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Abstract

Interfacial microenvironments critically define reaction pathways for electrocatalytic processes through
a combination of electric field gradients and proton activity. Non-aqueous ionic liquid electrolytes have
been shown to sustain enhanced interfacial electric field gradients at intermediate ion concentration regimes
of around 1 M, creating local environments that promote CO, electroreduction. Notably, water at low
concentrations absorbed by non-aqueous electrolytes is usually assumed to be the proton donor for CO»
reduction. Consumption of protons causes proton donors to become more negative by one unit charge,
which significantly modifies the local concentration of charged species and hence should strongly impact
local electric fields. Yet, how the coupling between proton donation and changing interfacial electric fields
influences electrocatalytic processes in non-aqueous electrolytes remains largely unexplored. In this work,
we show that the high activity of 1,3-dialkylimidazolium ionic liquids for CO; reduction in acetonitrile-
based electrolytes stems from the ability to act as cationic proton donors that release neutral conjugate bases.
Using in situ electrochemical surface-enhanced Raman spectroscopy, we find that the formation of neutral
conjugate bases from imidazolium cations preserves local electric field strengths at electrode-electrolyte
interfaces, providing a powerful strategy to maintain an active local microenvironment for CO, reduction.
In contrast, conditions where water behaves as the primary proton donor generates [OH] anions as negative
“co-ions” in the electric double layer, which weakens the interfacial electric field and significantly
compromises the steady-state CO; reduction activity. Our study highlights that electrochemical driving
forces are highly sensitive to the charge state of both reactant and product species and highlights the fact

that the generation of interfacial co-ions plays a key role in determining electrochemical driving forces.


mailto:gebbie@wisc.edu

Introduction

Electrochemical reduction of CO; to chemical fuels has received heightened research interest motivated
by the growing need to mitigate global warming and develop sustainable replacements for fossil fuels in
chemical synthesis. !’ Interfacial microenvironments exhibit distinct properties from bulk electrolytes, and
these local properties, such as altered interfacial ion concentrations, often play defining in controlling
reaction pathways during electrochemical processes. In recent years, growing research efforts have focused
on understanding and tuning interfacial microenvironments through electrolyte engineering. ° For example,
local concentration of cations at electrode-electrolyte interface was shown to increase at higher electrolyte
alkalinity and more negative applied potential, which consequentially modifies interfacial electric field,
adsorption energy of key intermediates, and eventually the rate and selectivity of electrochemical reactions

such as hydrogen evolution and CO; reduction. '*-13

Most studies of CO; electroreduction focus on the reduction of CO> in aqueous electrolytes due to the
accessibility and environmentally benign nature of water. '*!7 Further, water acts as a proton donor that is
necessary for proton-coupled electron transfers in electrochemical reduction of CO,, including the two-
electron reduction of CO, to CO. However, the competing hydrogen evolution reaction in aqueous systems

often compromises the selectivity towards CO, reduction.

One strategy to enhance the efficiency of CO; electroreduction is to circumvent hydrogen evolution by
conducting CO; electroreduction in non-aqueous systems. '3-2* Tonic liquids are especially promising salts
for CO, electroreduction, as ionic liquids can facilitate especially high rates of selective CO;
electroreduction at record low overpotentials in both aqueous and non-aqueous electrolytes. 2*2° ITonic
liquids are salts composed of organic cations and either inorganic or organic anions, which provide a wide
parameter space of possible properties that can be designed to study and control electrochemical processes.
3035 Further, ionic liquids have high electrochemical stability and provide ionic conductivity to organic

36,37

solvents, eliminating the need to include additional salt species to mitigate solution resistance.

One of the most widely studied categories of ionic liquids in electrochemical CO; reduction is ionic
liquids with imidazolium-derived cations. *** Since the first report of using a 1,3-diakylimidazolium ionic
liquid for CO; reduction to CO with unprecedently low overpotential, ** tremendous discussions were
invoked to understand how imidazolium cations accelerate CO, reduction. Early studies proposed that
imidazolium species acted as co-catalysts by being first reduced to carbenes, which coordinate with CO; to
form imidazolium-CO; adducts that were believed to be more readily reduced to CO. **** However, more
recent studies suggest that higher reactivity of CO, reduction can be achieved using trialkylimidazolium
cations such as 1-ethyl-2,3-dimethylimidazolium whose C2 position is blocked to prevent the formation of

carbenes and adducts. 2#% These studies were interpreted as suggesting that imidazolium-CO, adducts are
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inactive side products from CO, reduction, and the function of imidazolium cations was interpreted as the

stabilization of intermediate CO," radicals by imidazolium cations via non-covalent interactions.

While improved understanding of the interaction between individual imidazolium cations and CO set
up the foundation to optimize electrolytes composed of imidazolium-based cations for CO; reduction,
recent studies showed that collective, multi-ion correlations between clusters of cations and anions provide
additional dimensions to tune the reactivity of CO; reduction in ionic liquid electrolytes. Specifically, our
group previously demonstrated that the reactivity and selectivity of CO, reduction to CO in 1-ethyl-3-
methylimidazolium tetrafluoroborate ([EMIm][BF])-acetonitrile electrolytes were drastically enhanced at
intermediate concentrations of [EMIm][BF4] at around 1 M due to enhanced screening and larger interfacial

electric field in electric double layers, which stabilizes charged CO," intermediates.

