IESAPPLIED
ENERGY MATERIALS

Open Access

This article is licensed under CC-BY 4.0 € (®

www.acsaem.org

Direct Air Capture-Compatible Azolate and Amino Acid lonic Liquids
for Electrochemical CO, Reduction to CO on a Silver Cathode

Priyadarshini Seshasayee, Nishu Devi, Chang Liu, Lauren Crochet, Anna Bunger, Juliane Weber,*

and Sankar Nair*
I:I Read Online

Article Recommendations |

Cite This: ACS Appl. Energy Mater. 2026, 9, 5880—5887

ACCESS |

ABSTRACT: Direct air capture (DAC) compatible ionic liquids (ILs) are
attractive for integrating CO, capture and conversion due to their high CO,

>
I
solubility at low partial pressures, tunable chemisorption mechanisms, low vol- \:° - \\ : Synges
to.

Ll Metrics & More | @ supporting Information

High CO selectivity,
1. . . . . HER suppressed
atility, and wide electrochemical windows. However, very few ILs have high

CO, uptake at DAC conditions (420 ppm CO,), and even fewer have been
evaluated for chemical compatibility and mechanistic continuity for combined
capture and electrochemical CO, reduction (eCO,RR). We demonstrate that
two representative DAC-capable ILs, [P,,,,][Val] (amino acid-based) and
[Pyss14][S-Me-Imd] (azolate-based), exhibit favorable electrochemical reduc- L 8%
tion behavior. CO and H, were the dominant gas-phase products by GC,  [Pssull5-Me-Imd]
while 'H and *C NMR confirmed negligible liquid-phase HCOOH. pjrectair Capture (DAC) Electrochemical CO, Red
Chronoamperometry at moderate applied potentials (—2.0 to —2.5 V vs Ag/ compatible ILs (eCO,RR)

AgCl) in a two-compartment H-cell with a Ag coated carbon paper as the

working electrode yielded steady-state current densities of ~10 mA cm™> with CO FE of 96% for [P,,,,][Val] and 95% for
[Pgss14)[S-Me-Imd], highlighting the role of viscosity and chemically absorbed CO,-IL species to provide highly selective CO forma-
tion while suppressing H, evolution.
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B INTRODUCTION

Carbon dioxide (CO,) emissions are a leading contributor to the
greenhouse effect and climate change, threatening environmental

(~33 mM at 1 atm), mass-transport limits, and local pH
shifts,*”'® reducing current densities and selectivity under DAC
conditions.!! Recent work demonstrated the first DAC-to-
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stability and economic resilience.! Current mitigation strategies
include (1) reducing emissions via low-carbon fuels and renew-
able energy; (2) developing CO, capture and storage systems;
and (3) utilizing CO, as a feedstock to produce valuable chemi-
cals and fuels.” Conventional sorbent-based capture methods
(thermal, pressure, or moisture-swing cycles) are energy—intensive,3
eg, in direct air capture (DAC) of CO, from ambient air
(~420 ppm; ~4.2 X 10~* bar pCO,), thermal swing unit con-
sumes ~95% of energy input and ~75% of process capital,
with purified CO, >$200/ton, whereas integrated capture—
conversion has the potential to reduce costs to $20-25/ton.>
The electrochemical CO, reduction reaction (eCO,RR)
directly converts captured CO, into CO, HCOOH, CH,,
CH,OH, and C, hydrocarbons using renewable electricity,”
and when coupled with DAC, it enables near net-zero emis-
sions.”® Achieving this, however, requires electrolytes that cap-
ture CO, efficiently at ambient levels and enable highly
selective eCO,RR. At such low partial pressures, limited CO, sol-
ubility restricts delivery to the electrode, favoring the hydrogen
evolution reaction (HER). Traditional aqueous (bi)carbonate
systems are further constrained by low CO, solubility
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eCO,RR coupling in alkaline KOH, converting air-captured
CO, in a BPM cell to formate (16% FE) using SnO,/C and
CO (13% FE) using the Ag/C electrocatalyst at SO mA cm™2."?
However, performance is restricted by low dissolved inorganic car-
bon (DIC) loading, alkalinity loss from (bi)carbonate precipita-
tion, and high voltages inherent to BPM operation."> These
constraints motivate non-aqueous, DAC-compatible media that
couple capture with selective eCO,RR conversion.

