media is demonstrated. Performing the
experiment in a rotating disc electrode configuration (Figures 3.1 ¢ and 3.1 d), minimizing
mass transfer limitations, demonstrates that the onset potential for CO- activation in anhydrous
MM-acetonitrile electrolyte is around -0.8 V vs. Ag/Ag* (~ -0.258 V vs. SHE ( 45 mV), see
also experimental details in Chapter 2). To the best of our knowledge, this onset potential is

the lowest ever reported for activation of CO2 in non-aqueous electrolytes.

Chronopotentiometry at -10 mA/cm? shows high stability in the performance for the production
of CO in the MM-acetonitrile electrolyte with 100% Faradaic efficiency (FE) (Figure 3.1 e, for
the procedure used to evaluate Faradaic efficiencies see experimental protocols in Chapter 2).
NMR analyses confirm that after electrolysis, MM NTf; and acetonitrile remain unchanged
(see Figures S3.31 to S3.33). It should be mentioned that the products formed in the presence
of other cations such as tetrabutylammonium NTf> are mainly hydrogen and methane (Figure
S3.1), showing that not only activity (on-set potential) but also selectivity (FE) is favorably
tuned by the imidazolium cation. Upon switching the CO2 flow to He, the concentration of CO

decreases gradually while the cell potential increases. Using 10 mL of the MM-acetonitrile
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electrolyte it took ~ 90 mins to minimize the CO concentration (Figure 3.1 f). The gradual
decrease in CO level after switching the flow of CO> to He is due to the high solubility of CO»
in MM-acetonitrile electrolyte ®’%%. As described in Chapter 2, the water content was 55 ppm
at maximum for all experiments; this water fraction might result in the formation of carboxylate

species® %; however, the analysis did not provide any evidence of the presence of such species.
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Figure 3.1. The co-catalytic activity of imidazolium cation for electrochemical CO: reduction in acetonitrile (<50 ppm
water). (a) LSV with 0.5 mol% of 1,3-dimethyl imidazolium MM NTf,: under He (red) and CO, (black) atmosphere in
quiescent solution. (b) LSVs for Au disk electrode in CO, saturated acetonitrile with 0.5 mol% of MM NTf, (blue), TEA NTf,
(red) and Cs* NTf (black) electrolyte. (¢) LSVs with 0.5 mol% of MM NTf, with rotating Au disk electrode at 2000 rpm. Red
was recorded with 7% CO» partial pressure. Black was recorded with CO, saturated acetonitrile. (d) The zoomed-in potential
region from ¢ to highlight the onset potential under CO, purging. (¢) Chronopotentiometry at -10 mA/cm? and constant CO
production with 0.5 mol % MM NTf; under 5 ml/min CO, purging [1.2 bars] and normal stirring conditions using an Au foil
electrode (blue), the potential remains stable during electrolysis and Faradaic efficiency for CO was 100%. f, CO (ppm) level
in GC after switching the flow from CO; to He. WE potential increases with switching flow to He which shows a higher
overpotential for the same current density in the absence of CO; as the reactant.
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Figure 3.2. (a) LSVs with 0.5 mol% of: 1,3-dimethylimidazolium NTf, (MM), 1,3-dipropylimidazolium NTf, (n-Pr
n-Pr), 1-propyl-3-isopropyl imidazolium (n-Pr i-Pr), I,3-diisopropylimidazolium (i-Pr i-Pr), and 1,3-di-tert-
butylimidazolium (t-Bu t-Bu) in CO»-saturated acetonitrile. (b) Comparison of '3C NMR spectra for five cations,
recorded in CD;CN.

To investigate the influence of imidazolium cations on CO> reduction in anhydrous conditions,
several analogs of the MM cation were synthesized and their performance in the
electrochemical reduction of CO; was evaluated using voltammetry. Figure 3.2 a shows LSVs
for MM, 1,3-dipropylimidazolium (n-Pr nPr), 1-propyl-3-isopropylimidazolium (n-Pr i-Pr),
1,3-diisopropylimidazolium (i-Pr i-Pr) and 1,3-di-ter#-butylimidazolium (t-Bu t-Bu) using an
Au electrode in CO»-saturated acetonitrile. The structural variation of the imidazolium cation
clearly affects the achievable current density. For example at -2 V (vs. Ag/Ag"), the current
density for t-Bu t-Bu is lowered by a factor of 10 in comparison to the MM analog. Further,
chronoamperometry at -1.8 V (vs. Ag/Ag") shows that in the presence of 0.5 mol % of MM 3
times more charge is transferred to CO», yielding CO (Figure S3.2), than achieved with the
same amount of t-Bu t-Bu.

Figure 3.2 b shows '*C NMR spectra for 5 cations. MM displays the largest chemical shift
(ppm) among all cations for all three carbons of the ring [C2, C4, and C5]. VDD charge analysis
of the cations also shows a more positive charge for the C2-proton and C4, C5-protons of the
MM cation in comparison to other cations; which is in agreement with the trend obtained with
13C NMR spectra (for VDD charge analysis see Figure S3.8). The differences in chemical shifts
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in ¥C NMR and VDD charge analysis show that the electron density is a function of the
substitution, which also affects the C2-H acidity. pKa calculations/measurements in acetonitrile
from previous studies also demonstrate a trend in the acidity for MM (32.5), i-Pr i-Pr (33.6),
and t-Bu t-Bu (34.1) cations®®7°, which is also in agreement with the trend obtained with '*C
NMR spectra (Table S3.1). Interestingly, and most importantly, the electron density of the
imidazolium cation translates to higher or lower performance in the electrochemical reduction
of CO,, showing an almost linear trend between '*C peak position (Figure 3.2 b) and current
density in the reduction of CO», as schematically indicated in the graphical abstract of this

chapter.

With the establishment of this structure-activity relationship, the focus now shifts to
understanding how imidazolium promotes CO; reduction in anhydrous media. To address this,
the significance of the C2-proton was first compared to that of the C4- and C5-protons of the
imidazolium ring. In the literature discussing electrochemical CO; reduction, it is well-known
that the rate-determining step (RDS) is the first electron transfer from the electrode to adsorbed
C0,!%%. According to previous studies, the Au electrode surface facilitates the initial electron
transfer to CO», resulting in the formation of a high-energy “CO> intermediate’'”2. DFT
calculations revealed a notable ~70 kcal/mol difference in free energy between the adsorbed
*CO, (Au-CO: ) and the solvated CO, " radical (CO: * (sol)), confirming the hypothesis of
adsorption-induced electron transfer (*+CO, + e = *CO,) in acetonitrile (Supporting
Information Section V). The structure-activity relationship developed in this work suggests
that ring-protons H2, H4, and H5 may play a role in promoting the kinetics by stabilizing the
*CO; intermediate. While the trend in NMR chemical shifts for C2 is more pronounced than
for C4 or C5 (Figure 3.2 b), it remains inconclusive which ring proton is involved in stabilizing
the *CO» intermediate. To investigate further, DFT calculations were employed to compare the

stability of *CO, when interacting with the C2-proton (configuration i) or C4- and C5-protons
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(configuration ii) of the MM cation (Figure 3.3). Configuration i exhibited a gain of 4 kcal/mol
compared to configuration ii. Surface charge density and differential VDD charge analysis
(Figure 3.3 bottom part, also see Supporting Information Figure S3.10) indicate that
configuration i with the C2-proton leads to a more uniform charge distribution (noted by the
red and blue color densities). Additionally, the activity of MM was compared to that of 2-
methylated MM (2-Me MM) to shed light on the role of the C2-proton (Figure S3.3). The
substantial decrease in current density observed for 2-Me MM compared to MM suggests that

the C2-proton is most effective in promoting the reduction of CO».

Configuration ii

)/

0.
.36 lmD.395
V 4
0.063 >

LS
Configuration i c

0.090 0.04

c 0

TE e

Figure 3.3. 4 kcal/mol energy is gained when C-2 proton is brought into interaction with *CO, (configuration i vs
configuration ii). This extra energy gain can be understood in terms of a more uniform charge distribution. VDD charges
are shown for the oxygen atoms of *CO,™ and involved C2-, C4-, and CS5- protons (for differential charge analysis see
Supporting Information Figure S3.10). Surface charge densities (on COSMO surface) are constructed and are depicted
below each relevant configuration.

0.105

AG (kcal/mol)
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We will now investigate how the C2-proton affects the reduction of CO,. Pathway i (Figure
3.4 a) considers electron transfer to the cation to form a cation radical as proposed by Wang, et
al *. For this pathway, the reduced cation acts as an initiator and reduces CO; through a
nucleophilic attack to form an imidazolium-CO; adduct (Supporting Information Scheme
S3.1). After the nucleophilic attack, the C2-proton is transferred via an isomerization step,
which is considered the rate-determining step (RDS). However, DFT calculations for the
isomerization step do not show any noticeable difference in the activation energy for several
selected cations (Supporting Information Section VII). Besides, pathway i implies an
electrochemical response in the absence of CO: (the electron transfer to the imidazolium
cation), which is not observed in Figure 3.1. If an initial electron transfer to the imidazolium
cation were the case, the same onset potentials would be observed for the reduction of the cation
(CVs under He purging) and reduction of CO2 (CVs under CO; purging). This situation is
typical when pyridinium-type molecules are used as the promoter but this is not the case with
imidazolium cations. (For more arguments see Supporting Information Section VIII).

Thus, even though the mechanism proposed in pathway i might be considered in homogeneous
solution electron transfer reactions, Au catalyzed surface transformation appears to follow
another mechanism. Pathway ii (Figure 3.4 b) depicts the initial electron transfer to CO2 upon
its adsorption. Upon electron transfer, the imidazolium cation donates its C2-proton to the
negatively charged *CO, being formed on the Au surface. Such a charge transfer is also
confirmed by differential charge analysis from the interaction between MM and *CO, (Figure
3.3, Supporting Information Figure S3.10). This pathway highlights a concerted coupled
electron-proton transfer (CEPT) mechanism. For this mechanism, the first electron transfer
should be still rate-determining, and this was confirmed with the obtained Tafel slope of 119

mV/dec (Supporting Information Figure S3.4). CEPT reactions are of significant importance
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because they can bypass high-energy intermediates present in sequential PT and ET steps and

generally occur with lower reaction barriers (Figure 3.4 ¢)”>"7>.

Pathway i Pathway ii

AG (kcal/mol)

Reaction progress by applying negative potential

Figure 3.4. (a) Pathway i depicts an initial electron transfer to MM cation followed by a sequential PT-ET to CO.. (b)
Pathway ii (proposed in this work) depicts the concerted mechanism in which a bidirectional ET (form Au electrode)
and PT (from C2-proton of MM cation) leads to a lower energy barrier. ¢, shows a schematic of the energy diagram for

step-wise and concerted pathways.
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For a CEPT mechanism, an *(OC)O---H intermediate develops during the rate-determining
step. To determine the kinetic significance of the *(OC)O---H intermediate, the difference in
frequencies between O-H and deuterated O-D of the adsorbed intermediate was first calculated
(AG)m, to be 964 cm™ (in these calculations, complete covalent O-H and O-D bond formation
were considered), which is larger than the difference in frequency of the C-H and C-D bonds in
the imidazolium cations ((Ac)cs=837 cm’") (seec Supporting Information Section IX). This
difference in differential frequencies leads to a larger difference in the AZPE (zero-point

energy) of the transition state than in the AZPE in the ground state, suggesting an inverse kinetic
isotope effect (iKIE, i—H = 0.735) when a covalent bond character is considered (see Figure
D

3.5 a). Thus, from frequency calculations, it is predicted that for a CEPT mechanism deuterium
substitution at the C2 position of the imidazolium cation should result in a higher current density

(lower activation energy) in the reduction of COz. The inverse kinetic isotope effect was indeed
experimentally identified when performing the reduction of CO in an RDE setup (i—H =
D

0.89, Figure 3.5 b and Supporting Information Figure S3.5). The deuterated version of MM
shows significantly larger current densities, with an 18% deviation between the calculated, and
experimentally determined iKIE. This deviation can be rationalized in the context of a partial
proton transfer in the concerted mechanism (see also Supporting Information Section X for
extra notes on iKIE) and there is still an opportunity to further improve performance by
optimizing the *(OC)O%:--**H-C2 bond in the transition state, lowering the energy of the

transition state.
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Figure 3.5. (a) DFT calculation for a CEPT rate-determining step for MM co-catalyzed CO, reduction in
anhydrous acetonitrile. (b) LSVs recorded using Au rotating disk electrode (2000 rpm) with MM and deuterated
MM in CO; saturated acetonitrile showing an experimental inverse kinetic isotope effect, for quantification of
iKIE see Supporting Information Figure S3.5.

Conclusion

This study demonstrated a correlation between the C2-H acidity of imidazolium cations and the
achievable current density in the reduction of CO> under anhydrous conditions. This correlation
was established by modifying the functionality of the molecule at the N1 and N3 positions. The
inverse kinetic isotope effect and Tafel analysis showed that the rate-determining step involves
a concerted coupled electron-proton transfer with a partial proton transfer, which leaves room
for even further optimizing the molecular structure. What we have not assessed in the present
study, is the interaction of the conjugated base of the imidazolium cation (carbene) with the
electrode. N-Heterocyclic carbenes (NHCs) readily bind transition metals by o-donation’, and
recently their great affinity for electrode surfaces such as Au has been shown’®. The relevance
of such interaction for performance in the electrochemical reduction of CO; needs to be

assessed for electrodes of different binding energies.
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I. Materials

Gold (Au) voltammetry electrodes (3.0 mm diameter, 99.95%) were purchased from Prosense.
Gold wire (0.025 mm diameter, 99.99 %) for electrolysis experiments were supplied by Sigma
Aldrich. Anhydrous acetonitrile (99.8%), acetonitrile (ReagentPlus, 99%), dichloromethane
(puriss p.a. ACS reagent >99.9%), diethyl ether (anhydrous, ACS reagent, >99.0%),
tetracthylammonium bis(trifluoromethylsulfonyl)imide (97%) and tetrabutylammonium
bis(trifluoromethylsulfonyl)imide (99%), bis(trifluoromethane)sulfonimide lithium salt (99%),
silver trifluoromethanesulfonate (>99%), deuterium oxide (99.9 atom % D), acetonitrile-d3
(>99.8 atom % D), 1,3-diisopropylimidazolium chloride (97%) and 1,3-di-tert-
butylimidazolium tetrafluoroborate (97%) were obtained from Sigma-Aldrich. Acetonitrile-d3
(99.8 atom % D) for electrolysis experiments, Cs bis(trifluoromethylsulfonyl)imide (98%) , and

1-iodopropane (99%) were obtained from Acros Organics. 1-Isopropylimidazole (98%) was

obtained from abcr GmbH, Karlsruhe. 1,3-Dimethylimidazolium
bis(trifluoromethylsulfonyl)imide (99%), 1-methyl-3-pentyl imidazolium
bis(trifluoromethylsulfonyl)imide (99%), and 1,3-dipropylimidazolium

bis(trifluoromethylsulfonyl)imide (98%) were purchased from Iolitec Ionic Liquids
Technologies GmbH. Milli-Q water was taken from a Milli-Q Advantage A10 Water
Purification System, Millipore (18 MQ.cm). 1,3-Di-tert-butylimidazolium tetrafluoroborate
and 1,3-diisopropylimidazolium chloride were anion exchanged for NTf> and were transferred

to the glove box after vacuum drying.
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1I. Electrochemical data
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Figure S3.1. Comparison of the performance for CO: reduction with 1.5 mol% of 1-methyl-3-pentyl imidazolium (PM)
and 1.5 mol % of tetrabutylammonium (TBA) cations in anhydrous acetonitrile. (a) Electrolysis with PM NTf, at 18 mA/cm?
shows ~100 % FE for CO production at an average voltage of -2.58 V vs. Ag/Ag*. (b) Electrolysis with TBA NTf, at 18 mA/cm?
results in lower performance for both selectivity and productivity: H, was the main product with an average voltage of -3.3 V vs.
Ag/Ag*. Electrolysis measurements were performed over the Au foil electrode in a two-compartment cell under normal stirring
conditions and applying a flow of 5 mL CO»/min.

61



0,0

-0,2 4 t-Bu

MM

Q -Q0 (Coulombs)

0 2000 4000
Time (sec)

Figure S3.2. Comparisons of the stable electrochemical activity of MM and t-Bu for CO: reduction. The
charges transferred in the presence of 0.5 molar % of MM NTf, and 0.5 molar % of t-Bu NTf,. The potential was
constant at -1.8 V vs. Ag/Ag™*, and the reactor was purged with 5 mL/min CO>. The stability of t-Bu NTf, was also
checked after chronoamperometry (Figures S3.34 to S3.36).

(44co, — 49y.) MM _ —0.53203 coulombs/hr /
(49¢o, — 4qg.)t — Bu — —0.16742 coulombs/hr

=3.177
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Figure S3.3. Importance of the C2-proton in determining CO: reduction activity. Comparison of CO»
reduction activity for the MM cation with that of the 2-methylated MM cation. LSVs were recorded in CO»
saturated acetonitrile at an Au disk electrode.
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Figure S3.4. Tafel analysis for CO: reduction in anhydrous MM-acetonitrile. The Koutecky-Levich
equation was used to obtain kinetic currents (-ik in mA) within the linear region of the current-potential profile
using the RDE set up at different rpms.
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Figure S3.5. The determination of the inverse kinetic isotope effect for CO: reduction in anhydrous
imidazolium-acetonitrile. The Koutecky-Levich equation was used to obtain kinetic currents (ik in mA) for
both MM and deuterated MM with the RDE set up at different rpms (right). Kinetic currents at low
overpotentials were used to evaluate the inverse kinetic isotope effect (left).
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Figure S3.6. Electrochemical window of MM-acetonitrile vs MM-water. LSVs for Au disk electrode under
the purge of He in water with 0.5 mol% of MM Cl (red) and in acetonitrile with 0.5 mol% of MM NTf,.
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For all LSV measurements, the experiments were repeated to determine reproducibility. For

each cation two LSVs are compared as follows.
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Figure S3.7 a. Reproducibility of LSVs for the activity of imidazolium cations for CO: reduction in anhydrous
acetonitrile. LSVs with 0.5 mol% of imidazolium salts in CO; saturated anhydrous acetonitrile at Au disk electrode.
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Figure S3.7 b. Reproducibility of LSVs for the activity of imidazolium cations for CO: reduction in anhydrous
acetonitrile. LSVs with 0.5 mol% of imidazolium salts in CO; saturated anhydrous acetonitrile at Au disk electrode.

68



-100 +
-200 -
-300

-400

microA/cm?

-500 4
-600 ~
-700 +

-800

t-Bu t-Bu

-100 4

-200 4

microA/cm?

-300 4

-400 4

-500

-2.0

-1.4 -1.2

Voltage vs Ag/Ag*

-1.8 -1.6

2-Me MM

-1.6 -14 -1.2
Voltage vs.Ag/Ag"

Figure S3.7 c. Reproducibility of LSVs for the activity of imidazolium cations for CO:z reduction in anhydrous
acetonitrile. LSVs with 0.5 mol% of imidazolium salts in CO; saturated anhydrous acetonitrile at Au disk electrode.
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III. VDD charge analysis of cations

Figure S3.8. VDD charge analysis for imidazolium cations in acetonitrile.
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IV.  BC NMR chemical shifts (ppm) of imidazolium NTf2 salts in CD3CN

Table S3.1. 3C NMR chemical shifts (ppm) of imidazolium NTf: salts in CD3CN and their activity for

CO: reduction in acetonitrile.

