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ABSTRACT

The structure effect on the role of different ionic liquids (ILs) as simultaneous supporting
electrolyte and co-catalyst for CO> electroreduction in the presence of a model molecular
catalyst [Re(bpy)(CO)sCI] has not been addressed yet. In particular, we varied the nature of the
cation, anion and cation alkyl chain by a choice of 5 different ILs, including imidazolium and
pyrrolidinium cations and we compared their results to benchmark supporting electrolyte. We
report an overpotential diminution of 0.33 V for CO2 to CO conversion in the presence of ILs
under CO; catalytic conditions. We prove the IL cation-dependent overpotential diminution due
to the electrostatic stabilization of the negatively-charged active form of the catalyst, being the
n-mt stacking interaction provided by imidazolium cations responsible for their outstanding
performance. Finally, a mechanistic explanation is provided to justify a weaker IL co-catalytic
effect when CO electroreduction takes place in the presence of a proton source.



INTRODUCTION

Carbon dioxide (CO») electroreduction is an environmentally friendly approach that not only
allows exploiting a waste material to produce valuable fuels or other chemicals, but also
constitutes a promising solution for storing the intermittent energy originating from renewable
sources. A first step in that direction is the electroreduction of CO, to CO, which can be used
as feedstock in Fischer-Tropsch technologies that result in hydrocarbon products. However, the
intrinsic inertness of the CO2 molecule is an obstacle to its direct reduction, which necessitates
the use of a catalyst. Many metal complexes have been identified as efficient homogeneous
catalysts for CO> reduction, mainly contributing to ameliorating the rate, selectivity and
efficiency of this reduction.X Molecular electrocatalysts have been extensively studied since
they offer a high degree of tunability through: i) the metal center, traditionally composed of a
noble-metal (Re, Rh, Ru, Pd,...)>®, although recently substituted by earth-abundant transition
metals (Ni, Co, Mn, Fe,...)"*! and ii) the choice of ligand, which tunes the electronic (thus the
redox potential) and the geometric features?. A particularly selective molecular catalyst is the
rhenium (1) complex [Re(bpy)(CO)sCl], (where bpy is 2,2'-bipyridine), also known as Lehn’s
catalyst and here seen in Figure 1, hitherto referred to as complex [1], that has been
demonstrated to selectively reduce CO> to CO in an electrochemical and photochemical setup
and detailed mechanistic studies have been developed >3, Furthermore, studies have been
carried out incorporating electron donating or electron withdrawing groups on the bpy ligand**
16 as well as studies where this complex was attached to higher order systems or immobilized
on surfaces!’. Many of these studies aim at the increasing of the efficiency of this catalyst in
terms of energy, that is to say maintaining high Faradaic yields for CO2to CO conversion at the
lowest possible overpotential, while not compromising on current density. Complex [1] thus
provides a unique model for understanding basic aspects of molecular CO> electroreduction
catalysis. An alternative course of action in order to improve the electrocatalytic performance
of molecular catalysts consists in altering the catalyst environment and more particularly the
solvent and/or the supporting electrolyte. In an attempt to avoid favoring Hz formation over CO
and the low CO: solubility, H>O is often avoided as a solvent and the reaction is instead carried
out in organic solvents. Another interesting approach is based on using ionic liquids (ILs) as
solvent and supporting electrolyte simultaneously. ILs composition by an organic cation and an
organic or inorganic anion assures the appropriate conductivity for CO2 conversion without any
additional supporting electrolyte, as well as the wide necessary electrochemical potential
window!®-2!, Moreover, they are intrinsically non-flammable and redox-robust solvents, which
mainly exhibit high solubility of CO.. This approach using complex [1] as catalyst has been
already explored by Grills et al.?? showing an overpotential diminution of 0.45 V for COz to
CO conversion by switching the solvent from acetonitrile to a pure IL, 1-Ethyl-3-
methylimidazolium tetracyanoborate ([EMIM][TCB]). Unfortunately, this was accompanied
by a significant decrease in current due to diminution of the catalyst diffusion coefficient by
two orders of magnitude?® (from 1.4 x 10 cm? st in acetonitrile to 3.0 x 107 cm? st in IL).
Indeed, the high viscosity of most ILs must not be overlooked, as it has an inversely
proportional relationship to the conductivity of the solvent, it limits diffusion of soluble species
and can lead to significant limitations in terms of maximum current density achieved®. An
interesting alternative to overcome this limitation is the use of ILs as supporting electrolytes in
binary mixtures with molecular solvents. Actually, the seminal work of Rosen et al. used a
mixture with 18 mol% of 1-Ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF.]) in
water and achieved a relevant overpotential decrease for CO reduction on a silver electrode by
forming adducts between CO. and reduced imidazolium cations®®. In fact, it has been
demonstrated more recently?>2’ that imidazolium cations are reduced on the electrode surface
as a first step and then form adducts with CO2, which lowers the energy barrier of the
unfavorable first one-electron reduction to CO>". Using an Ag electrode as well, a key role has
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been assigned to the C4 and C5 protons of the imidazolium ring for hydrogen bond creation
with CO2?. In addition to this, other ILs such as those based on pyrrolidinium and other non-
reducible cations at the electrode surface have also demonstrated a co-catalyst role for the CO2
reduction by altering the electrochemical double layer?®. Nevertheless, most of those studies
using ILs have been carried out using heterogeneous electrocatalysts?%-232930, In contrast, much
less work has been done exploring the role of ILs as supporting electrolyte in molecular
electrocatalysis. So far, only a couple of studies have been devoted to study ILs co-catalytic
contribution to CO2 reduction in organic solvents. Matsubara et al.®! combined linear sweep
voltammetry and density functional theory (DFT) calculations to study the role of a unique
imidazolium-based IL [EMIM]* in acetonitrile for CO> electroreduction catalyzed by complex
[1]. Additionally, Choi et al.* reported the effect of another imidazolium-based IL (1-Butyl-3-
methylimidazolium tetrafluoroborate ([BMIM][BF4])) in dimethylformamide (DMF) as co-
catalyst for CO reduction to CO using Iron tetraphenylporphyrin (FeTPP) as molecular
electrocatalyst. In both cases, a significant positive shift of the catalytic onset potential was
reported in the presence of ILs.

