
Synergistic effects of the electric field induced by imidazolium rotation and hydrogen 

bonding in electrocatalysis of CO2 

Oguz Kagan Coskun, Zeynep Bagbudar, Vaishali Khokhar, Saudagar Dongare, Robert E. 

Warburton, Burcu Gurkan* 

Department of Chemical and Biomolecular Engineering, Case Western Reserve University, 

Cleveland, Ohio, USA, 44106 

*E-mail: beg23@case.edu 

 

Abstract 

The roles of the ionic liquid, 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF4]), and 

water in controlling the mechanism, energetics, and electrocatalytic activity of CO2 reduction to 

CO on silver in non-aqueous electrolytes were investigated. The first electron transfer occurs to 

CO2 at reduced overpotentials when it is trapped between the planes of [EMIM]+ ring and electrode 

surface due to cation re-orientation as determined from voltammetry, in-situ surface enhanced 

Raman spectroscopy, and density functional theory calculations. Within this interface, water up to 

0.5 M does not induce significant faradaic activity, opposing the notion of it as a free proton source. 

Instead, water acts as a hydrogen bond donor and the proton is sourced from [EMIM]+. 

Furthermore, this study demonstrates that alcohols with varying acidity tune the hydrogen bonding 

network in the interfacial microenvironment to lower the energetics required for CO2 reduction. 

The hydrogen bonding suppresses the formation of inactive carboxylate species, thus preserving 

the catalytic activity of [EMIM]+. The ability to tune hydrogen bonding network opens new 

avenues for advancing IL-mediated electrocatalytic reactions in non-aqueous electrolytes. 
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INTRODUCTION 

Realization of electrochemical reduction of carbon dioxide (CO2RR) to convert the CO2 

greenhouse gas into fuels and chemicals depends on the discovery of efficient catalysts and 

electrolytes with high CO2 solubilities. CO2RR on heterogeneous electrocatalysts is an inner-

sphere process1 that unfolds within the Helmholtz plane2 at the electrode-electrolyte interface that 

is enriched in cations due to the negative polarization of the electrode; which in turn govern the 

reactivity and selectivity in CO2RR. 3, 4 The CO2 reduction mechanism involves the formation of 

the anion radical intermediate (CO2•-)5, 6 where a high overpotential is needed. Notably, the 

imidazolium based ionic liquids (ILs) with high CO2 solubility, in particular 1-ethyl-3-methyl-

imidazolium tetrafluoroborate ([EMIM][BF4]), have been shown to lower the energy barrier for 

CO2 to CO conversion.7 [EMIM]+ is reported to exhibit a unique ability to cover the entire 

electrode surface (e.g., Ag), even in diluted conditions.8 Further, [EMIM]+ undergoes orientation 

changes from tilted to a parallel configuration with respect to the electrode surface with increasing 

negative polarization.9-13 Separately, the electric field effects of [EMIM][BF4] on Ag were probed 

indirectly through the change in Stark shift of CO by sum frequency generation spectroscopy.14 A 

2-fold increase in the Stark shift was observed and attributed to doubling of the electric field 

strength. The induced electric field effects were associated to the stabilization of CO2•- by a density 

functional theory (DFT) study, thus rationalizing the lowered overpotentials in CO2RR by cations 

(e.g., K+ and [EMIM]+).15 Even though this understanding led to the modification of the screening 

and electric field effects through the adjustment of the IL concentration where the existence of an 

optimal range to influence kinetics was confirmed,16 a physical model of the interfacial evolution 

with [EMIM]+, the induced electric field effects, and interacting species at the interface is still not 



complete. Such a complete model is needed to rationalize the observed thermodynamics and 

kinetics of IL mediated CO2RR and reveal the mechanism.  

Besides the modification of the electric field, the imidazolium cations are discussed to 

complex with CO2 to form carboxylate adducts, as evidenced by spectroscopy, then mediate the 

electron transfer reaction.7, 17, 18 It was proposed that the imidazolium cation radical has to form 

first before the carboxylate,19, 20 and that the imidazolium radical serves as a catalyst.21 An 

alternative pathway considers the initial electron transfer to CO2, followed by an interaction 

between C2 position and CO2•-. 22 When the imidazolium cation is involved, the presence of CO2•- 

was confirmed using surface-enhanced infrared absorption spectroscopy, facilitating its prolonged 

presence at the interface through stabilization by the imidazolium.23 The depletion of CO2 at the 

interface was further observed, by employing attenuated total reflection spectroscopy, at potentials 

more negative than the onset potential observed by transient voltammetry studies, pointing to the 

slow reaction kinetics following the initial electron transfer. 24 Subsequently, an isomerization step 

transfers the C2-H to COO- moiety to form EMIM-COOH. The involvement of C2-H in CO2 

conversion to CO was also probed through the hydrogen-deuterium exchange between [EMIM]+ 

and D2O where a more negative onset potential with deuterated cations [EMIM-D] + compared to 

conventional cations [EMIM-H]+ was measured.25 However, harvesting C2-H from the 

imidazolium results in an unstable imidazolium carbene product, as also evidenced through 

electron paramagnetic resonance spectroscopy26 and computational studies.27 These carbenes are 

shown to preferentially bind to the Ag electrode surface, occupying its active sites.28 Furthermore, 

upon formation, imidazolium carbenes can react with dissolved CO2 to generate carboxylate 

adducts, which are reported to be a side product and inactive for the electrochemical conversion 

cycle.29 However, in the presence of water, rapid protonation of the carboxylate to form EMIM-



