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Abstract
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lonic liquids (ILs) have been established as effective promoters for the electrocatalytic
upconversion of CO, to various commodity chemicals. Imidazolium ([Im]*) cathode combinations
have been reported to selectively catalyze the 2e7/2H* reduction of CO, to CO. Recently our
laboratory has reported energy-efficient systems for CO production featuring inexpensive bismuth-
based cathode materials and ILs comprised of 1,3-dialkylimidazolium cations. As part of our
ongoing efforts to understand the factors that drive CO» reduction at electrode interfaces, we
sought to evaluate the catalytic performance of alternative ILs in combination with previously
described Bi cathodes. In this work, we demonstrate that protic ionic liquids (PILs) derived from
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) effectively promote the electrochemical reduction of
CO5, to formate (HCOQ™) with high selectivity. The use of PILs comprised of the conjugate acid
of DBU, [DBU-H]*, efficiently catalyzed the reduction of CO5 to HCOO™ (FEga ~ 80%) with
significant suppression of CO production (FEco ~ 20%) in either MeCN or MeCN/H,0 (95/5)
solution. When they were used in combination with [DBU-H]*-based PILs, Bi-based cathodes
achieved current densities for CO reduction (jior & 25-45 mA/cm?) that are comparable to or
greater than those reported with imidazolium ILs such as [BMIM]PFg. As we demonstrate herein,
the selectivity of the 2e reduction of CO, toward HCOO™ or CO can be dictated through the
choice of the IL promoter present in the electrolysis solution, even in cases in which the same
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electrocatalyst material is studied. These findings highlight the tunability of bismuth/IL systems
for the electrochemical reduction of CO, with high efficiency and rapid kinetics.
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INTRODUCTION

The storage of electrical energy from a source of renewable electricity (e.g., solar) as
chemical energy via the reduction of CO, is an attractive strategy for energy storage.12
Advances in CO» reduction catalysis at heterogeneous surfaces and homogeneous transition-
metal complexes highlight the potential for converting CO, into commodity chemicals, as
systems capable of producing useful feedstock molecules such as carbon monoxide (CO),
formate (HCOO™), and methanol have been established.3~’ Heterogeneous cathode materials
have received significant attention due to their potential for incorporation into electrolytic
devices. As such, efficient cathode materials including metallic, composite, and doped
carbon electrodes have been developed and widely reported in the literature.8‘® Much effort
is now aimed at improving the energy efficiency and electrocatalytic activity of electrode/
catholyte systems, while product selectivity (i.e., Faradaic efficiency (FE)) and high rates
(current density (y)) of CO5 reduction at minimal overpotentials () are retained.

Thermodynamically, the direct one-electron reduction of CO, to CO,"" is challenging, due
in part to the large reorganization energy associated with the transition from linear CO, to
bent CO,*~.10.11 Coupling the transfer of electrons with proton transfer allows for the
formation of more stable intermediates, thereby lowering the potential required for CO,
activation by more than 1 V. Additionally, the incorporation of ionic liquids (ILs) as
cocatalysts, solvents, and/or electrolytes has been shown to enhance CO, electrocatalysis at
metal electrodes.12-15 For example, our laboratory has demonstrated that in the presence of
1,3-dialkyl-substituted imidazolium-based ILs (e.g., 1-butyl-3-methylimidazolium, [BMIM]
*), affordable and readily prepared Bi-based cathodes can drive the electrocatalytic reduction
of CO, to CO with metrics similar to those obtained using precious-metal catalysts based
upon Ag and Au.18 The high rate of and selectivity for CO evolution using Bi-based
cathodes, in the presence of imidazolium ([Im]*) ILs, has motivated further investigation
into the role(s) of ILs in the electrochemical activation of CO,. A combination of in-depth
electrochemicall’-18 and spectroscopic!319 techniques suggests that interaction of [Im]*
with certain cathode materials engenders energy-efficient CO, reduction, independent of
anion effects.

