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ABSTRACT: Electrochemical CO, reduction (CO,R) allows us to close the
carbon cycle and store intermittent renewable energy into chemical products.
Among these, syngas, a mixture of hydrogen and carbon monoxide, is particularly
valuable due to its high market share and the low energy required for its
electrocatalytic production. In addition to catalyst optimization, lately, electrolyte
modifications to achieve a suitable CO/H, ratio have also been considered. Ionic
liquid (IL)-based electrolytes have enabled high faradaic efficiency toward CO,
depending on the chemical properties of the IL. In this work, we rationalized
through density functional theory (DFT) descriptors the competition between
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hydrogen evolution (HER) and CO,R on silver in imidazolium-based electrolytes,
developing a DFT-based analytical model. The electrolyte anion regulates the
concentration ratio between cationic and carbene species of ILs cation, respectively, between the 1-ethyl-3-methylimidazolium cation
(EMIM") and carbene (EMIM:) species and between the 1-butyl-3-methylimidazolium cation (BMIM") and carbene (BMIM:).
The latter species, if formed, hinders the CO,R by blocking the active sites or trapping CO, in solution. In the case of weak Lewis
base anions as fluorinated ones, EMIM* (BMIM") cations, which serve as cocatalysts in CO,R, are more abundant, allowing high
CO partial current densities and high electrochemically active surface area. Applying the here-defined descriptors to ILs not yet
tested makes it possible to predict the HER and CO,R selectivity on silver, thus enabling guidelines for designing better ILs for
COR.

KEYWORDS: electrochemical CO, reduction, ionic liquids, anion effect, syngas, surface poisoning

B INTRODUCTION

The electrochemical reduction of carbon dioxide (CO,R) is a
promising technology for reducing CO, atmospheric concen-
tration by simultaneously storing renewable energy and
generating high-value-added products." Among the many
possible reaction products, the generation of syngas, i.e., the
mixture of carbon monoxide (CO) and hydrogen (H,), is
particularly appealing as it requires low energetic consumption
(being a 2-electrons reaction) when compared to other
reduction products, yet it ensures a broad market share.””"
Since the reports by Hori and co-workers,” such a process
usually occurs on weak CO-binding catalysts, like Au and Ag.®
Several strategies to modify the microenvironments close to
the electrode have been put forward.” Among these
approaches, ionic liquids (ILs) can have a beneficial effect on
the process.”” At room temperature (298.15 K) and standard
pressure (1 atm), CO, and CO concentrations in ionic liquid
electrolytes account for ~0.02 mol % and ~2-3 mM,
respectively.'”"" Thus, they are generally significantly higher
than the aqueous limit, i.e., 6 X 10™*and 1.8 X 107> mol % (33
and 1 mM considering water molarity, 55 M),"*" due to
better solubility.

Earlier mechanistic and computational studies offered
divergent explanations for the role of IL. ILs can either
stabilize via electrostatic interaction the CO, adsorbate'*'®
similar to metal cations in aqueous electrolytes,'® poison the
surface,'” thus blocking CO, reduction and enhancing the
hydrogen evolution reaction (HER) via water reduction, or
affect water and CO, diffusion to the surface.'® Neyrizi et al."’
recently summarized the three potential effects of imidazolium
cations (a common constituent of ILs): (i) suppress HER by
hindering H;0* migration (as observed in acidic media);”’ (ii)
favor the formation of an imidazolium carboxylate intermediate
along the CO, reduction route;”' ™ and/or (iii) stabilize the
*CQ, intermediate via short-term electrostatic interactions.'*
Besides, the authors introduced another promotional effect in
anhydrous electrolyte, i, the promotion of the proton-
coupled electron transfer from C,-H to chemisorbed CO,."”
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Urushihara et al,'” instead, highlighted potential poisoning
effects on silver due to 1-ethyl-3-methylimidazolium cation
(EMIM*) adsorption (coverages larger than 1/9 monolayer for
potentials more negative than —0.5 V vs SHE). Sharifi Golru et
al. first highlighted the relevance of IL anions. Their
preliminary report suggested that more hydrophilic anions,
such as dicyanamide (DAC), determine a higher water
concentration at the cathode and a lower CO, affinity, thus
boosting HER.'® Instead, hydrophobic anions enable a high
CO, availability at the surface, promoting the generation of
CO,R products (formate, in their experiment).® In a later
study, they confirmed this hypothesis via a multiphysics model,
showing low CO, concentration and high surface pH for
hydrophilic anions such as DAC.**