Notably, the 1-ethyl-2,3-dimethylimidazolium ([EMMIm][BF4]) ionic liquid, which was reported to
exhibit higher reactivity for CO; reduction than [EMIm][BF4] at low concentrations and low applied
overpotentials, failed to maintain high reactivity at intermediate concentrations during steady-state
electrolysis. This was found to originate from the formation of high interfacial concentrations of negative
(bi)carbonate co-ions during CO, reduction when using the intrinsic moisture (water) as the proton source,

which releases [OH] that combines with CO; to form (bi)carbonates.

Importantly, the rapid buildup of (bi)carbonates leads to nucleation and growth of [EMMIm][HCOs3]
crystals that passivate the surface of electrode. ** Similar electrode deactivation due to (bi)carbonate buildup
is also frequently reported in CO, electroreduction using inorganic salt electrolytes. “*4” Together, these
observations suggest that negative co-ions generated due to proton donation during CO; reduction and their
correlations with cations greatly impact the overall performance of electrolytes, an aspect that is often
overlooked. More importantly, the absence of similar surface passivation by bi(carbonate) generation in
[EMIm][BF4]-based electrolytes strongly suggests that a gap exists in the understanding of roles played by
dialkylimidazolium cations with C2 protons (C2-H) in maintaining the activity of electrode-electrolyte

interfaces in non-aqueous electrolytes.

In this work, we study CO; electrochemical reduction in 0.7 M [EMIm][BF4]-acetonitrile electrolytes
with varied water concentrations as a model. We evaluate how imidazolium cations with C2-H influence
CO; reduction by simultaneously donating protons to CO, in proton-coupled electron transfers and
mitigating the formation of surface-passivating co-ions [OH]/[HCO;] by forming [EMIm-CO:] adducts.
We first demonstrate the role of [EMIm]" as a proton donor by using kinetic isotope effect studies to show
a decrease in CO; reduction rate in [EMIm][BF4]-acetonitrile electrolytes when the C2 position of the
imidazolium ring is deuterated ([D-EMIm]"). We then compare the short-term kinetics and long-term

steady-state activity of CO, reduction when either [EMIm]" or water acts as primary proton donors. By
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observing the faster short-term kinetics but lower long-term CO, reduction activity when water becomes
the dominating proton donor, we highlight the advantage of sourcing protons from positive donors such as

imidazolium cations and releasing neutral conjugate base such as [EMIm-COs] in CO; reduction.

Ultimately, we find that while [EMIm-CO>] does not directly facilitate the reduction of CO,, sourcing
protons from cationic species maintains strong interfacial electric field gradients and prevents the
undesirable interaction between unreacted [EMIm]* and anionic co-ions that would occur when a neutral
proton donor such as water is adopted. Both effects provide a local interfacial microenvironment favorable
to CO; electroreduction. Taken together, our new understandings of the dual function of imidazolium
cations in electrochemical CO; reduction provides critical insights into the design and optimization of

organic electrolytes for carbon upgrading operated at high current densities.
Results and Discussion
Imidazolium acts as a proton donor in CO; reduction.

The role played by the C2 position of imidazolium cations in electrochemical CO; reduction is under
active discussion. ***! Imidazolium cations are known to form moderately stable N-heterocyclic carbenes
(NHCs) that catalyze a wide range of inorganic and organic reactions by forming coordinating complexes.
4849 Hence, discussions on the mechanism behind imidazolium-catalyzed electrochemical CO» reduction
often focus on the possible coordination of imidazolium NHCs to CO, molecules and the formation of
imidazolium-COO as an active intermediate. '°%>! Yet, in many cases, the fate of C2-Hs and how they are

involved in the overall reaction path is often overlooked.

Proton donors are increasingly emphasized as playing critical roles in facilitating and defining
mechanisms of low overpotential electrochemical CO» reduction through proton-coupled electron transfers.
215255 Prior studies of electrochemical CO» reduction in non-aqueous electrolytes usually attributed the
proton donors to either trace amount of impurity water or water manually added to the electrolyte. 214331

The overall reaction equation is assumed as:

CO, + H,0 + 2¢ — CO + 20H- (Eq. 1)

Yet, we measured changes in water concentration following steady-state [EMIm][BF4]-facilitated
electrochemical CO; reduction and found that instead of being consumed, water was generated during
electrolysis (Table S1). Our findings are consistent with our prior work that also observed electrochemical
generation of water during ionic liquid-mediated CO; electroreduction in acetonitrile electrolytes with trace
water content. ** This observation indicates that protons involved in CO> reduction are from alternative
donors in the electrolytes, such as imidazolium cations, and water was released as a side product. While the

C2-H of imidazolium cations possess a low acidity and is generally not considered an efficient proton donor
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in CO; reduction, we found that fast deuteration of [EMIm]* at the C2 position in D>O occurred under
weakly alkaline condition (pD 8), indicating that C2-H undergoes rapid proton exchange with surrounding
water in the presence of nucleophiles such as [OH] or even CO,™ (Fig. S1). Therefore, we propose that
imidazolium cations with exposed C2-H (i.e., no alkylation at C2 position) readily act as proton donors of

electrochemical CO; reduction by donating the C2-H, particularly in cathodic interfacial environments.