R\N/CZ“N“R

CS=C4

Methyl Methyl
n-Propyl n-Propyl
i-Propyl n-Propyl
i-Propyl i-Propyl
t-Butyl #-Butyl

C-2

137.85
136.59
135.33
134.07
132.88

C4+C5

124.88
123.85
121.93, 123.89
121.96
121.63
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Current density at -2 V vs. Ag/Ag*

-1370
-780
-385
-245
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V. Stability of “COz vs the free CO: anion radical in acetonitrile

To evaluate the energy gain for CO> radical anion upon its binding with Au atom we calculated

the formation energy for Au-"CO, and CO; " in acetonitrile and used the following equations:

G(* €Oz mecn = G(AU_COZ ) yecn — G(AW pecn

AGgas= G(* COT)pecn — G(CO5 ) yecn = 60.99 keal/mol

499 499

-0.274

Figure S3.9. VDD charges for geometry optimized *CO2 and CO: " in acetonitrile. Upon binding Au atom a more uniform
charge distribution is obtained. The formation energy of ~70 kcal/mol highlights the greater stability of *CO, versus CO, ".
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VI.  Interaction of C2-proton and C4, C5-protons of MM with Au- COz

.429 .428

c

Configuration i Configuration ii

.360 .359

Q(oxygen) qy—co» — Q(oxygen) ay—coz mum = —0.138 Q(oxygen) ay—coz — Q(oxygen) ay_coz mm = —0.101

Figure S3.10. Differential VDD charge analysis for *CO: in interaction with two possible configurations of the MM
cation. Equations depict the charge difference between oxygen atoms in free Au-CO> (top) and Au-CO» in interaction with
MM cations (bottom). Full VDD charges are provided in Figure S3.11.
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Configuration ii

v9§

-0.18

Figure S3.11. Charge distribution upon the interaction of *CO: and MM cation with two possible configurations.
In configuration i C2-proton is pointed towards *CO> and in configuration ii C4- and C5-protons are positioned towards
*CO, . Full VDD charges are depicted.
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VII. Analysis of the activation energy for isomerization step

To investigate the proton transfer as the RDS in the isomerization step proposed by Wang et
al.* (Scheme S3.1), we performed the activation energy analysis for three cations: MM, n-Pr

n-Pr, and i-Pr i-Pr.

ImHO ImHCO,
H H H n
Cs
\NANV . \N,)A\\N/ \QOz\NXNJJ
\—/ — \—/ - =/
+ rds
Hisd Os HO\l//O
)C\ e-,H+ )C\
\N/\N/ - ~N" SN <,)_\N/\N/
\—/ —~ = —
co “H,0  ImCOOH

Scheme S3.1. Step-wise electron-proton transfer to CO2 mediated by imidazolium cation. Catalytic cycle proposed
by Wang. et al.* for cation mediated sequential electron-proton transfer to CO,. Proton transfer in the isomerization
from ImHCO; adduct to InCOOH was proposed as the rate-determining step.

The following steps were considered to evaluate the activation energy:

a) Geometries for cations (compounds i in Figure S3.12), reduced cations ImHO
(compounds ii in Figure S3.12), ImnHCO: adducts (compounds iii in Figure S3.12),
and intermediates IMCOOH (compounds iv in Figure S3.12) were optimized step-
wise. Figure S3.12 shows the geometry optimized for all 4 compounds for MM, n-Pr

n-Pr, and i-Pr i-Pr cations.

b) In order to find an initial guess for the transition state, we performed a potential energy
surface scan (PES) for proton transfer proposed in the isomerization step (from

compound iii to compound iv).
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&

Figure S3.12. Optimized geometry for cations (i), reduced cations ImHO0 (i), InHCO: adduct (iii), and
intermediates InCOOH (iv) for three cations: MM, n-Pr n-Pr, i-Pr i-Pr. The energy was considered converged
when the change in energy was smaller than 10 - Hartree.

¢) To make sure that the initial guess for the transition state from step b is positioned at a
saddle point, we performed an extra transition state search with frequency calculations.
The initial guess from step b was taken as the initial geometry for this calculation’’.
Geometries obtained for transition states are depicted in Figure S3.13. While PES was
performed for multiple coordinates, for all cations the negative eigenvalue occurs for

the vibration along the proton transfer.
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MM TS

n-Pr n-Pr TS

i-Pri-Pr TS

Figure S3.13. Transition state (TS) structures for the proton transfer in the isomerization step according to the
electron-proton transfer mechanism proposed in scheme S3.1.
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d) After finding the transition state, we obtained the reaction path with the intrinsic reaction
coordinate (IRC) analysis’®”?. With the IRC, the analysis starts at a transitions state and
slides down the hill towards the adjacent local minimum at either side of the transition
state. The IRC analysis gives full information about the pathway as well as the height
of the barrier in the reaction®. For all three cations, the isomerization reaction is found
to be endothermic and compounds iii and compounds iv are found as the stationary
points for the reactants and products, respectively. Thus, the isomerization with proton
transfer as the reaction coordinate remains the preferred pathway from compound iii to
compound iv for all three cations. Table S3.2 reports the barrier height for all three
cations. No noticeable difference is found for the three cations in terms of activation
energy. This is in striking contrast with our electrochemical results and challenges the

idea of isomerization as a rate-determining step.

Table S3.2. Activation energy for proton transfer in the isomerization step

Cation AG"
MM 46.11
n-Pr n-Pr 46.066
i-Pri-Pr 46.098
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VIII. Notes on the initial act of the electrode

As argued in the article a first electron transfer to the imidazolium cation violates the role
of the heterogeneous catalyst and the electrode turns into an electron supplier with some
affinity for a given cation. That is similar to what has been proposed for the pyridinium
chemistry at electrodes such as Pt®!2, For CO, reduction with pyridinium as a molecular
electro-catalyst, the cation first reduces to form a radical active form, and with the follow-
up electron-proton transfers, CO; is reduced to products such as methanol and formic acid.
The CV profile for such a system shows the same onset potential for the reduction of the
cation and the reduction of CO> (Figure S3.14 a). This implies that the first electron transfer
to pyridinium is involved in the initial stages of the mechanism. However, with
imidazolium, there is a significant difference between the onset potential for the reduction
of the cation and the onset potential for the reduction of CO> (Figure S3.14 b). Even with
seven times higher concentrations of MM compared to CO2, we did not observe cation
reduction in the potential region in which CO: reduction occurs. This observation
challenges the idea of the first electron transfer to imidazolium as an initial step, otherwise,
similar to pyridinium chemistry we would observe the same onset potentials for the
reduction of the cation and the reduction of CO>. Indeed, a proposed mechanism for
imidazolium-assisted electrochemical CO: reduction should consider the role of the

electrode catalyst in adsorbing CO; and facilitating electron transfer to adsorbed CO».
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Figure S3.14. (a) CVs of pyridinium reduction under Ar (gray) and CO; (black) at a Pt disk electrode in 0.5 M KCl
aqueous electrolyte. (b) LSVs for a Au disk electrode in acetonitrile with 0.5 mol% (red) and 1 mol% (black) of MM
NTf, during He purging. (blue) is LSV with 0.5 mol% of MM under CO; purging. COx solubility in our reactor condition
is 0.14 mol%. (a) was reproduced with permission.
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IX. Inverse kinetic isotope effect estimated from frequency calculations

To evaluate the kinetic isotope effect, we calculated IR frequencies for hydrogenated and
deuterated MM cations. These frequencies were compared with those of Au-COOH and Au-

COOD as intermediates. Differences in ZPEs were calculated as follows:

k, Ae-Fat)/RT
T ~ Ae-Ea(D)/RT

Eq(D) = - he [9(0D) — B(C,D)]

E (H) = §hc [5(OH) — 5(C,H)]

ki _ e 1wom)-s0mi-1@c.p)-scam]
kp

k

0735, 2=136

kp ky
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X. Extra notes on the inverse Kkinetic isotope effect

While for most coupled electron-proton transfer reactions a normal KIE effect (ky/kp>1)is

expected’?: 8384

, the inverse KIE (iKIE) observed in this work highlights a unique feature of the
imidazolium-mediated anhydrous CO- reduction. The observed inverse kinetic isotope effect
shares similarities with the proton transfer in catalytic reactions involving the formation of low-
barrier hydrogen bonds (LBHBs). In catalytic reactions associated with LBHBs, a weak
hydrogen bond in the ground state becomes a low barrier hydrogen bond (strong and short-
distance hydrogen bond) in the transition state®>’. LBHBs are mostly observed in non-protic
solvents. The energy released in forming the LBHB then contributes to lowering the activation
barrier for the reaction®. In another word, this energy release can explain the preference for the
CEPT pathway over the sequential pathway in anhydrous media (Figure 3.4). Developing the

strong hydrogen bonds between negatively charged oxygen of *CO,® and *H-C2 of MM in

the transition state, thus, should have caused the inverse KIE observed in this work.
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XI.  Synthetic procedures

NMR Characterization. 400 MHz 'H, 100 MHz '*C, and 376 MHz 'F NMR spectra were
recorded on a Bruker Avance III 400 NMR spectrometer in CD3CN. Solvent residual signals
with chemical shifts of 1.94 ppm ('H NMR) and 118.69 ppm ('*C NMR) were used as

references.

1-Isopropyl-3-propylimidazolium iodide. A 250 mL round bottom flask equipped with a
magnetic stirring bar and reflux condenser was charged with 1-isopropylimidazole (5.185 g,
47.0 mmol) and NaHCO; (1.5 eq., 70.5 mmol, 5.92 g). Acetonitrile (100 mL) and 1-
iodopropane (2 eq., 94 mmol, 16.0 g, 9.2 mL) were added and the mixture was stirred at 50 °C
for 1 week under N». Acetonitrile was removed under vacuum and the residue was dissolved in
CH2Cl> (50 mL). The CHxCl» solution was separated from the formed salts which were
subsequently washed with some CH>Cl,. Under stirring, diethyl ether (150 mL) was added to
the combined CH>Cl: solutions under stirring to precipitate the imidazolium iodide product.
The flask was placed in a refrigerator overnight. The CH>Clz/ether layer was removed and the
liquid residue was washed with diethyl ether (50 mL) which was also removed. The residue
was dried under a slow flow of N> and subsequently under vacuum (6 mbar, then 0.01 mbar),

yielding 1-isopropyl-3-propylimidazolium iodide as a colorless liquid (12.77 g, 97%).

"H NMR (CD;CN, 400 MHz): & (ppm) = 0.90 (t, CH3, 3H), 1.52 (d, CHs, 6H), 1.88 (m, CH,, 2H), 4.17
(t, N-CHa, 2H), 4.66 (m, CH, 1H), 7.51 (s, H-4 or H-5, 1H), 7.57 (s, H-4 or H-5, 1H), 9.23 (H-2, s, 1H).
3C NMR (CDsCN, 100 MHz): & (ppm) = 11.31 (CH,CHs), 23.58 (CH3), 24.51 (CHz), 52.07 (N-CH>),
54.19 (CH), 121.99 (C-4 or C-5), 123.75 (C-4 or C-5), 136.29 (C-2).

Counterion exchange. The following procedure was used to convert Il-isopropyl-3-
propylimidazolium iodide, 1,3-diisopropylimidazolium chloride and 1,3-di-tert-
butylimidazolium tetrafluoroborate into the corresponding NTf; salts. The imidazolium iodide,
chloride, or tetrafluoroborate (18.65 mmol) was dissolved in CH3CN (20 mL). To this solution,

Li NTf: (20.52 mmol, 1.1 eq.) was added as a solid. Milli-Q water (20 mL) was added and the
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mixture was stirred overnight. CH3CN was removed by a flow of N> flow. The resulting mixture
was extracted three times with CH2Cl,. The combined organic layers were washed once with
Milli-Q water to remove the last traces of lithium salts, dried on Na>SOys, evaporated to dryness
using a rotary evaporator, and further dried under vacuum (6 mbar, then 0.01 mbar). 1-
Isopropyl-3-propylimidazolium NTf; and 1,3-diisopropylimidazolium NTf, were obtained as
colorless liquids, 1,3-di-fert-butylimidazolium NTf; as a white solid, in yields of 99%.

1-Isopropyl-3-propylimidazolium bis(trifluoromethylsulfonyl)imide. '"H NMR (CD;CN, 400
MHz): § (ppm) = 0.92 (t, CH3, 3H), 1.51 (d, CHs, 6H), 1.87 (m, CH», 2H), 4.09 (t, N-CH,, 2H), 4.59 (m,
CH, 1H), 7.41 (s, H-4 or H-5, 1H), 7.48 (s, H-4 or H-5, 1H), 8.51 (H-2, s, 1H). 3C NMR (CD:CN, 100
MHz): § (ppm) = 11.17 (CH2CH3), 23.18 (CHz3), 24.37 (CH>), 52.52 (N-CHz), 54.55 (CH), 116.57 (CF3),

119.76 (CFs), 121.93 (C-4 or C-5), 122.94 (CFs), 123.89 (C-4 or C-5), 126.13 (CFs), 135.33 (C-2). '°F
NMR (CD;CN, 376 MHz): & (ppm) = —80.09 (s, CFs).

1,3-Diisopropylimidazolium bis(trifluoromethylsulfonyl)imide. 'H NMR (CD;CN, 400 MHz):
8 (ppm) = 1.51 (d, CHs, 12H), 4.58 (m, CH, 2H), 7.47 (s, H-4+H-5, 2H), 8.53 (H-2, s, 1H). 3*C NMR
(CDsCN, 100 MHz): § (ppm) = 23.18 (CH3), 54.58 (CH), 116.57 (CF3), 119.76 (CF3), 121.96 (C-4+C-
5), 122.94 (CF3), 126.13 (CF3), 134.07 (C-2). "F NMR (CD3CN, 376 MHz): § (ppm) = —80.08 (s, CF5).
1,3-Di-tert-butylimidazolium bis(trifluoromethylsulfonyl)imide. 'H NMR (CDsCN, 400
MHz): § (ppm) = 1.62 (s, C(CH3)3, 18H), 7.57 (s, H-4+H-5, 2H), 8.42 (H-2, s, 1H). *C NMR (CD;CN,
100 MHz): § (ppm) = 30.10 (CH3), 61.56 (CH), 116.57 (CF3), 119.75 (CF3), 121.63 (C-4+C-5), 122.94
(CFs), 126.13 (CF3), 132.88 (C-2). '’F NMR (CD;CN, 376 MHz): & (ppm) = —80.17 (s, CF3).

1,3-Dimethyl-2,4,5-trideuteroimidazolium bis(trifluoromethylsulfonyl)imide. A mixture
of 1,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide (5.0 g, 13.25 mmol), DO (6.0
mL, 0.332 mol) and triethylamine (0.1 mL, 0.72 mmol) was stirred at 65 °C for four days under
N». After cooling, DoO and EtsN were removed under vacuum, fresh DO (6.0 mL) and
triethylamine (0.1 mL, 0.72 mmol) were added, and stirring at 65 °C was continued for another
four days. After a total of six heating-evaporation cycles, D>O and Et;N were removed under
vacuum and the liquid residue was dissolved in CH>Cl, and dried on Na>SOs4. The
dichloromethane was evaporated on a rotary evaporator, the residue was redissolved in 20 mL
dichloromethane, passed through a regenerated cellulose membrane filter (pore size 0.2 um) to

remove traces of solids, and then dried under vacuum (6 mbar, then 0.01 mbar), yielding 1,3-

dimethyl-2,4,5-trideuteroimidazolium bis(trifluoromethylsulfonyl)imide as a colorless liquid
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(4.65 g,92 %). 'H NMR spectroscopy revealed a conversion of C2-H into C2-D of 97.7 % and
of C4-H+C5-H into C4-D+C5-D of 94.1%.

'"H NMR (CD;CN, 400 MHz): & (ppm) = 3.81 (s, N-CH3, 6H). Trace signals at & = 7.31 (s, H-4+H-5)
and & = 8.35 (s, H-2) were visible in the spectrum. *C NMR (CD;CN, 100 MHz): & (ppm) = 37.01 (M-
CH3), 116.47 (CF3), 119.66 (CF5), 121.63 (C-4+C-5), 122.85 (CF3), 124.17, 124.48, 124.67, 124.79 (C-
4+C-5), 126.03 (CFs), 137.23, 137.56, 137.89 (C-2). ’F NMR (CDsCN, 376 MHz): & (ppm) = —80.18
(s, CF3).
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XII. Copies of 'H, 13C and F NMR spectra
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Figure S3.15. '3C NMR spectrum of 1,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide in CD;CN.
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Figure S3.16. 3C NMR spectrum of 1,3-dipropylimidazolium bis(trifluoromethylsulfonyl)imide in CD3CN.
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Figure S3.17. '"H NMR spectrum of 1,3-diisopropylimidazolium bis(trifluoromethylsulfonyl)imide in
CDsCN.
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Figure S3.18. 3C NMR spectrum of 1,3-diisopropylimidazolium bis(trifluoromethylsulfonyl)imide in
CD;CN.
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Figure S3.19. '°F NMR spectrum of 1,3-diisopropylimidazolium bis(trifluoromethylsulfonyl)imide in
CDsCN.
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Figure S3.20. 'H NMR spectrum of 1-propyl-3-isopropylimidazolium iodide in CD3CN.
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Figure S3.21. 1*C NMR spectrum of 1-propyl-3-isopropylimidazolium iodide in CD;CN
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Figure S3.22. '"H NMR spectrum of 1-propyl-3-isopropylimidazolium bis(trifluoromethylsulfonyl)imide in
CD;CN.
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Figure S3.23. 3C NMR spectrum of 1-propyl-3-isopropylimidazolium bis(trifluoromethylsulfonyl)imide in
CDsCN.
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Figure S3.24. '’F NMR spectrum of 1-propyl-3-isopropylimidazolium
bis(trifluoromethylsulfonyl)imide in CD3CN.
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Figure S3.25. 'H NMR spectrum of 1,3-di-tert-butylimidazolium bis(trifluoromethylsulfonyl)imide in
CDsCN.
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Figure $3.26. 1*C NMR spectrum of 1,3-di-zert-butylimidazolium bis(trifluoromethylsulfonyl)imide in
CD;CN.
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Figure S3.27. '°F NMR spectrum of 1,3-di-tert-butylimidazolium bis(trifluoromethylsulfonyl)imide in
CDsCN.

92



—8.35

—7.31
(W)

—381

NTT.
5 [NTf]
\N ,-‘;. N/
fl 3

- CH,

5 4
i ) o b J
L i B
1.00 5.39 258.10

100 95 90 85 80 7.5 70 65 60 55 50 45 40 3.5 3.0 25 20 1.5 1.0 05 00
ppm

Figure S3.28. 'H NMR spectrum of 1,3-dimethyl-2,4,5-trideuteroimidazolium
bis(trifluoromethylsulfonyl)imide in CD3CN.
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Figure $3.29. 1*C NMR spectrum of 1,3-dimethyl-2,4,5-trideuteroimidazolium bis(trifluoromethylsulfonyl)imide in
CD;CN.
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Figure S3.30. 1°F NMR spectrum of 1,3-dimethyl-2,4,5-trideuteroimidazolium bis(trifluoromethylsulfonyl)imide in
CDsCN.
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Figure S3.31. '"H NMR spectrum of 1,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide in CD3CN. The
spectrum is from the MM-acetonitrile after 5 hrs. of electrolysis (Figure 3.1e).
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Figure S3.32. 1*C NMR spectrum of 1,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide in CD3CN.

The spectrum is from the MM-acetonitrile after 5 hrs. of electrolysis (Figure 3.1e). CO, peak appears as a
result of CO; absorption by MM-acetonitrile.
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Figure S3.33. '°F NMR spectrum of 1,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide in
CD3CN. The spectrum is from the MM-acetonitrile after 5 hrs. of electrolysis (Figure 3.1e).
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Figure S3.34. 'H NMR spectrum of 1,3-di-tert-butylimidazolium bis(trifluoromethylsulfonyl)imide in
CD3CN The spectrum is from the t-Bu-acetonitrile after 1.5 hrs. of chronoamperometry at -1.8 V vs. Ag/Ag*
(Figure S3.2).
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Figure $3.35. 1*C NMR spectrum of 1,3-di-tert-butylimidazolium bis(trifluoromethylsulfonyl)imide in
CD3CN The spectrum is from the t-Bu-acetonitrile after 1.5 hrs. of chronoamperometry at -1.8 V vs. Ag/Ag*
(Figure S3.2).
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Figure S3.36. °F NMR spectrum of 1,3-di-tert-butylimidazolium bis(trifluoromethylsulfonyl)imide in
CD3CN The spectrum is from the t-Bu-acetonitrile after 1.5 hrs. of chronoamperometry at -1.8 V vs. Ag/Ag*
(Figure S3.2).
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XIII. Computational methods

DFT calculations were performed with the Amsterdam density functional program®’. B3LYP
was used as a hybrid exchange-correlation functional® together with Grimme’s DFT-D3
dispersion correction with Becke-Johnson damping (BJ)*. For all atoms, a Slater-type basis
set of triple zeta valence quality with two polarization functions was used (TZ2P)*°. For all
calculations, scalar relativistic effects using the ZORA (zeroth-order regular approximation)
formalism were included. For calculations including gold atoms, spin-orbit coupling was
considered. Calculations were always performed with no frozen core (an all-electron basis set)

with a "very good" numerical quality. All calculations were performed with a conductor-like

screening model (COSMO) to account for solvent effects (acetonitrile).
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Chapter 4:

Investigating the Influence of C4, C5-Substituted

Imidazolium Cations on Electrochemical CO; Conversion



Summary

In Chapter 3 it was found that the acidity of the C-2 protons of imidazolium cations play a key
role in co-catalyzing the reduction of CO> at the Au electrode. In this chapter we will extend
the library of cations for which the acidity is modified by C4,C5-substituents. Three remarkable
results will be extensively discussed. First, the 1,3,4,5-tetramethyl imidazolium (TetraMe)
cation unsurprisingly exhibits a higher overpotential requirement for CO> reduction compared
to MM. This outcome finds concurrence with both the '*C carbon NMR data and the Voronoi
Deformation Density (VDD) charge analysis, both indicating an escalated positive charge

density linked with the C2-H2 of MM cation.

