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ABSTRACT: The development of efficient CO, reduction tech-
nologies hinges upon a thorough understanding of the intricate
interplay between solution cations and the characteristics of the elec-
trode surface. Recently, ionic liquids (ILs) have emerged as promis-
ing electrolytes for the CO, reduction reaction. However, the effect
of alkali cations on the electrochemical CO, reduction (CO,R) reac-
tion remains unclear in ILs. In this report, we studied alkali cation
effects by assessing the electrocatalytic CO,R activity with the IL
1-ethyl-3-methylimidazolium tetrafluoroborate, [EMIM][BF,], in
water with alkali metal co-cations (i.e, Li*, Na*, and K¥) using a
polycrystalline Sn catalyst. Contrary to previous findings in purely
aqueous media with inorganic cations, where alkali cations strongly
enhance CO,R via pH modulation and strengthening of interfacial
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electric fields, alkali cations in electrolytes containing the IL [EMIM][BF,] negatively impact CO,R activity on Sn electrodes. These
results were attributed to the larger radius and higher concentration of the IL organic cation [EMIM]* that mitigates the impact of alkali
cations. These findings highlight the complex interplay between IL cations and alkali metals in shaping CO,R performance.

KEYWORDS: CO, electrochemical conversion, ionic liquid, catalysts, cation effect

B INTRODUCTION

As global concerns regarding greenhouse gas emissions and cli-
mate change continue to escalate, there is a growing need for
efficient and sustainable methods to limit the rise of the atmo-
spheric CO, concentration." Electrocatalytic reduction of CO,
into value-added chemicals is a promising approach to contrib-
ute to the mitigation of CO, levels in the atmosphere.”® In elec-
trochemical CO, reduction (CO,R), metal catalysts play a
crucial role in enhancing the selectivity and efficiency of the pro-
cess by facilitating the conversion of CO, into specific products
while minimizing unwanted byproducts.”~"" Transition metals
such as Ag'*™'* and Au’*"" typically promote the formation
of CO, Sn'®?* promotes the production of HCOO™, and
Cu™™% is effective in promoting the further reduction of inter-
mediates to hydrocarbon and oxygenate species. Accordingly,
product selectivity in CO,R reflects both the intrinsic properties
of the electrode material (which set the preferred surface-bound
intermediates) and the electrolyte-controlled interfacial environ-
ment (which modulates relative reaction rates through local sol-
vation, proton availability, and double-layer structure).”*' In
addition to the choice of a catalyst, CO,R is influenced by the
composition of the electrolyte which can help to stabilize reac-
tion intermediates and minimize side reactions, thereby enhanc-
ing the efficiency and selectivity of the reduction.®**3*
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Recent advances have also highlighted the viability of ionic
liquids (ILs) to optimize the reaction energetics and improve
overall efficiency.®’ Unlike traditional aqueous electrolytes, ILs
offer advantageous properties of low volatility, high ionic con-
ductivity, thermal stability, and a tunable chemical nature.
Extensive research on ILs as CO,R electrolytes has led to sev-
eral significant review articles”***73% and has demonstrated
that ILs can alter the CO,R reaction by directly participating
in the reaction mechanism.**® A Ag cathode in
[EMIM][BF,] can convert CO, to CO at overpotentials less
than 0.2 V,*’ which was attributed to the IL cation lowering
the energy of the CO, intermediate (e.g,, CO,~) by forming a
complex that subsequently decreases the activation energy for
reduction.>*’ Imidazolium cations can act as proton donors,
forming neutral EMIM—CO, adducts instead of generating
negatively charged species like OH™ or HCO, ™, which would
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otherwise accumulate and weaken the interfacial electric field.
By maintaining a cation-rich interface and avoiding co-ion
buildup, the electric double layer remains thin, sustaining strong
local electric fields that stabilize key intermediates and create a
favorable microenvironment for CO,R.*! Taken together, prior
studies suggest that imidazolium cations such as [EMIM]* can
facilitate CO,R through multiple, not mutually exclusive, roles:
(i) stabilizing CO,-derived intermediates via specific interac-
tions and/or complexation, thereby lowering the barrier for
the initial CO, activation step; (i) restructuring the electrical
double layer to maintain a cation-rich interfacial region and
strong local electric fields that further stabilize polar intermedi-
ates; and (iii) modulating the balance between CO,R and HER
in a manner that depends on electrode material and the
IL/H,0 ratio.>?*>* These effects have been established most
clearly on Ag and Au electrodes in imidazolium-based ILs and
IL/H,O mixtures.*”*>**