In aprotic nonaqueous solvents, such as MeCN, the acidity of the proton at the 2-position of
[Im]* heterocycles (Figure 1) has been calculated to be as high as pK; ~ 32.20 As a result,
[Im]* cations such as [BMIM]* are very weak proton donors. It is to be expected that the
intermolecular forces that engender favorable CO, electrocatalysis are limited by the low
Bronsted and Lewis acidities of [Im]*-based electrolytes.21:22 Through combined inspiration
from the widely studied roles of IL—electrode interactions in heterogeneous CO»,
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electrocatalysis,12-15 and the established ability of exogenous acids to boost homogeneous
catalysis,23-28 we sought to evaluate the performance of Bi-modified electrodes in the
presence of protic ionic liquids (PILs) that are more acidic than prototypical [Im]*-based
ILs.

As a subset of ILs, PILs feature an available proton on the positively charged atom(s) that
make up the IL cation.2%:30 Although imidazolium-based ILs such as [BMIM]* can serve as
very weak proton donors, they are formally classified as gprotic ILs, since the most acidic
protons on this cation do not reside on the cationic nitrogen atoms that make up the [Im]*
heterocycle. In contrast, the N-heterocycle 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) is an
organosuperbase, which can readily be protonated to form its corresponding conjugate acid
([DBU-H]"), the structure of which is shown in Figure 1. The most acidic proton of [DBU-
H]* (pK; ~ 24.3 in MeCN;3! pK;, ~ 13.4 in H,032-34) is bound to the amindinium nitrogen
of this cation, which readily forms PILs with weakly coordinating anions. Moreover, PILs
based upon [DBU-H]* have been employed in CO, capture studies, 3540 as well as other
synthetic applications.*1~4> Additionally, DBU has been utilized as a cocatalyst for the
hydrogenation of CO, to HCOO™ (requiring elevated temperatures and excess H,);#6-49
however to the best of our knowledge no studies have been reported that utilize DBU or
[DBU-H]* as a promoter or electrolyte for electrochemical CO, reduction.

Studying CO, electroreduction in the presence of a [DBU-H]*-based PIL provides an
opportunity to probe how variations in the proton availability and overall structure of
nonaqueous electrolytes affect the outcome and kinetics of CO, reduction at Bi-based
cathodes. In this work, we sought to determine how varying the identity and structure of the
IL promoter used in conjunction with Bi-film cathodes affects the course of CO, reduction
at the Bi surface. In particular, we were interested to see whether variation of the IL in
solution would lead to the promotion of alternative CO» activation pathways other than the
2e” reduction of CO, to CO, which is exclusively observed using Bi cathodes and [IM]*
additives. Herein we demonstrate that the IL additive not only tunes the activity of Bi-based
cathodes but also directly affects the distribution of CO, reduction products that can be
generated via the two 2e™ CO, reductions embodied by egs 1 and 2. In particular, these
studies demonstrate that the pathway by which CO> is activated at Bi cathodes in the
presence of [BMIM]™ is distinct from that which is operative when [DBU-H]" is used in
place of the [Im]*-based IL and establishes that Bi cathodes demonstrate a high degree of
catalytic plasticity as platforms for CO, reduction.

CO,+2H" +2¢~ - CO+H,0 (1)

CO,+H* +2¢~ — HCOO™ (2)
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RESULTS AND DISCUSSION

With the advantageous properties of [Im]* ILs in mind, PILs comprised of [DBU-H]* were
attractive candidates for study due to the structural and functional similarities of each
(Figure 1). Previous studies have shown that interaction of [BMIM]* with CO, and
negatively polarized Bi cathodes gives rise to efficient and rapid CO production.16-18
Similar to the case for [BMIM]*, [DBU-H]* is a monocation that exhibits charge
delocalization through the carbon atom bridging its amidinium N—C==N structure. The
alicyclic six- and seven-membered rings of DBU also provide an organic cation of size
similar to that of the [BMIM]* cation. Moreover, the increased acidity of [DBU-H]*
(pKa(MeCN) ~ 24.3),31 in comparison to [BMIM]* (pKj = 32),20 should therefore promote
an environment of significantly higher proton activity for CO, reduction at the Bi cathode.
On the basis of the Nernst equation, this decrease in pKj; will thermodynamically allow for
the production of reduced CO, species at potentials ~450 mV more positive (see the
Supporting Information for full analysis of £° values associated with CO, reduction in the
presence of [BMIM]* or [DBU-H]+ in MeCN-based electrolytes).