Furthermore, a surprising observation emerges from the divergent behavior exhibited by the
MM cation and the 1,3-dimethyl-4,5-diphenyl imidazolium (DiPh) cation in
chronoamperometry measurements for CO> reduction. Notably, while the required potential
increases with the MM cation, it leads to an overall enhanced performance for the DiPh cation.
The improved performance of DiPh in steady-state electrolysis experiments aligns with its
higher acidity, as verified through VDD charge analysis and pKa determination. However, this
result contrasts with the LSV findings, which indicate a more negative onset potential for CO2
reduction with the bulkier DiPh cation. We tentatively explain this observation by differences
in hydrophobicity — the MM cation is less hydrophobic, and therefore more susceptible to
interactions with residual water within the surface boundary layer — causing the time-dependent
formation of adsorbed species after deprotonation, as previously proposed in the literature.
These adsorbed species could potentially exert an influence on the CO reduction under steady-
state conditions, resulting in a higher overpotential for the MM cation. The final observation is
the notably lower onset potential observed for the 1,3-dimethyl-4,5-dichloro imidazolium
(DiCl) cation, compared to the MM cation. This observation is consistent with the higher C2-

H2 positive charge density for DiCl. However, chronoamperometry measurements for the DiCl
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cation yielded inconclusive results, necessitating further investigation. Thus, elucidating the

difference in behavior between these cations remains a challenge.
Introduction

According to the findings in Chapter 3, 1,3-dimethyl imidazolium cation was found to display
the highest activity among the five cations investigated. Here, we will broaden the parameter
space by focusing on the effect of C4 and C5-substituents. Imidazolium cations are conjugated
acids of N-heterocyclic carbenes (NHCs) (Figure 4.1. a). For NHCs, the electronic features
and consequently the conjugated acidity are controlled via electron donating or electron
withdrawing characteristics of substituents at the N1, N3, or C4, C5 positions (Figure 4.1. b).
In Chapter 3, we tuned the acidity of the imidazolium cation by altering the substituents at the
N1 and N3 positions, affecting the C2 proton acidity and interaction with surface adsorbed CO».
So far, we have excluded steric effects, which could play a role if substituents become too
bulky. This steric influence on the reactivity of C2-H is perceived to be much less by
substitutions at the C4 and C5 positions> °!. Besides, feasible synthetic routes are available for
introducing various substituents at the C4 and C5 positions during construction of the imidazole

ring. a Carbene Cation
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Figure 4.1. (a) Structure of 1,3-dimethyl imidazole-2-ylidenes (left) and its conjugate acid 1,3-dimethyl imidazolium cation
(right). The acidity of the imidazolium cation is in direct relation with the basicity of the free carbene. (b) The electronic
features of C2-carbene are tuned via substituents at N1, N3(R) and C4,C5 (R') positions.
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Results and discussion

To modify the electronic features of the C2-H2 of imidazolium cation carbon, we synthesized
four cations: 1,3-dimethyl-4,5-dichloro imidazolium (DiCl), 1,3,4,5-tetramethyl imidazolium
(TetraMe), 1,3-dimethyl-4,5-diphenyl imidazolium (DiPh) and 1,3-dimethyl-4,5-di(4-
methoxy) diphenyl (DiMeOPh). The structure of the cations is shown in Figure 4.2. The
activity of these cations will be compared to that of MM cation as our benchmark co-catalyst.
Figure 4.3 summarizes the '>*C NMR results for all cations studied in this chapter, aiming at
providing insights into the charge density of C2-proton for cations of the same functional
family. For a detailed discussion on acidity trends among these cations, please refer to

Supporting Information Section VI.

DiCl MM TetraMe

O C (./

DiMeOP

Figure 4.2. Imidazolium cations synthesized in this work for investigating electrochemical reduction of CO; in anhydrous
acetonitrile.

102



H
2| INTRI™
\1N ',-;~‘ N3/

i 5 4
R R
TetraMe c2 4,5
R: CH
} J\_ A } l Jk J.
Dicl Cc2
R:Cl 'K €a4.5
e | i l k_l_ L L
c2 4,5 |‘
i \
- I ,‘\ | = | T - A,” -
)iPh 2 c4,5
R: Ph l ‘ | ‘ ‘
) | I ] = =
—_— ca5
R H c2
i A g J ] i
140 135 130 125 120 115
ppm

Figure 4.3. 3C NMR spectra of the five cations investigated in this chapter. Refer to Figure 4.2 for the molecular structures
of the cations. Cations with similar functional group arrangements are indicated by the same color.

Figure 4.4 (left) displays the LSVs recorded for MM and TetraMe cations under a CO»
atmosphere. The LSV results uncover a slightly higher apparent activity for CO> reduction
associated with the MM cation, although the distinction appears marginal. This observation is
substantiated by the VDD charge analysis map depicted in Figure 4.4 (right). Comparatively,
MM is characterized as a more electron-deficient cation than TetraMe. As a result, TetraMe
is expected to display reduced acidity at the C2-H position, aligning with the anticipated lower
activity. Electrolysis at -1 mA/cm? under CO» purge conditions demonstrated a 100% FE for
CO formation with both cations when employed under the same salinity. For MM, achieving
the same FE coincided with a reduction of the requisite reductive potential by 90 mV. This
reduction is consistent with outcomes derived from the LSV results, the electron density map,

and the '>*C NMR analysis (Figure 4.3, indicated by blue letters).
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Figure 4.4. (left) The comparison of LSVs for 0.5 mol% MM-NTf: (red) and TetraMe-NTf: (black) for CO- reduction in
anhydrous acetonitrile. (right) Electron density map (from VDD charge analysis) which shows MM is more electron poor, thus
a more acidic cation.
Next, we proceed to a comparison of the results concerning the diphenyl-substituted groups.
LSV results for DiPh and DiMeOPh cations under CO> atmosphere are presented in Figure
4.5 (left). Concurrently, Figure 4.5 (right) exhibits the electron density maps calculated for
these two cations. The outcomes of the calculated charge analysis align with the '*C NMR
findings depicted in Figure 4.3 (indicated by orange letters). These results suggest a reduced
co-catalytic activity for the DiMeOPh cation in comparison to the DiPh cation, owing to its
increased electron richness. This is well-confirmed by the LSV results which shows a lower

apparent activity for the diphenyl methoxy substituted imidazolium cation.

While comparing outcomes within the same functional groups can be straightforward, assessing
results across different functional families requires careful consideration. In Figure 4.6 (left),
we present the LSV results obtained from MM and DiPh cations during CO> reduction under
consistent salinity conditions. Based on the electron density maps generated from DFT

calculations (Figure 4.6 right), it becomes apparent that DiPh displays a somewhat higher
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positive charge within the imidazolium ring, with a slight increase in positive charge localized
at the C2-H proton. This observation hints at the possibility of a more acidic character within
the DiPh cation. To further explore this, we subjected the DiPh cation to exposure with the
indenyl anion as an indicator base. Following this, 'H NMR spectroscopy was employed to
quantitatively gauge the acidity of the DiPh cation (for additional information, refer to
Supporting Information Section V). The analysis yielded a measured pKa value of 20.1 for
DiPh in DMSO. Comparing this value with the reported pKa value for the MM cation in DMSO
(~22.0)"° support the more acidic character of DiPh cation. Consequently, one might anticipate
an increased activity for the DiPh cation; however, this expectation is not corroborated by the
LSV results shown in Figure 4.6. Unexpectedly, we observe a significantly more negative onset
potential for CO> reduction with the DiPh cation. To rationalize the unforeseen outcomes of
the LSV results, we may consider the impact of cation bulkiness. It's apparent that the DiPh
cation boasts a larger molecular size compared to the MM cation. The increased bulk of the
DiPh cation could potentially influence the interaction between the cation and the Au electrode,
as well as the surface-adsorbed COz species. A similar adverse effect was also witnessed with
the sizeable 1-nonyl-3-methyl (NM) imidazolium cation (as discussed in Chapter 7). Despite
having only marginal acidity differences in comparison to the MM cation, a noticeable decrease
in activity was observed with NM cation. To further validate the impact of cation size, future
investigations should consider employing techniques such as impedance measurements and

molecular simulations.
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Figure 4.5. (left) The comparison of LSVs for 0.5 mol% DiPh-NTf: (olive) and DiMeOPh-NTf: (blue) for CO, reduction in

anhydrous acetonitrile. (right) Electron density map (from VDD charge analysis) which shows DiPh as more electron poor,
thus a more acidic cation.
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Figure 4.6. (left) The comparison of LSVs for 0.5 mol% MM-NTf: (red) and DiPh-NTf: (olive) for CO, reduction in
anhydrous acetonitrile. (right) Electron density map (from VDD charge analysis) which shows that DiPh is slightly more

electron poor. Stability of DiPh-NTT; after electrolysis was confirmed with NMR analysis (see Supporting Information Figures
S4.1-S4.3)

106



Figure 4.7 displays the outcomes of electrolysis experiments involving MM and DiPh cations.
The data reveals two distinct patterns. In the initial 1000 seconds, the MM cation displays a
lower overpotential, aligning with the findings from the LSV results. However, after this, the
MM cation experiences a gradual rise in the needed overpotential before attaining a stable
performance. In contrast, the phenyl-substituted cation demonstrates a decrease in overpotential
over time. Notably, a crossover of the required potential for both cations becomes evident after
approximately 1000 seconds of experimentation. Overall, the phenyl-substituted cation

achieves the best performance, notably by lowering the necessary potential by around 250 mV.
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Figure 4.7. Electrolysis at -1 mA/cm? with 0.5 mol% MM-NTTf: (red) and DiPh-NTf: (olive) for CO> reduction in anhydrous
acetonitrile. The dashed line indicated the time after which steady state is reached.

Phenyl substituents are indeed hydrophobic functionalities, and it is reasonable to expect that
these substituents would hinder the association of water molecules with the cation residing in
the double layer. Bi et al.”> have demonstrated that hydrophobic ionic liquids can help keep
water molecules away from negatively charged electrodes in humid conditions. Therefore, in
the case of the DiPh cation, we can anticipate an effect from the reduced presence of residual
water in the electric double layer (EDL) compared to cations such as MM. In our experiments,
there is inevitably some residual water present in the electrolyte, typically up to 50 ppm, which

is challenging to eliminate in an experimental setup open to the atmosphere. Considering the
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hydrophobic nature of phenyl substituents and the presence of residual water in the electrolyte,
it is plausible to propose that the stability and catalytic performance of the MM cation are
influenced by the interaction between residual water and the cation in the electric double layer.
We anticipate that the presence of residual water, which is more prevalent in the case of more
hydrophilic cations like MM, will have an impact on the stability of the MM cation. This
hypothesis is supported by the findings of Amit et al.® , who demonstrated that the reduction of
water in the vicinity of the electrode surface can generate hydroxyl groups. These hydroxyl
groups can subsequently lead to the deprotonation of nearby imidazolium cations as well as the

potential decoration of the electrode with the conjugate base of the cation (Figure 4.8).
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Figure 4.8. The deprotonation of imidazolium cation in presence of active surface hydroxyl group at the vicinity of the
electrode. Proposed by Amit et al.®

As discussed by Amit et al., the extent of deprotonation and its impact on the cation's behavior
will be influenced by the specific nature of the cation and the abundance of hydroxyl groups at
the electrode surface. Taking this chemical understanding into account, the gradual increase in
overpotential observed with the MM cation (Figure 4.7) can likely be attributed to the partial
deactivation of the MM cation caused by the reduction of residual water in the electric double
layer (EDL). It's also essential to acknowledge that the MM cation has consistently been a
commercially available entity in this study, potentially subjected to different drying procedures
compared to the rigorous processes applied to in-house synthesized cations like DiPh.
Consequently, the likelihood of increased water presence on the electrode surface, accompanied

by the MM cation, is a noteworthy consideration. It's worth noting that this hypothesis could
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find stronger support through background experiments involving both cations at varying water
levels. The results from DiPh and MM show that when the cation is acting as a co-catalyst the
overpotential is not only dependent on the intrinsic kinetics of the co-catalyzed reaction but also
on the stability of the cation and possible side reactions involving residual water. This will bring
this notion that to gain a full picture of the performance, transient experiments (for example:
LSVs) should always be complemented by steady-state experiments. It's noteworthy to
acknowledge that while we have put forth the potential influence of residual water on the
observed behavior of the MM and DiPh cations, an alternative explanation might also be
considered. This alternative explanation suggests the potential for a mechanistic alteration in
the reaction during steady-state experiments, specifically involving the DiPh cation. Notably,
in the steady-state scenario, the DiPh cation demonstrates an improved performance compared
to the MM cation, aligning with the expectations from our theory of C2-H acidity. However, at

the moment, we lack any viable hypothesis that could be proposed for such a scenario.

The last experiment was aimed at the comparison between MM and DiCl cations. Figure 4.9
shows the LSVs results under CO; atmosphere and the electron density map for both cations.
Clearly, DiCl is an electron poor cation, and we would expect a higher activity compared with
that for MM. This is confirmed by the LSV results and the electrolysis results for which a more
positive overpotential up to +200 mVs is obtained by DiCl (Figure 4.10). However, electrolysis
results did not show the expected amount of CO. Thus, we suspect the formation of other
products or the degradation of the cation. Yet, *C NMR and 'H NMR analysis after few hours
of electrolysis did show neither any liquid product nor any evidence of the degradation of the

cation (Supporting Information, Figures S4.4-S4.6).
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Figure 4.9. (left) The comparison of LSVs for 0.5 mol% MM-NTf: (red) and DiCI-NTfz (brown) for CO, reduction in
anhydrous acetonitrile. (right) Electron density map (from VDD charge analysis) which shows that DiCl is a more electron
poor cation.

The higher apparent activity, aligning with the stability of the cation, positions DiCl as a
promising contender for the efficient activation of CO>. However, a more comprehensive
analysis involving detailed GC and liquid analysis is necessary to investigate the potential
formation of other products, when using a DiCl solution. Notably, the LSV results reveal a
deviation in the apparent slope of the current-potential profile when compared to the MM, TM,
DiPh and DiMeQOPh cations investigated in this study. This observation prompts us to consider
alternative mechanisms that could be contributing, possibly linked to the heightened acidic

nature of the cation.
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Figure 4.10. Electrolysis at -1 mA/cm? with 0.5 mol% MM-NTT: (red) and DiCI-NTf; (brown) for CO, reduction in
anhydrous acetonitrile.

Conclusion and outlook

In this chapter, our goal was to explore the impact of different substituents at the C4 and C5
positions on the performance of CO: activation. We observed that while comparing
functionalities within the same family, such as MM and TetraMe, yielded straightforward
results, the behavior of cations with substituents from different functional families, including
alkyls, halides, and phenyls, varied significantly. This variation can be attributed to the high
sensitivity of the electrocatalytic reaction to the immediate environment within the electric
double layer. To gain a more comprehensive understanding of the factors influencing the
performance of CO; activation, a systematic synthetic approach is required. For instance, within
the phenyl substituent family, comparing different substituents at the para positions could
provide valuable insights. Additionally, for highly electron-poor cations like 1,3-dimethyl-4,5-

dichloro imidazolium, it is possible to observe changes in the mechanistic pathway.

In summary, when considering the impact of substituents, the following points should be

considered:
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a)

b)

)

d)

Electronic Features: Changing the electronic features of the cation ring can affect its
acidity, potentially improving or diminishing catalytic activity, or even introducing new
reaction pathways. This particularly might be of high relevance for highly acidic cations.
Bulkiness: Different substituents can impact the bulkiness of the cation, which in turn
affects the interfacial interaction of the cation with the catalyst and adsorbed CO». Bulky
cations may also obstruct active sites at the same surface concentration. To ensure a fair
comparison, it is advisable to compare substituents within the same functional family
that have similar bulkiness.

Hydrophobicity/Hydrophilicity: The hydrophobic or hydrophilic nature of the cation
can influence the stability and mechanism of the non-aqueous CO; conversion process,
especially in the presence of residual water. The effect of water on cation chemistry
depends on the cation's nature, and more acidic cations are more likely to experience
significant impacts such as deprotonation and reaction with hydroxyl groups.

Intrinsic Electronic Effects: The intrinsic electronic effects of the cation within the
double layer can have an impact. Non-specific interactions with the electrode, including
the image charge effect, can modify the electrostatic potential and the adsorption
properties of the electrode for polar intermediates®*. While these effects are expected
to be similar for cations with the same charge density per volume®*, they may differ for
cations with significantly different bulkiness and charge density. Therefore, it is
important to work with cations of similar bulkiness when studying specific chemical

factors such as acidity.
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L Copies of 'H, *C and 'F NMR spectra
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Figure S4.1. '"H NMR spectrum of 1,3-dimethyl-4,5-diphenylimidazolium bis(trifluoromethylsulfonyl)imide in
CD3CN after electrolysis.
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Figure S4.2. *C NMR spectrum of 1,3-dimethyl-4,5-diphenylimidazolium bis(trifluoromethylsulfonyl)imide in
CD3CN after electrolysis.

114



[NTf,] %
2 |
\NAN -
8
1 3
5 4

T T

10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180
ppm

Figure S4.3. F NMR spectrum of 1,3-dimethyl-4,5-diphenylimidazolium bis(trifluoromethylsulfonyl)imide in
CD3CN after electrolysis.
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Figure S4.4. 'H NMR spectrum of 1,3-dimethyl-4,5-dichloroimidazolium bis(trifluoromethylsulfonyl)imide in
CDsCN after electrolysis.
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Figure S4.5. *C NMR spectrum of 1,3-dimethyl-4,5-dichloroimidazolium bis(trifluoromethylsulfonyl)imide in
CD3CN after electrolysis.
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Figure S4.6. '°F NMR spectrum of 1,3-dimethyl-4,5-dichloroimidazolium bis(trifluoromethylsulfonyl)imide in
CDsCN after electrolysis.
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Figure S4.7. "H NMR spectrum of 1,3-dimethyl-4,5-dichloroimidazolium bis(trifluoromethylsulfonyl)imide in
CD;CN.
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Figure S4.8. '*C NMR spectrum of 1,3-dimethyl-4,5-dichloroimidazolium bis(trifluoromethylsulfonyl)imide in
CDs;CN.
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Figure S4.9. F NMR spectrum of 1,3-dimethyl-4,5-dichloroimidazolium bis(trifluoromethylsulfonyl)imide in
CD;CN.
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Figure S4.10. 'H NMR spectrum of 1,3-dimethyl-4,5-diphenylimidazolium bis(trifluoromethylsulfonyl)imide in
CDs;CN.
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Figure S4.11. 3C NMR spectrum of 1,3-dimethyl-4,5-diphenylimidazolium bis(trifluoromethylsulfonyl)imide
in CD3CN.
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Figure S4.12. '°F NMR spectrum of 1,3-dimethyl-4,5-diphenylimidazolium bis(trifluoromethylsulfonyl)imide in
CDs;CN.
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Figure S4.13. 'H NMR spectrum of 1,3-dimethyl-4,5-bis(4-methoxyphenyl) imidazolium
bis(trifluoromethane)sulfonamide in CD3CN.
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Figure S4.14. '*C NMR spectrum of 1,3-dimethyl-4,5-bis(4-methoxyphenyl)imidazolium
bis(trifluoromethane)sulfonamide in CD3CN.
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Figure S4.15. °F NMR spectrum of 1,3-dimethyl-4,5-bis(4-methoxyphenyl)imidazolium
bis(trifluoromethane)sulfonamide in CD3CN.

o~ - wn o
i INTE s :
| 2 | |
1 + 3
5 4
J )

l B U

o o oy
1.00 6.29 6.33

T T

100 9.5 90 85 80 75 70 65 60 55 50 45 40 3.5 3.0 25 20 1.5 1.0 0.5 0.0
ppm

Figure S4.16. '"H NMR spectrum of 1,3,4,5-tetramethylimidazolium bis(trifluoromethane)sulfonamide in

CD3CN.
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Figure S4.17. '*C NMR spectrum of 1,3,4,5-tetramethylimidazolium bis(trifluoromethane)sulfonamide in
CD3CN.
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Figure S4.18. 1°F NMR spectrum of 1,3,4,5-tetramethylimidazolium bis(trifluoromethane)sulfonamide in

CD3CN.
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II. Computational methods

The computational methods employed for DFT analysis are detailed in Chapter 3. To calculate
atomic charges and electron density maps, the Voronoi Deformation Density (VDD) method

developed by Matthias Bickelhaupt et al.”

was utilized. Unlike other charge calculation
methods, the VDD method does not rely on explicit basis functions. Instead, it determines the
transfer of electronic density to or from specific atoms based on bond formation. This approach
has been demonstrated to yield more chemically meaningful charges compared to other

methods, such as Bader charges, which can result in extreme values and even exhibit ionic

character in covalent bonds.