To further understand how the C2-H of imidazolium cations is involved in CO; reduction, we analyzed
how the kinetics of CO; reduction in an [EMIm]BF4]-acetonitrile electrolyte changed when the C2-H of
[EMIm]" was deuterated ([D-EMIm][BF4], Fig. S2). Noticing that the D,O-based deuteration and
purification procedures may also impact the activity of [EMIm][BF4], we treated [EMIm][BF4] through
same procedures but using regular water for a more rigorous comparison (denoted as [H-EMIm][BF4] to
separate from untreated [EMIm][BF4]). We compared the performance of electrochemical CO> reduction
in 0.7 M [H-EMIm][BF4] and [D-EMIm][BF4] in acetonitrile. A polycrystalline Ag (pc-Ag) disk electrode
that is known to have high selectivity of CO in CO, reduction was used as the working electrode, providing
a platform for model study. The concentration was set to 0.7 M as this concentration resided in the
intermediate concentration regime, which can enhance reactivity by achieving stronger screening at the

electrode-electrolyte interface.

Linear sweep voltammetry of CO, reduction in [H-EMIm][BF4] and [D-EMIm][BF]-acetonitrile
showed a more cathodic onset potential of [D-EMIm][BF4] (Fig. 1A). During steady-state
chronoamperometry (CA) electrolysis at -2.20, -2.35 and -2.50 V vs Ag/Ag", the current density of CO»
reduction decreased in [D-EMIm][BF4] electrolyte compared with [H-EMIm][BF4] electrolyte (Fig. 1B),
while both electrolytes showed similar faradaic efficiencies toward CO at all applied potentials tested (Fig.
1B). The lowered faradaic efficiency at -2.20 V vs Ag/Ag" can be attributed to the low total current density
(around 1.0 mA/cm?), which exposed the presence of background electron transfer process that also
occurred under Ar-purging (Fig. S3), most likely the formation of imidazolium carbene and H; at low
kinetics (Fig. S4). Nonetheless, the similar faradaic efficiencies and lower current density of CO, reduction
in [D-EMIm][BF,] electrolyte at -2.35 and -2.50 V vs Ag/Ag" compared with [H-EMIm][BF4] indicated
that the reaction mechanism remained the same in both electrolytes, while the deuteration of C2-H slowed
the reaction kinetics. This kinetic isotope effect (KIE) indicates that deprotonation of C2-H is involved in

the rate-determining step (RDS) of CO; reduction.
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Figure 1. [EMIm]" is a proton donor for CO; electroreduction in [EMIm][BF4]-acetonitrile electrolytes. (A)
Linear sweep voltammetry of 0.7 M [H-EMIm][BF4]-acetonitrile (black) and 0.7 M [D-EMIm][BF4]-
acetonitrile (red) electrolytes saturated with CO; at 0.05 M water (intrinsic water concentration absorbed
by the electrolyte). The [D-EMIm][BF4]-acetonitrile electrolyte shows both a more cathodic onset potential
and a lower overall current density for CO; reduction. (B) Average current density (lines, left axis) and
faradaic efficiency of CO (bars, right axis) of CO; reduction in 0.7 M [H-EMIm][BF]-acetonitrile (black)
and 0.7 M [D-EMIm][BF4]-acetonitrile electrolytes at 0.05SM water. At all applied potentials, [D-
EMIm][BF,] exhibited lower average current density but similar faradaic efficiency to CO compared with
[H-EMIm][BF4], indicating that deuterating C2-H leads to the same mechanism but lower activity, which
confirms C2-H as a proton donor. (C) Proposed proton-coupled electron transfer pathway with [EMIm]" as

the proton donor in CO; reduction.

The donation of C2-H from [EMIm]" to CO; yields unstable imidazolium carbenes as conjugate bases,
which would immediately coordinate to a nearby electrophile, such as protons or dissolved CO, molecules.
The coordination of imidazolium carbenes to protons regenerates [EMIm]*, while the coordination to CO»
generates neutral [EMIm-CO-] adducts as the converted conjugate base. We used 'H nuclear magnetic
resonance (NMR) analysis to confirm that [EMIm-CO,] adducts formed in both [EMIm][BF4] and [D-
EMIm][BF4] electrolytes (Fig. S5). Notably, the ratio between total amount of [EMIm-CO,] and CO formed

was around 1.65 (Table S2), which was close to the theoretical ratio of 2 between the number of proton



donors consumed and the number of CO generated in proton-coupled CO- reduction. We summarize the

pathway of [EMIm]"-mediated CO- reduction in Figure 1C, and the full reaction equation is expressed as:

3CO, + 2[EMIm]* + 2¢” — CO + 2[EMIm-CO;] + H,O (Eq. 2)

Noticing that zwitterionic [EMIm-CO»] is a derivative of conjugate base that does not strongly correlate
with [EMIm]", we hypothesize that sourcing protons from [EMIm]* avoids the excessive formation of [OH]
or [HCOs] and is hence critical for the outstanding performance of imidazolium-based ionic liquids in CO»

reduction.
Kinetic analysis of [EMIm]* and water-mediated CO: reduction.

To further demonstrate the importance of using [EMIm]" as a proton donor, we systematically doped
water into [EMIm][BF4]-acetonitrile electrolytes as an alternative proton donor and analyzed how the
performance of the electrolytes in CO, reduction changes. We anticipate that similar to the reported case of
[EMMIm][BF4], using water as a proton donor will enhance the immediate kinetics but compromise the

steady-state activity during prolonged electrolysis.