To investigate the viability of [DBU-H]*-promoted CO, electrocatalysis, we initially
prepared and evaluated PILs comprised of [DBU-H]*. For direct comparison to our
previously reported bismuth—carbon monoxide evolving catalyst (Bi-CMEC) system,16
which utilizes Bi-modified cathodes and millimolar concentrations of [Im]* ILs (e.g.,
[BMIMT*) in pure MeCN, the protic salt [DBU-H]PFg was synthesized on an ~20 g scale in
high yield via treatment of DBU with 1 equiv of [NH4]PFg in H,O, which led to
precipitation of a white solid that was isolated and characterized as [DBU-H]PFg via 1H and
13C NMR spectroscopy (see the Supporting Information). We note that we chose to use the
hexafluorophosphate salt of [DBU-H]*, since this anion is stable under the electrolysis
conditions described in this work and since [Im]PFg-based ionic liquids have been some of
the most thoroughly studied with Bi cathodes.16-18

In order to determine whether [DBU-H]* promoted activation of CO, at heterogeneous
supports, linear sweep voltammograms (LSVs) were recorded using a Bi-modified glassy-
carbon electrode (GCE) in an electrolyte solution containing 0.1 M TBAPFg under an
atmosphere of CO,. The electrochemical response of 250 mM solutions of either
[BMIM]PFg or [DBU-H]PFg in CO,-saturated MeCN containing 0.1 M TBAPFg were
compared using identically prepared Bi-based cathodes. LSVs recorded in the presence of
[BMIM]* and [DBU-H]* are represented by the solid orange and blue traces, respectively, in
Figure 2a and are both consistent with electrocatalytic processes.

The large current response observed in the presence of [DBU-H]* (Figure 2a, blue trace)
features a cathodic shift in onset potential of ~300 mV, relative to that observed when
[BMIM]* is present in the catholyte. The less negative onset potential observed in the
presence of [DBU-H]* likely reflects the increased acidity of this PIL relative to the [Im]*
based IL (vide supra). Most notably, the LSV experiment recorded in the presence of [DBU-
H]* shows significant current density over the potential range spanning —1.6 to —1.8 VV vs
SCE, which is a potential window in which [BMIM]*-based catholytes do not show any
appreciable rise in current (Figure 2a, orange trace). Identical experiments performed using
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Bi cathodes and [DBU-H]* in the absence of CO, do not show any current response at
potentials less negative than —1.8 V (Figure 2a, dashed blue trace). The lack of significant
current densities under a nitrogen atmosphere suggests that the large catalytic wave observed
in the presence of [DBU-H]* and CO, (Figure 2a, blue trace) cannot be attributed to
reduction of protonated DBU at the electrode surface but rather corresponds to activation of
CO,, at the Bi cathode. Homogeneous redox processes mediated by [DBU-H]* can also be
ruled out, as no cathodic features were observed for LSVs recorded using a bare GCE in
place of a Bi cathode, in the presence of 250 mM [DBU-H]* (Figure 2a, brown trace). As
previously established for Bi/[Im]* electrocatalysis, these results demonstrate that both the
Bi-based cathode and IL promoter are intimately involved in the reduction of CO».