II1. Materials

Anhydrous acetonitrile (99.8%), acetonitrile (ReagentPlus, 99%), dichloromethane (puriss p.a.
ACS reagent >99.9%), diethyl ether (anhydrous, ACS reagent, >99.0%),
bis(trifluoromethane)sulfonimide lithium salt (99%), silver trifluoromethanesulfonate (>99%),
acetonitrile-ds (>99.8 atom % D), dimethyl sulfoxide-d¢ (99.9 atom % D), iodomethane
(299.0%), 4,5-diphenylimidazole (98%), potassium hydride (30 wt% dispersion in mineral oil)
and indene ((>99%) were obtained from Sigma-Aldrich. Acetonitrile-ds; (99.8 atom % D) for
electrolysis experiments was obtained from Acros Organics. 4,5-Dichloroimidazole (>97.0%)
was obtained from TCI Europe N.V. 1,3-Dimethylimidazolium
bis(trifluoromethylsulfonyl)imide (99%) was purchased from Iolitec Ionic Liquids
Technologies GmbH. Milli-Q water was taken from a Milli-Q Advantage A10 Water
Purification System, Millipore. 1,3-Dimethyl-4,5-dichloroimidazolium iodide was prepared

according to a published procedure with some modifications®®.  1,3,4,5-
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Tetramethylimidazolium iodide and 1,3,4,5-tetramethylimidazolium

bis(trifluoromethane)sulfonimide were prepared according to a published procedure®’.

IV.  Synthetic procedures

NMR Characterization. 400 MHz 'H, 101 MHz '*C and 376 MHz '°F NMR spectra were
recorded on a Bruker Avance III 400 NMR spectrometer in CD3CN. Solvent residual signals
with chemical shifts of 1.94 ppm ("H NMR) and 118.69 ppm (**C NMR) were used as reference.
For DMSO-de, a chemical shift of 39.52 ppm was taken as a reference in '*C NMR

measurements.

1,3-Dimethyl-4,5-dichloroimidazolium iodide. 4,5-Dichloroimidazole (10.67 g, 77.90 mmol)
was dissolved in CH3CN (150 mL) in a 500 mL round bottom flask equipped with a reflux
condenser. Sodium hydrogen carbonate (9.82 g, 116.9 mmol) and excess iodomethane (20 mL,
0.321 mol) were added and the mixture was stirred at 85 °C under N> for 48 h. lodomethane
and CH3CN were removed using a rotary evaporator. To the solid residue, CH3CN (150 mL)
was added to redissolve the imidazolium iodide. After stirring, the formed salts were left to
settle. The clear solution was transferred to a 1L round bottom flask and the remaining solids
were washed with CH3CN (3x50 mL). Evaporation of CH3CN from the combined solutions
yielded 4,5-dichloro-1,3-dimethylimidazolium iodide (22.36 g, 98%). Of this batch, 6.32 g was
dissolved in CH3CN (50 mL), requiring slight warming (40 °C). Diethyl ether (200 mL) was
added under stirring, producing a white precipitate. The solvent was removed by syringe, the
solids were washed three times with diethyl ether (3x100 mL) which was also removed and the

remaining solid was dried under vacuum. Yield 6.13 g (97%).

'H NMR (400 MHz, CDsCN): 6 9.29 (s, 1H, 2-H), 3.83 (s, 6H, 1+3-CH3). *C NMR (101 MHz, CD3CN):

0 137.18 (2-C), 121.00 (4+5-C), 36.49 (1+3-C).
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1,3-Dimethyl-4,5-dichloroimidazolium bis(trifluoromethane)sulfonamide. A conical flask
equipped with a stirring bar was charged with 4,5-dichloro-1,3-dimethylimidazolium iodide
(6.01 g, 20.52 mmol). Milli-Q water (20 mL) was added, followed by LiNTf; (6.48 g, 22.57
mmol, 1.1 eq.) and CH3CN (20 mL). After stirring for 24 h, CH3;CN was removed by a slow
flow of Nz, CH2Cl> (20 mL) was added to dissolve the imidazolium NTf> salt and the layers
were transferred to a separation funnel. Some Milli-Q water (20 mL) was added and the aqueous
layer was extracted four times with CH>Cl> (4x100 mL). The combined organic layers were
washed with Milli-Q water (20 mL) to remove last traces of LiNTF and dried on Na>SOj4. After
evaporation of CH>Cl and further drying under vacuum, the product was obtained as a white

solid. Yield 8.97 g (98%).

"H NMR (400 MHz, CDsCN): 6 8.53 (s, 1H, 2-H), 3.79 (s, 6H, 1+3-CH3). *C NMR (101 MHz, CD;CN):
0 136.80 (2-C), 125.98 (NTf>), 122.80 (NTf), 121.34 (4+5-C), 119.61 (NTf>), 116.43 (NTf>), 36.16

(1+3-C). YF NMR (376 MHz, CDsCN): 6 —80.22.

1,3-Dimethyl-4,5-diphenylimidazolium iodide. 4,5-Diphenylimidazole (10.0 g, 45.4 mmol)
was dissolved in CH3CN (150 mL) in a 500 mL round bottom flask equipped with a reflux
condenser. Sodium hydrogen carbonate (5.72 g, 68.1 mmol) and excess iodomethane (20 mL,
0.321 mol) were added and the mixture was stirred at 40 °C under N> for 7 days. Iodomethane
and CH3CN were removed using a rotary evaporator. To the solid residue, CH2Cl, (150 mL)
was added to redissolve the imidazolium iodide. After stirring, the formed salts were left to
settle. The clear solution was transferred to a 1L round bottom flask and the remaining solids
were washed with CH2Clz (3x50 mL). The CH2Cl» solution was dried on Na2SOy, filtered, and
concentrated to 70 mL, then diethyl ether (220 mL) was added under stirring. After settling of
the solid imidazolium salt, the liquid layer was removed by syringe. Diethyl ether (150 mL)

was added, the suspension was stirred and the ether was removed. The solid imidazolium salt
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was washed three times with diethyl ether (3x100 mL) and then dried under vacuum. Yield

16.70 g (98%).

'H NMR (400 MHz, CD5CN): 6 8.95 (s, 1H, 2-H), 7.52-7.30 (m, 10H, Ph), 3.71 (s, 6H, 1+3-CH3). 1*C

NMR (101 MHz, CD:CN): 6 137.34 (2-C), 133.58, 132.23, 131.56, 130.27, 126.69, 35.84 (1+3-C).

1,3-Dimethyl-4,5-diphenylimidazolium bis(trifluoromethane)sulfonamide. A conical flask
equipped with a stirring bar was charged with 4,5-diphenyl-1,3-dimethylimidazolium iodide
(11.90 g, 31.63 mmol). Milli-Q water (20 mL) was added, followed by LiNTf> (10.0 g, 34.83
mmol, 1.1 eq.) and CH3CN (20 mL). After stirring for 24 h, CH3CN was removed by a slow
flow of N2, CH2Cl> (20 mL) was added to dissolve the imidazolium NTf; salt and the layers
were transferred to a separation funnel. Some Milli-Q water (20 mL) was added and the aqueous
layer was extracted four times with CH2Cl> (4x100 mL). The combined organic layers were
washed with Milli-Q water (20 mL) to remove last traces of LiNTf, and dried on NaxSOj4. After
evaporation of CH>Cl> and further drying under vacuum, the product was obtained as a white

solid. Yield 16.58 g (99%).

'H NMR (400 MHz, CD3CN): 6 8.55 (s, 1H, 2-H), 7.53-7.30 (m, 10H, Ph), 3.68 (s, 6H, 1+3-CH3). 1*C
NMR (101 MHz, CDs;CN): 6 137.09 (2-C), 133.80, 132.12, 131.65, 130.34, 126.62, 126.12 (NTfy),

122.93 (NTf,), 119.74 (NTf,), 116.55 (NTf), 35.57 (1+3-C). '°F NMR (376 MHz, CD3CN): 6 —80.19.

1,3-Dimethyl-4,5-bis(4-methoxyphenyl)imidazolium iodide. 4,5-Bis(4-
methoxyphenyl)imidazole (3.31 g, 11.81 mmol) was dissolved in a mixture of CH3CN (100
mL) and tetrahydrofuran (10 mL) in a 500 mL round bottom flask equipped with a reflux
condenser. Sodium hydrogen carbonate (1.488 g, 17.7 mmol) and excess iodomethane (10 mL,
0.16 mol) were added and the mixture was stirred at 40 °C under N> for 7 days. lodomethane

and CH3CN were removed using a rotary evaporator. To the solid residue, CH>Cl> (100 mL)
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was added to redissolve the imidazolium iodide. After stirring, the formed salts were left to
settle. The clear solution was transferred to a 1L round bottom flask and the remaining solids
were washed with CH>Cl> (3x50 mL). The CH>Cls solution was dried on Na>SOy, filtered, and
concentrated to 70 mL, then diethyl ether (220 mL) was added under stirring. After settling of
the solid imidazolium salt, the liquid layer was removed by syringe. Diethyl ether (150 mL)
was added, the suspension was stirred, and the ether was removed. The remaining imidazolium
salt was washed three times with diethyl ether (3x100 mL) and then dried under vacuum. Yield

5.05 g (98%).

'H NMR (400 MHz, CD;CN): d 8.90 (s, 1H, 2-H), 7.27 (d, J = 8.8 Hz, 4H, Ph), 6.97 (d, J = 8.8 Hz, 4H,
Ph), 3.79 (s, 6H, OCHa), 3.67 (s, 6H, 1+3-CH3). *C NMR (101 MHz, CD;CN): 6 162.13, 136.92 (2-C),

133.70, 133.24, 115.61, 56.63 (OCH3), 35.69 (1+3-C).

1,3-Dimethyl-4,5-bis(4-methoxyphenyl)imidazolium bis(trifluoromethane)sulfonamide.
A conical flask equipped with a stirring bar was charged with 4,5-di(4-methoxy)phenyl-1,3-
dimethylimidazolium iodide (4.50 g, 10.31 mmol). Milli-Q water (20 mL) was added, followed
by LiNTf (3.26 g, 11.35 mmol, 1.1 eq.) and CH3CN (20 mL). After stirring for 24 h, CH;CN
was removed by a slow flow of N2, CH>Cl2 (20 mL) was added to dissolve the imidazolium
NTf> salt and the layers were transferred to a separation funnel. Some Milli-Q water (20 mL)
was added and the aqueous layer was extracted four times with CH>Cl> (4x100 mL). The
combined organic layers were washed with Milli-Q water (20 mL) to remove last traces of
LiNTf; and dried on Na>SOs. After evaporation of CH>Cl> and further drying under vacuum,

the product was obtained as a viscous amber oil. Yield 6.08 g (100%).

"H NMR (400 MHz, CDsCN): § 8.50 (s, 1H, 2-H), 7.26 (d, J = 8.8 Hz, 4H, Ph), 6.97 (d, J = 8.9 Hz, 4H,

Ph), 3.79 (s, 6H, OCHa), 3.65 (s, 6H, 1+3-CH3). *C NMR (101 MHz, CD3;CN): § 162.42, 136.63 (2-C),
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133.67, 126.19 (NTfz), 123.00 (NTf), 119.81 (NTf,), 118.78, 116.62 (NTf,), 115.79, 56.55 (OCHa),

35.50 (1+3-C). 'F NMR (376 MHz, CD;CN): § —80.21.

1,3,4,5-Tetramethylimidazolium iodide. '"H NMR (400 MHz, CD;CN): 6 8.62 (s, 1H, 2-H), 3.69
(s, 6H, 1+3-CH3), 2.19 (s, 6H, 4+5-CH3). 3*C NMR (101 MHz, DMSO-ds): J 134.66 (2-C), 126.71 (4+5-

(), 33.35 (1+3-C), 7.91 (4+5-CHs).

1,3,4,5-Tetramethylimidazolium bis(trifluoromethane)sulfonamide. 'H NMR (400 MHz,
CDs;CN): 6 8.22 (s, 1H, 2-H), 3.65 (s, 6H, 1+3-CHs), 2.19 (s, 6H, 4+5-CH3). 3*C NMR (101 MHz,
CD3;CN): 6 135.48 (2-C), 128.85 (4+5-C), 126.05 (NT*>), 122.87 (NTf3), 119.68 (NTf,), 116.49 (NTf,),

34.44 (143-C), 8.62 (4+5-CH3). YF NMR (376 MHz, CDs;CN): § —80.23.

V. Determining the pKa of DiPh cation

Information on the acidity of imidazolium cations can be obtained by exposing such cations to
anions with a known basicity. If its basicity is sufficiently high, the anion will acquire a proton
from the imidazolium cation. This process can be monitored using '"H NMR spectroscopy 7°.
Here, the indenyl anion was selected to act as a base and indicator anion. DMSO-ds was
deprotonated using potassium hydride, and to the resulting potassium dimsyl (CH3S(=0)-
CH:2K) solution, indene was added, yielding a green solution of indenylpotassium in DMSO-
de. Indene is known to have a pK, of 20.1 in DMSO?. Treatment of DiPh with a 1:1 mixture
of indene (1 eq.) and indenylpotassium (1 eq.) led to a rapid color change from green to dark
purple, indicating the formation of DiPh carbene. A 'H NMR spectrum of this reaction mixture
(Figure S4.19, bottom) showed a strong decrease in signal intensity of peaks at = 5.8, 6.27
and 7.15 ppm, associated with the indenyl anion®. This demonstrates that the pK, of DiPh has
a value lower than 20.1. Interestingly, since the DMSO pK, value of MM is 22.0 7°, we can

conclude that the C2-proton acidity of DiPh is higher than that of MM.
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Figure S4.19. '"H NMR spectra of indene and indenyl anion in a 1:1 ratio (top) and after reaction of this mixture with

DiPh (bottom). The indenyl anion is sufficiently basic to deprotonate DiPh, as is evident from the disappearance of the
indenyl anion signals in the bottom NMR spectrum.

Investigation of the C2-proton acidity of DiPh by 'H NMR spectroscopy

Potassium hydride was washed five times with anhydrous toluene in a glove box containing
pre-purified nitrogen to remove mineral oil. The cleaned KH was subsequently dried under
vacuum. In the glove box, a vial was charged with KH (0.25 mmol) and DMSO-ds (1.0 mL)
was added. After H» evolution had ceased, indene (0.5 mmol) was added, resulting in a green
solution, indicative of indenyl anion formation. After reaction, the solution contained indene
(0.25 mmol) and indenyl anion (0.25 mmol). A '"H NMR spectrum of this solution was recorded.

Of the solution, 0.25 mL was taken and added to another vial. To this vial, 0.5 mL of DMSO-
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de¢ containing 6.25- 1075 mol of DiPh was added, and 0.25 mL of DMSO-ds to reach a total
volume of 1.0 mL. The solution used for "H NMR measurements thus contained 62.5 mM of
indene, indenyl anion, and DiPh when reaction between the indenyl anion and DiPh

commenced.

130



VI. Discussion of acidity trends in C4, C5-substituted cations

Table S4.1. VDD Atomic Charges of the Imidazolium Ions

Atom MM DiCl DiPh DiMeOPh TetraMe
N1, N3 0.020 0.021 0.017 0.012
C2-H 0.135 0.144 0.136 0.127
C2 0.095 0.102 0.092 0.085
C4, C5 —0.007 0.052 0.021 0.016

As mentioned earlier, imidazolium ions are converted into carbenes when treated with a
sufficiently strong base. In the corresponding N-heterocyclic carbenes, the carbene moiety is
stabilized by lone pairs from the adjacent nitrogen atoms. Substituents at the imidazolium ring
play an important role in stabilizing the carbene. The first air-stable carbene, 1,3-dimesityl-4,5-
dichloroimidazol-2-ylidene, owed its stability to the presence of chlorine atoms at C4 and CS5.
Its stability was attributed to the inductive electron-withdrawing effect of the chlorine
substituents, which reduce electron density on the C2 carbon atom that bears the carbene lone
pair'®, As electron withdrawing substituents stabilize carbenes generated from imidazolium
ions, it may be expected that such substituents also facilitate proton removal from the
imidazolium C2 and thus lead to more acidic C2 hydrogen atoms. When comparing VDD
atomic charges'®! calculated for MM and DiCl, a higher positive charge is found at C2 of DiCl
and also its C2 hydrogen atom bears a higher positive charge (Table S4.1). This suggests that
C2-H of the electron-poor DiCl will be more acidic than C2-H of MM. DiPh shows atomic
charges at C2 and at the C2 hydrogen atom that are lower than the charges at DiCl and more
similar to MM, suggesting a closer C2-H acidity for MM and DiPh cations. Although the

overall charge density of the ring, including C4 and CS5, displays a larger localized positive

charge for DiPh compared to MM cation (0.266 for DiPh versus 0.243 for MM) which should
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lead to higher acidity as was also discussed in Section V. Compared to these imidazolium ions,
TetraMe has a lower positive charge at C2 and the C2 hydrogen atom, indicating a lower
acidity for this more electron-rich imidazolium ion. The acidity order based on VDD atomic
charge calculations therefore is DiCl > DiPh > MM > TetraMe. '3C NMR spectroscopy is
known to be a valuable tool for investigating charge density distributions in conjugated systems.
In Chapter 3, we explored the influence of alkyl substituents at the N1 and N3 ring positions
of imidazolium ions on the electron density at C2 by comparing '*C NMR chemical shifts of
this atom. Substituents ranging from methyl to tert-butyl led to C2 chemical shifts of 137.85
ppm (MM) to 132.88 ppm (t-Bu t-Bu), and thus to a range of 5 ppm (Figure S4.20). When
introducing substituents at C4 and C5, however, the observed range in chemical shifts of the
C2 carbon atom is relatively narrow (2.4 ppm), namely from 137.85 ppm (MM) to 135.48 ppm
(TetraMe). This indicates that the more remotely located substituents at C4 and C5 do not have
as large an influence on the *C chemical shift of C2 as substituents at N1 and N3. Within the
same family of substituents, such as phenyl groups, adding a para substituent like methoxy
should lead to C2 shift changes that can be rationalized. This is the case, but even here the C2
chemical shift difference induced by the probably weakly withdrawing phenyl- and the strongly
donating methoxyphenyl-groups in the imidazolium ions is minimal (0.46 ppm). It must be
noted that due to their size, the phenyl groups are not fully in plane with the imidazolium ring,
which may limit their influence on its charge distribution. Expectations about C2—-H acidity can
partly be correlated with the results of the '3C NMR measurements. For example, the electron-
poor DiCl is expected to be more acidic than the electron-rich TetraMe, which matches with
the higher C2 shift value of DiCl. The higher chemical shift value of the DiPh C2 compared to
that of DiMeOPh also is in accord with expectations. However, DiCl and DiPh are both
expected to be more electron-poor than MM, which is not evident from the 13C NMR results.