COOH has been observed,30, 31 thereby activating the imidazolium carboxylate and further 

regenerating the imidazolium cation, thus recovering catalytic activity of the imidazolium after 

water addition.32  

Conventionally, the role of water is perceived as that of the proton source in nonaqueous 

electrolytes. For water to fulfill this role, it must undergo reduction to liberate free protons at the 

electrode surface, which can then participate in CO2 conversion reaction. The addition of water to 

nonaqueous IL electrolytes typically increases CO2 reduction reaction rates due to the availability 

of free protons.33, 34 However, a recent infrared reflection-absorption spectroscopy study35 reported 

no significant changes in water-related bands during catalysis, suggesting that water is not 

consumed as a reactant in CO2 reduction. Rather, they reported the formation of EMIM-COOH 

and a CO2 reduction onset potential that depends on water concentration. This suggests that while 

the water facilitates the formation of EMIM-COOH, it is not consumed in the process. Separately, 

other studies have shown that water bridges the IL cation and the surface adsorbed species (e.g., 

*COOH),36, 37 through hydrogen bonding to both, instead of IL interacting directly with the surface 

species.38 This hydrogen bonding facilitated by water leads to the reduced overpotentials for 

CO2RR.  

Based on the descriptions of the CO2RR mechanism in the presence of ILs in earlier studies, 

the role of the IL (in particular the [EMIM]+ cation) and water remains unclear. As ILs behave 

differently at the interface depending on the choice of the electrode and the electrolyte 

composition, it has been difficult to develop a unifying understanding regarding the impact of ILs 

on reaction outcomes at interfaces. We hypothesize that below a critical concentration water acts 

as a hydrogen bond donor (HBD) as well as a co-catalyst in synergy with [EMIM]+ and does not 

provide free protons as a proton donor in the reaction. Furthermore, in this study, IL mediated 



CO2RR was revisited with the benchmark [EMIM][BF4] with a refined focus on the interfacial 

evolution to clarify the mechanism and the role of [EMIM]+. Specifically, the electric field and the 

hydrogen bonding effects induced by [EMIM][BF4] and HBDs, including water and a series of 

alcohols, in acetonitrile were examined on Ag. By employing voltammetry, in-situ enhanced 

Raman spectroscopy (SERS), and density functional theory (DFT) calculations, we reveal that the 

initial electron transfer to CO2 occurs at reduced overpotentials due to enhanced local electric 

fields created by reorientation of [EMIM]+ when it is confined between the imidazolium ring plane 

and the electrode surface. This confinement of CO2 stabilizes it at the interface and enables its 

conversion to CO, accompanied by the generation of carbene and water as by-products. 

Furthermore, our findings suggest water (< 0.5 M) acts as the hydrogen bond donor as opposed to 

serving as the primary source of free protons. Based on this finding, we further show how the 

extend of hydrogen bonding as varied by various alcohols alter the microenvironment in synergy 

with [EMIM]+ at the electrode-electrolyte interface for fine tuning of the thermodynamics of 

CO2RR. The clarified role of the imidazolium based ILs and HBDs, and the demonstrated 

enhancement in CO2RR will advance non-aqueous electrolyte development and inform future 

kinetic studies. This study demonstrates that rationally tailored interfacial hydrogen bonding 

interactions can be used as a design strategy for efficient CO2 utilization for combined capture and 

conversion efforts. 

 

 

 

 

 



RESULTS AND DISCUSSION 

[EMIM]+ reorientation induced electric field effects is the reason for lowered overpotential. 

Probing the interface with SERS suggests the accumulation and reorientation of [EMIM]+ on Ag 

with applied negative polarization (Figure 1a). Up to -1.5 V vs. Ag/Ag+, the SERS spectra display 

no notable features other than the acetonitrile -CN stretching mode at 2253 cm-1. As the negative 

polarization increases, significant spectral changes start to occur, primarily due to the enrichment 

of the electrode surface with [EMIM]+. In particular, the accumulation of [EMIM]+ starts at -1.5 

V vs. Ag/Ag+ (appearance of vCH2(N) at 1345 cm-1 and vCH3(N) at 1376 cm-1) and the orientation 

changes from tilted to parallel alignment relative to the electrode surface beyond -1.8 V vs. Ag/Ag+ 