Controlled-potential electrolysis (CPE) experiments were conducted to establish that the
electrochemical responses of Figure 2a correspond to the conversion of CO» to reduced
carbon products. Electrolysis experiments were performed using Bi-modified GCEs with
MeCN catholytes containing 0.1 M TBAPFg and 250 mM [DBU-H]PFg. Upon initiating the
CPE at —-1.80 V vs SCE, gaseous products were identified by periodic analysis of the
reaction headspace by gas chromatography (GC). Consistent with our previously reported
Bi/[Im]* CO; electroreduction systems,16-18 CO was identified as the major gaseous
product during electrolysis, with coproduction of a very small amount of H, (FEQ, = 2%).
Surprisingly, quantification of the CO produced showed a diminished FEco of ~20%, which
is in stark contrast to the highly selective evolution of CO (FEco ~ 85%) observed when
imidazolium-based ILs are used in conjunction with Bi-based cathodes (Table 1).16-18
Analysis of the catholyte solution by 1H NMR spectroscopy showed that the vast majority of
charge passed during the CPE experiment was directed toward the production of formate
(HCOO™) with selectivity of FEga = 77%. Electrolysis experiments carried out at £=-1.80
V vs SCE showed no decrease in performance over the course of 2 h, demonstrating that the
Bi/[DBU-H]* system is robust and operates with impressive kinetics, as evidenced by the
average overall current density of jio; = 27 + 3 mA/cm? (Figure 2b, blue trace; Table 1).
Identical CPE experiments carried out using a bare GCE in place of the Bi cathode showed
virtually no current response (Table 1 and Figure S1), again demonstrating that the Bi-based
electrode is critical to the HCOO™ production we observe when [DBU-H]* is added to the
catholyte in place of the traditionally employed [BMIM]* promoter. Similarly, in the
absence of the [DBU-H]* promoter the activity (jot) for HCOO™ production is significantly
curtailed, further indicating that, under the conditions described here, both the Bi cathode
and [DBU-H]* are critical to the observed electrocatalysis.

The ability of [DBU-H]* to donate protons at the electrode/electrolyte interface is critical in
establishing the £¢q value for HCOO™ production in the MeCN catholyte employed in the
above experiments. Under the electrolysis conditions described above, we have determined
the equilibrium potential for reduction of CO, to HCOO™ and HCOOH to be Eeq = -0.99,
-1.14 V vs SCE, respectively, on the basis of tabulated and calculated thermodynamic
values (see the Supporting Information for a full description of £¢q determination). The
overpotential for [DBU-H]*-promoted CO, reduction therefore is ~660-800 mV and to the
best of our knowledge represents the first simple heterogeneous electrochemical platform
capable of converting CO, to HCOOH/HCOO™ in an organic catholyte with high
selectivities and fast kinetics (jea > 20 mA/cm?).
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To further establish that the proton activity of [DBU-H]* is important to the electrocatalytic
responses shown in Figure 2, the ability of an aprotic DBU-based cation to promote CO,
activation at a Bi-modified GCE was probed. Alkylation of DBU with ethyl bromide®°
followed by salt metathesis with [NH4]PF¢ afforded the ethyl-appended IL [DBU-Et]PFg, in
good yield. Since [DBU-Et]* lacks the relatively acidic amidinium proton of [DBU-H]",
[DBU-Et]PFg may be considered an aprotic IL, as it cannot readily provide protons to
facilitate CO, reduction at the Bi/electrolyte interface. Satisfyingly, electrochemical
experiments carried out in CO,-saturated solutions of MeCN containing 0.1 M TBAPFg and
250 mM [DBU-Et]PFg do not show evidence of CO, electroreduction, reflecting the
inability of [DBU-Et]* to engage in proton transfer. For example, comparison of LSVs
recorded with a Bi-modified GCE in the presence of [DBU-H]* and [DBU-Et]* shows that
only the protonated IL gives rise to significant current response at potentials below —1.95 V
(Figure S2). Similarly, CPE experiments carried out in the presence of [DBU-Et]* give rise
to low current densities and no HCOO™ production (Figure 2b, green trace, and Table 1).

Although significant quantities of nonvolatile CO, reduction products have not been
observed for CPE experiments employing Bi-modified electrodes in the presence of [Im]*-
based ILs,16-18 examples of HCOO™ production at Bi cathodes in aqueous electrolytes have
been reported.51:52 These studies demonstrated that bulk and nanostructured bismuth
electrodes can produce HCOO™ in CO,-saturated aqueous HCO3™ solution upon application
of the absolute overpotential 7 ~ 0.9 V with much slower kinetics in comparison to the Bi/
[DBU-H]" systems highlighted above. Despite the limited precedence showing that bismuth
cathodes can drive electrochemical HCOO™ production in CO,-saturated aqueous HCO3™
solutions, extension of our Bi/[DBU-H]* catalysis to 0.5 M NaHCOg3 (pH 7.2) did not
produce HCOO™ upon CPE. Quite the contrary, over the course of a 2 h CPE (Eapp = —1.45
V vs SCE) quantitative hydrogen production (FEp, ~ 100%) was observed with an average
partial current density of jiyo = 9.2 + 1.7 mA/cm? (Figure S3).