The presence of alkali metal cations in the electrolyte is also
known to influence the CO,R process.*~** In conventional aque-
ous media, the faradaic efficiency of CO,R products is highly
dependent on the identity of the alkali cations. Larger cations,
such as Cs*, typically lead to enhanced CO,R current density in
water compared to smaller cations, following the activity trend
Li* < Na* < K* < Rb* < Cs*.*75! This phenomenon is attrib-
uted to the accumulation of charged cations at the outer
Helmholtz plane, where they stabilize reaction intermediates
through electrostatic interactions and modulate the interfacial
electric field.*>>* The smaller cations have a higher charge density
and more strongly attract water, leading to a larger hydration shell
that limits how densely the cations can pack at the electrode inter-
face. The varying interfacial electrocatalyst environment among
electrolytes significantly alters the activity and selectivity for con-
version of CO, into desired products such as CO, HCOOT, or
hydrocarbons, which depend on the specific reaction conditions
and the catalyst used. However, when alkali cations are introduced
into IL-containing electrolytes like [EMIM][BF,], the interac-
tions among ions and solvent at the electrode interface become
more complex and are even less understood.>> Unlike aqueous
electrolytes, where alkali effects might be interpreted as heuristi-
cally derived from variations in average electric fields*®>* or direct
stabilization of intermediates,”**>°¢ ILs bring additional compli-
cating factors. For example, the formation of reactive intermedi-
ates, such as carbene species”*® and charge-neutral
EMIM—CO, adducts**** can influence the reaction environment
and CO,R pathways in imidazolium-based ILs. The (unknown)
partitioning of IL or alkali ions in the interfacial region, dependent
on electrolyte composition and operating potential, further com-
plicates interpretation of their observed effects on CO,R activity
and selectivity. Optimizing CO,R in ILs and in mixed complex
electrolytes may require different strategies from those employed
in aqueous media, particularly concerning electrolyte composition
and ion-pairing effects.>® Thus, while the influence of alkali metal
cations on CO,R in aqueous systems is well documented,*”** it
remains unclear how these effects translate to IL-based systems
such as [EMIM][BF,].

In imidazolium-based IL electrolytes, much of what is known
about electrolyte-driven enhancements has been established on
Ag and Au surfaces, where [EMIM]* can restructure the electri-
cal double layer and stabilize CO,-derived intermediates and
where the IL/H,O ratio can strongly tune activity and suppress
HER under certain conditions.*”**** In contrast, the specific
role of added alkali cations in these IL/H,O environments is

far less established than in purely aqueous electrolytes.*>*

Unlike in water, where alkali-cation identity is often explained
by how strongly cations hydrate and how they shape the electric
field near the electrode, IL/H,O mixtures with both organic
and alkali cations add extra complexity, such as ion pairing,
which ions actually reach the interface, and competition
between ions that can change the interface and reaction path-
ways in catalyst-dependent ways.*>>' Consequently, a clear
mechanistic picture of how alkali cations influence CO,R in imi-
dazolium IL/H,O mixtures, and whether aqueous “alkali pro-
motion” trends persist, remains an open question.

Our recent work™ demonstrated that while imidazolium-
based ILs and alkali cations independently enhance CO,R activ-
ity on Ag surfaces, their combined presence leads to inhibition
effects due to competition for adsorption sites at the
electrode—electrolyte interface. During CO,R on Ag, alkali cat-
ions, particularly Li*, can hinder imidazolium-mediated catalysis
by disrupting the electric double layer, probably by competing
with [EMIM]* for adsorption sites and preventing the reorien-
tation of [EMIM]" at the electrode surface.”> Unlike Ag and
Au, which predominantly reduce CO, to CO via *COOH/
*CO intermediates, Sn-based electrodes favor the formation of
formate through a distinct OCHO* intermediate.'®®! This
mechanistic preference arises from the comparatively stronger
interaction of Sn with oxygen-bound species, which stabilizes
bidentate, oxygen-coordinated intermediates relative to
carbon-bound *COOH species. As a result, CO formation on
Sn is kinetically disfavored, while the OCHO* pathway to
HCOO™ becomes dominant under aqueous conditions. These
fundamental differences in intermediate stabilization and
transition-state energetics mean that the same electrolyte envi-
ronment can lead to qualitatively different selectivity trends
on Sn versus Ag or Au. This mechanistic difference suggests
that the role of alkali cations in IL—based CO,R on Sn could
diverge significantly from their effect on Ag, highlighting the
need for dedicated studies in such systems.5>

In this study, we address this gap by systematically investigat-
ing CO,R on a polycrystalline Sn foil electrode in a mixed
[EMIM][BF,]/H,O electrolytes, with and without added alkali
cations. This work builds directly on prior IL/H,O studies
largely concentrated on Ag and on our recent demonstration
that alkali cations can inhibit imidazolium-mediated CO forma-
tion on Ag, by extending the mixed-cation question to Sn, a
mechanistically distinct catalyst that predominantly proceeds
through an OCHO* intermediate to formate.* Specifically,
we focus on two key aspects: (1) the effect of varying
[EMIM][BF,] concentrations on CO, conversion activity and
product distribution in comparison to purely aqueous electro-
lyte conditions and (2) the impact of different alkali metal cat-
ions within the [EMIM][BF,]/H,0 matrix on CO,R
performance. The insights gained will elucidate how IL-based
electrolyte composition and cation identity collectively govern
CO,R pathways on Sn, providing a mechanistic basis for design-
ing electrolyte—catalyst combinations optimized for selective
and efficient product formation.