Taking all this into consideration, we aim at further studying the effects of different types of
ILs in promoting CO; electroreduction, however not as solvents but as supporting electrolytes,
on model molecular catalysts, in particular addressing the questions of the role of the structure
of the IL used and the type of interaction governing the enhanced catalysis observed in the
presence of IL, which have not been addressed in detail yet.
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Figure 1. Structures of the [Re(bpy)(CO)3sCI] complex [1], where bpy = 2,2’-bipyridine, and the
supporting electrolytes: a) 1-Butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF¢]),
b) 1-Ethyl-3-methylimidazolium hexafluorophosphate ([EMIM][PF¢]), c¢) 1-Ethyl-3-
methylimidazolium tetrafluoroborate ([EMIM][BF4]), d) 1-Butyl-1-methylpyrrolidinium
hexafluorophosphate ([BMPyrr][PFe]), e) 1,2-Dimethylimidazolium
bis(trifluoromethylsulfonyl)imide ([DiIMIM][N(SO2CFs)2]) and f) Tetrabutyl ammonium
hexafluorophosphate ([TBA][PFe]).

For that purpose, we chose complex [1] as a model and five different ILs (protic and aprotic)
as shown in Figure 1, allowing to compare four different cations and three different anions, as
supporting electrolytes in acetonitrile. Three ILs from the imidazolium family, namely 1-Ethyl-
3-methylimidazolium  with  either hexafluorophosphate [PFs]” ([EMIM][PFs]) or
tetrafluoroborate [BF4]” ([EMIM][BF4]) as the counter-anion, 1-Butyl-3-methylimidazolium



hexafluorophosphate ([BMIM][PFs)), 1,2-Dimethylimidazolium
bis(trifluoromethylsulfonyl)imide ([DiMIM][N(SO2CF3)2]), a protic IL containing an acidic
proton, and one IL from the pyrrolidinium family, namely 1-Butyl-1-methylpyrrolidinium
hexafluorophosphate ([BMPyrr][PFe]).

EXPERIMENTAL SECTION

Reactants: Anhydrous acetonitrile of 99.99 % purity (CH3CN), which is used as the solvent,
tetrabutyl ammonium hexafluorophosphate ([TBA][PFe], > 99 %), which is used as a
supporting electrolyte and 2,2,2-trifluoroethanol, (TFE, > 99 %), which is used as a proton
source, are all purchased from Sigma-Aldrich. Complex [1] was commercially available (Strem
Chemicals, > 99 %) and all lonic Liquids used as supporting electrolytes: 1-Butyl-3-
methylimidazolium hexafluorophosphate ([BMIM][PFe¢]) (99 %, 267 cP), 1-Ethyl-3-
methylimidazolium hexafluorophosphate ([EMIM][PFs]) (99 %, Melting point: 64 °C), 1-
Ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BFs]) (> 98 %, 33.8 cP), 1-Butyl-1-
methylpyrrolidinium hexafluorophosphate ([BMPyrr][PFs]) (99 %, Melting point: 87 °C), 1,2-
Dimethylimidazolium bis(trifluoromethylsulfonyl)imide ([DIMIM][N(SO2CF3).]) (98 %, 106
cP) were purchased from lo-li-tec (Germany).