We first studied the kinetics of CO; reduction at different water contents using linear sweep voltammetry
(LSV) to justify water can outcompete [EMIm]" as the proton donor in 0.7 M [EMIm][BF.]-acetonitrile
electrolytes. Figure 2A shows that by increasing the water concentration from 0.04 M (the intrinsic humidity
of [EMIm][BFs]-acetonitrile electrolyte) to over 1 M, the onset potential of CO, reduction moved
anodically by about 0.1 V and the overall current density significantly increased. These results indicate that
the immediate kinetics of CO; reduction indeed increased with water content, as water has lower acidity

and is a more facile proton donor compared to [EMIm]*.

Tafel analysis further confirms the identity of dominating proton donors at different water
concentrations (Fig. 2B). Prior studies on CO» reduction on pc-Ag electrodes in aqueous systems with water
as proton donors suggested a theoretical Tafel slope of 118 mV/dec, in which the first proton-coupled
electron transfer step is the RDS with a charge transfer coefficient of 0.5. 3 Decreasing the acidity and
increasing the size of proton donors in non-aqueous systems can result in a charge transfer coefficient
significantly lower than 0.5 and consequentially a Tafel slope much higher than 118 mV/dec for a proton-

coupled electron transfer step. >’
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Figure 2. Kinetic studies of CO, reduction with [EMIm]" and water acting proton donors. (A) Linear sweep
voltammetry of CO, reduction in 0.7 M [EMIm][BF4]-acetonitrile electrolytes doped with different
concentrations of water. The onset potential shifts to less cathodic potentials and the current density grows
higher when the water concentration increases. (B) Tafel plots of CO» reduction in 0.7 M [EMIm][BF4]-
acetonitrile electrolytes at representative water concentrations. When the water concentration increases, the
Tafel slope gradually decreases from over 180 mV/dec to near 118 mV/dec, the theoretical value for proton-

coupled CO; reduction in aqueous electrolytes.

We found that the Tafel slope of CO formation is about 185 mV/dec at 0.04 M water. The linearity of
the slope across a wide potential range suggests that the large slope is unlikely a consequence of mass
transport limit but is rather a result of the chemical properties of the proton donor. Therefore, the large Tafel
slope supports the conclusion that [EMIm]® was the primary proton donor. Increasing the water
concentration from 0.04 M to 1.09 M caused the Tafel slope to gradually drop to 132 mV/dec, which
suggests the emergence of another proton-coupled electron transfer pathway with a higher electron transfer
coefficient, most likely water-mediated CO; reduction with water as the proton donor. Yet, the deviation of
132 mV/dec from both 185 mV/dec for [EMIm]"-mediated CO- reduction and the theoretical value of 118
mV/dec for water-mediated CO, reduction implies that [EMIm]" and water coexist as proton donors under
all cases studied. Meanwhile, the large nonlinearity of the Tafel slope at 1.09 M water under high
overpotentials suggests that the system was subject to mass transport limitations due to the increased
reaction kinetics, which may also exist at lower overpotentials and cause a higher apparent Tafel slope. 3>
Further, the mass transport limitation of water-mediated CO, reduction may also contribute to the Tafel

slope at 0.6 M water (179 mV/dec), which was close to the slope at 0.04 M water despite the participation
of water as proton donors as reflected by LSV results (Fig. 2A).

Influence of proton donors and their conjugate bases on the steady-state reactivity.



We then performed CA experiments to analyze long-term activity of electrolytes doped with different
water concentrations. Figure 3 shows the average steady-state total current densities and faradaic
efficiencies of all products in 0.7 M [EMIm][BF]-acetonitrile electrolytes at -2.20 and -2.35 V vs Ag/Ag"
with designated water concentrations. The range of water concentration and applied potentials are selected
such that no significant degradation of electrolyte and hydrogen evolution occurred according to CV
screening results (Fig. S6). Initial CA current densities averaged over the first 10 seconds increase with
water concentrations (Fig. S7), which is a trend similar to that observed in kinetic studies (Fig. 2 and Fig.
S6). However, we observed a significant drop in current densities over time for electrolytes with higher
water concentrations during prolonged CA studies. Eventually, the average steady-state total current density
and selectivity toward CO, reduction in 0.7 M [EMIm][BF4]-acetonitrile electrolytes monotonically
decreases with increased water concentration at both -2.20 V and -2.35 V vs Ag/Ag", which was opposite
to the dependence of short-term kinetics on water concentrations. We verified that such a decrease was not

due to the passivation of electrode surfaces by salt precipitation.

Figure 3 also shows that higher water concentrations promote the formation of formate and Ho.
Moreover, a time-dependent analysis of product distributions (Fig. S8) showed that the decrease in CO
selectivity and the increase in H» selectivity emerged only in later stage of steady-state electrolysis. Such a
time dependence of overall activity and product selectivity is most likely a result of changes in interfacial

microenvironment caused by side product buildup when water acts as the proton donor.

One main difference brought by switching from [EMIm]* to water as the primary proton donor is the
formation of [OH] instead of carbene as the conjugate base. Therefore, we attribute the decrease of CO»
reduction activity and selectivity at increased water concentration to the accumulation of [OH]™ or [HCOs]
at electrode-electrolyte interface, which is expected to provide a contribution on interfacial electric field
that works against the imposed potential on the electrode driving CO> reduction. Further, the stable CO,
reduction reactivity in electrolytes with low water concentrations strongly indicates that using [EMIm]" as
the sole proton donor possesses an additional advantage in maintaining the activity and selectivity of

electrolytes during long-term electrocatalysis.
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Figure 3. Steady-state CO; reduction in 0.7 M [EMIm][BF]-acetonitrile electrolytes doped with different
concentrations of water. (A) Average total current density (line, left axis) and CO faradaic efficiency (bars,
right axis) at -2.20 V vs Ag/Ag". (B) Average total current density and CO faradaic efficiency at -2.35 V
vs Ag/Ag'. At both applied potentials, the overall current density decreases with increasing water
concentration, indicating that the participation of water-assisted CO, reduction compromises the activity of

electrolytes.