In search of simple descriptors of the IL performance,
Neyrizi et al. deemed C,H acidity responsible for enhanced
hydrogen evolution in imidazolium-based media."” Regarding
the CO,R performance, we recently carried out an
experimental screening of the CO,R performance of seven
different 1-ethyl-3-methylimidazolium (EMIM")/1-butyl-3-
methylimidazolium (BMIM')-based ionic liquids on silver
electrodes. In such joint experimental/theoretical work,'® some
of us hypothesized that the Lewis basicity of IL anions tunes
the equilibrium between the cations (EMIM* or BMIM*) and
their neutral corresponding carbenes (EMIM: and BMIM:). If
formed, these carbenes poison the surface or capture CO,,
promoting HER, while imidazolium cations act as CO,R
cocatalysts. Although we proved the existence of adsorbed
carbenes via Raman spectroscopy and demonstrated the
cocatalyst role of EMIM" or BMIM" via density functional
theory (DFT) simulations, the role of anions remained
qualitative.

In this work, we investigate the role of IL with different
anions and cations via DFT simulations and experiments to
rationalize and expand the previous knowledge. We unravel
three simple thermodynamic descriptors, justifying the
selectivity trends observed experimentally in imidazolium-
based electrolytes. Based on these DFT descriptors, we
develop an analytical model to correlate surface concentrations
of IL species to CO selectivity. By extending the framework
introduced here to novel ILs, their performance for HER and
CO,R on silver could be predicted before experimental
assessment, thus preventing time-consuming laboratory screen-
ings.

B RESULTS AND DISCUSSION

Experimental Results. Chronopotentiometry measure-
ments were carried out for t = 2 h on silver foil at ji,, = —20
mA cm™? applied current density in seven specific
imidazolium-based ionic liquids in acetonitrile, ACN (see
Experimental Methods in the Supporting Information; further
details are available in ref 15). The use of this electrolyte
(imidazolium-based ionic liquids in ACN) enables high CO,
solubility, thus allowing high CO, surface concentration, which
is beneficial for CO production. CO, solubility in ACN (the
main component of the electrolyte) is reported up to 240 mM,
while the CO, solubility is 33 mM in aqueous media.'” The
CO, reduction was favored in the presence of fluorinated-
based anions (i.e., weak Lewis bases), and consequently, high
constant CO production was observed, see Figure 1. We
attribute such an effect to the stabilization of CO, by BMIM,
as proposed in refs 14,15. Instead, by employing acetate
[CO,CH;]™ anions (i.e., strong Lewis bases), the conversion of
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Figure 1. Experimental results for CO, reduction at j,, = —20 mA
em™ on a silver foil in imidazolium-based ionic liquids. Faradaic
efficiency toward CO is reported in red, while H, selectivity is
indicated in gray. The experimental setup consisted of an H-cell, Ag
foil as a working electrode, Ni mesh as a counter electrode, 0.3 M IL
in ACN as catholyte, and 0.1 M KOH as the anolyte.

CO, was hindered. We linked such a change to the evolution
of BMIM" to BMIM:. Carbenes are expected to poison the
surface or capture CO,, increasing H, production. The
electrochemical tests resulted in a singular selectivity switch
between CO-selective (with triflate [SO;CF;]~ as anions) and
H,-selective electrolytes (with acetate as anions), independ-
ently of the applied current densities.”> The roles of EMIM*
and BMIM" cations in the selectivity seemed instead to be
marginal. Remarkably, a linear correlation exists between
anion’s pK, (calculated in aqueous media) and the CO/H,
selectivity ratio for BMIM-based electrolytes (see Supporting
Figure 1). Such a CO/H, selectivity ratio trend is confirmed
for different values of applied current densities (see Supporting
Figure 2).