Although the Bi/[DBU-H]* system proved to be ineffective for CO, activation in 0.5 M
aqueous NaHCOs3, further investigation into the scope of Bi/[DBU-H]*-promoted CO,
electrocatalysis was evaluated by examining the response of this catalyst system in CO,-
saturated MeCN/H,0 (95/5). CPE experiments in which [DBU-H]PFg (250 mM) was
directly added to CO,-saturated MeCN/H,0 (95/5) catholyte containing 0.1 M TBAPFg
resulted in an exceptionally rapid rate of CO, reduction (fot > 40 mA/cm?). Under these
conditions formate production still accounted for ~75% of the charge passed during CPE
(Figure 2b, purple trace, and Table 1). To the best of our knowledge, these current densities
exceed those of any previously reported catalysts for HCOO™ production, owing to the
increased solubility of CO5 in the MeCN-based catholyte and the high activity of the Bi/
[DBU-H]* system. Repetition of the above CPE experiments with a bismuth-modified GCE
in COy-saturated MeCN/H,0O (95/5) in the absence of the [DBU-H]* promoter also led to
HCOO™ production (FEga ~ 70%); however, the rate of CO, reduction was found to be 1
order of magnitude slower in comparison to that obtained for the Bi/[DBU-H]* system (jiot <
5 mA/cm? in the absence of [DBU-H]*; Table 1). As such, these experiments clearly
highlight the extent to which the [DBU-H]*-based promoter enhances the rate of HCOO~
production in MeCN-based catholytes.
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By taking advantage of established reactivity of DBU with CO, in the presence of H,0,53-55
[DBU-H]*-containing catholyte solutions can be generated in situ, which eliminates the
need for preparation of ex situ derived [DBU-H]PFg. Solutions of DBU (250 mM) in
MeCN/H,0 (95/5) were sparged with CO» to generate [DBU-H]JHCOj3 in situ. Voltammetry
conducted for these solutions with Bi-modified GCE cathodes under either CO, or N»-
saturated MeCN/H,0 (95/5), with 0.1 M TBAPFg supporting electrolyte, produced the
polarization curves shown in Figure 3. The LSV recorded in CO,-saturated MeCN/H,0
(95/5) containing 250 mM [DBU-H]HCO3 depicts the onset of a large cathodic wave at £~
-1.45V vs SCE (Figure 3, red trace). A similar current response was not observed for Bi
cathodes in the absence of CO,, as No-saturated MeCN/H,0 (95/5) did not show a
prominent reduction wave under analogous conditions (Figure 3, blue trace), or upon use of
a GCE under CO,-saturated conditions (Figure 3, black trace).

The ability of in situ generated [DBU-H]HCO3 IL to promote the electrocatalytic conversion
of CO, to HCOO™ at the Bi-modified GCE was confirmed through CPE experiments. CPES
analogous to those described above for catholytes containing ex situ derived [DBU-H]PFg
were performed using equivalent concentrations of [DBU-H]JHCO3 prepared in CO»-
saturated MeCN/H,0 (95/5). The ability of [DBU-HCO3 to promote CO, reduction at £=
-1.80 V in MeCN/H,0 (95/5) was confirmed, as equivalent HCOO™ (FEga ~ 75%) and CO
(FEco < 20%) production levels and current densities (jiot & 25 mA/cm?) were observed
over the course of2 h CPE experiments (Figure 2b, red trace, and Table 1), demonstrating
that in situ generated [DBU-H]* electrolytes are equally as efficient at promoting CO»
reduction at Bi cathodes as are those prepared exogenously. While the selectivities for
formate production are nearly identical for the Bi/[DBU-H]PFg and Bi/[DBU-H]JHCO3
systems, the current density for CO, reduction in the former is ~15 mA/cm? higher than that
observed when in situ generated [DBU-H]HCO3 is used as the IL promoter. This difference
in CO, reduction activity may reflect the different concentrations of [DBU-H]* that are
present in the catholyte between the two experiments.