ILs drying treatment and water quantification: Before use, all ILs were vacuum-dried overnight
under stirring using a vacuum pump and then, stored in a glove box under Argon. The drying
procedure followed was reported by M.A. Montiel et al.3® All solutions of ILs in acetonitrile
(ILs/CH3CN) were freshly prepared in the glove box before each experiment. Water content in
all acetonitrile solutions was quantified by Karl Fischer titration (Model 756/831 KF Mettler-
Toledo), which consist in an electrochemical coulometric method that consumes water in the
oxidation reaction and allows quantifying even traces of humidity in samples. The titration
samples mass was of (0.3 — 0.5) g and the measurement range was of 20 — 3000 ppm (detection
limit for H2O quantification 2 ppm). The final concentration of water present in each IL/CH3CN
solution was: 88 ppm for 0.5 M [BMIM][PFe¢], 250 ppm for 0.5 M [EMIM][PFs], 151 ppm for
0.5 M [EMIM][BF4], 158 ppm for 0.5 M [BMPyrr][PFs]. No water quantification was
performed for [DIMIM][N(SO.CF3)2]. Pure acetonitrile water content was 77 ppm. Values are
shown in Table S1.

Electrochemical Studies: All electrochemical experiments were performed on a VSP-300
potentiostat (Bio-Logic Science Instruments SAS) and were conducted at room temperature (20
+ 2 °C) in CH3CN. Either [TBA][PFs] or one of the ILs studied was used as supporting
electrolyte in solution. Ar (> 99.99 %) and CO> (> 99.99 %) gases used to saturate solutions
were purchased from Air Liquide and passed through a gas filter (model CP17973, Agilent)
before entering in the electrochemical cell®. This filter removes traces of oxygen, moisture and
hydrocarbons and results in a concentration of H2O of the gas outlet lower than 0.1 ppm. The
cyclic voltammetry (CV) experiments were carried out in a three electrode setup, with a 3 mm
diameter glassy carbon (GC) electrode as a working electrode, which was polished on a
polishing cloth on a 1 pum diamond suspension (Struers), sonicated for 10 seconds, thoroughly
rinsed with ethanol and dried under a stream of nitrogen prior to experiments. A platinum wire
was used as a counter electrode and was previously flame annealed. The reference electrode
was a silver chloride coated silver wire and all potentials were calibrated using the
Ferrocenium/Ferrocene (Fc*/Fc) redox couple as internal standard, which was added in solution
at the end of each measurement. Only the third cycle of all CVs is shown, although no difference
in consecutive scans has been observed. Catalytic potential (Ecay2) corresponds to the value at
half of the catalytic current. The overpotential () was calculated from the difference between
Ecav2 and E°cozco (CH3CN, TFE) =-1.36 V vs Fc*/Fc or E°cozco (CH3CN) =-0.541 V vs Fc*/Fc
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in the presence and in the absence of a proton source in solution, respectively'#®*. Catalytic
response was determined from CV by calculating the ratio between reduction peak current
under either CO or (CO2 + TFE) and reduction peak current under inert conditions (icat/ip).
Values are shown in Tables 1 and 2.

Controlled potential electrolysis (CPE) experiments were conducted in a gas-tight two-
compartment electrochemical cell with a glass frit separating the anodic and cathodic
compartments. The working electrode was a 1 cm? glassy carbon plate, the counter electrode
was a platinum mesh and the reference electrode was a silver chloride coated silver wire, which
was calibrated with Ferrocene as an internal redox reference. Anolyte and catholyte contained
acetonitrile and 0.5 M of supporting electrolyte (either individual ILs or [TBA][PFs]), but only
in the catholyte 1 mM of complex [Re(bpy)(CO)sCl] was added. Ohmic losses in the cell were
minimized by placing the electrodes as close as possible to each other and stirring both solution
compartments during the experiment. Moreover, 85 % of the electrolyte resistance was
compensated by the ohmic drop compensation module of the potentiostat. Both solution
compartments were saturated with CO. during at least 20 minutes before starting the
electrolysis, but no more gas was bubbled during the electrolysis. Gas products were quantified
by gas chromatography (Model 8610C SRI Instruments) from 50 pL aliquots of the headspace
of both compartments. Hydrogen (Hz) and carbon monoxide (CO) were detected by a thermal
conductivity detector (TCD) and a flame ionization detector (FID), respectively. Liquid
products were evaluated using an ionic exchange chromatograph (Metrohm 883 Basic IC)
equipped with a Metrosep A Supp 5 column and a conductivity detector. However, no
significant amounts of liquid products were detected. Faradaic Yield (FY) is the ratio between
the charge consumed to form each reaction product and the total circulated charge. FY is
corrected to account for the initial 2 electron reduction of the molecular catalyst (1 mM in
solution) necessary to generate its active form. Catalyst activation charge = [number of
electrons * Faraday constant * mol of catalyst] = [2 * 96485 * 6.06 *10°] = 1.17 C. In order to
compare all CPE results, a constant total number of coulombs (14 C) has been used in all
electrolyses, but different time was necessary to reach those 14 C depending on the current
density achieved in each particular electrolysis. Four repetitions of each CPE experiment were
used to obtain the average FY and the standard deviation reported in Table 3.