Ionic liquids (ILs) have emerged as attractive non-aqueous
electrolytes for eCO,RR due to their high CO, solubility at
low partial pressures, tunable chemisorption, low volatility,
and wide electrochemical windows.>'* Structurally, ILs are
salts composed of bulky organic cations such as imidazolium,
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ammonium, or phosphonium, paired with diverse anions
including halides, amino acids (AA-ILs), and functionalized het-
erocycles (such as azolate-based aprotic heterocyclic anions,
AHA-ILs). ILs interact with CO, through physical and chemical
absorption, allowing more precise tuning for integrated capture
and conversion.'>">"'” Functional groups capable of reversible
CO, interactions, combined with the ionic conductivity of
ILs, can facilitate CO, activation by lowering its energy bar-
rier.”* Thus, ILs enhance CO,RR selectivity while suppressing
the HER.>'*

Prior studies have largely evaluated ILs under high CO, con-
centrations (5-15%) relevant to flue gas capture''®2" where
solubility and kinetics are less limiting, while DAC conditions
(~420 ppm CO,) remain scarcely explored. Although simula-
tions predict promising DAC performance for AHA-ILs such as
[Pgss1al[S-Me-Imd],*' these estimates rely on empirical correc-
tion factors for uptakes than direct measurements and remain
experimentally unvalidated. Experimental DAC demonstrations
with amino acid ILs (e.g, [N,,,,][BCAA], [N,,,,][Arg]) have
focused exclusively on thermal capture-regeneration cycles,*”
with no prior studies examining DAC-relevant IL chemistry per-
formance under eCO,RR. Early eCO,RR studies focused on
azolate-based ILs with non-coordinating anions (such as [BF,],
[NTf,], and [PF,]), typically dissolved in acetonitrile or H,O
with additives such as K,CO; or supplementary ILs, where the
ILs interacted through weak, physisorptive interactions with
CO,, requiring higher potentials (—1.9 to —2.5 V vs Ag/Ag*)
and higher IL loadings (0.7 to 0.9 M IL in H,O/acetonitrile)
to achieve moderate CO FE (40-80%), limited by CO, solubility
and the HER.**® In contrast, ILs with reactive anions combine
chemisorption and physisorption, lowering overpotentials while
improving current densities and FE, with product selectivity gov-
emned by the electrocatalyst. For example, [Pgyq,][124-Triaz]
allows 95% HCOOH FE at —-0.7 V on Ag while
[BMIM][124-Triaz] and [P,,,,][4-MF-PhO] give >93% FE
for HCOOH (6% FE oxalate) at —2.0 V on Pb.*'* Although
these ILs have low DAC CO, uptakes (ie., they are not DAC-
compatible), such results highlights the role of CO,-reactive
anions in enabling lower-energy reduction pathways.'* The only
IL demonstrated for combined low-concentration capture (at
~5000 ppm CO,) and eCO,RR conversion so far is
[EMIM][2-CNPyr].'#202°

Here, we report the first experimental demonstration of two
DAC-compatible ionic liquids, tetrabutylphosphonium valinate
[Py.][Val] and trihexyltetradecylphosphonium = S-methyl-
imidazolate [Pg4;,][S-Me-Imd], that strongly chemisorb CO,
at ambient pressures and subsequently support selective electro-
chemical CO,-to-CO conversion following modest formulation
adjustments. Notably, this work presents the first demonstra-
tion of amino-acid-based ionic liquids achieving both DAC-
level CO, capture and electrochemical conversion. It establishes
the dual compatibility of these ionic liquids through two
sequential unit operations: CO, capture under DAC-relevant
conditions using neat ionic liquids and IL-supporting electrolyte
formulations relevant to the electrochemical environment,
followed by eCO,RR after targeted addition of a solvent to
enhance ionic conductivity and mass transport. Importantly,
the compatibility of the eCO,RR electrolyte formulation for
reuse in the capture step is also evaluated. This framework
establishes mechanistic continuity between capture and conver-
sion and positions these ionic liquids as promising candidates
for fully integrated DAC-to-electrolytic conversion processes.

B EXPERIMENTAL SECTION

The Supporting Information (pp. $2—S5) provides a complete descrip-
tion of all experimental methods and procedures.

B RESULTS AND DISCUSSION

The ILs [P,,,,][Val] and [Py,.][S-Me-Imd] (structures shown
in Figure 1) were synthesized via equimolar ion exchange
(Supporting Information). The CO, uptake under dilute condi-
tions was evaluated with a custom temperature-swing bubbler
(Figure 1a). In this setup, 12% CO, (balance N,) and pure N,
were mixed at a specific flow rate ratio to obtain a stream with
420 ppm CO, (303 K), which was bubbled through the neat
IL, maintained in a thermostated oil bath. The CO,-depleted exit
stream was analyzed by an LI-COR 850 CO,/H,0 infrared ana-
lyzer, with uptake capacity determined by integrating the blank vs
IL breakthrough curves. At 303 K and 420 ppm CO,
(Figure 1b), [P,,,,][Val] demonstrated an uptake of 0.44 mol
CO,/mol IL (1.16 mol/kg), while [P, ,][S-Me-Imd] showed
0.14 mol CO,/mol IL (0.24 mol/kg). The two ILs represent
chemically distinct families: [P,,,,][Val] is an amino acid IL
(AA-IL) and captures CO, via reversible interactions, while
[Pgss14][S-Me-Imd] is an azolate IL that undergoes nucleophilic
CO, attack at the nitrogen atom of the anion. Although AA-ILs
exhibit high CO, uptake, they are rarely studied electrochemically
due to high viscosity after CO, binding.