Reaction Mechanisms in Imidazolium-Based CO,
Saturated Electrolytes. According to the state-of-the-
art,”> ">’ summarized in the recent work by Fortunati et al,'®
few relevant reactions occur in imidazolium-based CO,-
saturated electrolytes. First, equilibrium reactions take place
in the bulk electrolyte. Particularly, given the Lewis basicity of
the anions, the proton (H') exchange equilibrium between
EMIM-anion can favor the evolution of these cations to
carbenes (Figure 2a, see Supporting Figure 3a for BMIM®).
Acetate being a strong Lewis base (high pK, in aqueous
media), this reaction is shifted toward the formation of
carbenes; i.e., lower energy is required to form carbenes, AEg,
(EMIM:), see Figure 2a(1). The reaction to form BMIM: is
reported in Supporting Figure 3a(1). Thus, a significant
amount of carbene forms in acetate-based IL electrolytes. If we
instead consider weak Lewis bases (low pK, in aqueous
media), such as [CO,CF;]7, for instance, its basic strength to
tear the C,—H from EMIM" is reduced; thus the formation of
carbene is hindered, i.e., higher energy of formation is required,
AE;, .. (EMIM:) > 0. Such is the case also for fluorinated
anions, such as [SO;CF;]™ and [BF,]”, see Figure 2a(2). The
analogous reaction scheme for BMIM is reported in
Supporting Figure 3a(3).

If carbenes form, they can either react with dissolved CO, in
solution to form carboxylates or adsorb on the Ag catalyst
surface (Figures 2b, Supporting Figure 3b). Chiarotto et al.*®
experimentally observed the presence of carbenes in acetate-
based ILs and their subsequent reaction with CO, to form
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Figure 2. (a) Formation of carbenes from the homogeneous reaction between EMIM" and the anion species. The formation energy of the carbene,
AE,.,, (EMIM:), depends on anion basicity. (b) Reactions of carbenes with Ag(111) and CO,. Once formed, carbenes can either adsorb on the
catalytic surface, thus poisoning it, or capture CO, from the solution, thus forming a carboxylate complex. The reaction scheme for interaction
between BMIM" and anion species and BMIM*/BMIM: equilibrium is reported in Supporting Figure 3.

BMIM—CO, carboxylates. Such a process was confirmed by assessed through the PBE density functional,”® corrected for

the evolution of acetate to acetic acid after the release of C, dispersion via the DFT-D2 method. Further computational
hydrogen release from the ring. Besides, the formation of details are available in the Supporting Information. Since the
carboxylate has been heavily investigated via DFT,***” and the presence of carbenes seems instrumental in the selectivity
use of acetate-based ionic liquids as CO, sorbent is well known switch between H, and CO," we tentatively assessed the
in the field.”” The poisoning effect of imidazolium cations on dependence of the experimental partial current density toward

Ag has already been observed, and coverages higher than 1/9 H, (for j; = —20 mA cm™?, see Figure 4) with respect to the
ML have been proposed for the applied potential that is more energy required to form a carbene from an EMIM'/BMIM"*
negative than —0.5 V vs SHE via a DFT study.'” If carbenes do cation, ie., AEq,, (EMIM:/BMIM:). In fact, the low

not form, as in the case of weak Lewis base anions, then the formation energy characteristic of acetate anions corresponds
interaction of IL cations with CO, and the catalyst surface is to higher H, evolution activities, while anions that hardly
negligible and mainly occurs via weak van der Waals forces. promote carbenes formation, such as [SO;CF;]~, minimize H,
Dependence of H, Selectivity vs Carbene Formation. production. The qualitative trend between partial H, current
Given the previous considerations, we moved to DFT density and carbene formation energies resembles a Langmuir
simulations to identify descriptors and rationalize the role of isotherm,”" suggesting a coverage phenomenon that reaches
IL anions. We modeled the experimental system (polycrystal- saturation for acetate anions. Such Langmuir dependence is
line silver foil) with a four-layer-thick Ag(111) p(3 X 3) also observed by analyzing the H, partial current density versus
supercell (see Figure 3). Then, one ionic liquid unit was anion’s pK, for BMIM*-based electrolytes (see Supporting
inserted in solution, including as cation EMIM* (or BMIM*) Figure 4).
and as anion one among acetate, trifluoroacetate, triflate, As a final note on H" sources, given the water content of
tetrafluoroborate, and pentafluorophenol (see Figure 3). The acetate-based ionic liquids (0.7%) and their volume in the