RESULTS

In Figure 2 are shown the cyclic voltammograms (CVs) of an acetonitrile solution containing 1
mM complex [1] under inert conditions (Ar saturated) in the presence of different supporting
electrolytes including conventional benchmark [TBA][PFes], one pyrrolidinium based IL
[BMPyrr][PFe] and 3 different imidazolium based ILs ([BMIM][PFs], [EMIM][PFs] and
[EMIM][BF4]). All supporting electrolyte structures are shown in Figure 1. A constant
electrolyte concentration of 0.5 M was used throughout the study to rule out any effect from
increasing ionic strength. Moreover, this concentration proved a good compromise by providing
a relevant overpotential diminution and enough conductivity when ILs were in solution (see
Figure S1). Furthermore, all ILs were dried before use, since H20 content in ILs have been
demonstrated to play a relevant role®>=¢. According to previous reports>'*37, the first reduction
wave shown in Figure 2 has been attributed to a one-electron reversible reduction centered on
the bpy ligand (bpy to bpy’) and the second more cathodic wave to a one-electron irreversible
or quasi-reversible metal centered reduction (Re' to Re®). Figure 2a compares the behavior of
complex [1] in the presence of [TBA][PFe] and 2 different IL cations (pyrrolidinium and
imidazolium), which keep constant the alkyl chain length in the cation. The anion [PFe] is kept
unchanged in all 3 cases to evaluate only the role of the cation. We observed that: (i) both redox
processes were significantly shifted anodically in the presence of both ILs as compared to



[TBA][PFs]; (ii) the potential shift of the second reduction wave was much larger than that of
the first reduction wave; (iii) these shifts greatly depended on the nature of the IL cation, being
much more relevant when the imidazolium cation was present in solution, with the trend in
potentials being IM* > Pyrr* > TBA". Figure 2b compares the complex [1] performance in the
presence of 3 different imidazolium based ILs by studying the effect of the alkyl chain length
in the cation and the nature of the anion. It shows that those two parameters have only a minor
effect on the CVs of complex [1]. Table 1 reports the characteristic potentials for all reduction
peaks shown in Figure 2. Thus, the first reduction potential is shifted positively between 60 and
210 mV by replacing [TBA][PFs] with an IL, meanwhile the second reduction peak is shifted
also positively between 190 and 370 mV depending on the IL used, with [EMIM][BF] being
the one displaying the most important potential shift in Figure 2b. We equally observed that the
current density displayed in Figure 2 remains very similar in the presence and absence of ILs
and do not vary according to the nature of the IL. These observations strongly suggest an
interaction between the reduced form of the complex and the IL cation, which nicely results in
more positive redox potentials for the reduction of complex [1]. Figure S2 shows that complex
[1] in the presence of [DIMIM][N(SO2CFs)2], the only protic IL tested in this work, whose
structure is also shown in Figure 1e, does not show its two characteristic reduction waves in the
mixture IL/CHsCN. Figure S2 seems to indicate the direct proton reduction present in
[DIMIM]" at the GC electrode surface.

The reason why we dried the ILs before use resided in the observation that the H>O content in
the IL/CH3CN solutions was significant and had a relevant impact on the potentials displayed
by the two reduction waves of complex [1]. Table S1 shows the H.O concentration in the
IL/CHsCN solutions quantified by Karl Fischer titration using dried and not dried ILs. In some
cases, H>O concentration greatly decreased after drying by an order of magnitude. In Figure
S3, CVs of complex [1] in CH3CN solutions using dried ILs and not dried ILs are compared
and in all 4 cases the reduction waves of complex [1] were cathodically shifted and the current
densities were larger when not dried ILs were used as supporting electrolyte, proving that the
drying process of ILs proposed here, in coordination with adopting specific filters that blocked
humidity in the gas inlet were important in order to reach reliable results. Furthermore, it
indicated that not only the interactions between the complex and the IL that facilitate the
reduction were partly suppressed in the presence of H2O, but also under these conditions some
proton reduction catalysis may occur. All experiments below, and as those reported in Figure
2, have thus been carried out with dried ILs exclusively.
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Figure 2. Cyclic Voltammograms of 1 mM complex [1] and 0.5 M of different supporting
electrolytes in acetonitrile solution under Ar. (a) [TBA][PFs] (black plot), [BMPyrr][PFe]



(green plot) and [BMIM][PFs] (blue plot) and (b) [EMIM][BF4] (red plot), [EMIM][PFe] (grey
plot) and [BMIM][PFe] (blue plot). Scan rate 0.1 V s™*. Room temperature: 20 + 2 °C.