We confirmed the formation and accumulation of [OH] in electrolytes by proton/deuterium (H/D)
exchange of [EMIm]" in an electrolyte with 0.7 M [EMIm][BF4] and 0.6 M D,O during electrolysis. The
preparation of [D-EMIm][BF4] demonstrated that nucleophiles including [OH] can interact with the C2-H
of [EMIm]* and facilitate proton exchange, validating the H/D exchange of [EMIm]" as a qualitative probe
of [OH]". The extent of exchange was quantified by the decrease of C2-H integral in '"H NMR spectra (Fig.
S9). We found that under Ar-purged conditions, [EMIm]" remained almost intact over 60 minutes with an
applied potential up to -2.20 V vs Ag/Ag". In contrast, rapid deuteration of [EMIm]" occurred under CO,-
saturated condition starting from -2.05 V vs Ag/Ag", and the rate of exchange increased at more cathodic

applied potentials.

Nonetheless, the amount of deuterated [EMIm]* (around 1.1 x 10~ mol) was two orders higher than the
number of electrons (around 1.4 x 10~ mol) transferred across the electrode surface, meaning that the H/D
exchange was not a potential-driven process (Fig. S9). Instead, the excessive H/D exchange was an
indication of the formation of a [OH] -rich local environment, confirming the active interaction of [OH]

with [EMIm]" when water-mediated CO> reduction becomes noticeable.
Conjugate bases impact the strength of electric field at interfaces.

Our group has previously explored how the extent of reorientation can act as a qualitative indicator of

the strength of local electric field. ** To further understand how the accumulation of [OH]" is related to the
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drop in CO; reduction reactivity and CO selectivity, we collected in situ electrochemical surface-enhanced
Raman scattering (SERS) spectra on an electrochemically roughened pc-Ag electrode in 0.7 M
[EMIm][BF]-acetonitrile electrolytes with different water concentrations. Figure 4 shows the potential-
dependent spectral change in the ring deformation region (1200 to 1700 cm™) of [EMIm]* in CO,-saturated
electrolytes with water concentrations of 0.02 M, 0.40 M, and 1.11 M.

In the electrolyte with 0.02 M water, a peak at 1344 cm™ appeared and rapidly grew when the applied
potential was decreased from open-circuit potential (-0.7 V vs Ag/Ag") to -2.5 V vs Ag/Ag". Meanwhile, a
slightly weaker peak at 1561 cm™ emerged and the peak at 1417 cm™ diminished when the applied potential
became more negative than -1.5 V vs Ag/Ag". Eventually, only three main peaks at 1561 cm™, 1377 cm™,
and 1344 cm™ were observed at -2.5 V vs Ag/Ag". Since similar spectral changes in peaks at 1561 cm™,
1417 cm™!, and 1344 cm™ were observed in the same electrolyte purged by Ar (Fig. S10), we interpret these
changes as results of the collective reorientation of [EMIm]" driven by electric fields at electrode-electrolyte

interface. 3%

The peak at 1417 cm™ was assigned to in-plane antisymmetric stretching of the imidazolium ring, %6465

A comparison with in situ electrochemical SERS of 0.7 M [D-EMIm][BF4] deuteration (Fig. S11) shows
that at open-circuit potential, besides the red shift of C2-H stretching from over 3000 cm™ to 2329 cm’!,
the peak at 1417 cm! exhibits the most pronounced red shift of 14 cm™ after the deuteration of C2-H, which
further indicates the origination of the 1417 cm™! peak from an in-plane ring stretching mode involving C2.
In contrast, none of three peaks at 1561 cm™, 1417 cm™, and 1344 cm™ observed at negative applied
potentials shows red shift after the deuteration of C2-H, which indicates that none of them corresponds to
in-plane stretching modes involving C2. Since all in-plane stretching modes from the same planar aromatic
molecule are expected to be enhanced or suppressed in a similar manner in SERS, ® the absence of a peak
corresponding to C2-related in-plane stretching also suggests that none of the three peaks originates from

in-plane stretching modes of imidazolium ring.

SERS only enhances vibration modes with polarizability tensors perpendicular to metal surfaces based

on surface selection rules. %7

Therefore, the disappearance of the peak at 1417 cm™ and 2329 ¢cm™ (Fig.
S12), together with the irrelevance of peaks at 1561 cm™, 1417 cm™!, and 1344 cm™! to in-plane stretching
in 0.7 M [D-EMIm][BF4] at negative applied potentials, confirm that [EMIm]* collectively reorients in such
a way that the imidazolium rings become parallel to the electrode surface in response to the interfacial
electric field. Further, the constant spectral features of electrolytes with 0.02 M water over a wide range of
applied potentials reflected that the strong electric field at electrode-electrolyte interface is maintained

during CO» reduction.
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Electrolytes with 0.40 M and 1.11 M water exhibited spectral changes similar to the electrolyte with
0.02 M water when the applied potential was swept from open-circuit potential to -2.1 V vs Ag/Ag" (Fig.
4B). However, the peak at 1417 cm™! recovered back to the open-circuit relative intensity when the applied
potential was further decreased to -2.3 V vs Ag/Ag", indicating the loss of electric field-driven collective
reorientation of [EMIm]'. Notably, the recovery of the peak at 1417 cm™ only occurred under CO,-saturated
conditions but not Ar-purged conditions (Fig. S13), meaning that the disruption of [EMIm]" reorientation