effect of the seven resulting cation—anion pairs on CO,R was catholyte (2.3 and 1.8 mL, respectively for [BMIM][CO,CHj,]

16168 https://doi.org/10.1021/acscatal.4c05012
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Figure 3. (a) Side view of the DFT model employed. Ionic liquids were placed in the vicinity of an Ag(111) p(3 X 3) supercell. (b) Summary of
the imidazolium-based ILs tested in ACN as electrolytes for CO,R. Blue boxes indicate cations, while orange species are the corresponding anions.
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Figure 4. Dependence of the partial current toward H, on the
formation energy of carbenes (EMIM:/BMIM:). The dashed line
serves as a guide for the eye and reproduces a Langmuir isotherm.
The total applied current density was j,, = —20 mA cm™>

and [EMIM][CO,CH,], see Tables S1 and S2), the maximum
expected water volume should be around 16.1 and 12.1 uL,
respectively. Besides, lower energy to form carbenes naturally
implies a more favorable release of the C,-H from the
imidazolium ring, so consequently, a higher concentration of
H* is available for reduction. This may also explain the increase
in H, selectivity for low values of AE  (EMIM:/BMIM:)
(Figure 4). Nevertheless, our previous work considered the
main H* source as those generated by the bipolar membrane
or water from anolyte crossover rather than from [BMIM]/
[EMIM] protons or H,O impurities.'” In fact, at the
experimental conditions employed (f = 2 h of CO,R at ji,, =
—20 mA/cm?, see Figure 1), such a water volume would only
imply a difference in H, faradaic efficiency of around 20% (see
Supporting Figure S), not enough to explain the drastic change

between acetate-based electrolytes and the other ILs (at least
45%, see Figure 1).

Dependence of CO Selectivity vs Carbene Formation.
Moving to the electrochemical reduction of CO,, we can
shortlist the interactions between carbenes and CO, to mainly
two detrimental effects. Once these species form, they can (i)
capture CO, or (ii) adsorb on the electrode surface. Thus, we
tentatively defined the adsorption energy of carbenes, i.e.,, AE 4
(EMIM:/BMIM:), and the formation of carbene-CO,
complexes, ie, carboxylates, AE . (EMIM—CO,/BMIM—
CO,) as descriptors to rationalize the CO selectivity on the
seven considered imidazolium-based electrolytes (Figure ).
Indeed, a peak of the CO partial current density is observed for
the [SO;CF;] anions, implying low values of carbene
adsorption and carboxylate formation energies. Instead, for
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Figure S. Dependence of partial current toward CO on adsorption
energy of carbenes (EMIM:/BMIM:, x-axis) and formation energy of
carboxylates (EMIM/BMIM-CO,, y-axis). The total applied current
density was ji = —20 mA cm™2.
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stronger binding of carbenes to the surface as for the acetate
anions, reduction of the amount of CO, to CO is hindered,
further confirming a surface poisoning effect. Besides, a
Langmuir dependence is found between CO partial current
densities and anion’s pK, for BMIM*-based electrolytes (see
Supporting Figure 6), with an opposite trend than HER
dependence (Supporting Information, Figure 4). Remarkably,
the CO selectivity is higher for the [CO,CF,] anion than for
acetate, although the former is characterized by a more
exothermic formation of carboxylates. We highlight here that
carbenes’ adsorption and formation of carboxylates are
competing processes since, once a carboxylate forms, the
carbene precursor cannot poison the surface anymore. Thus,
for the [CO,CF;] anion, a more favorable formation of
carboxylates involves a lower concentration of free carbenes in
solution able to poison the surface, thus a partial positive effect
of the electrochemical CO, reduction reaction compared to
the acetate anion.