We subsequently studied the catalytic properties of complex [1] for CO; electroreduction in the
presence of all different ILs investigated. Thus, Figure 3 shows CVs of complex [1] under
catalytic CO. conditions without an added proton source. A catalytic wave for CO>
electroreduction, as expected, was observed at the second complex reduction process, where
the catalytically active 2-electron reduced species is generated. Thus, a significant increase in
current (ica) was observed at the second potential peak in all CVs of Figure 3 when CO, was
present in solution. Figure 3a compares the catalyst behavior in the presence of conventional
benchmark [TBA][PFe] electrolyte and 2 different IL cations (pyrrolidinium and imidazolium),
which keep constant the alkyl chain length in the cation. The anion [PFe]  is kept unchanged in
all 3 cases. A relevant positive shift due to the presence of ILs in solution is displayed for both
reduction waves following the same trend already observed in Figure 2a under inert conditions
(IM* > Pyrr* > TBA™). Figure 3b compares the catalyst behavior in the presence of 3 different
imidazolium based ILs by studying the effect of the alkyl chain length in the cation and the
nature of the anion. Both ILs containing [EMIM]" cation showed the largest ica value. Table 1
reports an estimation of catalytic currents obtained in each case by comparison with the
corresponding current obtained under inert conditions (using the ratio ica/ip) and the
characteristic potentials for the catalytic peaks shown in Figure 3. Thus, the largest icat/ip ratios
were obtained in 0.5 M [EMIM][PF¢] and 0.5 M [EMIM][BF4] in CH3CN. Furthermore, Table
1 reports Ecav2 Values, potentials corresponding to half of the catalytic peak current, as proposed
by Kubiak’s group,* showing that catalysis occurs at more positive potentials in the presence
of ILs, with positive shifts from 200 to 330 mV depending on the IL used, with [EMIM][BF4]
being the one displaying the most important potential shift and therefore, the lowest
overpotential (1.19 V). Nevertheless, all 3 imidazolium based ILs exhibited very close
overpotential values. Finally, Figure S4 shows that in the case of using [DiIMIM][N(SO2CF3)]
in solution, the same reduction current is observed when the CV was recorded in the absence
or in the presence of COg, reflecting that reduction of protons provided by the IL is the
predominant reaction.
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Figure 3. Cyclic Voltammograms of 1 mM complex [1] and 0.5 M of different supporting
electrolytes in COz-saturated acetonitrile solution. (a) [TBA][PFs] (black plot), [BMPyrr][PFe]
(green plot) and [BMIM][PFe] (blue plot) and (b) [EMIM][PFs] (grey plot), [EMIM][BF] (red
plot) and [BMIM][PFe] (blue plot). Scan rate 0.1 V s™*. Room temperature: 20 + 2 °C.

Under inert Under catalytic CO2

conditions conditions

Epiz (V)*  Ep (V) Ecarz (V)* n(V)’ lcatlip
[TBA][PFe] -1.70 -2.07 -2.06 152 3.2
[BMIM][PFe]  -1.52 -1.76  -1.75 1.21 4.0
[BMPyrr][PFs] -1.64 -1.88 -1.86 132 4.6
[EMIM][PFe]  -1.57 -1.75  -1.74 1.20 9.9
[EMIM][BF4] -1.49 -1.70 -1.73 119 53

Table 1. Descriptors for 1 mM complex [1] under inert conditions (Ar) and CO: catalytic
conditions in 0.5 M of each supporting electrolyte in CH3CN. Potential of the 1% reduction peak
(Ep12), potential of the 2" reduction peak (Ep), catalytic reduction potential (Ecavz),
overpotential (1)), and ratio of the catalytic peak current and the peak current under inert
conditions (icat/ip). 2Potentials are referred vs. Fc*/Fc (V), PDetermined based on Ecayz using
E%osico (CH3CN) = -0.541 V vs Fc*/Fc.



It has been demonstrated that CO- electroreduction catalyzed by molecular complexes requires
the presence of a proton source in solution to facilitate the proton-coupled electron transfers
that are associated with CO; reduction. Following previous studies,** the weak Brgnsted acid
TFE was identified as an appropriate proton source and 1.5 M an optimal TFE concentration to
give an enhanced activity for CO; electroreduction, which was also the case when ILs were in
solution (Figure S5). Thus, Figure 4 shows CVs of complex [1] under catalytic CO conditions
in the presence of 1.5 M TFE as a proton source and 0.5 M of all different supporting
electrolytes studied here. Table 2 reports an estimation of catalytic currents obtained in each
case by comparison versus inert conditions (icat/ip) and the characteristic potentials for the
catalytic reduction peaks shown in Figure 4. As expected from the literature,** when using
[TBA][PFs] as supporting electrolyte, a significant shift (130 mV) towards more positive
potentials is observed in the catalytic CO> reduction wave due to the addition of a weak acid
such as TFE. In contrast, in the case of pyrrolidinium based IL, the Ecay> in CO2-saturated
solution with and without TFE were about the same (see Ecar2, Tables 1 and 2) and in the case
of all 3 imidazolium based ILs, we observed a significant shift (~ 150 mV) towards more
negative potentials when TFE was present in solution. Nevertheless, catalysis still occurred at
potentials slightly more positive in the presence of ILs as compared to benchmark supporting
electrolyte [TBA][PFs] by 30-70 mV, being [BMIM][PFs] and [BMPyrr][PFs] the ones
displaying the most positive Ecay2 and the lowest overpotential (0.50 V and 0.52 V,
respectively). Another effect of the ILs in solution appeared to be a moderate enhancement of
maximum current density as compared to [TBA][PFe], with [EMIM][BF4] giving the highest
value, in the vicinity of 10 mA/cm?2. However, [BMPyrr][PFs] exhibits the highest catalytic
current ratio due to its lower current under inert conditions.
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Figure 4. Cyclic Voltammograms of 1 mM complex [1] and 0.5 M of different supporting
electrolytes in acetonitrile solution under Ar (dashed plots) and CO> (solid plots) colored as
follows: [TBA][PFe] (black), [BMPyrr][PFe] (green), [BMIM][PFe] (blue), [EMIM][PFe]
(grey), and [EMIM][BF;] (red), and CO. with 1.5 M TFE (solid purple plots in all cases). Scan
rate 0.1 V s*. Room temperature: 20 + 2 °C.
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Ecat2 (V)a n (V)b icat/ip