B MATERIALS AND METHODS

Chemicals and Materials

Potassium bicarbonate (KHCO3' 99.95%), lithium tetrafluoroborate
(LiBF,, 98%), sodium tetrafluoroborate (NaBF,, 98%), potassium tet-
rafluoroborate (KBF,, 99.99%), and 1-ethyl-3-methylimidazolium
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tetrafluoroborate  [EMIM][BF,] (>98%) were purchased from
Millipore Corp. Tin foil (Sn, 0.127 mm thickness, 99.9%, Sigma
Aldrich) was cleaned by smoothening of the surface through sequential
abrasion with 600 grit and 800 grit sandpapers to eliminate surface
irregularities and enhance uniformity. The Sn foil was then sonicated
in ethanol for S min to remove any residual contaminants. Following
this, the Sn foil was meticulously rinsed with deionized water to ensure
the removal of any remaining solvent and impurities. To prevent oxida-
tion and maintain the treated surface integrity, the Sn foil was dried
under a stream of N, gas.

Electrochemical Measurements

All electrochemical experiments were conducted in a gastight, low vol-
ume electrochemical H-cell with a Nafion N117 membrane used as a
separator between the anode and cathode chambers. Electrochemical
characterizations were performed using a BioLogic potentiostat SP-
300. In this study, cleaned Sn foil was used as the working electrode,
Pt mesh was the counter electrode, and Ag/AgCl saturated in KCI
was the reference electrode. All reported voltage data was adjusted by
85% iR correction to account for the uncompensated series resistance
using a resistance determined by electrochemical impedance spectros-
copy measurements prior to each experiment. All potentials were con-
verted to the RHE scale by

Erue = Eag/agci +0.197 V +0.0592"pH

The pH values of all electrolytes were measured before and after CO,
purging, as detailed in Tables S1 and S2. CO, reduction reaction kinet-
ics were studied with linear sweep voltammetry (LSV) measurements
by sweeping the potential between 0.0 V and —1.2 V vs RHE at a scan
rate of 20 mV s~'. Constant potential electrolysis (CPE) was per-
formed at —0.9 V, —1.0 V, —=1.1 V, and —1.2 V vs RHE under contin-
uous CO, bubbling at 10 sccm.

Product Analysis

The gas phase products were quantified using a gas chromatograph
(GC) (SRI Instruments, Model 8610C) equipped with both a thermal
conductivity detector (TCD) and a flame ionization detector (FID).
The GC sampled 1 mL at an exhaust flow rate of 10 sccm after
20 min during the CPE. At the end of each reaction, the liquid prod-
ucts were analyzed by 'H NMR spectroscopy (Agilent V. NMRS
700 MHz). NMR samples were prepared by adding 600 pL of electro-
Iyte solution and 200 pL of d; DMSO (Cambridge Isotopes, 99.9%)
containing a DMF internal standard having a known concentration.
The samples were then analyzed in an NMR spectroscope equipped
with an HCN cryoprobe using a two-signal solvent suppression pulse
sequence. The integration values of HCOO™ (chemical shift, § ~ 8.3 ppm,
Figure S1) were measured against the DMF internal standard. For both
gas and liquid products, faradaic efficiency (FE) was computed by asses-
sing the charge necessary to generate the observed product concentra-
tion and then dividing by the total charge passed throughout the
electrolysis time to generate the sample.

B RESULTS

LSVs were acquired using a Sn foil working electrode immersed
in an electrolyte with varied concentrations of [EMIM][BF,] IL
dissolved in water, and the results were compared with CO,R
performed in 0.1 M KHCO, aqueous solution under similar
experimental conditions (Figure 1 and Figure S2). In IL-based
electrolytes, an increase in current density was evident in the
presence of CO,-bubbled (30 min) electrolytes (Figure 1A).
In the absence of CO,, the current density reached only
—4 mA cm™? at the most negative applied potential (—1.2 V
vs RHE) tested. This comparatively small CO,-free current pro-
vides an upper bound on background processes (e.g,, HER and
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Figure 1. Effect of [EMIM][BF,] concentration on the current den-
sity vs potential behavior. (A) LSVs of Sn foil in 0.5 M
[EMIM][BF,] electrolyte with and without CO, bubbling. The dotted
blue line with arrows indicates the potentials at a current density of
—4 mA cm™% (B) LSVs of Sn foil in CO,-saturated electrolyte with
varying concentrations of [EMIM][BF,]. The inset shows a zoomed-
in view. (C) Total current density at an applied potential of —1.2 V
vs RHE vs [EMIM][BF,] concentration. The error bars represent
the standard deviation from at least three independent measurements.

any minor non-CO,R reductions) under our operating condi-
tions, indicating that the substantially larger currents measured
under CO, are predominantly associated with CO,R and
HER competition rather than other side reactions. Upon intro-
ducing CO,, a substantial enhancement in current density was
observed, reaching —13.5 mA cm™ at a similar potential in
0.5 M [EMIM][BF,], indicating a strong contribution from
CO,R processes. A similar trend was observed in all electrolytes
except 0.1 M KHCO, solution (Figure S2). The total current
density increased with increasing IL molarity and reached a
maximum current density with 2.0 M IL before decreasing again
at 3.0 M IL (Figure 1B). The inset in Figure 1B provides a
zoomed-in view in the range of the onset potential. This behav-
ior is consistent with prior observations on Ag electrodes in
similar experimental ~conditions,**® where intermediate
[EMIM][BF,] concentrations maximize CO, reduction activity
due to optimal double-layer structuring, while higher IL concen-
trations reduce performance because of increased viscosity and
diminished mass transport.