was closely related to the participation of water-mediated CO, reduction.
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Figure 4. In situ surface-enhanced Raman spectroscopy of CO»-saturated 0.7 M [EMIm][BFs]-acetonitrile
electrolyte doped with (A) 0.02 M, (B) 0.40 M, and (C) 1.11 M water in the ring deformation range on a
polycrystalline-Ag electrode. In (A), the relative peak intensity at 1344 cm™ increases and the peak at 1417
cm’!' decreases (green shading) when applied potential sweeps to cathodic direction, indicating the
collective reorientation of [EMIm]" at electrode-electrolyte interface. In (B) and (C), the peak at 1417 cm’
! recovers (red shading) when the applied potential was decreased below -2.1 V, indicating the interruption

of the collective reorientation of [EMIm]" likely due to the generation of anionic [OH]" co-ions.

We interpret that the loss of collective reorientation of [EMIm]' in electrolytes with higher water
concentrations results from the weakening of electric fields at electrode-electrolyte interface. Recent
findings in surface force community show that correlations between cations and anions occur in
concentrated ionic liquid electrolytes, which reduces the net density of “free” ions available to participate

in screening, 30326871

As a result, concentrated ionic liquid electrolytes exhibit larger screening lengths of
charged surfaces and thus a lower interfacial electric field. Our prior study demonstrated that the weakened
electric field in concentrated [EMIm][BF4]-acetonitrile electrolytes resulted in lower reactivity in CO,

reduction.

H/D exchange results (Fig. S9) suggest that anionic co-ion [OH] are formed and accumulated on the

cathode when water acts as the proton donor for CO; reduction. The buildup of [OH]" (or [HCOs3] after
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combining with CO;) within the electric double layer due to ongoing electrolysis leads to a scenario
analogous to concentrated ionic liquid electrolytes, where negative charges associated with these anionic
co-ions counteract the surface potential of the electrode and weaken the electric field immediately adjacent
to the electrode surface. Such a weaker electric field is less effective in stabilizing the key intermediate
COy"™ formed during CO, reduction, resulting in a lower reaction rate (Fig. 5A). In contrast, when [EMIm]*
is acting as the proton donor, the formation of carbene and subsequent [EMIm-COO] adducts avoids the

accumulation of anionic co-ions, maintaining the strong electric field at interface (Fig. 5B).

The weaker interfacial electric field when water acts as the primary proton donor could also account for
the increased selectivity of formate and H, during prolonged electrolysis. CO, reduction pathways leading
to CO and formate have been proposed to proceed via CO;™ intermediates that adsorb on a surface through
C atom (*COO™) and O atom (*OCO™), respectively. > We postulate that the higher electronegativity of
oxygen compared with carbon suggests that *COO™ possesses a dipole that can be better stabilized by
interfacial electric fields on a cathode, leading to selective CO production when a strong electric field exists.
In contrast, when the interfacial electric field is weakened by accumulation of anionic co-ions, stabilization
of *COO™ will be less pronounced compared to *OCO™ with an inverted dipole and adsorbed hydrogen

(*H) that is nonpolar, causing a decrease in the selectivity toward CO and an increase in formate and Ho.

In addition, the loss of collective reorientation of [EMIm]" may also contribute to decreasing CO>
reduction rates. [EMIm]" parallel to the electrode surface could be an orientation necessary for efficient
transfer of C2-H to CO.. Previous kinetic studies indicated that [EMIm]" still participates in proton donation
during CO; reduction through mixed mechanisms even when water concentrations exceeded 1.11 M. As a
result, the loss of parallelly reoriented [EMIm]* in a weaker electric field caused by [OH] or [HCOs]
accumulation would decrease the availability of protons from [EMIm]*, further decreasing the rate of CO,

reduction.

A Net local charge B Net local charge
+

+

Weaker net electric field
and
suppressed proton transfer

Stronger net electric field
and
efficient proton transfer
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Figure 5. Schematics showing how the charge of proton donors and their conjugate bases influence steady-
state CO; reduction activity in [EMIm][BF]-acetonitrile electrolytes by modifying local microenvironment.
(A) Microenvironment with neutral proton donors. Neutral proton donors, such as water, compromise long-
term reaction activity by releasing negative co-ions, which not only weaken local electric field ( E,
represented by sparser field lines) but also suppress interactions between CO, with other proton donors
such as [EMIm]". (B) Microenvironment with cationic proton donors. In contrast, cationic proton donors
release neutral conjugate bases that help maintain a higher local electric field (represented by denser field
lines) and maintain interactions between CO, and unreacted [EMIm]", leading to higher long-term reaction
activity. To more clearly show the structure of [EMIm]" and its interaction with CO,, [EMIm]" is not drawn

in parallel to the electrode surface in this schematic.

Maintaining steady-state reactivity by sourcing protons from positive donors and releasing

neutral conjugate bases.

Taken together, sourcing protons from [EMIm]" in CO, reduction releases carbene as the conjugate base,
and this carbene is then converted to zwitterionic [EMIm-CO:] adduct, which neither compromises the
electric field at electron-electrolyte interface nor interferes with proton donation from other [EMIm]*.
Together, these factors are key for enabling high and stable CO, reduction reactivity needed to prolong CO,

reduction electrolysis operated at high current densities.