(the red-shift and relative enhancement of  the peak at 1345 cm-1 compared to the peak at 1376 cm-

1), irrespective of the electrolyte saturation with CO2 or N2 (Figure S1). Given that [EMIM]+ is 

typically solvated by an average of four acetonitrile molecules39, 40 in the bulk electrolyte at the 

concentration used in this study (0.1 M), the observed behavior suggests that [EMIM]+ starts 

breaking its solvation shell around -1.5 V vs. Ag/Ag+. As ILs adsorb onto the electrode surface 

stronger than molecular solvents41, [EMIM]+ begins to de-solvate, adsorb on the surface and form 

its own microenvironment. Furthermore, the peak at 1604 cm-1 is associated with aromatic C-C 

stretching and is also present under both CO2 and N2. With CO2 saturation, a new peak at 1610 

cm-1 emerges at -1.9 V vs. Ag/Ag+. This peak is assigned to the asymmetric stretch of the -COO 

moiety of the newly formed EMIM-H-COO adduct in accordance with prior reports42, 43 and in 

complement of our DFT vibrational calculations of this specie on the Ag surface (1599 cm-1). The 

asymmetric -COO stretching mode usually overlaps with aromatic ring C-C stretching modes and 

tends to be weak in the Raman spectrum,44 as also seen here. Further detailed peak assignments 

and the associated DFT calculated vibrational frequencies are given in Table S1.  



Given the consistent behavior of [EMIM]+ accumulation and orientation at the interface, 

we examined the local electric field effects induced by these changes using periodic DFT 

calculations (Quantum ESPRESSO code,45,46 PBE-D3 functional47-49). The calculations were 

performed using a 4-layer 4×4 Ag(111) slab to model the Ag electrode surface. Additional 

computational details are provided in the “Density Functional Theory Calculations” section of the 

SI. The electric field was calculated from the electrostatic potential difference between the 

combined Ag(111)/[EMIM]+ system relative to the isolated Ag(111) and [EMIM]+ components. 

The electric field was then calculated from the gradient of this electrostatic potential difference in 

the orientation of the surface normal. Figure 1b shows the calculated electric field in the xy plane 

that intersects the C2 of  [EMIM]+ (highlighted in orange in Figure 1b). 

The electric field at the C2 atom is lowest when the [EMIM]+ ring plane is perpendicular 

to the surface (90°). The general trend shown by these calculations is that the strength and 

localization of the electric field increase as the angle between the ring plane and the surface 

decreases. Remarkably, parallel alignment of [EMIM]+ to the electrode surface (0°) enhances the 

electric field by almost 3-fold compared to vertical alignment (90°). This indicates that the CO2 in 

between the imidazolium ring and the electrode experiences a more negative field which further 

translates to a higher driving force for the first electron transfer reaction. This is what we interpret 

to be the explanation behind the lowered overpotentials observed. While the electric field effects 

were previously discussed in literature15, 50 with the addition of various cations including [EMIM]+, 

the specific origins of enhancement due to ring orientation in relation to CO2RR was not explicitly 

presented through a combined SERS and DFT study.  

 



 

Figure 1. (a) Potential-dependent in-situ SERS spectra for 0.1 M [EMIM][BF4] in acetonitrile 

under CO2 atmosphere. (b) Calculated electric field with respect to [EMIM]+ orientation on 

Ag(111). The electric field is calculated in the xy plane intersecting the C2 atom of [EMIM]+ 



(highlighted in orange) as the gradient of the electrostatic potential in the z-direction normal to the 

Ag(111) surface. (c) CVs of 0.1 M [EMIM][BF4] (black; solid) under N2 and CO2 and 0.1 M 

[TEA][BF4] (gray; dotted) under CO2 on Ag electrode in acetonitrile with 100 mV s-1 scan rate. 

(d) Schematics of IL-mediated CO2RR: the formation of CO2•– and its interaction with [EMIM]+ 

to form EMIM-H–COO complex. Atom color code: Ag=gray, C=dark gray, N=blue, H=white, and 

O=red. 

Experimentally, the cyclic voltammetry (CV) curves for the nonaqueous electrolyte of 

[EMIM][BF4] in acetonitrile in comparison to the ‘control’ electrolyte with a quaternary 

ammonium salt ([TEA][BF4]), incapable of orientational electric field effects, are shown in Figure 

1c. Notably, the presence of [EMIM]+ reduces the onset potential of CO2RR compared to [TEA]+ 

(from -2.15 to -1.98 V vs. Ag/Ag+). The absence of faradaic current with 0.1 M IL under N2 within 

the potential window where CO2RR is observed indicates that the first electron transfer is to CO2, 

forming the radical anion (CO2•– ). Further, the observed onset potential when [EMIM]+ is present 

closely correlates to that of the potential at which -COO peak of EMIM-H-COO at 1610 cm-1 starts 

to emerge in SERS (-1.9 V vs. Ag/Ag+ in Figure 1a), right after reorientation of [EMIM]+ at -1.8 

V vs. Ag/Ag+.  