[TBA][PFs] -1.93 057  16.0
[BMIM][PFs]  -1.86 050  20.2
[BMPyrr][PFs] -1.88 052 270
[EMIM][PFs]  -1.90 054 195
[EMIM][BFs]  -1.90 054  20.9

Table 2. Comparison of the catalytic parameters of 1 mM complex [1] under a CO2 atmosphere
in the presence of 1.5 M of TFE in 0.5 M of each supporting electrolyte in CH3CN: catalytic
potential (Ecav2), overpotential (n), and ratio of the catalytic peak current and the peak current
under inert conditions (icat/ip). *Potentials are referred vs. Fc*/Fc (V), PDetermined based on
Ecavz Using E°cozco (CH3CN, TFE) = -1.36 V vs Fc'/Fc.

The catalytic performance of complex [1] with respect to electrochemical CO; reduction in the
presence of TFE as a proton source and different ILs or conventional benchmark [TBA][PFe]
electrolyte, was also studied by CPE (Figure S6 and Table 3). The applied potential was -2.05
V vs Fc*/Fc for all CPE experiments reported, except for an additional CPE carried out in the
absence of TFE at 300 mV more positive potential (-1.75 V vs Fc*/Fc). The reduction of
imidazolium cations on the GC surface under those conditions was completely excluded, since
very negative potentials are required for that (-2.81 V vs Fc*/Fc under N2 atmosphere and -2.65
V vs F¢*/Fc under CO, atmosphere) and they were never reached on the present study.?® Carbon
monoxide (CO) and hydrogen (H.) were the only reduction products detected, with no evidence
of any additional product in solution. In all cases, CO remained the major reaction product and
the overall faradaic yield was nearly 90 % (Table 3). Control CPE experiments containing only
[TBA][PFes] as supporting electrolyte were also conducted at the same potential and the ratio of
gas products CO/H: in that case was found to be 98/2. Comparing that with the CO/H ratio in
the presence of ILs, we observed a slight increase in Hz production for all ILs. Out of the series,
[BMIM][PFs] and [BMPyrr][PFe] produced the lowest rate of Hp, while, on the contrary,
[EMIM][BF4] produced the highest. In all cases the current density during electrolysis was
relatively stable within the range (2 — 6) mA/cm?. In contrast, CPE for CO; reduction in 0.5 M
[EMIM][PF¢] solution without TFE reached almost total selectivity for CO production (99 %),
but displaying a poor current density during electrolysis (0.7 mA/cm?). Finally, CPE with
[DIMIM][N(SO2CF3)2] as supporting electrolyte resulted in Hz production only (FYH2 59 %)
and an important drop in current density was observed over the first 20 min.
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Electrolysis CPE FYco FYH2
potential (V) duration (%)P (%)P

vs Fc*/Fc (min)?2
[TBA][PFs] -2.05 108 92 15 2+1
[BMIM][PFs] -2.05 108 77 4 82
[BMPyrr][PFs] -2.05 62 80 £5 10 +4
[EMIM][BF4] -2.05 68 71 8 18 +3
[EMIM][PFs] -2.05 54 77 +4 12 £3
[EMIM][PFs]® -1.75 300¢ 96 +1 1+1

Table 3. Electrolysis of 1 mM of complex [1] in 0.5 M supporting electrolyte in CH3CN in the
presence of 1.5 M of TFE under a CO; saturated atmosphere. ®Total electrolysis duration to
circulate 14 C. Faradaic yield for each product (FYco and FY). “Electrolysis of 1 mM of
complex [1] in 0.5 M [EMIM][PF6] in CH3CN under a CO. saturated atmosphere. 9Total
electrolysis duration to circulate 10 C.