Therefore, additional work is needed to establish the (order of) acidity of these imidazolium
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cations, for example by exposing these to an anion with a known basicity and using NMR to

gauge whether deprotonation occurs or not. Such an experiment was performed with DiPh.
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Figure S4.20. Comparison of 3C NMR spectra for 1,3-dialkyl substituted imidazolium cations (left) with those of 4,5-
substituted imidazolium cations recorded in CD3CN. NTf, was the common counter anions used in all measurements.
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Chapter 5:

Exploring the Structure-Activity Relationship of Late-
Transition Metal Catalysts in Imidazolium-Assisted

Electrochemical CO; Reduction
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Summary

Electrochemical reduction of CO; is extensively studied and trends in the activity of transition
metals in aqueous electrolytes have been well established on the basis of differences in CO
binding strength. This chapter shows a similar trend (volcano curve) for late-transition metals
(Au, Ag, Zn, Cu, and Ni) in dry acetonitrile containing 1,3-dimethyl imidazolium cations, but
with smaller performance factors between the late-transition metals and Au than previously
determined in aqueous conditions. Moreover, all catalysts exhibit close to 100% selectivity to
CO in non-aqueous process conditions. For metals providing a relatively low CO desorption
energy in comparison to Au (Ag, Zn), adsorption of CO; is proposed to be rate-determining,
confirmed by DFT calculations. The high CO desorption energy calculated for Cu and Ni, likely
limits the activity observed in reduction of CO;. The results of this study imply that metals
unsuited for aqueous conditions, hold promise for cost-effective and practically feasible
electrochemical conversion of CO> to CO in imidazolium containing non-aqueous media.
While this study finds that the selectivity remains unchanged under anhydrous MM-acetonitrile
electrolyte conditions, it underscores the continued significance of the electronic properties of

the catalysts in determining the overall rate of CO> reduction
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Introduction

In Chapter 3, we investigated the role of imidazolium cation in enhancing the performance of
COz reduction in non-aqueous media by highlighting the coordination of the C2-proton to the
adsorbed CO», facilitating electron transfer and the first reduction step. It was also demonstrated
that the 1,3-dimethyl imidazolium cation (MM) showed close to the best performance among

cations studied.

Several studies have investigated the performance of electrodes other than Au under non-

47

aqueous conditions. For instance, Vera et al.*’ achieved a high Faradaic efficiency (FE) of up

to 90% for oxalic acid formation during CO; reduction on a lead electrode in various non-

aqueous solvents. Meanwhile, Sacci et al.'?

attempted to improve the performance of CO>
reduction using CuSn alloys in a mixture of acetonitrile (MeCN) and butyl-methyl imidazolium
cation but reported a low FE for CO formation (below 40%), likely due to difficulties in
controlling the water content. In situ spectro-electrochemical studies by Koper et al.!
investigated CO formation on a Cu electrode in MeCN, but the concomitant reduction of water

at various overpotentials may have affected the results. Additionally, the analysis did not permit

the determination of FEs, limiting the ability to draw conclusions about the reaction efficiency.

To overcome the current limitations and advance our understanding of CO» reduction in non-
aqueous media, here electrochemical experiments involving different transition metals besides
gold are considered, in a carefully controlled acetonitrile solution containing 1,3-dimethyl
imidazolium (MM) cation as co-catalyst. By examining the catalytic activity of transition
metals and utilizing density functional theory (DFT) calculations, insights will be provided into
the rate-determining steps and mechanism involved in CO> reduction in non-aqueous media.

Finally, we compare the observed volcano trend in non-aqueous and aqueous conditions, and
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discuss (quantitative) differences on the basis of the role of the imidazolium cations in

stimulating reduction of CO».
Results and discussion

Figure 5.1 presents the results of CO> electrolysis for five polycrystalline electrodes. The
chronopotentiometry curves showing the potential vs time are depicted for 0.5 mol% 1,3-
dimethylimidazolium bis(trifluoromethylsulfonyl)imide (MM NTf>) in acetonitrile (MeCN),
with anhydrous conditions ensured via a rigorous protocol (for further details, refer to the
experimental protocols described in Chapter 2). All five metals (Ni, Cu, Au, Ag, and Zn)

exhibit close to 100% Faradaic efficiency (FE) to CO.

-1.0
Au, 100 % CO
——Ag, 100 % CO
Cu, 100 % CO
Zn, 100 % CO
—] .5 === Ni, 100 % CO

CO, reduction activity: Au>>Ag>Cu>>Zn>Ni

Vv, =-237

V,=-2.6
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V=274

Potential / V (vs. Ag/Ag"')

V,=-2.84
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Figure 5.1. Electrolysis results for CO, reduction at -1 mA/cm? for 5 different transition metal catalysts in anhydrous
acetonitrile. 0.5 mol% of MM NTf, was used as both electrolyte and co-catalyst. Additional information regarding gas analysis
and evaluation of Faradaic efficiencies can be found in Supporting Information.

We also evaluated the performance of an Fe electrode (Supporting Information Figure S5.6).

The Fe electrode is almost inactive for COz reduction in the imidazolium-anhydrous MeCN

electrolyte, likely due to *CO poisoning of the surface!”*. The current observed for Fe

electrodes is likely caused by reduction of acetonitrile. A LSV in a similar potential range is
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shown for the Zn electrode in Figure S5.6. The figure clearly shows a considerable difference
in the potential-current profiles under CO> and He purge, with a notably larger Faradaic current
around -2.0 V vs Ag/Ag* under CO: atmosphere, exclusively assigned to production of CO.
The stability of the Ni electrode was visually assessed as shown in Figure S5.5. After 90 mins

and after 10 hrs of electrolysis, the Ni surface appears clean and the solution is clear.

Although many studies have reported high FEs for CO formation using Ag and Au catalysts 3%
71104 ‘particularly in aqueous media, to our best knowledge, this is the first study to demonstrate
close to 100% FE for CO formation with polycrystalline Ni, Zn, and Cu electrodes (Gas analysis
and Faradaic efficiency evaluations can be found in Supporting Information Section V). The
study also uncovers an intriguing trend in the CO: reduction activity of the various transition
metal catalysts under near-steady-state conditions for 5 hours. In particular, Au exhibited the
highest activity, requiring the lowest potential to achieve the same current density, while Cu
and Ag displayed nearly identical potentials. Conversely, Zn and Ni demonstrated the lowest
activity. This finding offers valuable insights into the efficacy of different metals as catalysts
for COz reduction in non-aqueous media. Jaramillo and co-workers performed a similar study
in aqueous media, reporting CO reduction activity for several transition metal catalysts’. In
their study, Au and Ag were the only catalysts showing a FE greater than 90 percent for
CO; reduction. Zn and Cu showed, respectively, 80% and 68% FE for products of
COz reduction (the remaining FE was assigned to the formation of Hz), and Ni was reported to
display a FE less than 5% for CO> reduction with most of the electrons utilized for H> evolution.
Besides, Au and Ag were the only catalysts displaying FEs for CO formation at maximum
levels of around 97% and 89%, respectively, at various potentials. Cu showed a very low FE
for CO formation (around 1-2%), with 26% FE for ethylene and 24% FE for methane. In
addition, a FE of 9.7% was reported for ethanol and 22.6% for H». These results show that the

combination of anhydrous MeCN and imidazolium cation studied in this work can outperform
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common aqueous media for CO> reduction, in particular for metals active in H> formation. The
drawback of using anhydrous media is that carbohydrates are not produced, and oxygenated

products (such as EtOH) can only be formed in the presence of water.

To support results from electrolysis experiments, Figure 5.2 (left) shows the LSV results for
all five catalysts under CO> atmosphere. Cu shows the lowest overpotential, but shows a
distinctively different, shallow i-V curve. To further support the i-V curve of Cu electrode for
CO» reduction, comparison of LSV results under He and CO; purging are also displayed
(Figure 5.2, right). Although less evident, also for Ni the i-V curve is shallower in comparison
to the other metals, with Au clearly showing the highest current densities at equivalent
potentials. The shape of the LSV curves of Cu and Ni could suggest a possible difference in the

COz reduction mechanism for these two catalysts in comparison to the other metals investigated.
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Figure 5.2. Left: LSV results for CO; reduction for 5 different transition metal catalysts in anhydrous acetonitrile.
0.5 mol% of MM NTf, was used as both electrolyte and co-catalyst. Right: comparison of LSV results for Cu
electrode under He and CO, purging.

The results obtained during He purging (Supporting Information Figure S5.7) demonstrate a

remarkably similar activity for Au, Zn, and Ni electrodes, with onset potentials at approximately
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2.4 V (vs. Ag/Ag"). This observation indicates that the reduction of imidazolium is not
influenced by the nature of the electrode, suggesting it is most likely a non-catalytic reductive
process. This reinforces the notion that the variation in CO; reduction activity among different
transition metals should be explained by variations in the interaction of the electrode with the
COz (reactant) or CO (product) molecules. To further explore these differences, we employed
DFT calculations to determine the desorption energies of CO for a range of metals. The results
were then compared with CO> reduction activities obtained through experiments (as depicted
in Figure 5.3). Upon analyzing the results presented in Figure 5.3, a volcano relationship was
discovered between the strength of CO binding and the overall CO reduction activities in
anhydrous acetonitrile. Specifically, we observe that Au is located at the apex of the volcano,
exhibiting an ideal binding strength for CO and demonstrating the highest CO: reduction
activity among the catalysts tested. Previous studies have investigated the volcano-shaped
activity trend for CO» reduction in aqueous media through DFT calculations!*16. These studies
have shown a similar trend for CO activation, albeit with lower faradaic efficiencies, as
demonstrated by Jaramillo's work. One significant difference between this study and previous
studies in aqueous media, which will be discussed in detail later, is the relative activities among
the different catalysts, which do not align with those observed in previous studies in aqueous

media.
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Figure 5.3. (a) Volcano plot illustrating current density obtained from chronoamperometry data under stirring conditions for
COs reduction at -2 V versus CO binding strength, results are normalized against geometric surface area, (b) LSVs for Ni and
Cu electrodes; and (¢) LSVs for Zn, Au, and Ag electrodes for CO, reduction in anhydrous acetonitrile in quiescent solutions
with a CO; flow rate of 5 ml/min. In all experiments 0.5 mol% of MM NTf, was used as both electrolyte and co-catalyst.

According to Figure 5.3, metals such as Ag and Zn, which have lower CO binding energy than
Au, demonstrate lower CO»; reduction activities than Au. Based on this observation, we can
infer that for these catalysts, the first electron transfer, which causes the chemical adsorption of
CO; over the catalyst site'?, is the rate-determining step for COx reduction. This hypothesis is
consistent with our earlier findings in Chapter 3, which demonstrated that the electron transfer
from the Au electrode to the CO; molecule upon its adsorption strongly depends on the
composition of the imidazolium cation. Figure 5.4 provides a visual representation of the

charge transfer process from negatively charged Au and Zn metal surfaces to CO2 molecule.
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The figure illustrates the interaction of CO2 molecule with the metal surfaces, which are located
at the same distance from the on-top metal atoms. The analysis shows that the transfer of the
partial negative charge to CO2 molecule is more prominent in the presence of the Au surface

compared to the Zn surface.

8(C02):+0.002, <OCO>:180, dis:319.43 pm 8(C02):-0.241, <OCO>:175.5, dis:307.4
a) b)

{,n naA [ ~.

Figure 5.4. Mulliken population analysis for CO; interacting with negatively charged metal slabs, calculated using single-point
BAND calculations. Subfigures (a) and (b) illustrate the results for CO; interacting with Zn and Au slabs, respectively. The
figure highlights the charge differences between the top metal atom and its surroundings, as well as the negative charges found
on oxygen atoms and positive charges found on carbon atoms. The figure highlights the results for charge transfer (3(CO»)) from
BAND calculations, along with the CO, bond angle (KOCO>) and the equilibrium distance from the surface (dis: in picometer)
from DFTB calculations, which are summarized at the top.

The charge transfer from the negatively charged Zn slab to the CO2 molecule is found to be
rather insignificant and even negative (8(CO2): +0.002) compared to that of Au (6(CO): -
0.241), which can explain the lower activity for CO2 reduction on Zn. In addition, DFTB
calculations were performed to investigate the intrinsic affinity of the two metal slabs with the
CO> molecule in the absence of negative charge. The results reveal that CO; has a stronger
interaction with a neutral Au slab compared to a neutral Zn slab, resulting in a shorter
equilibrium distance and a smaller OCO bond angle (as summarized at the top of Figure 5.4).
These findings suggest that the affinity of Zn metal towards CO- is noticeably lower than that
of Au, which can be attributed to differences in their electronic properties and surface
energies'®. The results presented in Figure 5.4 lend support to the hypothesis that the initial

electron transfer to adsorbed CO> represents the rate-determining step for catalysts located on
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the left side of the volcano plot, as depicted in Figure 5.3. Conversely, metals such as Cu and
Ni, which exhibit stronger binding to CO than Au, exhibit slower kinetics. This indicates that

for these catalysts with strong CO binding, CO desorption is likely the rate-determining step.

To gain deeper insights into the stronger interaction between Cu and CO compared to Au and
CO, DFT calculations were utilized to analyze the Mulliken population of CO and negatively
charged Au and Cu slabs (Figure 5.5). The results confirm a more robust interaction between
CO and the Cu slab, as indicated by a larger partial negative charge transfer from the Cu slab

to the CO molecule compared to the Au slab ((3(CO2): -0.105 for Cu vs (6(CO3): -0.072 for Au

).

6(C0O):-0.072 6(C0O):-0.105

a) b)

20.272

Figure 5.5. Mulliken population analysis for CO interacting with negatively charged metal slabs, calculated using single-point
BAND calculations. Subfigures (a) and (b) illustrate the results for CO interacting with Au and Cu slabs, respectively. The figure
highlights the charge differences between the top metal atom and its surroundings, as well as the negative charges found on
oxygen atoms and positive charges found on carbon atoms. Details of charge transfer results are also summarized at the top.

Volcano plot presented in this study serves as a useful tool for predicting the reactivity of
transition metal catalysts in non-aqueous CO:2 reduction based on their CO adsorption.
Moreover, electronic models, such as the d-band model, which leverage the electronic
properties of the metal, particularly the d-band center (g,4)'%1%7, have successfully been utilized
to predict CO adsorption with transition metals (also see the Theoretical Appendix at the end

of this chapter). Therefore, combining electronic models with the Volcano plot in this work
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should provide a valuable tool for engineering the overall rate of CO- reduction in non-aqueous
media. However, the observed 100% selectivity towards CO for all the investigated catalysts
suggests that altering the reaction conditions, such as the inclusion of a proton source like water

or weak acids, should be the primary approach to influence CO; reduction selectivity.

Explaining the role of imidazolium cation as a co-promoter is also crucial. Our results in
Chapter 3 demonstrated that imidazolium cation promotes the reaction by reducing the energy
of the adsorbed CO- intermediate at the Au electrode. However, the question that remains is
how imidazolium cation affects the observed volcano trend. To address this, the volcano plot
obtained from this study was compared with that from the work of Jaramillo and colleagues’,
as depicted in Figure 5.6. Under aqueous conditions, we observe significant differences in
activity when comparing Au to other metals, such as Ag, Cu, and Ni. Specifically, we find ratios
of Au/Ag ~ 10 and Cu/Ni ~ 30 for the current density associated with CO> reduction at
equivalent potential (Figure 5.6, right). However, in MeCN-imidazolium-assisted CO
reduction, while greater absolute activities are observed for electrodes such as Ni and Cu, the
difference between the activities of different electrodes is much smaller (Figure 5.6, left). For
example, the Au/Ag ratio for the activity reported in our work is only 1.66, compared to the

Au/Ag ratio of 10 reported in the work of Jaramillo et al. ’
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Figure 5.6. Volcano plot of CO; reduction activity for transition metal catalysts. (a) obtained in this work for anhydrous MeCN
and 0.5 % mol MM NTTf; as promotor. (b) obtained for aqueous media from work of Jaramillo and co-authors .

In Chapter 3, it was demonstrated that imidazolium cation influences the electron density of
adsorbed COz by interacting with the C2-proton. This interaction results in a lower energy
barrier for the formation of highly polarized adsorbed *CO>~ when imidazolium cations are
present. Thus, the primary cause of the modified differences in activity between various
transition metal catalysts examined in this study, especially those with high energy barriers for
COz adsorption (such as the Zn, Au, and Ag electrodes), is expected to be the reduction of the
energy barrier for the formation of polarized intermediates, aided by H-bond formation. The
simplified microkinetic model presented in Supporting Information Section IV demonstrates
that the kinetics of the first electron transfer step leading to chemical adsorption of CO; impact
the overall reaction rate, even for catalysts where CO desorption is the rate-determining step.
Therefore, for catalysts such as Ni and Cu, the primary function of imidazolium cation in
stabilizing the CO» adsorbed intermediate can still be in effect to modulate the overall reaction
rate. However, it is important to note that obtaining the equilibrium constant for CO, adsorption,
facilitated by imidazolium cation, and accurately quantifying its influence on the overall

reaction rate for catalysts with CO desorption as the rate-determining step, necessitates a
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detailed kinetic analysis. Furthermore, it is worth noting that while the primary function of
imidazolium cation in stabilizing the CO> adsorbed intermediate can still modulate the overall
reaction rate for catalysts such as Ni and Cu, its impact on the CO desorption process cannot be
ruled out. Thus, conducting a dedicated kinetic study is recommended to fully understand the

role of imidazolium cation in catalysts where CO desorption is rate-determining.

Conclusion

In summary, this study highlights the promising potential of imidazolium co-catalyzed CO>
reduction in non-aqueous media using late-transition metal catalysts. The findings reveal
several key insights that contribute to the advancement of CO; reduction systems. Firstly, the
high faradaic efficiency achieved by non-expensive metals such as Zn, Cu, and Ni electrodes
in anhydrous acetonitrile, combined with the CO- absorption capacity of acetonitrile, presents
a cost-effective approach for CO; reduction. This opens up new possibilities for developing
efficient and economically viable CO; conversion technologies. Furthermore, the observation
of a volcano relationship among late-transition metals, with Au exhibiting the highest activity
trend, provides valuable design principles for optimizing CO> reduction efficiency in non-
aqueous solvents. Additionally, a noteworthy comparison with aqueous media highlights the
advantages of non-aqueous conditions. The uniform selectivity for CO formation in anhydrous
conditions contrasts with the more complex selectivity patterns observed in aqueous media.
This signifies the greater ease of controlling reaction conditions in non-aqueous media,

facilitating more straightforward optimization of selectivity.
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I. Materials

Gold (Au) voltammetry electrodes (3.0 mm diameter, 99.95%) were purchased from Prosense.
Gold wire (0.25 mm diameter, 99.99 %), Zn wire (1.0 mm diameter, 99.99 %), Ni wire (0.5
mm diameter, 99.99 %), Fe wire (1.0 mm diameter, 99.99 %), Ag wire (0.25 mm diameter,
99.99 %), and Cu foil (thickness 0.25 mm, 99.98 %) were supplied by Sigma Aldrich.
Anhydrous  acetonitrile  (99.8%), acetonitrile  (ReagentPlus, 99%), silver
trifluoromethanesulfonate (>99%), acetonitrile-d3 (>99.8 atom % D) were obtained from
Sigma-Aldrich. Acetonitrile-d3 (99.8 atom % D) for electrolysis experiments was obtained
from abcr GmbH, Karlsruhe. 1,3-Dimethylimidazolium bis(trifluoromethylsulfonyl)imide
(99%) was purchased from Iolitec Ionic Liquids Technologies GmbH. Milli-Q water was taken
from a Milli-Q Advantage A10 Water Purification System, Millipore (18 MQ.cm). All
chemicals were transferred to the glove box after vacuum drying and were used without further

treatment. Additional details can be found in Chapter 2.