Experimental Validation. In the previous sections, we
showed via DFT that carbene formation crucially affects the
CO,R selectivity between HER and CO for imidazolium-based
electrolytes. If formed, carbenes poison the surface or capture
CO, in solution, thus hindering the CO,R and leading to an
increase in HER. To prove our hypothesis, we sought further
experimental validation.

Electrochemically active surface area (ECSA) values were
determined for the Ag foil in the presence of EMIM?*
(BMIM*) acetate and triflate (0.3 M in ACN) in a CO,-
and N,- saturated environment (see Experimental Details and
Supporting Table 3 for additional details). The use of ECSA to
assess surface poisoning effects is common in the field; for
instance, Ohyama et al. reported the dependence on electrolyte
pH of ECSA values for Pt/C catalysts due to OH™ poisoning
during hydrogen oxidation reaction.”” Although the same
catalyst was used for the test in both CO,- and N,-saturated
electrolytes, the ECSA is higher for the [SO;CF;]™ anion than
the [CO,CH;]” one. Remarkably, ECSA values show a
Langmuir dependence on carbene formation energy (Figure
6a) and carbene adsorption energy (Figure 6b). Specifically,
weak Lewis anions such as triflate show no interaction with the
surface, thus constant ECSA values. At the same time, the
active area decreases in the presence of acetate, suggesting a
poisoning effect.

The correct use of carbene formation energy as the principal
descriptor for CO/H, competition was further confirmed by a
selected experiment with a methylated-BMIM complex in the
presence of acetate anion, still in ACN. While the original
complex shows poor CO selectivity at j,, = —20 mA cm™>
(<20%), the methylated-BMIM cation determines an increase
of CO faradaic efficiency up to more than 60% (Figure 6c).
Such a change was attributed to a less favorable release of C,
and C; hydrogens from the BMIM ring and a consequent
higher formation energy for carbene (see Supporting Figure 7
for the process scheme). According to DFT, such a process is
in fact 0.3 eV more endothermic than the release of C,-H on
[BMIM][CO,CHS].

As a final validation, we experimentally assessed the CO,
reduction performance of the Ag foil in the presence of a mixed
BMIM acetate/triflate electrolyte in 3-methoxypropionitrile
(3-MPN). This experiment was carried out in 3-MPN rather
than ACN to extend the experimental study to a similar solvent
with a higher boiling point (thus able to support the
application at higher temperatures). In this way, we could

16170

a b
10 © CO, © N, 10 © CO, & N,
[EMIM][SO;CF3] [EMIM][SO,CF;]
8 - 8 ] 8- 8 .
e / MM | s
0 64 / [SO;CF] 5§64 , [BMIM]SOCF
< ;o < ¢
O 44 ) [EMIM]COCH; % 4 JEMIMICO,CH;]
w r © w [
1 1
24 X! 2
8.'[B!VIIM][COzCHsl ?
h 1 [BMIM][CO,CH]
0 -+ 0 +Hrrrr
1.0 15 2.0 10 05 00 05
AE,, (EMIM: / BMIM:) / eV AE,, (EMIM: / BMIM:) / eV
c AE,,. (BMIM:) d
100 +1.03 eV +1.36 eV :
6 '
R k) o
% 80 5 3
c ‘? 4 1
g 60 z !
£ 3 1
[0} ® 1
©40 ? 5 !
© o) - l’
8 (&) ]
~ 1
£ 20 T o
co 0"~ """
0 T T
H CH 0.2 0.3 0.4 0.5

3

CO,CH, / (SO,CF, + CO,CH,)