To further evaluate how the relative charge state of proton donors and conjugate bases influences the
performance of electrolytes for CO; reduction, we conducted CO> reduction in 0.7 M [EMMIm][BF,]-
acetonitrile electrolytes at -2.5 V vs Ag/Ag" with 0.1 M different proton donors, namely water and
triethylamine hydrochloride ([EtsNH][CI]), which releases negative [OH] (or [HCO;] after conversion)
and neutral [Et;N] as conjugate bases, respectively. With water as the proton donor, the total current density
rapidly dropped from over -100 mA/cm? to about -2 mA/cm? within a minute (Fig. S14), similar to the
reported decreased reactivity of 0.5 M [EMMIm][BF]-acetonitrile electrolytes and was attributed to the
formation of [EMMIm][HCOs] due to co-ion generation. In contrast, when [EtsNH]" was used as the proton
donor, the current density toward CO; reduction was maintained at around -40 mA/cm? for over one hour
(Fig. S14), confirming that sourcing protons from positive donors and releasing neutral conjugate bases

were crucial for a better performance of electrolytes during long-term CO; reduction.

Our results highlight that in addition to the intrinsic kinetics, the electrostatic influence of conjugate
bases and proton donors play critical roles in determining the performance of CO reduction in non-aqueous
electrolytes. Sourcing protons from positively charged proton donors such as [EMIm]* and [Et;NH]" leads
to the formation of neutral conjugate bases that do not compromise local potential gradients needed to drive

CO; electrochemical conversion. In contrast, neutral proton donors such as water release negatively charged
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conjugate bases, which suppress the activity of electrolytes through both weakening local potential

gradients and generation of non-reactive [HCO3]" complexes.

Conclusion

In this study, we demonstrated that [EMIm]" can directly participate in the CO, electroreduction by
donating C2-H to CO». The donation of C2-H converts [EMIm]" to carbenes that rapidly coordinate to
dissolved CO» to form [EMIm-CO,] adducts. A comparison between CO; reduction using [EMIm]" or water
as the proton donor indicates that the formation of [EMIm-CO;] adducts is essential in maintaining the
activity and stability of the electrolyte over steady-state electrolysis. Although [EMIm-CO;] does not
directly participate in CO; reduction, the charge-neutral nature of the zwitterionic complex prevents electro-
generated conjugate bases from weakening the electric field near an electrode surface and coordinating with
unreacted [EMIm]". In conclusion, our work highlights how the chemical and ionic properties of local
microenvironment at electrode-electrolyte interface are controlled by reactants, products, and all side
products collectively during CO electrochemical conversion. More broadly, our determination that electro-
generation of co-ionic species substantially weakens electrochemical driving forces by lowering local
potential gradients should be a generally applicable mechanism with high relevance to other reactions, such

as water splitting and nitrate electroreduction. 7+7¢

Experimental Details

Chemicals. 1-Ethyl-3-methylimidazolium tetrafluoroborate ([EMIm][BF4], >98% purity, Sigma-Aldrich)
and 1-ethyl-2,3-dimethylimidazolium tetrafluoroborate ((EMMIm][BF4], >98% purity, lolitec) were used
as purchased without further purification. Deuterated [EMIm][BF4] (|[D-EMIm][BF4]) was prepared by
stirring 10 mL (0.065 mol) of [EMIm][BF4] in 80 mL D,O with pD tuned to 8 using 1 M NaOD (prepared
from NaOD 40 wt% in D>O, Sigma-Aldrich) for 8 hours at room temperature. After stirring, the solution
was neutralized by 37% HCI. D>O (and trace amount of H,O) of the neutralized solution and extra HCI was
first removed by a rotary evaporator (BUCHI Rotavapor R-300), and then more thoroughly dried by a
vacuum drying oven (Yamato ADP200C) at 60 °C for two days. The crude [D-EMIm][BF4] was then
washed and filtered using acetone to remove insoluble side product NaCl. Acetone was then removed from
washed and filtered [D-EMIm][BF4] using a rotary evaporator and a vacuum drying oven.
Tetrabutylammonium tetrafluoroborate ([TBA][BF4], >99% purity, TCI) was purified by activated charcoal
(Sigma-Aldrich) to remove halide impurities before use. HPLC grade acetonitrile and methanol were
purchased from Fisher Chemicals. Deuterium oxide (D,0O) and triethylamine hydrochloride ([Et;NH][CI],

101 at%) were from Sigma-Aldrich. Potassium bromide was from MP Biomedicals. Silver nitrate (99.9+%
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metal basis) was from Alfa Aesar. Deuterated acetonitrile (>98.5% atom D) was from Acros Organics.

Ultrapure water (Milli-Q, >18.2 MQcm) was used in all experiments.