1I- Experimental methods

The anhydrous electrochemical preparation, reference electrode preparation, and
electrochemical measurement procedures followed the protocols outlined in Chapter 2. By
adhering to these standardized procedures, we ensured that the results obtained were accurate
and reproducible. Prior to use, the working electrodes were polished with sandpaper until a
shiny surface appeared, washed with Milli-Q water, and sonicated in ethanol for 10 minutes,

followed by a final sonication in anhydrous acetonitrile (MeCN) for another 10 minutes.
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III- Computational methods

The Density-Functional based Tight-Binding (DFTB) method was employed to optimize
conventional cells for various metals, with lattice vectors being optimized prior to geometry
optimization. The optimized conventional cells were used as input data to generate four layers
of (111) 2D slabs for different metals. Grimme's GFN1-xTB served as the model Hamiltonian
for the DFTB calculations'®. Subsequently, single-point calculations were performed in the
periodic DFT program (BAND)!®-!1% to obtain the formation energies of the slabs. High-
quality k-space grids were employed for both DFTB and BAND calculations. The generalized
gradient approximation (GGA) with PBE as the default exchange-correlation functional was
used for the BAND calculations. A Slater-type basis set of triple-{ valence quality with a single
polarization function (TZP) was used for all atoms in the calculations”. The same settings were
used to calculate the formation energy of negatively charged metal slabs. To investigate the
interaction between the metal slabs and CO3, a single CO2 molecule that had already been
optimized in ADF was introduced to the calculations. The CO2 molecule was positioned at a
distance of 220 picometers from an on-top metallic atom of the slab. A subsequent calculation
was then performed using the same settings to obtain the formation energy and charge
distribution for a negatively charged slab+CO; system. It should be noted that when a negative
charge is introduced to the slab+CO; system, the engine considers the slab and CO> as a whole
to obtain the lowest energy charge distribution. The same protocol was also utilized to
determine the formation energies of negatively charged slabs+CO systems. The CO desorption

energy was subsequently calculated as follows:

CO desorption energy (eV) = energy of slab + energy of CO — energy of (CO + slab)
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IV-  Microkinetic modeling

The microkinetic model we developed assumes that a particular step in the reaction mechanism
is rate-determining, and that all other reaction steps are in equilibrium. We also account for the
presence of water as an oxygen acceptor and proton donor in the second step of the reaction. It
is important to note that if we were to assume CO»> to be the oxygen acceptor instead of water,
we would expect to obtain the same overall reaction rate results. By incorporating these
assumptions into our model, we can predict how the presence of imidazolium cation as a
promoter affects the rate of the first electron transfer step, and ultimately the overall rate of the

reaction. The series of reaction steps for the formation of CO can be described as follows:

COy++ +e~ ©xC05 "+ = kad51 -[COz]s01 [5.1]
x*C03 +2HY + e~ ©*CO + H,0 Toy = Koy . [* CO5 ] .[H]?, [5.2]
*C0 -+ + CO T3+ = kdes3 [+ CO] [5.3]

Assuming that step [5.3] is rate-determining and that steps 5.2 and 5.1 are in equilibrium, we

can write:
Tor = koy . [* CO5 | .[H*|5 = 15— = ko .[* CO].[H,0] 501 [5.4]
kay [H*]Z _ [H*1Z, _ _
[+ CO] = kz—i m [ CO5] = Kegs- [Hzo]s:l [¥CO5] = Kogyr-[* CO5] [5.5]
n+ = kadsl [COzJs01 =11 = kdesl- [* CO5] [5.6]
- kad51
[*CO5 ] = d_ (COz)s01 = Keg1- [COz]501 [5.7]
es,

Combining equations [5.3] and [5.7], we obtain the following expression for the rate of CO
desorption:

3+ = kdes3 [xco] = kd853' Kego! - Keqi- [CO2]s01 [5.8]
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with K,qq from equation 5.7 we have:

T AGiys:
k K. | kp. 7). exp(——552)
Keql = 25 = ( h) RT = exp(AG;.esl - AG;dsl) [5‘9]
kde51 T AG
K. (kb.ﬁ).exp(—%

Tay = Kaes, - [* CO1 = Kaes, Kegar - €xP(BGleq — AGly1)- [CO2)s0n [5.10]

T L .
where K. | kp. E has the usual meaning in expressions for rate constants.

Equation [5.10], as presented above, explains how the activation energy associated with the
first electron transfer step (AGidsl) affects the overall reaction rate. A decrease in the activation
energy required for the initial step leads to an increase in the reaction rate. As we showed in
Chapter 3, the presence of imidazolium cations acts as a promoter for the first electron transfer
step. Interestingly, even for catalysts where CO desorption is rate-determining, the addition of

imidazolium cations improves the overall reaction rate by increasing the equilibrium surface
concentration of [*CO"]. A critical observation is that for catalysts where the first electron

transfer is the rate-determining step, the overall reaction rate is determined exclusively by
equation [5.1]. This underscores the pivotal role played by the imidazolium cation in
determining the activity of these catalysts through the modification of the rate constant (kgqs,)

for the electron-induced CO; adsorption step.
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V- GC analysis and faradaic efficiencies

To determine the Faradaic efficiency of the CO; reduction reaction, analyses on both the gas
and liquid products were conducted. By measuring the quantities of both types of products, one
would able to accurately determine the efficiency of the reaction. Gas products were analyzed
using gas chromatography (GC), which was calibrated for the relevant ppm levels of CO and
other potential products. Further details on the evaluation of Faradaic efficiencies and GC
analysis can be found in Chapter 2. Additionally, after electrolysis, the liquid solution was
analyzed using nuclear magnetic resonance (NMR) to identify the presence of any other
possible products. Figures S5.1 to S5.4 provide examples of GC sequences used to detect CO
and other possible products for all the catalysts studied in this work. It is important to note that
the geometric sizes of the electrodes used in our experiments were not uniform, resulting in
variations in CO peak intensities in the GC chromatogram. To provide further insight into the
behavior of the reactor during electrolysis, Figure S5.5 presents a series of images taken during

and after the electrolysis process.
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Figure S5.1. Chromatogram sequences of the GC for detection of the products for CO» reduction with Zn electrodes. (a) The
background sequences obtained before electrolysis with assignment of the peaks. (b) Sequences with electrolysis at -1 mA/cm?
showing CO as the only product. (¢) Zoomed-in version to highlight the presence of CO from (b).The electrolyte was 0.5 mol%
MM NTf; in anhydrous MeCN.
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Figure S5.2. Sample sequences of the GC for detection of the products for CO» reduction with Ag electrode. (a) Sequences with
electrolysis at -1 mA/cm? showing CO as the only product. (b) Zoomed-in version to highlight the presence of CO from (a).The
electrolyte was 0.5 mol% MM NTf; in anhydrous MeCN. Assignments for other peaks are provided in Figure S5.1.
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Figure S5.3. Sample sequences of the GC for detection of the products for CO; reduction with Cu electrode. Sequences with
electrolysis at -1 mA/cm? showing CO as the only product. The electrolyte was 0.5 mol% MM NTf, in anhydrous MeCN.
Assignments for other peaks are provided in Figure S5.1.
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Figure S5.4. Sample sequences of the GC for detection of the products for CO; reduction with Ni electrode. (a) Sequences with
electrolysis at -1 mA/cm? showing CO as the only product. (b) Zoomed-in version to highlight the presence of CO from (a).The
electrolyte was 0.5 mol% MM NTf; in anhydrous MeCN. Assignments for other peaks are provided in Figure S5.1.

158



Figure S5.5. Images of the reactor used for CO; reduction with a Ni electrode are shown above. (a) shows the reactor after 90
minutes of electrolysis at -1 mA/cm?. and (b) shows it after 10 hours of electrolysis. In both images, the Ni surface appears
clean and the solution is clear. The electrolyte used was 0.5 mol% MM NTf in anhydrous MeCN.

VI-  Electrochemical data

Figure S5.6 a depicts the linear sweep voltammetries (LSVs) of an iron (Fe) electrode under
CO; and He purging. We observe that the potential-current profiles under CO, and He are
remarkably similar, indicating that the Fe catalyst is almost inactive for CO> reduction in the
imidazolium-anhydrous MeCN electrolyte. This inactivity can be attributed to early catalyst
poisoning by CO adsorption'® and the reduction of the imidazolium cation over the Fe catalyst,
as evident from the potential-current profile under He purging. To provide a more
comprehensive understanding of this behavior, the same LSV data are included for a Zn
electrode in Figure S5.6 b. The figure clearly shows a considerable difference in the potential-
current profiles under CO> and He purging, with a notably larger faradaic current under CO>
atmosphere, which indicates CO; reduction activity. Figure S5.7 displays the LSV results for

Au, Ni and Zn electrodes with MM-acetonitrile electrolyte under He purging
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Figure S5.6. Linear sweep voltammetry (LSV) results for (a) Fe, and (b) Zn catalysts under CO, and He purging in anhydrous
MeCN. 0.5 mol% of MM NTf, was used as both electrolyte and co-catalyst.
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Figure S5.7. Linear sweep voltammetry (LSV) results for Au, Ni and Zn catalysts under He purge in anhydrous MeCN,
containing 0.5 mol% of MM NTf, .
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VII- Theoretical Appendix

A catalytic reaction consists of a series of elementary steps: the adsorption of the reactant on
the catalyst surface, diffusion or migration on the surface for recombination, the breaking of
some bonds, and the creation of some new ones to form the product molecule. The last step of
every heterogeneous catalytic reaction is the desorption of the product molecule from the
catalyst surface, which regenerates the catalyst site for the next sequence of the reaction (Figure

S5.8).

“

Figure S5.8. Schematic illustration of the various elementary steps for a catalytic reaction occurring at a metal surface. The
overall rate of the reaction and selectivity towards a specific product is greatly dependent on which of these steps is rate-
determining. The figure is adopted from?.

In heterogeneous catalysis, the energy barrier for each of these elementary steps is greatly
determined by the electronic interaction of the relevant molecule or molecules (reactants,
intermediates, or products) with the catalyst surface. These electronic interactions, at their most
fundamental levels, consist of a series of complicated quantum phenomena: the dynamic
interaction of orbitals with the electronic states of the metal surface, whose full understanding
is a demanding task and requires a high-level quantum chemical approach. For more details see
the monographs from Hoffmann and Van Santen'!!"!!%. The fundamental question of why some
metal catalysts accelerate a specific type of reaction while others do not, can only be answered
by decoding these complex electronic effects. Scientists in the field of heterogeneous catalysis

have been quite successful in developing models that can relate the trends of catalytic reactions
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to some simple electronic structure parameters of the metal catalyst. The d-band model

developed by Hammer and Norskov!%% 115

relates the adsorption energy of a particular molecule
to the d-band position of the metal, and by relating the adsorption energies to energy barriers,
catalytic trends can be simply explained. The model has been quite successful in describing
trends, for example, for N2, Oz, and CO adsorption for various transition metals. Though a full
explanation of the d-band model is not the intention of this appendix, a brief introduction will

turn out to be very useful to understand the experimental results from electrode screening

studied in this chapter

a b c d
Atomic Renormalized State after Transition metal
energy state state d-coupling electronic states

EFermi {e\’)
E (eV)

d-band

broad sp-band

Figure S5.9. Schematic illustration of the interaction between the valence level of an adsorbate and the delocalized sp-states,
followed by a second interaction with the localized d-states of a transition metal surface!'.

Figure S5.9 illustrates the main idea underlying the d-band model. When the adsorbate
approaches the surface, its valence state interacts with the broad sp-states of the metal surface.
After re-normalization (Figure S5.9 a and b), we notice that the interaction with the sp-state
gives rise to a downshift and broadening of the electronic state of the adsorbate. Thus, energy
is gained by coupling to the sp-state. The d-band model assumes that the contribution to the
adsorption from the interaction between the low-lying energy sp-band and the adsorbate valence
state should be the same for all transition metals since they all have the same sp-states and the

variations in their electronic configuration stem from differences in the d-band states. Because
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of the weak interactions between very localized electrons, the d-band state is narrow and lies
very close to the Fermi level of the metal. After renormalization, in the second step, the re-
normalized sp-band interacts with the localized d-band states, and because of the narrow nature
of the d-band, which is like discrete molecular electronic levels, bonding and anti-bonding
states are formed as a result of this interaction (Figure S5.9 ¢ and d). The formation of these
bonding and antibonding states after interaction with the d-states is the central idea of the d-
band model. The relative position of these anti-bonding states to the Fermi level determines
how much of the anti-bonding state is filled, which determines the total energy gain for the
adsorbate interaction with the metal surface. As a result, we can see that the Fermi level and the
relative position of the metal's d-band can be used to explain the trend of adsorption at various
transition metal surfaces. When the antibonding state lies completely above the Fermi level, no
destabilization is expected from the interaction of the sp-state with the d-band state, and thus a
more pronounced adsorption is predicted. However, if antibonding states are below (fully or
partially) the Fermi level, a destabilization effect can lower the impact of strong interaction

with the sp-state.

In this chapter, we observed that the Volcano relation in anhydrous media follows the same
relative trend as previously reported in aqueous media. Additionally, we noted that CO
adsorption over transition metal catalysts has been well-described using the d-band model.

From these findings, we can draw two key conclusions:

Firstly, the intrinsic electronic factors that cause the volcano trend in aqueous media have the
same impact in anhydrous media. In other words, the intrinsic interactions of transition metals

do not change significantly when switching from aqueous to anhydrous media

Secondly, we can apply the principles of the d-band model to predict and synthesize efficient
catalysts for CO; reduction in anhydrous media. By designing catalysts with appropriate

electronic properties, we can maximize their activity and selectivity towards desirable products.
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These insights have important implications for the development of more effective and

sustainable catalytic systems.
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Chapter 6:

Exploring Electrochemical CO; Reduction Catalyzed by

2-Methylated Imidazolium: Insights from ATR-FTIR
Spectroscopy



Summary

In this chapter we analyze the performance of C2 substituted imidazolium cations in promoting
the electrochemical conversion of CO». By using ATR-FTIR, and NMR spectroscopy of a white
precipitate formed during the reaction, we demonstrate that reduction of CO: takes place
according to multiple pathways. On the one hand we provide evidence for the formation of CO
and (bi)carbonate, formed by disproportionation of the CO; dimer radical anion, and subsequent
protonation of the carbonate anion. This is the dominant reaction, since gas chromatography
showed a faradaic efficiency of ~80% towards CO. Interestingly, the formation of oxalate,
formed by coupling of two CO;™ - radical anions — is also observed. Oxalate remains in solution,
since this is not observed in the NMR analysis of the white precipitate, and therefore likely a
minor pathway. Finally, using isotopic labeling for peak assignment — the formation of formate
is spectroscopically observed, in agreement with the presence of this anion in the white
precipitate — as determined by NMR analysis. This species is formed by protonation of the
*COy radical anion. This study shows that contrary to imidazolium cations allowing C2-H
coordination to the *COz - radical anion (in anhydrous conditions), providing 100% selectivity
to the formation of CO, C2-substitution (and likely in the presence of residual water) lowers
the reaction selectivity, opening upon channels to formation of other products such as formate

and oxalate.
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Introduction

In Chapters 3 and 4, we extensively discussed the primary mechanism behind the promotional
impact of C2-hydrogenated imidazolium cations. It was concluded that the C2-proton of the
cation plays a crucial role in stabilizing the negatively charged intermediate (*CO>"). We also
demonstrated a higher overpotential recorded with C2-methylated imidazolium compared to
C2-hydrogenated cations, signifying reduced co-catalytic performance for the latter. While we
discussed 100% faradaic efficiency (FE) for CO formation with C2-hydrogenated cations, we
did not extensively discuss the reaction course and selectivity for the C2-methylated cations.
Indeed, lower kinetic improvements observed for these cations compared to C2-protonated
cations might also entail different selectivity and reaction courses in non-aqueous media. The
most referenced work on C2-substituted imidazolium for electrochemical CO; reduction in
acetonitrile is Lau et al.'s study®, which explored modulating C4- and C5-proton donation
through the impact of C2-substituents for CO2 reduction over an Ag electrode. While they
mostly reported the formation of CO, information on anhydrous conditions and water content
was lacking in their study. Additionally, The use of Ag/AgCl as a supporting salt in the
reference capillary in that work is not consistent with our protocol and findings in Chapter 2,
which demonstrated the significant potential impact of Ag particles in the system in the
presence of imidazolium cations. Thus, in this chapter, we aim to gain more insight into the
performance of C2-methylated imidazolium using ATR-FTIR studies in combination with our
established electrochemical support experiments and ex-situ FTIR and NMR analysis. The
chosen imidazolium cation is 1-butyl, 2,3-dimethyl imidazolium (BMMIM), which is

commercially available, and NTf> is the common anion.
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Results and discussion

The vibrational spectra of interfacial species were initially examined through in situ ATR-FTIR
spectro-electrochemical measurements conducted under an inert atmosphere. Figure 6.1
illustrates the ATR-FTIR measurements for an Au thin film electrode. These measurements
were recorded within the 500-3100 cm™" range, utilizing a solution of 0.1 M BMMIM NTf; in
acetonitrile. The measurements were taken while purging the system with argon (Ar) and
maintaining a constant potential of -2.25 V (versus Fc/Fc*). Several negative bands can be
attributed to the depletion of the NTf, anion from the electronic double layer, spanning the
spectral range of 950 to 1400 cm !, Specifically, the negative bands at 999 cm™!, around 1220
cm’!, and approximately 1320 cm ! correspond to the asymmetric stretch mode of the -SNS
group, the symmetric and asymmetric stretch modes of the -CF3 group, and the asymmetric
stretch mode of SO, respectively!''®!18. It should be noted that the symmetric stretch mode of

the SO: group, which occurs at approximately 1112 cm™!, might not have been discernible due
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Figure 6.1. ATR-FTIR spectra of Au thin film electrode in 0.1 Molar of BMMIM NTf; in anhydrous MeCN under Ar purging.
Spectra were collected at a constant negative potential of -2.25 V vs. Fc/Fc*.
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to potential artifacts stemming from baseline shifts '1°.

The prominently negative band at approximately 700 cm™ could potentially be attributed to
either the bending vibrational modes of -CF3; and -SNS groups''8, or the in-plane
symmetrical/asymmetrical bending mode of the imidazolium cation's ring'!”. In the latter
scenario, the negative absorption peak indicates a modification in the bending mode of the
cation within the electronic double layer. In accordance with Noack et al. ', the positive
features centered around 1445 cm™ and 1430 cm™, near 1440 cm™', can be associated with the
asymmetrical stretch of the imidazolium ring in-plane, the CH3(N) stretch, and the symmetrical
bending mode of NC(CH3)N-HCH within the imidazolium ring. However, it is important to
account for potential overlap of these absorbances with those originating from acetonitrile,
which might be manifested as peaks at 1447 cm™ (antisymmetric CH3 deformation) and 1378
cm’! (symmetric CH3 deformation) '?°. The positive band observed at 1580/1590 cm™! can be
confidently attributed solely to the symmetrical and asymmetrical in-plane modes of stretch,
namely the CH>(N) and CH3(N)CN modes, occurring within the imidazolium ring.
Additionally, the peak at approximately 1540 cm™ can be associated with the C-CH3 bond
within the ring and can be attributed to the NC(CH3)NCC stretch mode of the cation > *°, The
combination of these two peaks results in a composite peak centered around 1560 cm™! (as
depicted in Figure 6.1). The prominent positive peaks located at 2851 cm™ and 2919 cm™! can
be confidently attributed, respectively, to the symmetrical stretching mode of the -CH> group
and the symmetrical stretching mode of the -CH3 group within the alkyl chain of the cation.
Furthermore, the positive feature observed at 2950 cm™ can be assigned to the asymmetric
stretch of the -CH3 group in the alkyl chain'. The conjunction of positive characteristics
corresponding to the imidazolium cation and negative attributes associated with the NTf> anion
implies a substitution occurring within the electronic double layer. However, this substitution

might not necessarily indicate complete anion depletion. Rather, it suggests a modification in
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the relative concentrations when compared to the bulk phase—an occurrence frequently
observed at negatively charged electrodes.

The minor positive feature observed around ~2253 cm™ can be attributed to the CN stretch
mode of acetonitrile molecules '?!. This band is similarly present in the FTIR spectra of pure
acetonitrile (as depicted in Supporting Information Figure S6.6). Moreover, an additional
positive feature appears at 2080 cm™', which is not evident in the FTIR analysis of bulk
acetonitrile. Acetonitrile has the capacity to interact with negatively charged surfaces'??,
leading to the generation of adsorbed acetonitrile or even carbanion CH>CN™ species. These
species might exhibit CN vibrations at wavenumbers lower than those of free acetonitrile

119.123 " The negative band at 1658 cm™ can be attributed to the bending mode of

molecules
residual water molecules that have undergone chemisorption on the surface '2"#, It's important
to note that the bending frequency of water in its liquid state is typically reported as 1640 cm™.
The 18 cm! blue shift observed could be attributed to the interaction with the negatively
polarized Au film electrode, a reasoning also supported by Faguy et al. '2!. It is pertinent to
mention that the ATR-FTIR experiment in this study deviates slightly from the protocol detailed
in Chapter 2. This deviation is due to the specific apparatus used and the challenges
encountered in maintaining stringent anhydrous conditions. Consequently, a greater
concentration of residual water is to be expected compared to experiments outlined in other
chapters.

However, unlike the findings of Figueiredo et al. ?' , we lack any indication of water reduction
followed by the subsequent decomposition of acetonitrile into acetamide. This disparity could
potentially be attributed to factors such as the inhibitory influence of the imidazolium cation
125

, the meticulous control we have exercised over our water system, and the characteristics of

the Au electrode (as discussed in Chapter 5).
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These spectra recorded in an Ar atmosphere were utilized to obtain time-independent spectra
in the presence of CO: and using an electrochemical potential, and to study interfacial

phenomena under a CO> atmosphere. The ATR-FTIR spectra recorded under CO; purge are

depicted in Figure 6.2.
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Figure 6.2. ATR-FTIR spectra of Au thin film electrode in 0.1 Molar of BMMIM NTf; in anhydrous MeCN under CO; purging.
Spectra were collected at a constant negative potential of -2.25 V vs. Fc/Fc*. Spectra are displayed relative to a time-independent
background spectrum taken under Ar purging.