DISCUSSION

The role of ILs in CO- electroreduction has been largely investigated in previous studies with
heterogeneous catalysts where ILs have demonstrated to promote CO; electroreduction by
means of inhibiting hydrogen evolution reaction, increasing the concentration of dissolved CO>
in aqueous based solutions, thus reducing the associated mass transport limitations, as well as
diminishing the energetic barrier of the reaction by formation of adducts®3¢° with CO,,
leading to CO> activation. Studies with homogeneous catalysts for CO. electroreduction in the
presence of ILs are much fewer3!32 and the role of the structure of different ILs has never been
addressed before in CO2 conversion by molecular electrocatalysis. Here, we evaluate for the
first time the effect of different ILs used as supporting electrolyte in binary mixtures with
acetonitrile on the electroreduction of CO. catalyzed by a model molecular complex, namely
complex [1]. In particular, within this structure-activity relationship study, we varied the nature
of the cation, anion and cation alkyl chain by a choice of 5 different ILs.

Thus, we demonstrate that the presence of IL cations in solution under inert conditions (argon)
greatly favors reduction of complex [1], as shown by the large impact on its redox potentials,
with positive shifts of both one-electron redox events: up to 210 mV for the first reversible
reduction wave corresponding to bipyridine reduction and up to 370 mV for the second one,
which corresponds to the reduction of Re' to Re®. Furthermore, when CO was present without
an added proton source in solution (Figure 3), almost the same potential shifts were reported
for both reduction waves together with a catalytic wave developed at the second one-electron
process (Table 1, catalytic conditions). This clearly demonstrates that ILs favor CO:
electroreduction as compared to [TBA][PFs]. An in detail view of all positive shifts on the CO>
reduction potential leads to the following conclusions: (i) those shifts were very sensitive to the
nature of the IL cation and all 3 imidazolium based ILs exhibited a much larger positive
potential shift than pyrrolidinium based IL and benchmark electrolyte, following the trend IM*
> Pyrr™ > TBAT; (i) there is almost no effect on the CO; reduction potential with respect to the
size of the cation alkyl chain and the nature of the associated anion (Figure 3). These
observations strongly indicate that the IL cation takes part in a direct interaction with the
molecular catalyst. Particularly, the aforementioned potential shifts, more relevant on the
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second electron transfer, could stem from the electrostatic stabilization of the negatively-
charged reduced form of complex [1] (equation 1) by the IL cations present in solution (equation
2). This is in agreement with the electrostatic stabilization previously suggested by Choi et al.%2
for the case of iron tetraphenylporphyrin and Matsubara et al.3! for the interaction between
[EMIM]* and the negatively charged reduced form of complex [1]. In addition to this,
Matsubara et al.3! proposed several theoretical structures for the interaction between the
imidazolium cation and the reduced form of complex [1] based on DFT calculations. One of
those calculated structures suggested that the imidazolium ring lies above the bipyridine ligand
due to m-m interactions. It must be noted that the first one-electron reduction of complex [1] is
centered on the (bpy) ligand, which is an aromatic system containing delocalized m electrons in
their p orbitals. Thus, our results showing overpotential diminution for CO> reduction in the
presence of ILs, which greatly depends on the nature of the IL cation (Figures 2 and 3), with
the trend IM* > Pyrr* > TBA", demonstrate the n-x stacking interaction between the (bpy) and
the IM* p orbitals initially proposed by Matsubara et al.>* This interaction is not available
neither in the case of Pyrr* nor TBA", which explains higher stabilization effect on delocalized
electrons (more relevant overpotential diminution) achieved by IM* in comparison with Pyrr*
based ILs.

[Re(CO)3(bpy)CI] + 26" + CO2 < [Re(CO)3(bpy)CO2] + CI eq. 1
[Re(CO)3(bpy)CO2] + IL* < [Re(CO)s(bpy)CO2]IL]* eq. 2

In addition to the potential shift, some difference is observed in Figure 3b when comparing
catalytic current displayed in presence of either [EMIM]" or [BMIM]" cations. In particular,
[EMIM][BF4] and [EMIM][PF¢] exhibited the highest (ica/ip) ratio. In contrast, the other ILs
reported in Table 1 gave current enhancement comparable to the benchmark electrolyte. Only
the case of [EMIM][PFs] was studied by CPE at this point exhibiting low current density, but
extremely high product selectivity towards CO generation (see Table 3).