CPE measurements were conducted at different potentials
(ie, =09, —=1.0, —1.1 and —1.2 V vs RHE) to analyze the
CO,R gaseous and liquid product distribution as a function of
IL concentrations (Figure S3). After an initial transient, the sys-
tem reached a steady state, and a nearly constant current den-
sity was sustained for 40 min at each applied potential
(Figure S3). Figure 2A shows the FEs for the evolved products
at different potentials in CO,-saturated 2.0 M [EMIM][BF,].
The FE for HCOO™ increased from 29.5% at —0.9 V to
42.5% at —1.2 V vs RHE, while the FE for CO decreased from
31.6% at —0.9 V to 11.0% at —1.2 V vs RHE. Simultaneously,
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the FE for H, increased from 36% at —0.9 V to 44% at —1.2 V
vs RHE. Corresponding FE versus potential data for all electro-
lyte compositions, shown in Figure S4, further illustrates how
the relative formation of HCOO™, CO, and H, evolves with
both IL concentration and applied potential. The influence of
[EMIM][BF,] concentration on the competition between
CO, reduction and hydrogen evolution was evaluated by plot-
ting the ratio of carbon-based partial current densities
(HCOO™ + CO) to the H, partial current density (Jo /Ji;)
as a function of applied potential (Figure 2B). At low IL con-
centration (0.5 M), the ] /J;; ratio increases at higher negative
potentials, indicating impr‘ovea selectivity toward carbon prod-
ucts relative to H,. In contrast, at higher IL concentrations
(>1.0 M), the ratio slightly decreases at higher negative poten-
tials (<—1.0 V vs RHE), suggesting a diminished ability of the
electrolyte to suppress HER. More broadly, the trend in prod-
uct distribution with potential was observed to shift with
[EMIM][BF,] concentration (Figure 2B and Figure SS). For
the lowest tested IL concentrations, 0.1 M KHCO, (0 M IL)
and 0.5 M [EMIM][BE,], a larger fraction of carbon-based
products was formed at increasingly cathodic potentials. In con-
trast, the fraction of carbon-based products decreased at more
negative potentials for the highest IL concentrations (>2.0 M
[EMIM][BF,]). The intermediate concentrations of 1.0 M
and 1.5 M [EMIM][BF,] marked a transition between these
trends with the maximum ratio of carbon product to hydrogen
formation occurring in the middle of this potential range.
Figure 2C shows a comparison of FEs and partial current
densities for H,, CO, and HCOO™ with varying
[EMIM][BF,] concentration at —1.2 V vs RHE. The FE for
HCOO™ decreased with increasing IL concentration, with a
notable drop from 56% FE in the absence of IL to 24% FE with
3.0 M [EMIM][BE,] and further decreased to 0% FE with neat
IL, 6.54 M [EMIM][BF,] (Figure 2C). However, within the
range of 1.0-2.5 M [EMIM][BF,], the FE for HCOO™
remained relatively constant at 40%. Despite varying the
[EMIM][BF,] concentration, no clear trend was observed in
the CO faradaic efficiency across the mixed IL—water electro-
lytes, indicating that CO formation on Sn remains a minor path-
way under these conditions. Specifically, a FE of 19% for CO
was recorded in CO,-saturated 0.5 M [EMIM][BF,], while
within the concentration range of 1.0-3.0 M [EMIM][BF,],
the FE for CO remained relatively stable at ~10%. However,
a pronounced increase in CO production with an FE of
~97% for CO was observed in neat IL. Because the Sn elec-
trode and operating protocol are held constant across these
measurements, this large shift in selectivity with IL/H,O com-
position indicates that the [EMIM]*-rich interfacial microenvi-
ronment can substantially reorganize the double layer and
solvation structure, thereby redirecting CO,R/HER competi-
tion and product distributions even on the same catalyst sur-
face. The strong CO signal in neat IL therefore reflects a shift
in interfacial solvation and proton activity unique to the
water-free ionic liquid environment. This behavior suggests that
the highly non-aqueous interfacial environment of pure
[EMIM][BF,] fundamentally alters the reaction pathway, likely
by stabilizing CO,~ or *COOH intermediates and suppressing
proton availability, thereby favoring the CO route over the
HCOO™ pathway typically dominant on Sn in aqueous or par-
tially hydrated systems. The FE for H, from the HER increased
from 30% in the absence of IL to 60% at 3.0 M [EMIM][BF,]
and then plummeted to only 3% in neat IL. The partial current
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Figure 2. Effect of [EMIM][BF,] concentration in water on CO,R on
a Sn foil cathode. (A) FE vs potential in CO,-saturated 2.0 M
[EMIM][BE,]. (B) Ratio of partial current densities for C, products
to H, as a function of potential across all IL concentrations.
(C) Comparison of FE and partial current density vs [EMIM][BF,]
concentration at —1.2 V vs RHE. The error bars represent the standard
deviation from at least three independent measurements.