Formation of CO and (bi)carbonate

To ensure accurate peak assignment, we conducted electrolysis experiments at a constant
potential of -2.25 V (versus Fc/Fc*) to assess the distribution of products. A faradaic efficiency
of up to 85% was achieved for CO production. In addition to CO, we observed the production
of a white solid product at a range of 10-11%. This product was subsequently dissolved in
deuterated DMSO and subjected to '*C and 'H NMR analysis. Using NMR analysis and

comparison with various as-synthesized salts, we established the formation of the bicarbonate
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and formate salt of the imidazolium cation (as detailed in Supporting Information Section
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Figure 6.3. Comparison of ATR-FTIR Spectra of Au Thin Film Electrode in 0.1 Molar BMMIM NTf, in Anhydrous MeCN
under '>CO; and *CO, Purge. The spectra were acquired while maintaining a constant negative potential of -2.25 V (vs. Fc/Fc*).
Both spectra were recorded after 5 mins of electrolysis.

Figure 6.3 presents a comparison between spectra obtained using '*CO, and '3CO» in
acetonitrile — to corroborate assignments for species formed resulting from CO> reduction.
Dissolved CO» is readily observed by the positively growing band at 2341 cm™ assigned to the
antisymmetric stretching mode of CO, 2! 1?°, It is accompanied by a negative band situated
around ~2250 cm™'. This negative band suggests the potential replacement of MeCN molecules
with CO; at the interface and/or adsorbed on the surface. Importantly, this band does not shift
in position in the experiment with '3CO,, which provides additional substantiation for
assignment to acetonitrile. The negative band corresponding to the symmetric C-N stretch is
accompanied by another negative band at 2280/90 cm™', which can also be assigned to CH3CN.
These negative bands at these specific wavenumbers were previously reported by Desilvestro

and Pons*’ during CO» reduction at a Pt electrode under negative potential. The peaks observed
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at 2252 cm’! and 2292 cm™ within the FTIR spectra of MeCN (as presented in Supporting
Information Section IV) further corroborate these assignments.

Peaks observed at 2850 cm!, 2919 cm™', and 2950 cm™! can be attributed to the imidazolium
cation, as discussed in the context of spectra recorded under an Ar atmosphere. These findings
suggest that during COz reduction, imidazolium cations maintain their concentration within the
electronic double layer. Simultaneously, CO> likely replaces acetonitrile molecules to engage
in the catalytic reaction. In other words, if CO2 were to displace imidazolium molecules, we
would expect to observe negative bands corresponding to the imidazolium cation. This further
implies that imidazolium cations are less likely to be specifically adsorbed at the catalytic sites
and are rather present within the electronic double layer. In agreement with the gas phase
analysis, the formation of CO is readily observed in our spectra. The recent work by Wang et
al. '?” has demonstrated that CO adsorption on Au/TiO» generates a distinct peak at
approximately 2100 cm™!. We also detect a positive band at 2100 cm™' that persists during CO
reduction (as shown in Figure 6.2). Tao et al. '?® have postulated that a band at 2100 cm™! could
be attributed to CO adsorbed on single-fold top sites of the Au electrode. They proposed that
CO adsorption on twofold or multifold Au sites would lead to the observation of bands at lower
wavenumbers, specifically at 2000 cm™ and 1940 cm’!, respectively. This observation
substantiates our suggestion that single-fold CO adsorption on Au sites is taking place.

As previously stated for the NMR analysis, to facilitate the identification of other peaks, we
conducted the synthesis of various imidazolium complexes, which included (BMMIM), COs3,
(BMMIM); C>04, BMMIM HCOs3, and BMMIM HCOO. Notably, BMMIM HCO; and
(BMMIM), C204 were observed as white solids, while imidazolium formate and imidazolium
carbonate exhibited a distinct behavior, existing as viscous liquids post-anion exchange.

Particularly noteworthy is the distinctive change in color observed with imidazolium carbonate.

173



After these synthetic efforts, we performed FTIR analyses on these imidazolium complexes,

and the corresponding spectra are presented in Supporting Information Section II.

Spectral features of Carbonate and Bicarbonate anions

An anhydrous carbonate ion exhibits D3, symmetry and consequently manifests four distinct
vibrations, characterized by strong peaks at approximately ~1420 cm™ (CO symmetric stretch,
typically within the range of 1275-1590 cm™), 857 cm™! (out-of-plane deformation, typically
ranging between 810-906 cm™'), and 692 cm™ (in-plane deformation, typically ranging between
670-756 cm™).12130 A symmetric CO stretch vibration for the carbonate ion is commonly
reported to appear at around 1040-1105 cm'!. It has been demonstrated that upon coordination,
the original symmetry is diminished, leading to the splitting of certain vibrations and the
emergence of new bands in the resulting spectra. When the carbonate ion is coordinated in a
bidentate fashion, the CO asymmetric stretch, which initially occurred around 1420 cm’,
bifurcates into two components: one at approximately 1270 cm™ and another at the range of
1520-1570 cm’!. Bidentate carbonate complexes, such as [Co(en),CO3]Cl, have exhibited
notable absorbances at 1272 and 1281 cm!, accompanied by an additional feature at 1577 cm
1129131 " 1t has also been demonstrated that in the case of hydrogen carbonates, additional
splitting of symmetric and asymmetric CO vibrations takes place. The asymmetric stretch shifts
towards higher wavenumbers, leading to an absorption within the range of 1620-1660 cm™.
This specific asymmetric stretch has been attributed to carbonate groups with their oxygen
atoms engaging in interactions with neighboring hydrogen atoms. Thus, it becomes evident that
the way carbonates are coordinated and the environment they are solvated in, can give rise to
distinct structural arrangements. Consequently, these variations in structure contribute to the
observed differences in IR bands. In our FTIR analysis of the synthesized imidazolium

carbonate and imidazolium bicarbonate salts, we have observed bands situated within specific
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wavenumber ranges. These include the asymmetric stretch in the vicinity of 1630-1670 cm™,
the symmetric stretch of CO; (pertaining to carbonate) within the range of ~1295-1425 cm™,
the CO stretch between 990-1080 cm™, the non-planar rocking motion bands at 830-880 cm-1,
and the CO: bending bands spanning 686-712 cm™'. Remarkably, these bands are consistent

129131 “such as NaHCOs. However, a

with reported features of alkali metal bicarbonates
distinctive feature emerges at 1281 cm™!, corresponding to another CO, asymmetric stretch.
This feature aligns with bidentate carbonate complexes wherein two oxygen atoms are
coordinated with metal centers, as discussed previously'?’. Thus, the presence of this band,
coupled with an additional feature found in the 1500-1550 cm™! range, may suggest a different
coordination of a carbonate ion with imidazolium cations, possibly orientated differently than
the one with structure resembling monodentate alkali metal bicarbonates. These findings
emphasize the need for a careful consideration of various BMMIM-CO3 complex structures for
spectral interpretation in the context of CO> reduction. We also identified a subtle difference in
the spectra for imidazolium carbonate and imidazolium bicarbonate. For bicarbonate version,
we observed a broad band at around 3100 cm™', confidently assignable to the OH vibration of

bicarbonate'?°.

Formation of (bi)carbonate species in the electrochemical reduction of CO:z

In the C=0 region depicted in Figure 6.2, noticeable peaks at 1664 and 1636 cm™ align well
with the transmission spectra of [BMMIM; CO3] and [BMMIM HCOs3]. These features can be
confidently assigned as vibrations corresponding to the asymmetric CO stretch, as discussed
previously. The peak situated at 1445 cm! is unique for carbonate, and can be attributed to the
CO symmetric stretch and is consistent with the presence of imidazolium carbonate complexes.
Additionally, the observed bands at 1265 cm™ and 1560 cm™! can be attributed to another set of

symmetric and asymmetric vibrations of (bi)carbonate species. Contrasting these result with

175



the reference spectra, the formation of BMMIM carbonation and BMMIM bicarbonate are
evident. However, NMR results from the white precipitate only indicate the formation of
bicarbonate and formate species. This suggests that carbonate species are likely to remain
soluble in acetonitrile and will play a role in oxidation reaction. The formation of bicarbonate
and formate requires the presence of protons. As we did not observe water reduction over Au
film, these species can only be formed by interactions with protons resulting from water
oxidation over the counter electrode or due to residual water present along with the electrolyte
at the cathode electrode.

An intermediate proposed for formation of CO and (bi)carbonate is the *C,04 (Metal-
C(=0)COO") — known as the CO; dimer radical anion. This intermediate, upon a second
electron transfer accompanied by bond cleavage, leads to the formation of CO and carbonate
anions, the latter following protonation to form bicarbonate. This mechanism has been proposed
for CO; reduction at CdS and ZnS nanocrystals, where CO; serves as an oxygen acceptor!' 3133,
Sheng et al.!*? demonstrated that the presence of such an intermediate would result in the
appearance of three bands within the 1000-1700 cm™ region, exhibiting a '*C shift exceeding
30 cm™'. However, in our case, we do not observe any new peaks displaying significant '*C
shifts, apart from those assigned to carbonate (Figure 6.3). Consequently, the lifetime of this
intermediate is apparently that short, that we do not observe this spectroscopically. To observe
such intermediate, rapid scan measurements are required (allowing ms time resolution), or even

step-scan experiments (allowing microsecond time resolution).

Formation of Oxalate
In addition to the formation of CO and bicarbonate, another significant product of CO:
reduction previously reported is the creation of oxalate. Our experiment also reveals the

presence of this compound, which accounts for the appearance of a band around ~1732 cm! in
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our spectra. When comparing reference spectra of different anions, this is the only anion that
displays an absorption above 1700 cm™'. Other notable absorption peaks of oxalate are observed
at 1457, 1274, and 821 cm™'. While the first two peaks are likely present, their signals might be
obscured due to strong overlap with (bi)carbonate peaks. The latter peak is not easily
distinguishable in the spectra due to significant baseline attenuation. The formation of oxalate
could potentially result from the self-coupling of the adsorbed *CO>" species, a mechanism also

proposed by Kamet et al® over a lead electrode in acetonitrile.

Formation of Formate

The peak observed around 1330 cm™ in the in-situ spectra of Figures 6.2 and 6.3 introduces a
novel feature in our analysis. Among the investigated reference compounds, the only one that
displayed a somewhat similar absorption near this wavelength was BMMIM HCOO (formate).
The formation of this compound aligns with the NMR analysis of the solid product, which, in
addition to bicarbonate, revealed the presence of formate. While the overlap of several bands
assigned to bicarbonate and/or oxalate complicates the assignment of other spectral features
expected for formate, the prominence of the 1330 cm™' peak position and the NMR data provide
confidence that formate is indeed generated in the reaction.

The co-occurrence of oxalate, formate, and CO was also suggested by Amatore and Saveant?
in aprotic media with limited proton availability.The occurrence of oxalate, formate and CO

was also argued by Amatore and Saveant *! in aprotic media of low proton availability.
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The reactions leading to the (interfacial) products observed

With the discussion above in mind, we propose the following set of equations for CO> reduction
processes occurring at the Au electrode in the BMMIM-NTf>-MeCN electrolyte :

CO; (sol) + & + * + BMMIM® (501 = *(CO,-BMMIM)!

![solvation/hydrogen bonding mediated with imidazolium cation]

*(CO2-BMMIM) + ¢ + CO2 soy = CO37 (so) + *(CO) + BMMIM™ (sony

*(CO) = *+CO (ol

#2(CO2-BMMIM) = *C204* + 2 BMMIM® (o))

*C2042_ = C2042_ (sol)

*(CO2-BMMIM) + e + H*sol) = HCO2™ (soy + BMMIM™* (501

Conclusion

In this chapter, we presented infrared spectroscopic evidence of the formation of various species
at the electrode-electrolyte interface. Initially, when COx reduction is conducted in acetonitrile
containing 2-methylated imidazolium, both CO and (bi)carbonate species are formed near an
Au cathode. Furthermore, the appearance of a novel feature at ~1720 cm™ and a robust peak at
1330 cm! suggests the generation of oxalate and formate species, respectively. The
identification of formate was also confirmed through NMR analysis of solid products obtained
from electrolysis experiments. However, a comprehensive analysis is needed to accurately
attribute the observed ATR-FTIR peaks to surface intermediates. This would involve a

dedicated investigation, possibly employing other in-situ spectroscopy techniques like Raman
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spectroscopy, coupled with DFT calculations to explore the vibrations of such potential
intermediates.

The most significant observation in this chapter is the distinct product distribution observed
with the C2-methylated imidazolium cation compared to the 100% faradaic efficiency (FE)
found with the C2-hydrogenated imidazolium cation in Chapter 3. This, combined with the
reduced kinetic enhancement observed with the C2-methylated cation, suggests the potential

for altering the reaction pathway with imidazolium cations of different functionalities.
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L Au thin film for ATR-FTIR experiments

To amplify the infrared signals, the Au thin film deposited on the Si crystal underwent
electrochemical activation before conducting IR experiments. The activation process
encompassed three cyclic voltage cycles, alternating between -0.4 and 1.2 V (versus Ag/Ag*),
utilizing a scan rate of 50 mV/s. Prior to utilization, the Au thin film was characterized by AFM
(image shown in Figure S6.1) and XPS (data presented in Table S6.1). The thickness of the

Au film was approximated to be around 20 nm.

31.0 nm{

15.0
100

50

0.0

Figure S6.1. AFM image of the Au film deposited on an ATR - Si crystal. The area scanned was 10 by 10 micrometer.

Table S6.1. XPS analysis of Au thin film deposited on ATR Si crystal.

Element
Spectra C (©) Si Au
Survey spectrum 1 20.81 1.13 7.53 70.54
Survey spectrum 2 27.62 0.42 6.47 65.49
Survey spectrum 3 20.80 4.33 12.05 62.82
Core spectrum 23.21 2.01 7.01 67.77
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II. Ion exchange procedure to obtain BMMIM salts with different anions

[BMMIM] [HCOs], [BMMIM]: [COs], [BMMIM] HCOz, and [BMMIM]> [C204] were
synthesized using an ion exchange procedure, employing BMMIM CI and the respective
potassium salts (synthesized salts are shown in Figure S6.2). Subsequently, IR spectra were
recorded (as depicted in Figure S6.3) to aid in the understanding of the assignments elucidated

in the text.

Figure S6.2. Synthesized imidazolium products with different counter ions. Imidazolium oxalate and imidazolium bicarbonate
appeared as white solids, while imidazolium carbonate and imidazolium formate were obtained in the form of viscous liquids.
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Figure S6.3. FTIR spectra of the as-synthesized imidazolium salts. All spectra were acquired in atmospheric conditions. A total
of 64 scans were recorded and subsequently averaged, employing a resolution of 2 cm’'.
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III.  Electrolysis results

After CO electrolysis in acetonitrile, using 2-Methylated Imidazolium cations, a solid (white)
precipitate was obtained. This precipipate was filtered from solution, washed with pure
acetonitrile, and subsequently dissolved in deuterated DMSO. Following this, comprehensive
carbon and proton NMR analyses was conducted (as illustrated in Figure S6.4 a, b, and c).
Additionally, NMR results derived from the analysis of the synthesized salts are presented in
Figure S6.5 a-d. The spectra are indicative for a mixture of two compounds. The
correspondence between the "H NMR peak at 8.57 ppm and the '*C NMR shift at 165 ppm
lends support to the presence of a formate anion. Moreover, an additional '*C NMR shift,
approximately around 160 ppm, suggests the presence of bicarbonate. This observation aligns
with the findings of Maton et al. '**, who also reported a '*C NMR chemical shift around 160

ppm for the C=0 group of imidazolium bicarbonate.
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Figure S6.4. (a) ' H NMR and (b) '*C NMR, and (¢) two-dimensional NMR spectra of synthesized imidazolium compounds
dissolved in DMSO. The black spectra were recorded before electrolysis, while the gray spectra correspond to the solid products
dissolved in deuterated DMSO. 1.5 mol% of dimethyl sulfone was used as an internal standard.
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Figure S6.5.a, 'H NMR and b, '*C NMR spectra of BMMIM CO3 in deuterated DMSO.
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Figure S6.5.c, ' H NMR and d, '3C NMR spectra of BMMIM HCO; (formate) in deuterated DMSO.
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IV. Additional FTIR spectra
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Figure S6.6. FTIR Spectra of Various Salts Used for Band Assignment. Additionally, the FTIR spectrum for MeCN is included
for comparison.
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Chapter 7:

Exploring the Influence of Electrolyte Identity on Non-
Aqueous CO; Reduction: Impact of Alkyl Chain Length
and Alkali Metal Cations
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Summary

This Chapter examines the influence of alkyl chain length in imidazolium cations on CO2
reduction and explores the role of alkali metal cations in anhydrous COz reduction. The findings
reveal a detrimental effect of longer alkyl chains on CO; reduction activity. Moreover, the
introduction of alkali metals leads to complete suppression of CO> reduction, even in the
presence of imidazolium cations. This suppression is likely attributed to the formation of
carbonate precipitates on the electrode surface. These results emphasize the importance of alkyl
chain length optimization and underscore the challenges associated with alkali metal cations in

non-aqueous CO: reduction systems.
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Introduction

In the preceding chapters, we explored the fundamental mechanisms underlying the substantial
enhancement in performance of Au electrodes in non-aqueous CO: reduction through the
utilization of the 1,3-dimethyl imidazolium cation. Building upon these findings, Chapter 7
seeks to broaden our comprehension by investigating two crucial aspects: a) the impact of alkyl
chain length within the imidazolium cation, and b) the influence of the nature of alkali metal
cations on the non-aqueous CO> reduction process. It is worth noting that a comprehensive
analysis of these electrolyte effects necessitates dedicated molecular dynamics calculations in
conjunction with experimental investigations. However, such computational support lies
beyond the scope of this chapter, as our objective here is to establish the foundation for future

studies in non-aqueous media.

Results and Discussion

Figure 7.1 a presents the cyclic voltammetry results for three imidazolium cations: 1,3-
dimethyl imidazolium NTf (MM), 1-methyl-3-heptyl imidazolium NTf, (HM), and 1-methyl-
3-nonyl imidazolium NTf; (NM), as co-catalysts for CO> reduction on an Au electrode in
anhydrous acetonitrile. It is evident that an increase in the alkyl chain length leads to a decrease
in the activity for CO2 reduction, especially evident by the high onset potential for the NM
imidazolium. In Figure 7.1 b, we present the optimized structures of the cations obtained
through DFT calculations, along with VDD charge analysis specifically focusing on the C2-H2
bonds. Interestingly, the VDD charge analysis reveals no significant differences in the positive
charge densities for the C2 and H2 atoms of the imidazolium rings. Thus, it is unlikely that the
variations in charge densities or proton donation from the H2 atoms play a significant role in

the observed differences in activities. Instead, we propose that the bulkiness of the cations,
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Figure 7.1. (a) Cyclic voltammetry results obtained with 0.5 mol% of three different imidazolium cations in CO»-saturated
anhydrous acetonitrile. The cations investigated include: 1,3-dimethylimidazolium NTf, (MM), 1-methyl-3-heptyl imidazolium
(HM), and 1-methyl-3-nonyl imidazolium (NM). (b) Comparison of the structures for the three investigated cations in
acetonitrile, obtained through DFT calculations. Additionally, the VDD charges of the C2-H2 bonds for each cation are

displayed. The B3LYP exchange correlation functional was utilized for all the calculations.

influenced by the flexible and lengthy alkyl chains, may contribute to their co-catalytic effects
on COz reduction. Considering the cationic nature of the imidazolium cations and their presence
in the double layer, it is plausible that larger cations with more extensive alkyl chains exert their

influence on CO> reduction through steric effects.

Aldous and Hardwick!®> observed that longer-chain organic cations slow down the rate of
electrode kinetics for oxygen reduction on Au electrodes in acetonitrile. They argued that
cations with longer alkyl chains reduce the activity of the Au electrode due to competitive
adsorption. Similarly, our findings with 1-alkyl-3-methyl cations, including MM, HM, and NM
(Figure 7.1), demonstrate a decrease in activity when a longer alkyl chain is present at the N1-
position. This negative effect of longer alkyl chain length on the kinetics of CO; reduction has
also been observed on Ag electrodes using different tetra-alkyl ammonium cations'*®. In
general, to optimize the performance with imidazolium cations for CO; reduction, it is advisable
to consider cations with the shortest alkyl chain lengths, to prevent steric hinderance and allow

coordination of the C2 proton with adsorbed CO,. Further investigations incorporating in situ
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electrochemical spectroscopy techniques are required to further examine the adsorption
behavior of imidazolium cations and the potential absence of C2-H coordination with surface
adsorbed CO». These studies, in combination with molecular dynamics calculations, will

provide valuable insights into the dynamics of imidazolium-assisted CO> reduction.