These observations bring up the question of how CO2 binds to [EMIM]+ given that CO2 

absorption by bulk imidazolium ILs with [BF4] anion is typically described as a physisorption 

process.51, 52 Because the C2 atom of [EMIM]+ is highly electrophilic due to its lower electron 

density and proximity to positively charged nitrogen atoms, it can potentially interact with CO2•–

.53 To further investigate the possible interactions between [EMIM]+ and CO2 on the electrode 

surface were analyzed using DFT calculations. We considered different configurations of CO2 

relative to [EMIM]+ on the Ag(111) surface (Figure S2). The calculations show that CO2 only 



binds to the C2 atom of [EMIM]+ when CO2 is confined between the [EMIM]+ ring plane and the 

electrode surface. As shown by the SERS measurements in Figure 1a, this parallel configuration 

of [EMIM]+ to the surface is observed at negative potentials followed with the onset of CO2 

reduction as observed from the appearance of asymmetric stretching peak of -COO moiety at 1610 

cm-1 and cyclic voltammogram. Therefore, it is concluded that the formation of the adduct between 

[EMIM]+ and CO2 is a consequence of the interactions between the cation layer near surface and 

the newly formed radical anion.  

In early days of IL-mediated CO2RR, it was hypothesized that the mechanistic origin of 

the experimentally observed decrease in the CO2RR overpotential involved the formation of CO2-

imidazolium intermediate complexes. However, it has also been reported that this adduct is 

electrochemically inactive.29 Furthermore, when the C2 position is blocked by substituents such as 

methyl and phenyl, this adduct cannot be formed. Yet, similar early onset potentials (lower 

overpotentials) with different current responses in CO2RR were reported even when the C2 position 

is blocked by substituents.38, 54 This reiterates the underlying mechanism of reduced overpotentials 

for CO2RR not to be due to the adduct formation as claimed initially in literature. Here, our 

assertion from the combined SERS, DFT, and CV analysis, is that the catalytic effect is related to 

enhancement of local electric fields due to voltage-dependent reorientation of [EMIM]+. When 

CO2 is situated between the electrode surface and the IL cations it experiences this large electric 

field, facilitating the initial rate-limiting electron transfer step at more positive potentials than in 

the absence of IL cations. Because we attribute changes in the CO2RR onset potential with the 

interfacial field formed between the electrode and IL cation, we expect CO2RR catalysis to be 

influenced by the electrode material and the IL cation. As the ILs are known to form unique double 

layer structures13 and specific ion adsorption55 in some cases, their synergy with the electrode 



material determines the potential of zero charge56 and hence the extent of charge screening to 

develop the electric field. Different onset potentials for CO2RR on different electrode materials, 

as previously shown by Tanner et al.,57 are expected due to the changes in electric field effects and 

PZC. Therefore, it is concluded that when CO2 is confined between [EMIM]+ and the Ag surface, 

as shown in Figure 1d, it is primed to accept its first electron, transitioning into a radical anion at 

lower overpotentials due to local electric field enhancement as observed in Figure 1b.   

 
Utilization of C2-position during CO2RR and the effect of water 

With clarification of the first electron transfer reaction mechanism, the focus now shifts to 

unraveling the subsequent stages of the CO2RR on Ag. As the CO2RR product on Ag is exclusively 

CO with the anhydrous electrolyte studied, it becomes imperative to elucidate the fate of CO2 

bound to [EMIM]+ following the first electron transfer at the interface. This transition from the 

initial electron transfer to the subsequent formation of CO marks distinct intermediary stages in 

the reaction pathway. DFT calculations were performed to analyze the thermodynamics and 

kinetics of elementary steps involved in forming key reaction intermediates. We used the 

computational hydrogen electrode model58  to calculate potential-dependent reaction free energies 

for proton-coupled electron transfer steps. We note that such an analysis precludes the calculation 

of reaction free energies for electron transfer processes that do not involve coupling to a 

stoichiometric number of protons (further discussion in the SI), such as the initial electron transfer 

to CO2 to form the radical anion and the EMIM-H–COO adduct. Therefore, this initial step is not 

depicted here. Possible intermediates following EMIM-H–COO formation that were examined are 

shown in Figure 2, along with their corresponding free energies. Starting from the formed adduct, 

the reactions analyzed in Figure 2 have been proposed in the past; however, most of the literature 

suggests that the initial electron transfer is to the imidazolium, such as in the study by Wang et 



al.59 Recently, Neyrizi et al.22 proposed that the initial electron transfer is to CO2 as we also 

concluded from the combined in-situ spectro-electrochemistry and computational analysis. Here, 

the unique perspective is the examination of hydrogen bonding effects on the reaction steps and 

energetics subsequent to EMIM-H–COO formation. 