Pre-exposure viscosities for [P,,,,][Val] and [Pg;.][S-Me-
Imd] are comparable (236 cP and 243 cP at 303 K, respec-
tively), but diverge significantly after CO, uptake, with
[P,,44][Val] exhibiting a pronounced increase. [P,,,,][Val]
forms gel-like phases through hydrogen bonding, impairing
CO, mass transport, conductivity, wettability, and CO, diffu-
sion.*® Therefore, the 1:1 (CO,:IL) stoichiometry promotes
dense amine—carbamate networks that would limit dynamic
electrochemical operation. In contrast, [Pge4;4][S-Me-Imd]
maintains stable viscosity during CO, uptake due to its hydro-
phobic, aprotic nature.*’ To confirm the CO,—IL interactions,
100% CO, was bubbled through 1:2 v/v IL:.DMSO-dj solutions
for 16 hours, and standard NMR spectra were acquired with
64 scans (4 s relaxation delay). The '*C NMR spectra before/
after CO,, exposure (Figure 1c—f) confirm carbamate formation.
[P,444][Val] shows a new valinate—carbamate peak at
157.49 ppm from its primary amine, while [Pg,,][S-Me-
Imd] shows a imidazolate—carbamate peak at 166 ppm.
Corresponding '>*C NMR spectrum peaks are shown in the SL

The CO, uptake of [P,,,,][Val] at 50% CO, (0.5 bar)
and 303 K was 0.78 mol CO,/mol IL (2.07 mol/kg),
while [Pgs,4][S-Me-Imd] showed 0.67 mol CO,/mol IL
(1.19 mol/kg), both of the same order of magnitude as their
DAC-level uptakes, indicating a strong CO, binding affinity
under dilute conditions. Having shown the high uptakes of
these two ILs at DAC-relevant concentrations, we conducted
eCO,RR under pure CO, conditions to determine overall elec-
trochemical behavior including both chemical and physical
absorption. In prior eCO,RR studies of [Py, ,][124-Triaz]
with the Ag/Ag™ reference, current densities were <1 mA
cm > up to ~—2 Vvs Ag/Ag*, due to IL viscosity, limiting ionic
mobility, and conductivity."* This underscores the need for IL
molecular tuning to reduce viscosities or co-solvent addition.
Adding water to a DES ([Ch][Cl]: ethylene glycol) reduced
viscosity by three orders of magnitude,'” thus boosting current
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Figure 1. (a) Temperature-swing bubbler setup for low-pCO, absorption breakthrough in ILs for uptake measurement. (b) Experimental CO,
uptake (mol CO,/mol IL) of [P,,,,][Valine] and [Pyu4,,][5-Me-Imd] with 420 ppm CO, in N, at 303, 313, and 323 K. (c) '*C NMR of neat
[P,,.,][Val] with annotated carbons and structure. (d) *C NMR spectra of [P,,,,][Val] after CO, exposure showing a new carbamate peak.
(e) C NMR spectra of neat [Pyyq,,][5-Me-Imd] with structure, showing trace amounts of residual ethanol left from the synthesis step. (f) '*C
NMR spectra of CO,-exposed [Py, .][S-Me-Imd] with a new carbamate peak.

but also promoting the HER and lowering CO selectivity
(~23% at —1.6 V). Aprotic solvents instead improved both elec-
trochemical activity and CO selectivity.> Motivated by this, we
used acetonitrile (ACN) for its low viscosity (~0.34-0.37 cP
at 25 °C), high CO, diffusivity (~2—4 X 107> cm* s™'), and a
wide electrochemical window, enhancing ionic mobility and sta-
bility under reductive conditions while minimizing background
currents.”” At low IL loadings (0.1-0.3 M), IL-ACN mixtures
exhibit viscosities of ~0.4-0.7 cP, supporting favorable mass
transport.” To further reduce resistance (Ohmic drop), tetra-
ethylammonium perchlorate (TEAP) was added as a support-
ing electrolyte, establishing a well-defined medium to evaluate
intrinsic TL activity and selectivity.>** Typically eCO,RR per-
formance for CO,-to-CO over Ag working electrodes in
H-cell conﬁgurations,31 particularly at low IL loadings and
moderate catalyst loadings, yielded moderate current densities