Finally, electrochemical CO reduction in the presence of TFE as a proton source and ILs was
studied by CV (Figure 4 and Table 2) and CPE experiments (Table 3 and Figure S6) leading to
the following observations from CVs: (i) as expected, addition of TFE resulted in all cases in
larger catalytic current densities for CO> reduction; (ii) a small but significant and stimulating
effect of ILs in decreasing overpotential was observed, reflecting the activating role of ILs also
in the presence of TFE; (iii) the catalytic current ratio displayed by imidazolium and
pyrrolidinium IL solutions were in all cases at least 25 % higher than [TBA][PFe] containing
solutions, being [BMPyrr][PFe] the one exhibiting the highest catalytic current ratio.
Furthermore, CPE experiments showed that in most cases shorter electrolysis were needed to
transfer 14 C when ILs were present in solution, since higher current densities were reached in
agreement with previous CVs (Figure 4). However, the catalyst was slightly less selective in
CO production in the presence of ILs in comparison with benchmark [TBA][PF¢] electrolyte.
[BMIM][PFe] and [BMPyrr][PFs] kept a very high CO/H: ratio, 91/9 and 89/11 respectively,
meanwhile [EMIM][BF4] led to the lowest selectivity ratio among the ILs studied (80/20).
Finally, with [DIMIM][N(SO.CFs3).], the only protic IL tested in this work, reduction of the
protons provided by the IL results in the production of H> as the major product.

Comparing the co-catalyst effect of all ILs studied here under catalytic CO2 reduction
conditions, in the presence and the absence of TFE as a proton source in solution, we
demonstrated that the presence of TFE seems to weaken, at least partially, the electrostatic
interaction between the reduced form of complex [1] (equation 1) and IL cations present in
solution as described by equation 2, which was responsible for the positive potential shift
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observed for both electron transfers in Figures 2 and 3. The overpotential was between 330 and
200 mV lower than in the case of benchmark electrolyte in the absence of TFE (Table 1), but
only between 70 and 30 mV lower in the presence of TFE (Table 2). As reported by Kubiak’s
group,'* CO; reduction catalytic cycle for complex [1] follows two different pathways whether
or not a proton source is present in solution. Thus, once the reduced form of the catalyst is
generated by 2 electron transfers and the CO2 molecule have been incorporated in complex [1]
(equation 1), two possible pathways are described. On the one hand, in the absence of a proton
source, a new electron transfer takes place forming a di-anion catalytic species:
[Re(CO)s(bpy)CO2]* (equation 3), which can be greatly stabilized thanks to the IL cations
(equation 4). On the other hand, when an explicit proton donor is added, such as TFE, a “proton
first” step controls the reaction initially forming a non-charged intermediate (equation 5), which
becomes a mono-anion catalytic species [Re(CO)s(bpy)CO2H] after the following electron
transfer (equation 6). As a result, these two intermediates on the “proton first” pathway are
much less stabilized by the presence of IL cations (equation 7) and for this reason the ILs exhibit
a much weaker co-catalytic effect when a proton donor is present in solution.

[Re(CO)3(bpy)CO;] + & ¢ [Re(CO)3(bpy)CO2]* eq. 3
[Re(CO)s(bpy)CO2]%> + 2IL* < [Re(CO)s(bpy)COIZ[ILI*[IL]* eq. 4
[Re(CO)3(bpy)CO2] + H* <> [Re(CO)3(bpy)CO2H] eq. 5
[Re(CO)3(bpy)CO2H] + & <> [Re(CO)3(bpy)CO2H] eq. 6
[Re(CO)3(bpy)CO2H]+ IL* <> [Re(CO)3(bpy)COH]TIL]* eq. 7

CONCLUSIONS

In conclusion, for the first time a structure-activity study by comparing the role as co-catalyst
of different ILs, including pyrrolidinium and imidazolium based ILs, for CO; electroreduction
with a model molecular catalyst is presented here. We have proved by CV and CPE that the use
of ILs as a supporting electrolyte in acetonitrile does not only ensure appropriate conductivity,
but also displays co-catalyst features. More particularly, we have demonstrated that under both
inert and CO2 atmosphere, the negatively-charged reduced forms of complex [1] (mono- and
di-anion intermediates) are electrostatically stabilized by the IL cations. This stabilization gives
as a result an important IL cation-dependent overpotential diminution when compared to a
conventional benchmark supporting electrolyte. Moreover, we have demonstrated the n-n
stacking interaction between imidazolium cations and (bpy)™ p orbitals, which is responsible for
their outstanding performance as co-catalyst in comparison with pyrrolidinium based ILs.
However, this co-catalyst effect of ILs becomes less relevant in the presence of a proton source
in solution due to the formation of a non-charged intermediate as a result of protonation
(equation 5). CPE experiments in the presence of TFE demonstrated a slight decrease of
selectivity for CO production when ILs were in solution. Nevertheless, higher current densities
during CPEs were reached in the presence of ILs as supporting electrolyte, which indicated an
additional effect of ILs improving the catalytic reaction rate. To sum up, [BMPyrr][PFe] and
[BMIM][PFe] exhibit the lowest overpotential and the highest CO selectivity among the ILs
studied in the presence of TFE as a proton source.
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Additional CV figures, current density evolution during CPE and H20 content quantification in
0.5 M IL in CH3CN solutions before and after ILs drying treatment.
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