Figure 6. Dependence of the ECSA on (a) the formation energies of
carbenes and (b) the adsorption energies of carbenes for both CO,-
saturated (black points) and N,-saturated (red points) electrolytes. In
both cases, the dashed lines guide the eye and reproduce a Langmuir
isotherm. (c) Improvement of CO selectivity of polycrystalline Ag in
the methylated-[BMIM][CO,CH;] vs [BMIM][CO,CH,] in ACN at
a total applied current density of j, =—20 mA cm™>. The top values
are the formation energies of BMIM: carbenes for both cases. (d)
Langmuir dependence between the H,/CO selectivity ratio at ji,, =
—20 mA cm™? and the molar ratio between acetate and triflate in
[BMIM][CO,CH,]/[SO;CF,] in 3-methoxypropionitrile.

also rule out any potential effect on the H,/CO selectivity by
the solvent. Details on methods and the molar concentrations
of the ionic liquids are reported in the Supporting Information
(see corresponding section and Supporting Information Table
4). In line with our hypothesis, an increase in acetate/triflate
molar ratio led to an improved H, selectivity vs CO (Figure
6d). Again, such dependence resembles a Langmuir isotherm,
thus suggesting that an increase in acetate concentration
determines a higher concentration of carbenes, which hinders
the reduction of CO, by poisoning the surface or capturing
CO, in solution.

Analytical Model. Based on our insights, carbene
formation energy and carbene adsorption are the main
components responsible for the selectivity switch between
H, and CO in such experimental systems. Taking inspiration
from an analogous report for alkali cations in an aqueous
environment,”” it is then possible to derive an analytical
framework for the overall process. For the sake of simplicity,
we limited the discussion to the [BMIM][CO,CH,] electro-
lyte. However, it can be generalized to other IL pairs.

As defined in Figure 2a, the homogeneous reaction between
the cation and anion follows eq 1. Thus, the concentration of
carbenes depends on the bulk concentration of BMIM cations
and the forward rate constant of carbene formation (ki) see
eq 2.>! To include adsorption processes, we can now recall the
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definition of the Langmuir isotherm,>" which relates the
surface coverage of a certain species (6, given in monolayer) to
the rate constant for adsorption (k,) and the bulk
concentration of the adsorbate precursor (in this case,
BMIM;:, see eq 3). By recalling eq 2, we can define a univocal
analytical equation linking the BMIM: surface coverage to the
bulk BMIM" concentration, as shown in eq 4.

Both carbene formation and carbene adsorption rate
constants can be expressed in terms of the relative DFT
energies under the assumption of linear scaling relationships
between AE and activation energies, ref’** see eqs 5 and 6,
thus confirming analytically that favorable formation and then
adsorption of carbenes (very high km, k.g) lead to high
BMIM: surface coverages (very high 6) and consequently
inhibition of CO, reduction (see Supporting Figure 8).

AEg,.(BMIM:)
_—

BMIM" + CH,COO" BMIM: +CH,COOH

(1
[BMIM: | ~ k. [BMIM™] (2)
0 k., [BMIM: ]
1—-6 ads . (3)
0= ! T
1+ Ktorm e,q[BMIM '] 4)
[ AE,,.(BMIM: )]
kform ~ eXP - 4
kT ()
[ AE,; (BMIM: )]
kads L o
kpT (6)

The correctness of the developed analytical model is confirmed
by the strong correlation between the faradaic efficiency
toward CO observed experimentally for the five BMIM-based
electrolytes at j,,, = —20 mA/cm? and the simulated availability
of Ag active sites, calculated through eq 4 for 1 M BMIM*
concentration, kg4, = 10, and kg, = 0—7, see Figure 7. EMIM-
based electrolytes are omitted from the analysis, as our
experimental data set is limited to two data points. Electrolytes
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Figure 7. Correlation between experimental faradaic efficiencies
toward CO (right y-axis) for the five BMIM-based electrolytes tested
at jioe = —20 mA/cm?® of applied current densities and BMIM:
formation energy (bottom x-axis). The dashed line indicates the
simulated availability of active sites (1 — 6, left y-axis) vs the rate of
BMIM: formation (top x-axis).

characterized by weak Lewis base anions (e.g, [BF,],
[SO;CF;]7) present very endothermic carbene formation
energies, so those formation rates are negligible. Consequently,
for these species, the availability of Ag sites is maximized, and
CO selectivity reaches its maximum. Instead, ILs with strong
Lewis bases, such as [CO,CH,]~, show low carbene formation
energies, thus achieving high formation rates. Once formed,
carbene poisons the surface, leading to a sharp decrease in the
number of active sites available; see the dashed line in Figure 7.

