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ABSTRACT: The electroreduction of CO, plays an important role in achieving a net-
zero carbon economy. Imidazolium cations can be used to enhance the rate of CO,
reduction reactions, but the origin of this promotion remains poorly understood. In this
work, we show that in the presence of 1-ethyl-3-methylimidazolium (EMIM'), CO,
reduction on Ag electrodes occurs with an apparent activation energy near zero, while the EMIM*
applied potential influences the rate through the pre-exponential factor. Our findings
suggest that the CO, reduction rate is controlled by the initial state entropy, which
depends on the applied potential through the organization of cations at the

~zero apparent

Reactant activation energy

electrochemical interface. Further characterization shows that the C2-proton of EMIM*

is consumed during the reaction, leading to the collapse of the cation organization and a

decrease in the catalytic performance. Our results have important implications for understanding the effect of potential on reaction
rates, as they indicate that the common picture based on vibrational activation of electron transfer reactions is insufficient for
describing the impact of potential in complex systems, such as CO, reduction in the presence of imidazolium cations.

B INTRODUCTION

Achieving net-zero carbon emissions requires technologies for
the long-term storage of renewable electricity and the
sustainable synthesis of chemicals. The electrochemical
reduction of CO, (CO,RR) to C1 and C2 carbon feedstocks
has the potential to fulfill these needs and has, consequently,
received great interest in recent decades.'”® Considerable
progress has been achieved in understanding the mechanism of
CO,RR.”™"" Surprisingly, however, the most fundamental
question of how the applied potential controls the rate of the
CO,RR has not been conclusively answered. Basic electron
transfer models such as the Tafel, Butler—Volmer, and simple
Marcus models assume that the applied potential controls
reaction rates by modulating the height of the activation barrier
(Figure la)."" =" In this picture, ambient heat (kzT) provides
the energy needed to surmount the activation barrier, while the
presence of an electrocatalyst and cocatalyst modifies its
height.

Since the realization in 2011 that imidazolium (IMIM)
cations, specifically 1-ethyl-3-methylimidazolium (EMIM?*, 1),
in ionic liquids can significantly reduce the overpotential of
CO, reduction reactions,"* the role of imidazolium cations has
received considerable attention, with some of the authors of
this paper demonstrating the strong correlation between
imidazolium cation structure and electrocatalytic potency in
2016."° Nevertheless, it remains unclear how imidazolium
cations act as cocatalysts at electrochemical interfaces, and
multiple mechanisms have been proposed. Some reports
suggest that 1 will become reduced at the electrode surface
and, subsequently, act as a catalyst that passes electrons on to
CO, through an inner-sphere reaction (Figure 1b).'o72°
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Furthermore, it has been suggested that 1 enhances reaction
rates by donating its acidic C2 proton or through a hydrogen-
bonding interaction with catalytic surface intermediates.”’
Additionally, some reports have suggested that the C4- and
CS-protons on the imidazolium ring are critical to enhancing
CO,RR by stabilizing the transition state leading to a CO,*~
intermediate at the electrode surface.'>** Overall, the role of
imidazolium cations remains controversial, and rationally
tuning them to enhance reaction rates requires deeper
mechanistic insight.

Based on the simple theories of electron transfer detailed
above, it is commonly assumed that imidazolium cations lower
the onset potential of the CO,RR by lowering the activation
barrier. To generate more quantitative insight into this process,
we sought to measure the activation energy of CO, reduction
in the absence and presence of small amounts of two
structurally distinct imidazolium cations, 1 and 1-ethyl-2,3-
dimethylimidazolium (EMMIM®, 2, Figure 1lc). Our studies,
which were carried out under controlled mass transport, shed
new light on the kinetics of the CO,RR in the presence of
imidazolium cations. Surprisingly, we find that introducing
small amounts of 1 renders the CO,RR rate independent of
temperature but still dependent on the applied potential. This
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Figure 1. (a) Schematic of the modulation of the CO,RR by the
applied potential. (b) Proposed mechanisms of imidazolium-mediated
enhancement of CO,RR rate (i) Hanc-Scherer et al.'®, (ii) Neyrizi et
al.*, and (iii) Lau, Schreier et al."® (c) LSV curves recorded on a Ag
electrode under CO, (solid line) and Ar (dashed line) for 0.1 M
Bu,NPF; electrolytes in MeCN containing no imidazolium cation
(dark gray), SO0 mM of 1 (blue), and SO mM of 2 (magenta). Scan
rate 100 mV s~} rotation rate 200 rpm, temperature 20 °C, Pt
counter electrode, unseparated cell, iR-corrected, and scan in negative
direction.