We also further explored the impact of alkali metal cations on anhydrous electrochemical CO2
reduction. Figure 7.2 presents a comparison of the cyclic voltammetry results obtained in CO»-
saturated anhydrous acetonitrile using different supporting electrolytes: MIM NTf, Li NTf>, K
NTf, and Cs NTf,. The results clearly indicate that the activity for CO: reduction is
significantly higher with MM NTf electrolyte compared to the alkali metal cations at the same
concentration. In fact, we observed negligible activity with the alkali metal cations under the
same experimental conditions. These findings highlight the substantial influence of the
electrolyte identity, particularly the presence of the 1,3-dimethyl imidazolium cation, on
enhancing the activity for COz reduction in anhydrous conditions.
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Figure 7.2. Cyclic voltammetry results obtained with 0.5 mol% of four different electrolytes in CO»-saturated anhydrous

acetonitrile. The cations investigated include MM NTf,, Li NTf,, Cs NTf,, and K NTf>.
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Figure 7.3 illustrates the electrolysis results using Cs NTf> electrolytes for CO> reduction in
anhydrous MeCN. We observed a substantial increase in cell voltage over time, indicating an
instability in the electrochemical system. Additionally, the faradaic efficiency for CO formation
was found to be very poor, with up to 90 percent of electrons consumed for hydrogen
production. The observed instability in the potential, which extends beyond the electrochemical

137

window of acetonitrile’”’, is consistent with the inability of Au electrodes to reduce CO> in the

absence of imidazolium cations. This increasingly higher potential may imply the degradation

138

of acetonitrile'*® which contributes to the current and the formation of H>. These observations

highlight the inability of alkali metal electrolytes to allow for CO: reduction in non-aqueous

media.
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Figure 7.3. Electrolysis Results for CO, Reduction at -1 mA/cm? with 0.5 mol% of Cs NTf, on Au Working Electrode. (a) Time-
dependent instability observed in the cell potential profile during electrolysis. (b) Limited faradaic efficiency for CO formation,

reaching only up to 10%. Additionally, noticeable fluctuations are observed in the potential profile.

The results of this study contrast with the literature findings on the positive impact of alkali
metal cations for electrochemical CO; reduction in aqueous media'® '*. Koper et al.* argue
that the absence of alkali metal cations prevents CO> reduction over Au, Ag, and Cu electrodes
in aqueous media. They suggested that partially desolvated alkali metal cations present in the

electronic double layer stabilize the high-energy CO» radical intermediate through short-range
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electrostatic interactions. The argument for COz stabilization through hydrogen bonding with
imidazolium cations in anhydrous media, as discussed in this thesis, shares similarities with the
role of alkali metal cations in aqueous media. The discrepancy in the role of alkali cations
between aqueous and non-aqueous media can be explained by considering the role of solvation
in acetonitrile compared to water. According to prior research findings, in aprotic solvents,
carbonate species formed during electrochemical reduction tend to precipitate in the presence
of alkali metal cations. This phenomenon leads to the passivation of the active electrode surface
and the subsequent halt of CO» reduction'*!#!, Setterfield-Price and Dryfe '*° demonstrated
the presence of deactivating inorganic salts (LiOCO; and Li2CO; were detected via Raman
spectroscopy) on the electrode surface (Au and Pt) after CO; reduction with 0.1 M LiBF; in
NMP solvent. The coupling of carbonate species occurs following the second electron transfer,
during which alkali metals with higher charge density than organic cations form insoluble
inorganic salts. The zoomed-in version of the cyclic voltammetry results from Figure 7.2 for
K NTf; and Cs NTf; electrolytes (Figure 7.4) reveals an early mass-diffusion limited current
reached at negative potentials around -1.8 V (vs. Ag/Ag"). This negative peak current can be
interpreted as an indirect sign of the formation of a passivation layer over the electrode surface

upon COz reduction.

Kash et al.'*!, have demonstrated a potential solution to this issue by introducing acids to aprotic
media, such as methanesulfonic acid to dimethyl sulfoxide. This approach led to the formation
of CO> reduction products with up to 80% faradaic efficiency. Their study highlights the
importance of considering alternative electrolyte systems and acid additives to improve the

efficiency of CO; reduction in aprotic solvents when alkali metals are used as electrolyte.

However, it is important to note that introducing acids to the aprotic solvents alters the
composition of the electrolyte. This makes it challenging to directly compare the performance

of alkali metal cations and imidazolium cations for non-aqueous CO; reduction.
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Figure 7.4. Cyclic voltammetry results obtained with 0.5 mol% of Cs NTf; and K NTf; electrolytes in CO»-saturated anhydrous

acetonitrile.
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Figure 7.5. Cyclic voltammetry results for CO, reduction in anhydrous acetonitrile obtained with different mixtures of MM and

Li cations. NTf, was the common anion and total salinity was kept the same. The curves of 0.9 and 0.5 mol% Li overlap.

Figure 7.5 shows cyclic voltammetry results for CO» reduction in anhydrous MeCN when Li
cations are added to MM in the electrolyte. We notice as soon as Li is introduced to the
electrolyte mixture, CO; reduction activity is completely suppressed. This observation already
implies the stronger impact of alkali metal cations which can be due to their more hydrophilic
nature and stronger adsorption on the electrode surface.
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Conclusion

In summary, this chapter investigated the impact of alkyl chain length in imidazolium cations
and the influence of alkali metal cations on non-aqueous CO: reduction. The results revealed
that longer alkyl chain lengths in imidazolium cations did not improve the performance of non-
aqueous CO> reduction. Instead, smaller cations with higher charge densities showed more
favorable electrochemical activities. The introduction of alkali metal cations, which are widely
studied electrolytes for aqueous CO:2 reduction, had a negative effect and often led to the
complete suppression of CO; reduction activity. This phenomenon, as explained by numerous
studies, can be attributed to the formation of alkali metal carbonate species, which passivate the
active electrode surface and hinder reduction in aprotic solvents. Future research should focus
on addressing this challenge to enable a valid comparison between imidazolium cations and
alkali metal cations for non-aqueous CO; reduction — for example by adding an organic acid to
acetonitrile. By overcoming this hurdle, valuable insights can be gained for optimizing the

performance of non-aqueous CO» reduction systems.
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I. Materials

1,3-Dimethylimidazolium bis(trifluoromethylsulfonyl)imide (99%) was purchased from Iolitec
Ionic Liquids Technologies GmbH. Potassium bis(trifluoromethanesulfonyl)imide (97%) and
Lithium bis(trifluoromethanesulfonyl)imide (98%) were obtained from Alfa Aesar. Cesium
bis(trifluoromethanesulfonyl)imide (98%) was obtained from TCI. Milli-Q water was taken
from a Milli-Q Advantage A10 Water Purification System, Millipore (18 MQ.cm). All
chemicals were transferred to a nitrogen-filled MBraun LabMaster glove box via an
antechamber that was either evacuated/refilled with nitrogen, or purged with nitrogen gas, and
were used without further treatment. Additional details on Materials can be found in Chapters

2 and 5.

II. Experimental methods

For details on experimental methods please see Chapter 2.

III. Computational methods

Computational methods used in this Chapter are detailed in Chapter 3.

IV.  GC analysis and faradaic efficiencies

The procedure to analyze gas/liquid products and analyzing faradaic efficiencies are detailed in

Chapter 2.
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Chapter 8:

Summary and Perspectives



Summary

This thesis has delved into the realm of non-aqueous solvents, specifically focusing on the
synergy between imidazolium cations and dry acetonitrile for electrochemical reduction of CO».
The initial phase of this work involved the establishment of a universal protocol for conducting
electrochemical CO» reduction experiments under strictly anhydrous conditions (Chapter 2).
It became evident that the presence of other metals, whether in the form of counter electrodes
or reference electrodes, could significantly impact the experimental outcomes. To mitigate
potential artifacts in potential recording, a refined protocol was developed, ensuring the

integrity of the obtained results.

In Chapter 3, the integration of 0.5 mol% of 1,3-dimethyl imidazolium NTf> (MM NTf>) into
acetonitrile was revealed to substantially enhance the reaction kinetics of CO; reduction on Au
electrodes, as evidenced through comparison with alternative cations such as ammonium types
and alkali metals. Notably, among the 1,3-dialkyl imidazolium cations studied, MM exhibited
superior performance, allowing for the lowest overpotential required for CO reduction at the
same current density. Through a combination of DFT calculations, observations of the inverse
kinetic isotope effect, and electrochemical studies, a pivotal role of C2-hydrogenated
imidazolium cations in promoting reaction kinetics was uncovered. This mechanism revolves
around hydrogen bonding donation to the Au-adsorbed CO> molecule, thereby facilitating the
initial electron transfer. Intriguingly, this phenomenon shares resemblances with low-barrier

hydrogen bonds observed in enzyme catalysis..

Building on the foundation established in Chapter 3, new avenues for exploration emerged,
focusing on the refinement of imidazolium cation performance through modifications in their
electronic properties (Chapter 4). C4,C5-substituted imidazolium cations were synthesized to

investigate their potential in enhancing CO> reduction efficiency. However, this endeavor
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introduced an additional layer of complexity, primarily stemming from the impact of steric
hindrance due to the inclusion of bulkier substituents like phenyl functional groups. This factor
could potentially impede CO- diffusion to the catalyst site and hinder the coordination of the
C2-H to the COz adsorbed on the Au surface. In the case of the most acidic cation, 1,3-dimethyl-
4,5-dichloro imidazolium, the lowest overpotential for CO» activation was observed. However,
the results of electrolysis remained inconclusive, necessitating further investigation. Thus, a
delicate equilibrium between steric and electronic effects (the acidity of the C2-H) must be
maintained to ensure the cation's electrochemical reactivity falls within the optimal range for

COz reduction.

The performance of the anhydrous MM-acetonitrile electrolyte for CO> reduction was further
highlighted by achieving 100% faradaic efficiency for COx to CO conversion across both noble
and non-noble metals, including Zn and Ni, all achieved at relatively low overpotentials
(Chapter 5). DFT calculations and electrochemical experiments unveiled a volcano plot,
positioning the Au electrode at the apex for the highest performance. Zn and Ni electrodes,
representing respectively the lowest and highest CO intermediate adsorption capacities,
exhibited relatively diminished activity for COz reduction. This volcano plot bore resemblance
to the one previously identified in aqueous media. However, the introduction of imidazolium
cations appeared to influence the relative catalytic activity between different catalysts,

suggesting avenues for future in-depth investigation.

Chapter 6 was dedicated to an ATR-FTIR study of the performance of C2-methylated
imidazolium cations for non-aqueous CO> reduction. The main product observed was the
formation of CO, with minor byproducts such as formate (likely originating from residual water
in these experiments) and oxalate, suggesting the existence of multiple pathways for CO>
reduction when this cation was employed in our system. The formation of CO as the major

product was proposed to be accompanied by the generation of carbonate ions (COs>), a
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phenomenon also detected through ATR-FTIR measurements. This carbonate species was
hypothesized to be formed by the conversion of a second CO2 molecule, acting as an oxygen
acceptor. As for the accompanying anodic reaction, residual water might have undergone
conversion to form O> (along with protons), or alternatively, carbonate ions could have been
oxidized to generate CO; and O.. If the latter reaction prevailed, the electrochemical cycle

concluded as follows:

Cathode: 4COz+4e > 2 CO +2 COs> [eq 8.1]
Anode: 2 COs* > 2C0O2+ Oz +4e [eq 8.2]
Overall: 2 CO, > 2CO+ 0, [eq 8.3]

This hypothesis gained further substantiation through experiments where the degradation of the
counter graphite electrode was observed as an alternative sacrificial anodic oxidation upon the
introduction of diffusion barriers between the cathode and anode (see Appendix Section A.II).
This observation supports an oxidation reaction coupled with CO; reduction, as was proposed

above with carbonate oxidation.

In Chapter 7, the investigation focused on examining the impact of alkyl chain length at the
Cl-position of the C2-hydrogenated cation. It was discovered that longer alkyl chain lengths
led to reduced performance in COz reduction. This observation aligned with the adverse effects
of steric hindrance observed with bulky substituents at the C4 and C5 positions in Chapter 4.
Additionally, experiments involving alkali metal cations were conducted for the purpose of
comparison with imidazolium cations. However, the results showed very poor performance and
even degradation of the electrolyte due to significant overpotential. This phenomenon was
attributed to electrode passivation in experiments involving alkali metal cations within the

anhydrous media.
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Perspectives

An intriguing feature that awaits resolution in future investigations is the subtle distinction in
the promotional impact of imidazolium cations and alkali metals. Considering the results from
this thesis and drawing insights from previous endeavors, we can now propose that both
categories of cations play a pivotal role in promoting CO; reduction by providing essential
solvation/stabilization for the negatively charged *CO; intermediate. While this thesis has
expounded upon the hydrogen bonding as primary source of the promotional effect for C2
hydrogenated cations, alkali metals have been argued to promote the reaction through short-
range electrostatic interactions. The difference in the nature and the extent to which they
efficiently stabilize the *CO;" intermediate holds theoretical and experimental interest for future

study.

Throughout this thesis, we meticulously investigated the performance of imidazolium cations
in dry acetonitrile, with occasional deviations due to unavoidable atmospheric exposure. While
our efforts maintained relatively dry conditions, which correlated with the observed 100%
faradaic efficiency for CO formation, a critical consideration arises when desiring altered
selectivity for hydrogenated products. This shift necessitates the presence of proton donors in
the system. Remarkably, inadvertent water introduction to the experimental setup led to the
unexpected observation of ethanol as a product during experiments with a Ni electrode in the
presence of water within MM-acetonitrile electrolytes (see Appendix Section A.I). Although
requiring further validation, this observation implies the potential manipulation of product
outcomes within imidazolium-acetonitrile electrolytes through controlled addition of proton
donors. The impact of water on product selectivity has also been highlighted in prior work by
Mendieta-Reyes et al.!'” Their findings revealed the emergence of methanol on TiO; electrodes
in acetonitrile containing 0.5 M water, highlighting the potential role of water as a moderator

in the selectivity landscape.
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From a process perspective, this thesis discussed the inherent advantages of non-aqueous
imidazolium-acetonitrile electrolytes. Among these benefits is the enhancement in CO-
solubility, reported to be 8 times higher than that of water under atmospheric conditions,

accompanied by the concurrent suppression of the competing hydrogen evolution reaction.

30 -+
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10 ~ The broad electrochemical window of non-
o aqueous imidazolium-acetonitrile enables the
NE incorporation of oxidation reactions that possess
L 104 kinetics distinct from those of water oxidation,
E 50 which is dominant in aqueous media.
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Figure 8.1. Electrochemical window of 1,3-dimethyl imidazolium (MM)-acetonitrile vs MM-water. LSVs
for Au disk electrode under a purge of He in water with 0.5 mol% of MM Cl (red) and in acetonitrile with 0.5
mol% of MM NTf,.

Under conditions of mass transfer control, the heightened CO> absorption capacity of MeCN-
imidazolium electrolyte facilitates an improved CO; conversion rate compared to aqueous
media. Another significant characteristic of a non-aqueous imidazolium electrolyte is its wide
electrochemical window (as illustrated in Figure 8.1). The stability of this electrolyte offers
opportunities to integrate desired oxidation reactions with the CO; reduction process. For
instance, examples include the electrosynthesis of acetophenone'*? and the oxidative
dimerization of stilbene in acetonitrile . Aslong as the reactants and products of the oxidation
reaction do not interfere with the CO> co-catalyzed reduction reaction, a membrane-free cell

can also be envisaged for such a paired electrolysis system.
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In conclusion, considering the complexities and challenges associated with aqueous media —
despite the environmentally- friendly nature of this electrolyte -, the advantages discussed
throughout this thesis of non-aqueous imidazolium electrolytes underscore the potential for
using these process conditions for CO: reduction. This opens avenues for both fundamental and
engineering research in this field. One pivotal question that necessitates exploration is the
potential role of imidazolium cations (or azolium types in a more general sense) in stabilizing
intermediates within the pathways of C2 and C3 products, particularly on electrodes with higher
affinity for CO intermediates. Could this lead to the development of more selective process for
C2 and C3 products? This, coupled with the potential influence of proton donors, presents a
promising direction for future investigations. These pursuits will demand the utilization of
computational studies, modular synthesis techniques, in situ spectroscopy, and comprehensive
electrolysis analyses. From a process perspective, numerous opportunities exist to leverage the
absorption properties of non-aqueous imidazolium electrolytes and to explore CO: reduction
under diverse process conditions. As previously suggested, the concept of paired electrolysis
holds significant promise, calling for the incorporation of organic electrosynthesis, a
burgeoning area of research (Scheme 8.1) . Furthermore, it presents an exciting avenue for
future industrial trials, particularly in scenarios where oxygen evolution may not be the optimal

coupled reaction for CO; electrolysis.
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Scheme 8.1. Schematic Illustration of the Integration of CO2 Solvent Absorption and Paired Organic Electrosynthesis. A
solvent with high CO, solubility serves as the absorption medium for the catholyte electrolyte, enabling high CO» concentration
and, consequently, enhanced conversion rates within a given electrolyte volume and reactor. The choice of the oxidation reaction
is dictated by the specific requirements of the cathodic reaction. For instance, in the case of cathodic conversion to hydrogenated
products, an oxidation reaction producing protons as byproducts can be envisaged. The coupling should also consider the
utilization of side products from cathodic conversion such as carbonate species.
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Appendix

A.L. Wet experiments with Ni electrode in MeCN-MM electrolyte

COz reduction experiments were conducted with 0.5 mol% of MM NTf in acetonitrile under
wet conditions— using a Ni wire electrode. Post-electrolysis NMR analysis revealed the
presence of ethanol as one of the products (Figure A.I.1-2). To contrast the results obtained
under wet conditions, CO> reduction experiments were also performed with 0.5 mol% of MM
NTf> in acetonitrile under dry conditions. Post-electrolysis NMR analysis did not identify the

presence of water and ethanol, and only CO was detected as the product (Figure A.1.3-4).
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Figure A.I.1. '3C NMR spectrum of 1,3-dimethyl imidazolium bis(trifluoromethylsulfonyl)imide after electrolysis at -1
mA/cm? in CD3CN on Ni electrode in presence of water. The molar ratio of water to imidazolium was 1:8.8).
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Figure A.I.2. 'H NMR spectrum of 1,3-dimethyl imidazolium bis(trifluoromethylsulfonyl)imide after electrolysis at -1
mA/cm? in CDsCN on Ni electrode in presence of water.
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Figure A.I.3. '3C NMR spectrum of 1,3-dimethyl imidazolium bis(trifluoromethylsulfonyl)imide after electrolysis at -1
mA/cm? in CD3CN on Ni electrode in anhydrous condition.

‘
. i J o -~ o
s b T
1.00 1.84 8.53

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 10 05 00
ppm

Figure A.L4. '"H NMR spectrum of 1,3-dimethyl imidazolium bis(trifluoromethylsulfonyl)imide after electrolysis at -1
mA/cm? in CD;CN on Ni electrode in anhydrous condition.
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A.IL. Experiments with frit between anolyte and catholyte

A supplementary experiment was conducted using a graphite electrode contained within a
capillary tube, isolated from the catholyte by a glass frit. Figure A.IL.1(left) showcases the
initial setup of the cell before electrolysis, while Figure A.IL.1 (right) depicts the same cell
after undergoing 30 minutes of electrolysis. Evidently, the experiment exhibited significant
degradation and subsequent deposition of graphite at the frit. Despite this degradation, CO
continued to be produced with a high faradaic efficiency from the catholyte. However, the
deposition of graphite led to the termination of the experiment within 30 minutes. Interestingly,
this form of degradation was not observed in our standard experiments where the catholyte and
anolyte were not separated. This observation suggests that, in our conventional setup, the CO>
reduction reaction facilitates the reactants required for the oxidation reaction. As no other
discernible product was identified, and in light of our ATR-FTIR study in Chapter 6, we

propose the involvement of carbonate as an oxygen carrier in this reaction.

Figure A.IL1. Images of the reactor before (left) and after (right) electrolysis with 0.5 molar MM NTf; in dry anhydrous
acetonitrile. The working electrode is Au wire, and the counter electrode is graphite. The counter electrode is separated from
the catholyte with a frit.
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