 

 

Figure 2. Periodic DFT calculations of the free energy profiles of possible reaction intermediates 

in [EMIM]+ mediated CO2 reduction on Ag(111). The calculations suggest a preferred pathway 

where proton-coupled electron transfer to EMIM-COOH forms EMIM-CO and releases H2O 

(intermediate 3a), followed by dissociation to form co-adsorbed EMIM and CO (intermediate 4). 
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Dissociation of EMIM-COOH on the surface (intermediate 3b) is less thermodynamically 

favorable.  

The DFT calculations shown in Figure 2 indicate that the more favored route from 1 to 2 

(EMIM-COOH) is the hydrogen transfer from C2-H to the oxygen of -COO- moiety to form 

EMIM-COOH. This process is energetically favorable in comparison to the hydrogen transfer from 

C2-H to carbon to form EMIM-HCOO (energetic comparison in Figure S4). Charge density 

difference analysis with DFT shows that oxygen atoms of CO2 adopt a more negative charge upon 

EMIM-H–COO adduct formation (Figure S3). Similar analyses were previously used to examine 

charge redistribution upon redox reactions and bond formation in homogeneous CO2 catalysis.60  

Electron density accumulates near the oxygen atoms of EMIM-H–COO in this analysis because 

oxygen is more electronegative than carbon. This charge distribution helps to explain why, in 

comparison to EMIM-HCOO formation, EMIM-COOH formation is more energetically favorable 

and exhibits a lower activation barrier.   

Proceeding the formation of EMIM-COOH, we considered two possible pathways where 

the first pathway (black) involves a proton-coupled electron transfer step. This proton-coupled 

electron transfer step liberates a water molecule and forms EMIM-CO (3a). In the subsequent step, 

the complex dissociates to form co-adsorbed EMIM* carbene and CO* species (4). Because CO 

binds weakly to Ag, 61, 62 it can subsequently desorb as the gaseous product. The adsorbed carbene 

in 4 can either remain on the surface, thus possibly blocking an active site, or may react with 

physisorbed CO2 or water. Conversely, the second pathway (red) posits a dissociation reaction 

where -COOH moiety detaches from imidazolium ring (3b). The hydroxyl group (-OH) lone pair 

on the adsorbed -COOH proceeds to react with a free proton available to form water and neutral 

CO (4). Since the energetic barriers are higher going from 2 to 3b than the pathway via 3a, it is 



hypothesized that the reaction follows the first (black) pathway outlined in Figure 2, with a rate-

limiting step being the first electron transfer to CO2.  

The reaction mechanisms considered in Figure 2 both require proton transfer from a proton 

donor, which can impact CO2RR catalysis and overall CO2 utilization. The two possible proton 

donors are either [EMIM]+ or the trace amounts of water in the electrolyte. If [EMIM]+ is the 

proton donor, the overall reduction reaction with CO2 to CO will release two carbene species which 

then can react with other available CO2 molecules to form carboxylate, [EMIM-COO]. When 

EMIM-COO carboxylate adducts forms, it is widely accepted that these adducts cannot be further 

reduced and stay inactive for electrochemical cycle. This results in the reduction of the utilization 

of available CO2.29,63 Therefore, suppressing the formation of EMIM-COO in non-aqueous system 

is necessary, as discussed later. If H2O is the proton donor (i.e., H2O + e- à *H + OH-), the 

interfacial pH will increase due to generation of OH– during the reaction. It is well understood that 

high interfacial pH during CO2RR in nonaqueous IL electrolytes is associated with (bi)carbonate 

formation on the electrolyte surface, which has deleterious effects on catalysis.25 

To investigate the source of protons in the reaction mechanism, experimental 

measurements were taken to probe water’s potential role as a proton donor. We measured Faradaic 

current related to water reduction to probe whether water is the source of free protons in the 

reaction. Therefore, the Faradaic current due to hydrogen evolution (0 to 1 M H2O) under N2 was 

examined by differential pulse voltammetry (DPV) (Figure 3a), which isolates the Faradaic 

current from the double-layer charging effects. DPV findings demonstrate minimal water 

reduction activity for 0.1 M IL in acetonitrile within the same potential range as the CO2RR when 

the H2O concentration is less than 1.0 M. The lack of Faradaic current related to water is further 

supported by post-electrolysis NMR results (Figure S5), where no spectral changes in [EMIM]+ 



and water peaks were observed with 0.1 M and 0.3 M H2O after electrolysis for 2 hours at -2.1 V 

vs. Ag/Ag+. However, when the water content increased to 1.0 M, the onset potential for water 

reduction shifts anodically and the Faradaic current increases. These are results are consistent with 

the study by Guo et al.25 which suggests [EMIM]+ to be the proton source for CO formation on Ag 

in [EMIM][BF4]/acetonitrile electrolyte. They report a consistent Tafel slope between 185 – 179 

mV/dec for CO with 0.04 – 0.6 M water content and further increment of water to 1.09 M caused 

the Tafel slope to drop to 132 mV/dec. They attribute this change in Tafel slope to the contribution 

of water as a proton source along with [EMIM]+, as evidenced here through DPV. Additional DFT 

calculations (Figure S6) show that the reaction energies and activation energies for [EMIM]+ 

dissociation on Ag(111) are significantly lower than for H2O dissociation, also suggesting that 

proton transfer from [EMIM]+ is feasible. 