means that in the presence of EMIM®, the CO,RR exhibits an
apparent activation energy near zero. When describing the
reaction rate based on the Arrhenius model, the potential
impacts the rate primarily through the pre-exponential factor
and not through changes to the activation energy. The pre-
exponential factor is related to the entropy of activation.”” In
analogy with findings in homogeneous and solution-phase
heterogeneous catalysis, we hypothesize that in the presence of
imidazolium cations the rate of CO,RR is controlled by the
potential-driven ordering of imidazolium at the electrified
interface, which increases the entropy of activation. We further
demonstrate that proton abstraction from 1 at higher driving
forces produces a neutral species, resulting in the collapse of
imidazolium ordering and elimination of the cocatalytic effect.
Our results provide novel insight into the mechanism through
which applied potentials control reaction rates in electro-
catalysis, which we expect to be critical for the development of
the electrochemical energy storage and sustainable chemical
industries.

B RESULTS AND DISCUSSION

To determine the impact of imidazolium cation additives on
the CO,RR performance, we measured the CO, reduction rate
on Ag electrodes in a CO,-saturated background electrolyte of
0.1 M Bu,NPF; (Bu,N") in anhydrous acetonitrile (MeCN)
(experimental setup shown in Figure S1). The background
electrolyte was used to avoid modifying bulk electrolyte
conductivity, as the imidazolium additive structure and
concentration were changed. Linear sweep voltammetry
(LSV) experiments were carried out at 0.1 V s'ona rotating
disc electrode at 200 rpm due to the presence of mass
transport effects which we will discuss later. We first measured
the rate enhancement due to imidazolium cations by
comparing the CO,RR rate in the presence and absence of
50 mM 1 and 2 (Figure 1lc). In the absence of CO,, the
background electrolyte was stable to —3.0 V (all potentials vs
Fc*/Fc at the respective temperature), while 1 and 2
underwent irreversible reductive decomposition at —2.45 and
—2.55 V, respectively. In the presence of 1 and 2, we observed
a marked lowering of the onset potential compared to the
background electrolyte under CO,, as previously re-
ported.”*"** Compared to 2, 1 showed a 80 mV earlier
onset, but 1 performed worse than 2 as the potential became
more negative. We will explain the origin of this effect toward
the end of our discussion.

Opverall, we found a substantial cocatalytic effect for both 1
and 2 toward CO,RR on Ag electrodes, which was previously
explained by a decrease in the activation energy of CO,
reduction in the presence of imidazolium cations. To quantify
this decrease, we sought to determine the activation energy of
the reaction through temperature-dependent measurements of
CO,RR rates in the presence and absence of imidazolium
cations.

LSV curves were measured at temperatures ranging from 5
to 35 °C. The Tafel curves determined from these measure-
ments are shown in Figure 2a. Gas chromatography measure-
ments confirmed that the measured current corresponds to the
formation of CO (Figure S6). In the pure Bu,NPF; electrolyte,
the Tafel curves showed a distinct temperature dependence,
with increased temperature resulting in a decreased current at
all applied potentials (Figure 2a). In sharp contrast, the
presence of 1 resulted in an overlap of the Tafel curves
regardless of temperature, indicating that in the presence of
imidazolium cation 1, CO,RR becomes temperature inde-
pendent, while remaining dependent on the applied potential.
It is generally accepted that in aprotic solvents, CO,RR is rate
limited by the first electron transfer to form a negatively
charged CO, anion (CO,*”) at the electrode surface.”’ To
understand the impact of the temperature on this step and
explain our observations, we need to discuss the prevailing
models for the rate of electron transfer reactions.