density of ~8.5 mA cm™2 was observed for HCOO™ without
any IL, but the value decreased steadily with increasing IL con-
centration to only 2.8 mA cm™* with 3.0 M [EMIM][BE,]. A
steady CO partial current density of ~1.0 mA cm™> was
observed as the IL concentration increased to 3.0 M; a further
increase to neat IL led to an enhanced CO partial current den-
sity of 2.6 mA cm™2. The partial current density for H, was
about 7.6 mA cm™* without any IL. At a concentration of
0.5 M [EMIM][BF,], the partial current density for H, was
observed to be about 2.5 mA cm™2, which further increased
to 7.9 mA cm > at 3.0 M [EMIM][BF,].

Having determined the concentration window in which the
IL impacts CO,R, we continued by investigating how adding
alkali cations further shapes the observed activity and selectivity
trends. To investigate the impact of alkali cations in the IL
[EMIM][BF,] on CO,R on Sn, electrolytes of
[EMIM][BF,]/H,O with different alkali cations were used, as
illustrated in Figure 3A. To maintain a constant total cation
concentration, salts with monovalent alkali cations of varied
ionic radii (Li*, Na*, and K*, Table S3) were maintained at
0.1 M with 1.9 M [EMIM][BE,], which were compared to
results with 2.0 M [EMIM][BF,] in the absence of alkali salts.
A 2.0 MIL concentration was chosen because it led to the high-
est current density (Figure 1B). Alkali tetrafluoroborate salts
were used to prevent convoluting effects that might be attribut-
able to different anions. The LSV data indicates that increasing
alkali cation size correlates with an enhanced total current den-
sity, in agreement with CO,R trends observed for alkali salts in
purely aqueous solutions.”*~>3 In the absence of alkali cations, a
current density of around —18 mA cm™> was observed at an
applied potential of —1.2 V vs RHE. Upon substituting 0.1 M
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Figure 3. Effect of varying alkali cations in IL [EMIM][BF,] on CO,R. (A) LSV curves for a Sn cathode in 1.9 M [EMIM][BF,] with 0.1 M
[X][BF,] added, all under CO, bubbling except the black curve. (B) FE of evolved products in the presence of different cations at an applied poten-
tial of —1.2 V vs RHE. (C) Partial current density comparison of H,, CO, and HCOO™ with varying cations at an applied potential of —1.2 V vs RHE.
The error bars represent the standard deviation from at least three independent measurements.

[EMIM]* with K ions in the electrolyte, the current density
increased to around —32 mA cm ™.

Figure 3B shows the product distributions at —1.2 V vs RHE
with different alkali cations. CPE measurements for all electro-
Iyte conditions, 1.9 M [EMIM][BF,] + 0.1 M [X][BF,] (X =
EMIM, Li, Na, or K), at different potentials (i.e, —0.9, —1.0,
—1.1, and =12 V vs RHE) are displayed in Figure S6.
Though the presence of Li* had little effect on selectivity at
these conditions, both Na* and K" promoted HER at the
expense of HCOO™ selectivity (Figure 3B, Figure S7). A FE
of 42.5% for HCOO™ was measured in 2.0 M IL, which
increased slightly to 43.4% upon the substitution of 0.1 M
Li*. However, the FE for HCOO™ decreased to ~25% using
Na* or K* cations. Conversely, the FE for CO did not exhibit
a clear trend with increasing cation mass. The 44% H, FE mea-
sured in 2.0 M [EMIM][BF,] was mostly unaffected with the
presence of Li* but increased significantly with Na*™ and K*
to as high as 67% FE, suggesting a strong promotion of HER
from these alkali cations at this potential.

Figure 3C illustrates the product partial current densities
with varying alkali cations. While the HCOO™ FE decreased
appreciably for the larger alkali cations, the concomitant
increase in total current density partially offsets this decrease,
with a partial current density for HCOO™ dropping from
4.35 mA cm ™2 for 2.0 M [EMIM][BF,] at —1.2 V vs RHE to
3.37 mA cm™? when substituting in 0.1 M KBF,. The smaller
CO partial current density was mostly unaffected by the pres-
ence of the alkali cations. Following the H, FE trend, the hydro-
gen partial current density of 477 mA cm™ in 2.0 M
[EMIM][BF,] was only modestly affected in the presence of
Li* but increased significantly to 11.52 mA cm™> using Na*
and to 8.68 mA cm™> with K* cations. Notably, although
Na*/K* increases the total current density, the product-
resolved partial current densities show that this increase is dom-
inated by H, formation, while CO partial currents change little
and HCOO™ partial currents decrease modestly (Figure 3C).
These product-resolved trends indicate that the additional cur-
rent induced by Na* or K* primarily reflects preferential pro-
motion of HER under these mixed-cation IL/H,O conditions.