 

Figure 3. (a) DPV data confirming limited water reduction activity in the CO2RR potential 

window, (b) CVs showcasing the impact of water on CO2RR and the resultant shift in onset 

potential, (c) Faradaic efficiencies of electrolytes containing different HBDs after 2 hours of 

constant potential electrolysis at -2.1 V vs. Ag/Ag+ on Ag electrode. (d) Mole percentages of 

[EMIM]+ and EMIM-COO after electrolysis as quantified by 1H NMR. (e) Difference in reaction 

free energies for the EMIM-H–COO formation step with and without water as HBD (blue and 



black lines, respectively). The calculated ∆∆𝐺 = -0.15 eV indicates that the EMIM-H-COO is 

stabilized in the presence of water.  

Under CO2, the water addition to the electrolyte shifts the onset potential for CO2RR from 

-1.92 V to -1.74 V vs. Ag/Ag+ as seen in CV curves in Figure 3b. Constant potential electrolysis 

experiments were also performed at -2.1 V vs. Ag/Ag+ for 2 hours (Figure S7), where a faradaic 

efficiency greater than 95% for CO was obtained. While H2 evolution activity up to 0.5 M water 

concentration remains minimal, consistent with DPV results, increasing water concentration to 1.0 

M boosts H2 evolution faradaic efficiency to 35%. The observed Faradaic activity patterns via 

DPV and CV, particularly the efficiencies towards CO and H2 (Figure 3c) confirm the hypothesis 

that water functions primarily as an HBD rather than a source of free protons in the electrolyte up 

to 0.5 M. Instead, these data suggest that [EMIM]+ is the dominant source of protons and that the 

overall reaction stoichiometry follows that in eq. (1).  

3 CO2 + 2 [EMIM]+ + 2 e- à CO + 2 EMIM-COO + H2O                                   (1) 

Furthermore, NMR analysis post electrolysis reveal that 78% of the initial [EMIM] content 

is preserved without any added water as seen in Figure 3d, while the rest is converted to the 

inactive EMIM-COO adduct (recall eqn. 1). As the water content is increased, a larger fraction of 

the [EMIM]+ cations are preserved as active components. DFT calculations (Figure S8) suggest a 

kinetically facile reaction between the carbene and H2O to regenerate EMIM+, which can proceed 

with a low 0.2 eV barrier. This reaction can be observed in the broadening of water peak in post-

electrolysis NMR results, indicating H2O to OH conversion (Figure S9). Therefore, although water 

is not electrochemically reduced, it can chemically react with carbene to regenerate the cation, 

[EMIM]+. The suppression of inactive EMIM-COO and the regeneration of the [EMIM]+ cation 

in the presence of water contribute to the enhanced catalytic activity and CO2 utilization, compared 



to the electrolytes without water. Beyond the deprotonation, there is no further degradation of 

[EMIM]+ that could be detected from NMR (Figure S9) and that the source of CO is from CO2 as 

confirmed by GC analysis of electrolysis under N2 where no CO was detected (Figure S10). 

To quantify the role of water as an HBD on electron transfer to CO2 and EMIM-H-COO 

adduct formation, we used periodic DFT to calculate the reaction free energies ΔG for adduct 

formation in the presence and absence of hydrogen bonds to a single H2O molecule as an HBD. 

The reaction free energies are defined as: 

∆𝐺!/	$!%	 = $𝐺&'(')$)*%% − (𝐺&'(' + 𝜇*%! + 𝜇+)*!/	$!%                                  (2) 

∆𝐺!/,	$!%	 = $𝐺&'(')$)*%% − (𝐺&'(' + 𝜇*%! + 𝜇+)*!/,	$!%                                  (3) 

In equations 2 and 3, GEMIM-H-COO is the free energy of adsorbed EMIM-H-COO on the Ag(111) 

surface, GEMIM is the free energy of the adsorbed EMIM+ cation on the Ag(111) surface, 𝜇*%! is 

the chemical potential of gas-phase CO2, and μe is the chemical potential of an electron. The 

subscripts “w/ H2O” and “w/o H2O” indicate that GEMIM-H-COO and GEMIM are computed in the 

presence and absence of a single H2O molecule, respectively. Because we aim to identify the effect 

of the HBD on the free energy, we calculate a difference between the two ΔG’s using the following 

equation. 