In the simple Tafel model, the rate of a reductive electron
transfer is governed by the energy of activation, which is
modulated by the potential, relative to the temperature, as
shown in eq 1

o[ pen
SR G (1)

Here, 7 = (E — E°) is the overpotential, E is the iR-corrected
potential (V vs Fc*/Fc), E° is the equilibrium potential for CO,
reduction to CO in MeCN,™ Jy=o is the exchange current
density, kg is the Boltzmann constant, T is the temperature,

https://doi.org/10.1021/jacs.3c09687
J. Am. Chem. Soc. 2023, 145, 27657—27663


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09687/suppl_file/ja3c09687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09687/suppl_file/ja3c09687_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c09687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

a 2.75
[$)
L —0
E 2.50r temperature
L sensitive
e
S
~—2.25F
- NN Ty e
\=/ not temperature
sensitive
2.00 4 L
-0.5 0.0 0.5
log([j//mA cm™)
b c
£ £
) o
< <
= =
£ £
7 -7
3.2 34 3.6 3.2 3.4 3.6
1000/T (K™") 1000/T (K™

Figure 2. Kinetic investigations of CO, reduction electrocatalysis at a
Ag electrode at 200 rpm under different temperatures (5—3S °C) and
electrolytes. Tafel plots for (a) 0.1 M Bu,N* in MeCN and 50 mM 1
in 0.1 M Bu,N* in MeCN. Corresponding Arrhenius-like plots under
various potentials for (b) 0.1 M Bu,N* in MeCN and (c) S0 mM 1 in
0.1 M Bu,N* in MeCN.

is the symmetry factor, and ¢ is the elementary charge (Tables
S1—S3). The symmetry factor f§ expresses how strongly the
applied potential changes the activation energy of the reaction,
thus modulating the reaction rate at constant temperature. In
the simplest interpretation of this model, an increased
temperature should lead to an increased reaction rate because
more thermal energy is available to overcome the activation
barrier. This behavior is not observed in our case and, indeed,
we need to refine the model. In 1986, Conway proposed that f
should be separated into an enthalpic symmetry factor (fy)
and an entropic symmetry factor (fs) according to eq 2
(Tables S4—S6).252028

This formalism takes into account that the formation of an
electron transfer transition state has both an enthalpic and an
entropic component, with fy; and fg representing the impact of
the potential on the enthalpy of activation and the entropy of
activation, respectively. Interestingly, when fitting our data, in
the case of additive 1, fy is found to be close to zero,
suggesting that the enthalpy of activation exerts a negligible
effect on the reaction (Table S5). This becomes obvious when
the data are represented in the form of Arrhenius-like plots,
where the logarithm of the current density is plotted as a
function of 1/T. The Arrhenius equation describes the rate of a
reaction as a function of the activation energy E, and the pre-
exponential factor A (eq 3).

_Ea)
T

k =Aexp( 2

(©)

Substituting Faraday’s law, a power rate law, and linearizing
yields eq 4

Inljl = In(nFc

(4)

where j is the current density, n is the number of electrons
transferred, R is the gas constant, ¢ is the CO, concentration,
and m is the reaction order. It is worth noting that we find the
reaction order for CO, to be close to zero in the presence of
species 1 (Figures S8—S14).

In the case of the pure Bu,NPF electrolyte in MeCN, we
observe a decrease in reaction rate with increasing temperature,
pointing to a negative apparent activation energy (Figure S7a).
This observation is not uncommon for surface-catalyzed
reactions and we suggest that it stems from a decrease in the
concentration of dissolved CO, (Table S7) and decreased
adsorption strength of CO, on the catalyst surface at higher
temperexture.27’28 In contrast, adding 50 mM of imidazolium 1
results in flat curves of the logarithm of the current density vs
1/T, highlighting the temperature independence of the
reaction in the presence of 1 and consequently an apparent
activation energy near zero (Figure S7b). Based on the Tafel
and Butler—Volmer model, E, is expected to decrease by fyne
as 7] increases in magnitude. However, in the presence of 1, the
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Figure 3. Arrhenius-like plots for CO, reduction electrocatalysis at a Ag electrode at 200 rpm in the presence of imidazolium cations with different
concentrations at different potentials. (a—c) for 1 in 0.1 M Bu,N* in MeCN; (d—f) for 2 in 0.1 M Bu,N* in MeCN (dashed lines are fits).