For all electrolyte conditions, 1.9 M [EMIM][BF,] + 0.1 M
[X][BF,] (X = EMIM, Li, Na, or K), the partial current density
for HCOO™ generally increased with more negative applied
potential (Figure 4). The CO partial current density showed lit-
tle variation across applied potentials for all electrolytes. The
partial current density for H, was similar to the behavior for
HCOO™ in 20 M [EMIM][BF,] without alkali cations.
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Figure 4. Effect of [EMIM][BF,] concentration on CO,R on a Sn foil
cathode. The partial current density vs potential using (A) 2.0 M
[EMIM][BE,], (B) 1.9 M [EMIM][BE,] + 0.1 M LiBE,, (C) 19 M
[EMIM][BF,] + 0.1 M NaBF,, and (D) 1.9 M [EMIM][BF,] +
0.1 M KBEF,. The error bars represent the standard deviation from at
least three independent measurements.

However, in the presence of 0.1 M Li*, the H, partial current
density was higher before decreasing at —1.2 V vs RHE. Most
notably, with 0.1 M of either Na* or K* cations, the applied
potential significantly impacted the H, partial current density,
increasing in value 2—3X from —0.9 V to —1.2 V vs RHE.
The sharp increase in hydrogen production with Na* or K*
at more cathodic potentials with little corresponding change
for HCOO™ or CO suggests that these cations play a role in
promoting HER preferentially over CO,R on Sn.

H DISCUSSION

A central point of context for interpreting selectivity trends is
that product distributions in CO,R arise from both catalyst
identity and electrolyte composition. The electrode material
sets the baseline preference for key intermediates (e.g, Sn
favoring the OCHO* pathway to formate under aqueous condi-
tions), whereas the electrolyte tunes the interfacial
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microenvironment (solvation structure, proton activity/avail-
ability, and double-layer organization) and thereby shifts the
relative rates of CO,R pathways versus HER. Since we use
the same polycrystalline Sn foil electrode throughout and syste-
matically vary only the electrolyte composition (IL/H,O ratio
and added alkali cations), the selectivity changes discussed
below primarily reflect electrolyte-driven modulation of the
interfacial environment on a fixed catalyst.

The IL concentration has a significant effect on CO,R on Sn
by impacting both the total current density and the product dis-
tribution. The trend with an intermediate IL concentration
leading to peak current density is similar to concentration
effects previously observed for ILs with Ag, in which more con-
centrated ILs thin the EDL through more free cations at the
interface until a critical threshold in IL concentration where
ion-pairing leads to neutral aggregates that decrease reaction
rates due to consequently greater screening lengths.®® In purely
aqueous electrolyte with Sn, HCOO™ was the dominant prod-
uct, consistent with the established OCHO* pathway for Sn-
based catalysts.'*®! For Sn in an imidazolium-based IL in water,
we observed that increasing [EMIM][BF,] concentration pro-
gressively decreased the FE for HCOO™ while promoting
hydrogen evolution, with CO remaining a minor product
(Figure 2). This trend may suggest that at higher IL concentra-
tions, the increasingly dominant [EMIM]" environment
restructures the interfacial region in a way that disfavors the
OCHO* intermediate, possibly by altering local solvation or
proton availability needed for HCOO™ formation. We note this
only as a hypothesis, as direct spectroscopic evidence would be
required to confirm such interfacial changes. A growing body of
work demonstrates that the balance of ionic liquid and water is
a key factor in tuning CO,R selectivity, though the effect
depends strongly on the catalyst. Rosen et al. reported that Ag
electrodes in [EMIM][BF,]/H,O mixtures achieved nearly
100% FE for CO at ~90 mol % water, with HER strongly sup-
pressed.%* To place these conditions in the context of the pres-
ent study, ~90 mol % water corresponds approximately to
~10 mol % [EMIM][BF,], or ~3.0 M [EMIM][BF,] assuming
ideal mixing and commonly reported IL densities. This concen-
tration range overlaps closely with the higher [EMIM][BF,]
concentrations examined here (e.g, 3.0 M [EMIM][BF,]),
where a markedly different selectivity behavior is observed on
Sn. In contrast to Ag,*® Sn electrodes in the present work
exhibit substantial HER at comparable IL/H,O ratios and do
not display a composition window in which CO,R proceeds
with near-unity CO selectivity. This divergence underscores
the catalyst-dependent nature of imidazolium-based electrolyte
effects. While EMIM*-rich environments can suppress HER
and stabilize CO,-derived intermediates on Ag, favoring
*COOH/*CO pathways, the same electrolyte compositions on
Sn, which primarily proceeds through an OCHO* (formate)
pathway in aqueous media, lead to enhanced proton availability
and competitive HER. These results highlight that electrolyte
composition effects established on Ag cannot be directly trans-
lated to mechanistically distinct catalysts such as Sn
without accounting for differences in reaction pathways and
surface—electrolyte interactions. Similarly, Zhu et al. showed
that Ag, Au, and Pd all exhibit high CO selectivity in IL/H,O
mixtures, with intermediate water concentration giving the best
performance due to a synergy between proton availability from
[BF,]~ hydrolysis and HER suppression by [EMIM]* adsorp-
tion.®> Taken together, these comparisons underscore the

central novelty of the present study: in mixed [EMIM][BF,]/
H,O electrolytes, alkali cations do not universally “promote
CO,R” but instead exert strongly catalyst-dependent effects,
and on Sn, they primarily increase HER rather than enhancing
the formate pathway.