ΔΔ𝐺 = Δ𝐺!/	$!% − Δ𝐺!/,	$!%   

									= [𝐺&'(')$)*%% − 𝐺&'(']-	./0 − [𝐺&'(')$)*%% − 𝐺&'(']!/,	$!%	                               (4) 

Note that in this analysis, the CO2 and electron reference states cancel. This analysis is depicted in 

Figure 3e, which the calculated ΔΔG calculated for the first electron transfer to CO2 followed by 

the spontaneous nucleophilic interaction with the [EMIM]+ layer in the absence and presence of 

hydrogen bonds with a single H2O molecule. Our DFT calculations give a ΔΔG of -0.15 eV, which 

indicates that the EMIM-H-COO is stabilized when hydrogen bonding with a single H2O molecule. 



This result shows that HBDs such as water can decrease the ΔG for the first step of CO2RR, which 

is expected to reduce overall overpotentials.  

We note that the computational model shown in Figure 3e is a simplified model of the 

interfacial reaction because it does not include a full description of [EMIM][BF4] /acetonitrile 

electrolyte at the interface. A fully atomistic model of the non-aqueous IL electrolyte would be 

highly sensitive to initial configurations and is not trivial to capture with sufficient accuracy using 

standard continuum solvation models. An extensive analysis of the solvation effects would require 

sampling with molecular dynamics. While the exclusion of solvation effects is expected to affect 

absolute values of calculated reaction free energies, we note that the DFT calculations herein are 

focused on modeling chemical reactions involving the desolvated [EMIM]+ at the electrode 

surface. Thus, we expect these calculations to provide reliable trends between the systems with 

and without HBDs. The trend in Figure 3e is instead meant to provide a qualitative description of 

the effects that HBDs such as water may play during catalysis, rather than a quantitative prediction 

of changes in overpotential with HBDs. It is important to highlight that the role of water as an 

HBD extends to later stages in the reaction scheme, including the formation of EMIM-COOH from 

the EMIM-H-COO adduct (Figure S11). The decrease in energetics necessary for EMIM-COOH 

formation step aligns with the findings of Braunschweig et al. 35 where the onset potential for 

EMIM-COOH formation closely correlated with the water content, without water being consumed 

in the process. Furthermore, DFT calculations in Figure S11 also show the effect of HBD on 

CO2RR energetics for the high energy pathway following EMIM-COOH formation (i.e., pathway 

3b shown in Figure 2). Across the four reaction steps examined, the ΔG and activation energy for 

each step decreases when water is present as HBD. 



 The considerable decrease in energy requirements, alongside the overall stabilization of 

intermediate stages, emphasizes the crucial role played by hydrogen bonding networks. This 

observation holds particular significance given the diverse compositions and water concentrations 

utilized in electrolytes across the literature, leading to varied mechanistic interpretations. The 

results depicted in Figure 3 underscore the importance of electrolyte composition in modulating 

catalytic activity.   

Modulating hydrogen bonding network controls the onset potential of CO2RR 

As the ability of an electrolyte to engage in hydrogen bonding can profoundly influence CO2RR, 

a systematic set of HBDs were examined to understand the mechanistic role of the HBD as a 

function of its hydrogen bonding strength. The HBDs presented in Figure 4a represent structural 

variations inspired from water, encompassing variations in alkyl chain length and the number of -

OH functional groups. Among the single-functional donors, the addition of 0.1 M ethanol to the 

0.1 M IL in acetonitrile demonstrates a greater shift in onset potential compared to 0.1 M methanol 

(DEonset is 80 mV for ethanol and 50 mV for methanol), as illustrated in the CVs presented in 

Figure 4b. Notably, these shifts surpass those observed with the addition of 0.1 M water (DEonset 

= 40 mV). Similarly, 0.1 M ethylene glycol (EG) induces a greater shift than its longer counterpart, 

0.1 M propylene glycol (PG) (140  and 110 mV for EG and PG, respectively). Lastly, glycerol 

(Gly) with its three -OH functional groups, demonstrates the greatest positive shift in onset 

potential, by 160 mV. The enhancement in onset potential is attributed to the higher number of -

OH functionalities in the HBD structure. 

The polar characteristics of an electrolyte can indicate its ability to donate or accept 

hydrogen bonds and generate dipole moments under the influence of an external electric field, 

thereby resulting in dipole-dipole interactions. To discern the primary interactions responsible for 



shifting the onset potential of CO2 reduction, Kamlet-Taft parameters were calculated (Table S2) 

using two distinct dyes (Betaine Dye 30 and DENA) with UV-Vis spectroscopy (Figure S12). 

These parameters offer insights into the bulk properties of electrolytes, including the polarizability 

(π*) – a measure of dipole interactions, and the hydrogen bond acidity (a) – a measure of hydrogen 

bonding ability (Figure 4c). This analysis demonstrates that while polarizability (black curve) 

remains consistent with the addition of HBDs into 0.1 M IL in acetonitrile, the propensity for 

hydrogen bond formation (red curve) gradually increases upon the introduction of water, ethylene 

glycol and glycerol.  