Electrocatalytic conversion of CO, to reduced carbon products offers a way to store
renewable sources of electric current when it is coupled with the 4e~/4H* oxidation of H,0.
A two-compartment cell was utilized to demonstrate that the Bi/[DBU-H]* system can
promote HCOO™ production coupled with water oxidation. The anode compartment was
comprised of either a platinum gauze or Co-OEC®® based electrode submerged in aqueous
phosphate buffer (pH 7.4), while the cathode compartment contained a CO,-saturated
solution of MeCN/H»,0 (95/5) supporting 0.1 M TBAPFg and 250 mM [DBU-H]*. Both
compartments were juxtaposed via a Nafion (NRE-212) membrane.

LSV and CPE analyses carried out for this split cell electrolyzer showed the same kinetics
and selectivity for HCOO™ production encountered for the CPE experiments described in the
preceding paragraph (j ~ 35 mA/cm?2; FEga ~ 75%), demonstrating that the Bi/[DBU-H]*
system is amenable to energy-storing catalysis that couples CO, reduction to water
oxidation. Longer CPE experiments showed that this mixed solvent electrolyzer
configuration is robust, as it operated with these metrics for at least 8 h (Figure S4) with
over 200000 cumulative surface turnovers of HCOO™ produced per hour of electrolysis. This
activity corresponds to a TOF of HCOO™ of ~0.5 mmol/cm? of active catalyst each hour.
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While these Kinetics are already impressive, we expect that improved mass transport using a
flow cell or other advanced cell design will enable additional improvements in the kinetics
of HCOO™ production using the Bi/[DBU-H]* system.

CONCLUSIONS AND FUTURE DIRECTIONS

The efficient, selective, and rapid electrocatalytic conversion of CO, to fuels and other
value-added compounds are of key importance toward the development of sustainable
carbon cycles. While precious metals have been established as excellent catalysts for CO,
conversion, the cost and scarcity of these materials has limited their use on the scale required
for commercial chemical/fuel production. Accordingly, recent efforts have been devoted to
development of new electrocatalysts for CO, reduction that are based on less expensive and
more abundant materials.

In prior work, we have demonstrated that inexpensive thin film Bi cathodes6-18 and related
Bi-based materials®’ can promote the 2e~/2H* reduction of CO, to CO with fast kinetics
(jco ~ 5-20 mA/cm?2) and high selectivity (FEco ~ 85%) from MeCN-based catholytes that
contain millimolar concentrations of 1,3-dialkylimidazolium based ILs such as [BMIM]PFg.
The impressive efficacy with which the Bi/[Im]* system catalyzes CO evolution is believed
to be driven, at least in part, by the manner in which the imidazolium cation interacts with
CO», and the Bi surface at the cathode/electrolyte interface. Moreover, this model suggests
that changing the structure and/or electronic nature of the IL cation in the CO5 electrolysis
solution might influence the outcome of CO, activation at the Bi cathode surface.

In this study, we have characterized the ability of thin film Bi cathodes to activate CO, in
MeCN-based electrolyte solutions containing ILs derived from the inexpensive organic base
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). Protonation of DBU allows for generation and
isolation of a [DBU-H]*-containing IL, which contains a protic amidinium moiety.
Electrolysis of CO,-saturated MeCN containing 250 mM [DBU-H]* with a Bi-modified
GCE results in a significantly different CO, reduction catalysis in comparison to that
observed in the presence of [BMIM]*. Instead of driving the 2e7/2H* reduction of CO, to
CO, CPE with the Bi/[DBU-H]* system promotes the reduction of CO, via an orthogonal 2e
~ pathway, to yield predominantly HCOO™, with selectivities as high as FEga ® 75% at jiot ®
20-45 mA/cm?. Notably, the selectivity for production of CO is significantly suppressed in
the presence of [DBU-H]PFg (FEco ~ 20%) in comparison to analogous CPE experiments
in which 250 mM [BMIM]PFg is present in the electrolyte solution (FEco ~ 85%). The
ability to rapidly and selectively generate HCOO™ with the Bi/[DBU-H]* system is an
important advance, since both formate and formic acid are high-volume commodity
chemicals and are useful feedstocks for the synthesis of multicarbon products and for fuel
cell applications.>8-60