During conventional CO,R in purely aqueous electrolyte,
changes in the interfacial pK, as a function of increasing alkali
cation size is reported to lower the interfacial electric field, lead-
ing to increased availability of interfacial CO,.°° As the nominal
cation radius becomes larger, the effective cation hydration
radius concurrently decreases due to the lower charge density
and leads to a lower cation-electrode surface separation and
thus stronger electric field effects.®® These effects are also gen-
eralizable to other electrocatalytic reactions, in which the accu-
mulation of charge at the outer Helmholtz plane (OHP) is
increased with smaller solvated cation size. More cations and
thus higher charge density at the OHP lead to enhanced stabi-
lization of polarizable adsorbates by creating a less diffuse EDL.
Thus, on Sn in purely aqueous electrolyte, both HCOO™ and
CO production rates increase with nominal alkali cation size
while HER is largely unaffected due to the lack of a dipole
moment for adsorbed *H.>>

In contrast, enhanced CO,R on Sn was not observed with
0.1 M Li*, Na*, or K* alkali cations in 1.9 M [EMIM][BF,]
(Figure 3). Unlike the Sn behavior with alkali cations in purely
aqueous solvent, a large increase in the HER rate was measured
with Na™ and K" in solutions of imidazolium—based IL despite
the lack of a dipole moment for adsorbed *H.*> While minor
unquantified side reactions cannot be fully excluded in concen-
trated IL-containing electrolytes, the product-resolved partial
currents show that the dominant change upon introducing
Na*t and K* is increased H, formation, indicating that HER
accounts for most of the additional cathodic current under
these conditions. Simultaneously, the partial current density
for CO remained steady in the presence of alkali cations while
that for HCOO™ modestly decreased with increasing nominal
alkali cation size (Figure 3C), both in contrast to the reported
behavior for Sn with alkalis in purely aqueous conditions.
Thus, it is clear that the interaction of alkali and [EMIM]™ cat-
ions inhibits the CO,R promotional effect of alkali cations
observed in the absence of IL. The presence of Li* led to little
difference in performance compared to the [EMIM][BF,]
alone aside from a small decrease in the rate of HCOO™ forma-
tion. One possible explanation is that the interface becomes
highly enriched in [EMIM]™ at these IL concentrations, and
this dense layer of organic cations may restrict the ability of
strongly hydrated species such as Li* to approach the electrode.
With limited interfacial access, a substantial fraction of Li*
would interact weakly with the EDL and therefore have only a
minor influence on the imidazolium-mediated CO,R pathway.
In contrast, Na* and K*, with smaller hydration shells, might
be blocked less in migrating through the IL ions to play a role
in the EDL. This interpretation is still consistent with the
observed trend in overall current density, in which larger alkali
cations (e.g,, Na™ and K*) with overall smaller hydration shells
lead to stronger total current density (Figure 3A). Protonated
water molecules that are shuttled to the electrode interface
through the alkali cation hydration spheres likely increase the
interfacial water concentration in the IL solution and thus
enable more proton donors for HER. Consistent with the
product-resolved analysis, Na* and K* increase the H, partial
current density substantially relative to the IL-only electrolyte
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(Figures 3B,C and 4). We therefore propose as a working
hypothesis that alkali cations with smaller hydration shells
(Na*/K*) may access the interfacial region more effectively
in the presence of [EMIM]¥, thereby modifying interfacial sol-
vation and water availability in a way that favors HER; however,
confirming hydration-shell-mediated proton delivery or changes
in interfacial water activity will require direct interfacial probes.
In the presence of alkali cations, electrocatalysis on Sn seems to
proceed without significantly affecting the imidazolium-
mediated mechanism for CO,R, in which the CO, coordinates
with the EMIM™ at an active site and HCOO™ production con-
sequently may not benefit from proton availability in the hydra-
tion shells of alkali cations at other surface sites.

The gradual deactivation of CO,R on Sn in [EMIM][BF,]
with increasing alkali cation size, as exhibited by moderately
decreased HCOO™ partial current density (Figure 3C), indi-
cates that the alkalis have an inhibitory effect on imidazolium-
mediated HCOO™ production in addition to degrading the
selectivity through HER promotion. The reasons for the inhibi-
tion of HCOO™ production may include competitive adsorp-
tion between alkali cations and [EMIM]" at active sites as
well as alkali cations impeding the reorientation of [EMIM]*
at the surface under applied potential, both factors that were
found to contribute to the inhibitory effect of alkali cations in
imidazolium-mediated CO,R on Ag.** Possibly, the presence
of alkali cations could also disrupt the ordering of IL ions in
the EDL and the role of entropy in promoting CO,R by imida-
zolium cations.** Overall, however, the relatively minor effect of
alkali cations on CO,R at the cathode surface is partly attribut-
able to the much higher concentration and larger size of the
organic [EMIM]* cations, leading to them dominating the dou-
ble layer behavior and product distribution compared to that
observed with alkali cations in purely aqueous electrolyte on
Sn.>?