To further investigate the effect of hydrogen bonding network at the electrode-electrolyte 

interface, 1 mM anthraquinone (AQ) was employed under N2 atmosphere as UV-Vis spectroscopy 

revealed no detectable change in bulk electrolyte characteristics upon CO2 saturation (Figure S12). 

Quinones undergo a two-step reduction (Q à Q•- à Q-2), with the second reduction step being 

sensitive to the hydrogen bonding network in the electrolyte64, 65 (Figure S13).  

Insights into the hydrogen bonding network at the interface can be gleaned by probing the 

interface with AQ, which also produces radical anions during the reduction process, and parallels 

to the CO2RR can be drawn. Figure 4d illustrates the shift in the second reduction peak of AQ 

upon the addition of different HBDs to 0.1 M IL in acetonitrile. As the water content increases, 

the second reduction peak undergoes a progressive shift from -1.62 V vs. Ag/Ag+ for the solution 

containing only 0.1 M IL in acetonitrile to -1.30 V vs. Ag/Ag+ with the addition of 1.0 M water. 

Notably, the introduction of 0.1 M EG to the electrolyte causes the second reduction peak of AQ 

to shift to -1.38 V vs. Ag/Ag+, while the addition of 0.1 M Gly further shifts the peak to -1.29 V 

vs. Ag/Ag+.  

 



 

Figure 4. (a) Structures of HBDs examined; (b) CVs of electrolytes with 0.1 M HBD additions to 

IL/acetonitrile on Ag with 100 mV s-1 scan rate ; (c) Kamlet-Taft parameters calculated via UV-

Vis spectroscopy, (d) The change in second reduction peak of anthraquinone upon additions HBDs, 

(e) Faradaic efficiencies of electrolytes containing different HBDs after 2 hours of constant 
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potential electrolysis at -2.1 V vs. Ag/Ag+ on Ag electrode. (f) Mol percentages of [EMIM]+ and 

carboxylate after electrolysis. 

The investigation into the local hydrogen bonding network at the interface using transient 

voltammetry with AQ, along with the analysis of the properties of electrolytes using UV-Vis 

spectroscopy, provides compelling evidence for the enhanced hydrogen bonding capability of the 

microenvironment for CO2RR. As a result, the observed shift in the onset potential of CO2RR can 

be attributed to the strengthening of the hydrogen bonding network facilitated by the addition of 

HBDs, which remain electrochemically stable within the operational electrochemical window of 

CO2RR (Figure S14). It should be noted that the presence of water previously reported to facilitate 

the structural changes of Im-based cations at earlier potentials at the interface by lubricating the 

IL layers. 66 Even though the shift observed is attributed to the strengthening of hydrogen bonding 

network in the light of above-mentioned investigations, the influence of alcohols on the re-

orientation of Im-ring and the local solvation environment on the electrode surface warrants further 

investigation to understand the interplay between hydrogen bonding interactions and the 

orientational behavior of the cation at the electrode surface.  

Finally, constant potential electrolysis experiments conducted at -2.1 V vs. Ag/Ag+ 

reaffirm a faradaic efficiency exceeding 95% for CO as seen in Figure 4e (see chronoamperometry 

curves in Figure S15). Intriguingly, the presence of 0.1 M EG and Gly leads to a more effective 

suppression of EMIM-COO formation (82 % and 86%, respectively) compared to 0.1 M water (73 

%), as depicted in Figure 4f. Post-electrolysis NMR analysis (Figure S16) indicates no alteration 

in the HBD structures. Taken together, the cyclic voltammetry (Figure S14) and post-electrolysis 

NMR data (Figure S16) indicate that EG and Gly are stable against decomposition within the 

potential window of CO2 reduction. Thus, the H2 activity shown in Figure 4e (mostly observed 



towards the end of electrolysis period within 2 hours) is attributed to residual and in-situ produced 

water reduction. 

 

CONCLUSION 

This study demonstrates the electric field and hydrogen bonding effects in IL-mediated CO2RR. 

Voltage-dependent orientation of [EMIM]+ is shown to induce electric field effects where  the CO2 

confined between the imidazolium ring and the electrode surface gets stabilized to receive the first 

electron transfer in CO2RR. Proceeding this step involves proton mobilization from [EMIM]+ as 

demonstrated by transient voltammetry and DFT calculations. The following steps involve the 

formation of EMIM-COOH that ultimately yields CO and carbene. The carbene specie can further 

form EMIM-COO, thus reducing CO2 utilization. Water, often considered as a proton source, was 

found to function as an HBD instead, up to a critical concentration. Furthermore, CO2RR steps are 

shown to be sensitive to the hydrogen bonding network at the interface. The augmentation of the 

hydrogen bonding network through the addition of alcohols as HBDs suppresses the inactive 

EMIM-COO formation more effectively compared to water and increases the catalytic activity. 

This new understanding on the role of HBDs provides a new aspect to tune electrocatalytic 

reactions in non-aqueous electrolytes, especially in the case of capture and conversion of CO2.  
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