Electrochemical Methods. A BioLogic VSP potentiostat was used for electrochemical measurements. A
polycrystalline Ag (pc-Ag) electrode (BASi) was used as the working electrode in all experiments. All
current densities reported were normalized to the geometric area of the pc-Ag electrode (0.071 cm?). Before
every experiment, the pc-Ag electrode was polished to a mirror finish based on established protocols using
15 pm, 3 pm, and 1 pm diamond polish and then 0.05 um alumina (BASi), followed by ultrasonication in
water. An Ag/Ag" non-aqueous reference electrode was used in all experiments, and the filling solution
was an acetonitrile solution of 0.1 M [TBA][BF4] and 0.01 M AgNOs. The counter electrode was a coiled
platinum wire. CV measurements were performed in a homemade one-compartment electrochemical cell
at a scan rate of 50 mV/s. LSV (scan rate 50 mV/s), and CA and measurements were conducted in a two-
compartment H-cell. A Nafion 117 membrane was used in H-cell for transporting cations between anolyte
and catholyte. The Nafion 117 membranes were activated following previously reported methods and stored
in 0.1 M [TBA][BF4]-acetonitrile solutions when not being used. Electrolytes were purged by targeting gas
(Ar or CO; as stated) for 15 minutes at 9.2 sccm before all experiments, and the gas purging was kept during
CA measurements. In CA measurements, the potentials were held at designated values for 190 min if not
otherwise stated, and the electrolyte was stirred at 600 rpm throughout experiments. To compare activities
of 0.7 M [D-EMIm][BF4] and [EMIm][BF]-acetonitrile electrolytes, [EMIm][BF4] was treated by same
procedures used to produce [D-EMIm][BF4] (see Chemicals section) but using regular water (H>O) and

NaOH in order to eliminate the impact on activity brought by treatment alone.

Product Analysis. Gas products from CA experiments were analyzed by an online gas chromatograph (GC,
SRI Multiple Gas Analyzer #5) equipped with a thermal conductivity detector (TCD) and a flame-ionization
detector (FID) coupled with a methanizer. The TCD detector was connected to a HayeSep D column, and
the FID was connected to a HayeSep D and a Molesieve 5A column (Restek) in sequence. Ultrahigh purity
grade He (Airgas) was used as the carrier gas. For 190 min CA measurements, components of outlet gas
mixtures were analyzed by GC every 23 minutes starting from 6 minute, and the corresponding faradaic

efficiency was calculated using the equation:

v y

0L\ — 6os/minx24,000cm3/molXNXF 0
FE(%) = : x 100%

where v = 9.2 standard cubic centimeters per minute (sccm) is the flow rate of CO», y is the concentration
of product measured from GC in the unit of mole (volume) fraction, N = 2 is the number of electrons
consumed to generate one CO molecule from one CO, molecule, F = 96500 C mol™! is the Faraday constant,

and 7 is the total current passing through the working electrode in the unit of ampere. Steady-state CA results
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were obtained by averaging current densities and faradaic efficiencies after 30 minutes of holding
potentials, and the standard deviations are used as error bars after being adjusted by instrumental errors.
For Tafel analysis, the flow rate (v) was set to 5 sccm, and average current densities and faradaic efficiencies
over the initial 4 minutes of holding potentials were used. Standard deviations of current densities over the
4 minutes are used to generate error bars. Fresh electrolytes and freshly polished pc-Ag electrodes were
used to collect each data point in Tafel analysis to minimize the influence of side product buildup in
electrolyte and on electrode surface. Liquid products generated during CA experiments were analyzed using
a 400 MHz NMR spectrometer (Bruker Avance) with a BBFO probe. The electrolytes were mixed with
deuterated acetonitrile in 1:1 ratio to prepare an NMR sample. The amount of [EMIm-COQ] adduct was
estimated based on the ratio between integrals of C4/C5-Hs on adduct and unreacted [EMIm]" in '"H NMR.
The amount and faradaic efficiency of formate was estimated based on the ratio between the integral of
formate peak at around 8.65 ppm and the sum of integrals of C4/C5-Hs for both adduct and unreacted
[EMIm]". The average and standard deviation from three CA replicates were used to obtain average faradaic
efficiency and error bars of formate formation. Water concentrations of fresh or reacted electrolytes were

measured using a Coulometric Karl Fisher Tritrator (Mettler Toledo C10S).

SERS Measurements. /n situ electrochemical surface-enhanced Raman scattering (SERS) measurements
were carried out using a single-compartment PTFE electrochemical cell with an L-shape pc-Ag working
electrode (Shanghai Fanyue Electronic Technology Co. Ltd). The L-shape pc-Ag electrode was made SERS
active by electrochemically roughening following reported method in literature with modifications. ’’ In
brief, a polished L-shape pc-Ag electrode was cycled between -0.42 V and +0.28V versus open-circuit
potential (OCP) in 0.1 M potassium bromide aqueous solution for three cycles under Ar purging. The
electrode was held at -0.42 V vs OCP for 10 seconds at the end of cycling to desorb bromide from silver
surface as much as possible, and the electrode was vigorously rinsed with water immediately after the
roughening to remove chemical and silver oxide residues. Scanning electron microscope (SEM, Zeiss
GeminiSEM 450) confirmed the nanostructured surface of the L-shape pc-Ag electrode after roughening
(Fig. S15). The counter electrode for in situ SERS was a coiled Pt wire, while the reference electrode was
a non-aqueous Ag/Ag” (0.01 M AgNO:3) electrode. Electrolytes were purged with either Ar or CO, for 20
minutes at 20 sccm prior to all measurements. SERS spectra were collected using a Thermo-Fisher
Scientific DXRxi Raman Imaging Microscope with a 532 nm excitation laser and a 10x objective. The laser
power was 8.0 mW, the acquisition time was 0.033 s (30 Hz), and 100 scans were collected for each
spectrum. The potential was swept from -0.9 V to -2.5 V vs Ag/Ag" at a step of 0.2 V to collect SERS
spectra at different applied potentials.
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