Notably, some of the results herein deviated from trends
observed in recent work on CO,R on Ag in imidazolium IL
with alkali cations, which reported a sharp inhibition of CO for-
mation on Ag in the presence of alkali cations, especially with
Li*.* Our data on Sn electrodes exhibited only a modest
decline in HCOO™ selectivity and partial current density with
alkali cations, with the least effect caused by Li*, and with no
significant effect on CO formation. This difference suggests that
the competition between [EMIM]* and alkali cations at the
electrode surface manifests differently on Sn than on Ag, possi-
bly due to the different binding energy of Sn which results in its
stronger affinity for the HCOO™ conversion pathway. These
observations underscore the importance of catalyst-specific
interfacial interactions in mixed-cation environments.

We also performed density functional theory (DFT) calcula-
tions to examine the competition for specific adsorption of Li*,
Na*, and [EMIM]* at a Sn(200) surface, contrasting with prior
work examining specific adsorption to the Ag(111) surface.*®
DFT results (Figure S8, with accompanying method details)
suggest Li* outcompetes [EMIM]* for the Sn(200)surface at
cathodic potentials relevant to CO,R. Li* adsorbs more favor-
ably to Sn(200) than to Ag(111) whereas [EMIM]* adsorption
is equivalent to the two surfaces. These results do not support
the hypothesis based on experimental results that the minor
effects of Li* on CO,R on Sn are due to a low affinity of Li*
for the near-surface region. This disagreement may be more
indicative of limitations in the use of a single Sn (200) surface
and reduced representation of the complex electrode—IL

interface in the DFT model than refuting the hypothesized
interfacial behavior. Stronger mechanistic insights and evidence
may be achievable through in situ spectroscopic investigations
such as surface-enhanced Raman spectroscopy (SERS) to
unravel the distinction in behavior between Ag vs Sn in mixed
alkali/EMIM electrolytes. However, the relative inactivity of
Sn surfaces for SERS presents a challenge and may require a
more sophisticated method such as shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS).”

Bl CONCLUSIONS

In advancing electrochemical CO, reduction technologies, it is
imperative to comprehend the underlying mechanisms govern-
ing cation effects at the electrode surface. The CO,R behavior
of Sn, an exemplar catalyst favoring the HCOO™ production
pathway, was investigated in a mixed [EMIM][BF,]/H,0 elec-
trolyte with and without added alkali salts to examine the role of
mixed cation interactions. Without alkali cations, increased
[EMIM][BF,] concentration led to generally decreased rates
of HCOO™ production. With alkali cations (0.1 M Li*, Na*,
or K*) added to 1.9 M [EMIM][BF,], the heavier alkali cations
induced higher total current density but not a concomitant
enhancement of CO,R, contrary to findings from analogous
studies conducted with alkali cations in purely aqueous electro-
Iyte. Alkali cations detrimentally affected CO,R on Sn in
[EMIM][BF,]/H,O by enhancing HER, possibly through
water in their hydration shell promoting/participating in HER
and by inhibiting C1 (CO, HCOO™) product formation
through interference with any imidazolium-mediated pathways.
Alkali cations detrimentally affected CO,R selectivity on Sn in
[EMIM][BF,]/H,O primarily by increasing the H, partial cur-
rent density (most strongly for Na* and K*), while CO partial
currents were comparatively unchanged and HCOO™ partial
currents decreased modestly under the same conditions.
Based on these product-resolved trends, we attribute the higher
total cathodic currents in Na*/K*-containing electrolytes pre-
dominantly to preferential promotion of HER. We further note
as a working hypothesis that cation-associated water and/or
alkali-imidazolium competition within the interfacial double
layer may contribute to this HER promotion and the modest
suppression of HCOO™ formation; direct validation will require
future in situ interfacial spectroscopy and kinetic probes. These
findings suggest that optimizing IL composition and minimizing
competing cation interactions help achieve selective and effi-
cient CO,R in IL—based electrolytes. Future investigations
should build greater understanding of the complex interaction
between cation types (e.g., organic and alkali) and electrocata-
Iytic processes at the cathode/electrolyte interface, thereby lay-
ing the groundwork for informed electrolyte design principles
in advancing next-generation CO, reduction technologies.
Additional in situ experiments (e.g, SHINERS, dynamic elec-
trochemical impedance spectroscopy, etc.) combined with the-
oretical modeling will be essential to elucidate the
mechanisms by which alkali cations interact with ILs and affect
the behavior on Sn differently from other surfaces.
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