Selectivity Map. Overall, we can then identify two main
selectivity regions for the seven imidazolium-based electrolytes
considered (Figure 8) by correlating the experimental partial
CO and H, currents at j,,, = —20 mA/cm* with the DFT
formation energy of EMIM:/BMIM: carbenes and their DFT
adsorption energy. According to reaction mechanisms reported
in Figure 2a(2), fluorinated anions are characterized by high
carbene formation energy, i.e, low formation rate, kg,,. This
leads to low values of carbene surface coverage. Consequently,
the reduction of CO, to CO occurs. On the other side, as
shown in Figure 2a(l), acetate shows a lower carbene
formation energy, i.e., a high rate constant of formation, kg,
and a mild to strong adsorption energy, i.e., a high rate constant
of adsorption, k,qg,. In line with eq 7 and Supporting Figure 8,
in this case, carbenes effectively poison the surface, thus
hindering CO production and limiting the electrocatalytic
reactions to HER.

Outlook. The joint experimental and computation insights
here reported let us determine the relative importance of each
of the players involved in the process. Although this study is
limited to silver, it can be generalized to other heterogeneous
catalysts. In fact, any significant influence of the catalyst on the
process lies within the interaction with the imidazolium
carbene, ie, the AE,4, (EMIM:/BMIM:) descriptors and its
reactivity with the CO,R intermediates. Thus, a catalyst
different from Ag may show a CO,R product distribution
beyond CO and a different extent of surface poisoning. For
instance, stronger binding elements such as Cu exhibit more
negative AE 4 (EMIM:/BMIM:), see Supporting Figure 9,
and thus are expected to be more affected by surface poisoning.
In particular, a linear scaling relationship between AE g4
(EMIM:/BMIM:) and the metal d-band center occurs, in
line with the well-known d-band model®>*™*" Instead, the
nature of the imidazolium itself, either the 1-ethyl-3-
methylimidazolium or 1-butyl-3-methylimidazolium cation,
does not show any influence in the process. The choice of
the anion is crucial to determine the selectivity between the
CO,R products (here CO) and H,.

Once the appropriate catalyst is chosen, weak Lewis base
anions should be considered to maximize the level of CO,R in
organic solvents. In contrast, strong Lewis base ones may be
employed to promote HER via surface poisoning. Finally,
appropriate tuning of IL concentration in organic solvents, as
well as mixing with inorganic cations, may allow for the
prevention of surface poisoning effects and the parallel CO,
capture and conversion processes through acetate-based
electrolytes.

B CONCLUSIONS

In this work, we have defined a general DFT-based analytical
framework to rationalize the role of anions in imidazolium-
based electrolytes for electrochemical CO, reduction. Based on
experimental observations on seven IL pairs, we have identified
carbene formation energy and carbene adsorption energy as
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Figure 8. Formation energy of EMIM:/BMIM: carbenes (x-axis) and their adsorption energy (y-axis) as descriptors of H, (gray area) and CO (red
area) selectivity for different imidazolium-based ILs on the Ag foil. The intensity of gray and red depends on the experimental partial current
density for H, and CO, respectively, taken from Figure 1 (see the color scale on the right columns).

the two crucial descriptors that rule the competition between
H, and CO production during CO,R. Specifically, in the
presence of strong Lewis base anions, carbenes form from
imidazolium cations and either block the active sites or capture
CO, in solution, thus preventing CO, reduction. Weak Lewis
base anions make carbene formation and adsorption on the
surface highly endothermic, thus preventing surface poisoning
and enabling CO generation. Starting from the two proposed
descriptors, the CO, reduction performance of future
imidazolium-based electrolytes could be predicted, guiding
the rational design of the IL and the selection of the most
promising ones to promote selectivity toward the desired
products.
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