27659

https://doi.org/10.1021/jacs.3c09687
J. Am. Chem. Soc. 2023, 145, 27657—27663


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09687/suppl_file/ja3c09687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09687/suppl_file/ja3c09687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09687/suppl_file/ja3c09687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09687/suppl_file/ja3c09687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09687/suppl_file/ja3c09687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09687/suppl_file/ja3c09687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09687/suppl_file/ja3c09687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09687/suppl_file/ja3c09687_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c09687?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c09687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Reactant

Figure 4. (Left) Schematic illustration of the observed activation enthalpy based on onset potentials and temperature-dependent measurements.
(Right) Possible interfacial structure of 1 (top of the right column) and 2 (bottom of the right column). (red circle: oxygen atom; black circle:
carbon atom, orange circle: IMIM cation, and navy circle: anions). Illustrations not to scale.

applied potential. In the presence of 1, the concentration of
CO, also negligibly impacts the reaction rates. Under these
circumstances, the potential controls the reaction rate through
the pre-exponential factor A, which is related to the entropy of
activation, as expressed by fs in Conway’s theory.

The question thus arises as to why the apparent activation
energy of CO,RR in the presence of 1 is near zero and through
what mechanism the potential controls the activation entropy
and reaction rate. We propose an explanation based on the
structure of the transition state involved in the rate-limiting
electron transfer leading to surface-bound CO,*”. Producing
this charged intermediate means that formation of the
transition state requires recruitment of charge-compensating
ions and solvent molecules as described previously, resulting in
a lowering of the entropy of the activated complex due to
electrostriction.”> This leads to a negative entropy of
activation, AS* = §* — S, where S* and S; are the entropy of
the activated complex and the initial state, respectively. Since
the Gibbs free energy of activation depends on the activation
entropy as AG* = AH* — TAS?, a more negative entropy of
activation will result in a higher free energy of activation and
thus a lower reaction rate. Under these circumstances, the
lower the entropy of the initial state, i.e., the more ordered the
initial state, the lower the entropy of activation. We thus
believe that imidazolium cations form an ordered structure at
the electrode surface, decreasing the entropy of activation. In
this picture, the organization of cations is controlled by their
potential-dependent Coulombic attraction to the electrode and
should decrease at lower cation concentrations and with ions
that possess increased steric bulk. To verify this hypothesis, we
measured LSV and Arrhenius data at a lower concentration of
1 (10 and 20 mM, Figures 3, S4, SS, and S7c) and in the
presence of the more sterically encumbered imidazolium
cation 2. In both cases, we expected the interfacial cation
ordering to be less pronounced. Reducing the concentration of
species 1 resulted in a slight decrease in the observed rate and
apparent activation energy under low applied bias in agreement
with our expectation (Figures 3a and S7b). However, the effect
of the cation chemical structure was much more pronounced,
with 2 showing a nuanced dependence on cation concentration
and applied potential. For all imidazolium concentrations, we
observed that the apparent activation energy in the presence of
species 2 is negative (Figure S7), which we attribute to the
same effects leading to a negative activation energy for Bu,N*

as described above. However, the activation energy approaches
zero as the applied potential is increased or the temperature is
decreased (Figure 3d—f). This trend is amplified under higher
concentrations of 2 (Figure 3f). We hypothesize that different
imidazolium cations form different structures at the interface,
which consequently affect the entropic difference between the
initial state and the transition state of CO,RR. Specifically, we
suggest that 1 will form an ordered structure at the interface
(low degree of disorganization, reaction controlled by entropic
effects), ? while 2 will feature a more disordered structure,
which is less able to stabilize the CO, reduction transition
state.””>" Further evidence for our proposed mechanism
comes from the observation that the symmetry factor f§ for
species 1 decreases as the expected degree of ordering
increases, supporting the notion that the initial state becomes
more similar in nature to the transition state.*>**3 CO,
reduction in the presence of 1 became temperature dependent
for 40 °C and above, where more thermal energy is available to
promote interfacial disordering, but more strongly so for low
concentrations of 1 (Figure S3), reinforcing the idea that
interfacial order controls the reaction outcome.