In addition to promoting the production of HCOO™ by Bi cathodes in CO,-saturated MeCN,
[DBU-H]* also greatly enhances formate production in electrolyte solutions containing a
significant fraction of water. Electrolysis of CO,-saturated solutions of MeCN/H,O (95/5)
containing 250 mM [DBU-H]PFg at £=-1.80 V resulted in the production of HCOO™ with
FEra ~ 75% and a minor amount of CO (FEco ~ 15%). Most notably, the kinetics of CO»
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reduction under these conditions are exceptionally fast (fio; & 45 mA/cm?), with the vast
majority of this current being directed to HCOO™ generation. Moreover, CO, electrolysis in
MeCN/H,0 (95/5) based catholytes allows for the in situ generation of [DBU-H]HCO:s.
CPE of CO»-saturated solutions of MeCN/H,0 (95/5) containing 250 mM of in situ
generated [DBU-H]*results in a catalysis (FEga ~ 75%; FEco < 20%) similar to that
observed when exogenous [DBU-H]PFg is added to the electrolyte. In addition to
simplifying the generation of [DBU-H]* based electrolytes, the MeCN/H,0 catholyte
solution is also readily juxtaposed with an aqueous anolyte, which allows CO5 reduction at
the Bi/[DBU-H]* cathode to be coupled with anodic water oxidation. This electrolysis
configuration is robust and allows for CO5 to be converted to HCOO™ with a TOF of ~0.5
mmol/cm? (jea ~ 25 mA/cm?) of active catalyst surface area and produces more than 1.5
million cumulative surface turnovers over the course of an 8 h CPE experiment.

While the ability to electrochemically produce formate from CO, with the impressive
selectivities and kinetics that are highlighted above is notable, the ability to switch the
distribution of 2e™ CO, reduction products as a function of electrolyte composition using a
single inexpensive heterogeneous electrocatalyst (i.e., Bi) is an intriguing finding in and of
itself. The observation that Bi cathodes rapidly and selectively drive the electrocatalytic
reduction of CO, to CO in the presence of [Im]*-based ILs, as opposed to HCOO™ in the
presence of [DBU-H]*, highlights the versatility of Bi/IL catalyst systems for
electrochemical CO, reduction. As such, this work demonstrates that Bi/IL CO, reduction
platforms exhibits a high degree of catalytic plasticity, as the mode and efficiency of CO,
activation that is promoted at the Bi/IL interface largely depends on the identity of the IL
cation dissolved in the electrolyte solution. These studies strongly suggest that the
electronics of the IL cation and the manner in which these species interact with CO, and the
Bi cathode are critical in determining the mechanistic pathway by which CO, reduction
takes place. In particular, understanding how different electrolyte additives, including ILs,
alter the structure and roughness of heterogeneous electrocatalysts at the electrode/
electrolyte interface®? will likely be important to understanding how the catalytic plasticity
of Bi and other materials for CO, reduction arises. Additionally, efforts to understand how
electrolyte additives organize on polarized electrode surfaces and stabilize critical
intermediates®2 en route to distinct CO, reduction products is also a point worthy of major
consideration. Accordingly, further studies dedicated to understanding the role(s) of ILs and
other electrolyte additives in directing the selectivity of CO, electroreduction at
heterogeneous catalyst platforms are ongoing in our laboratory.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Structures of the IL cations studied in this work. The most acidic proton of each cation is
shown in blue, and pKj values reflect the proton donor ability of each in MeCN.
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Figure 2.
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(a) Linear sweep voltammograms (LSVs) recorded for Bi-based and bare GCEs in MeCN
containing 250 mM IL and 0.1 M TBAPFg under an atmosphere of Ar, N, or CO». (b) Total
current density profiles recorded for Bi-based cathodes in either MeCN or MeCN/H,0
(95/5) containing 250 mM IL and 0.1 M TBAPFg at E;pp = =1.80 V vs SCE.
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Figure 3.
LSVs recorded for Bi-modified and bare GCEs in MeCN/H,0 (95/5) containing 0.1 M

TBAPFg and 250 mM DBU under an atmosphere of CO, (red and black traces) or N, (blue
trace).
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