It is worth noting that similar kinetics, featuring near zero-
apparent activation energy, have been reported for the liquid-
phase hydrogenation of pentacyanocobaltate(I).”* In that
system, the reaction rate was strongly dependent on the ionic
strength of the reactant solution, and it was suggested that the
rate of reaction is controlled by the formation of a complex
ternary transition state involving a hydrogen molecule and two
pentacyanocobaltate(IT) complexes. It is possible that a similar
mechanism is in play for CO, reduction in the presence of
imidazolium cations, where a transition state is formed that
strongly lowers the enthalpy of activation but requires
substantial molecular ordering to form. Indeed, it has
previously been suggested that the onset of CO, reduction
in the presence of imidazolium cations is linked to a structural
rearrangement.” The greater the negative potential, the more
aligned and abundant the imidazolium cations are at the
interface. In such a case, the more ordered the initial state, the
lower the entropic cost of forming the transition state and thus
the reaction rate increases (Figure 4). We hypothesize that the
methyl group at the C2 position of species 2 introduces steric
hindrance which decreases the propensity of the cations to
form ordered structures, resulting in a decreased magnitude of
the effect observed for species 1.
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When initiating our studies, we realized that CO,RR in the
presence of 1 was mass transfer dependent, as has also been
reported by Neyrizi et al.”' To probe these effects and
understand their connection to our hypothesis of structural
ordering, we carried out CO,RR experiments on rotating disc
electrodes at multiple rotation rates (Figures Sa,b and S15). In
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Figure 5. Investigation of the IMIM structural changes during
CO,RR. LSV curves for (a) 1 and (b) 2 at 2 mM concentration
(dashed line) and 5 mM concentration (solid line) under a CO,
atmosphere, recorded at different rotation rates (0—1200 rpm) and at
5 °C. '"H NMR spectra of (c) 1 and (d) 2 acquired before and after
CO, reduction electrolysis in the presence of 100 mM D,O. Full
spectra in Supporting Information.

the presence of 1, we observed the appearance of a distinct
plateau current at more negative potentials, which depended
on the concentration of 1 in solution, as well as on the rotation
rate. For species 2, on the other hand, we did not observe such
a plateau, regardless of its concentration in solution. We
hypothesized that the plateau is due to the consumption of
species 1 during the reaction. 1 possesses an acidic proton at
its C2 position, which we theorized to be donated during the
reaction. If proton donation occurs, species 1 is reported to
form a carbene that is charge neutral and can therefore no
longer participate in Coulombic ordering at the electro-
chemical interface,”**” leading to a collapse of the ordered
structure and the entropic enhancement. Since 2 does not
possess a labile proton at its C2 position, it cannot undergo
proton donation and thus remains positively charged at all
potentials.

To investigate the viability of our hypothesis, we used
nuclear magnetic resonance spectroscopy ("H NMR) to probe
the structural changes of species 1 and 2 upon carrying out
CO, reduction in the presence of D,O electrolyte (see
Supporting Information for detailed 'H NMR spectra, Figures
S16—S25 and Tables S8 and S9). Our data showed that the
integrated area of the C2-proton (8.69 ppm) decreased by 32%
after the reduction of CO, in the presence of D,O (Figure Sc).
Such a decrease was not observed in the absence of added
D,0, indicating that the imidazolium cation reversibly regains
the donated proton from residual water (Figures S16—S21).
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No changes in the relative peak integrals before and after CO,
reduction in the presence of D,O were observed for species 2
on the other hand, indicating that 2 does not undergo a proton
exchange during the reaction (Figures 5d, S22, $23, and S25).

Our observations explain why species 2, despite having a
later onset potential than species 1, performs better at higher
driving force (Figure 1)."> By donating protons during CO,
reduction electrolysis, species 1 transforms to a neutral
compound, thereby losing its effectiveness in enhancing the
reaction rate. This deactivation increases as the current
increases up to the observed plateau current. Species 2 is not
affected by such a deactivation and therefore exceeds the
cocatalytic performance of species 1 at higher currents (Figure
S26). We expect future spectroscopic investigations to shed
light onto these effects, as prior studies were carried out at
potentials and concentrations where loss of ordering would
likely not be observed.*®

B CONCLUSIONS

In summary, we investigated the kinetics of the CO,RR at
varying temperatures and in the presence and absence of two
distinct imidazolium cations 1 and 2. We found that the
reaction showed no temperature dependence in the presence
of 1, thus exhibiting an apparent activation energy near zero.
We attributed this effect to the formation of an ordered
structure of imidazolium cations at the electrode surface, which
lowers the entropy of activation needed to form the electron
transfer transition-state. Even though 1 shows the earliest onset
of all cations tested in our study, the collapse of structural
ordering due to the donation of the imidazolium C2 proton
weakens the enhancement effect of 1. Our study sheds new
light onto the role of applied potential in controlling the rate of
electrocatalytic reactions. We expect that our findings on the
relationship between interfacial structure and kinetics will
contribute to the understanding of the role of cation structure
in electrochemical energy storage and sustainable chemical

synthesis.
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