5882

below 10 mA cm™ In contrast, reports of >95% CO
Faradaic efficiency at current densities exceeding 100 mA
cm™? generally rely on engineered electrocatalysts (e.g., single-
atom catalysts'?®), optimized electrolyzer architectures,®® or tai-
lored ionic liquid formulations that reduce viscosity, enhance
ionic conductivity, and increase local CO, availability. *** The
electrochemical setup (Figure Sla) employed a two-
compartment H-cell separated by a Nafion NR-212 cation-
exchange membrane (CEM). Details of the setup and electrode
preparation are described in the SL.>"

To establish a baseline, we first examined the control catho-
Iyte (0.1 M TEAP in acetonitrile, ACN) under CO,-saturated
conditions. Devoid of chemisorptive moieties, this system iso-
lates CO, physisorption and background reduction.”” As shown
in Figure S1b, geometric current density increased from
-1.85 mA/cm® at -1.5 V to —69 mA/cm® at -3.5 V
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(vs Ag/AgCl). CA curves (Figure Slc) confirmed steadily
increasing currents with applied potential, reflecting enhanced
electrocatalytic activity. The physisorbed CO, produced CO
and H, with no liquid-phase products detected via NMR
(Figure S4), consistent with reduction of dissolved CO,. In the
control electrolyte, the summed FE (Figure S1d) occasionally
exceeded 100% (e.g. at —1.5 V) or fell below 100% at more neg-
ative potentials. Such deviations are common in eCO,RR and
can arise from capacitive currents, side reactions, or crossover
effects.>® We emphasize that the relative product trends in FE
and gas selectivity (Figure S1d,e) remain robust across replicates,
although absolute FE values deviate.>’ CO FE dominates over H,
at moderate overpotentials (-2 to —2.5 V vs Ag/AgCl) as seen
from Figure S1d,e, consistent with physisorbed CO, being pref-
erentially reduced on Ag. Beyond 2.5 V, however, the HER
becomes increasingly competitive, lowering CO FE and shifting
selectivity toward H,. Physically absorbed CO, is reduced to
CO on the Ag/C WE via the classical two-electron pathway
(Table S1, SI). In aprotic ACN, protons originate from the
0.5 M H,SO, anolyte and migrate through the CEM, sustaining
reduction and charge balance. On the Ag WE, CO, adsorbs,
forms a CO, radical, and protonates to CO. Silver stabilizes the
CO,” intermediate while suppressing the HER, yielding high

CO selectivity under moderate overpotentials. FE and gas selec-
tivity performance at —2.0 to —2.5 V (vs Ag/AgCl) likely reflects
a favorable balance of moderate overpotential, CO, availability,
and suppressed HER. At more negative potentials, electric double
layer compression increases proton access and side reactions,
consistent with prior TEAP/ACN studies.”” Beyond -2.5 V,
the HER dominates despite greater driving force, consistent with
prior reports that TEAP/ACN stability is strongly potential-
dependent®”** Although CO selectivity appears high at —2.0
and —2.5 V, the corresponding CO FE is only 20-35%, due to
the limited efliciency of physisorbed CO, reduction in the con-
trol electrolyte (Figure S1d). Under DAC conditions, where
physical solubility is far lower, this performance would deteriorate
turther, highlighting the need for ILs that chemically bind CO, to
sustain activity.>

Next, measurements were performed with 0.1 M [P,,,,][Val]
in 0.1 M TEAP/ACN, which lowered viscosity relative to neat
ILs but remained higher than that of the control. Figure 2a,b
shows that reduction currents were suppressed compared to
the control across all potentials, plateauing near -9 mA/cm? at
—2 'V (about half of the control), consistent with reduced CO,
diffusivity and mass-transport limitations associated with the vis-
cosity of AA-IL." Notably, under DAC-relevant conditions,
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Figure 2. eCO,RR with [P,,,,][Val] (0.1 M) + TEAP (0.1 M) in acetonitrile. Conditions: identical to control, 1 cm? Ag/C WE, CO, flow 100 sccm
(pre-bubbling) and then 20 sccm. (a) CA curves show suppressed currents due to higher viscosity; (b) current densities remain lower at all potentials;
(c) FE of H, and CO, with CO FE peaks at 96% at —2.0 V and then declines. (d) Gas selectivity of H, and CO; CO selectivity reaches 97.0% at
—2.0V, indicating enhanced specificity despite reduced current efficiency. Note: Data reported for this case is from a single independent measurement.
See Figure 3 for error bars, which are expected to be similar in both IL cases. Summed FE occasionally deviates from 100% due to common H-cell
artifacts (gas dissolution, GC quantification limits, and capacitive currents); NMR analysis confirms no ionic liquid degradation or additional liquid

products (Figures S5—S7).
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[P,444][Val] can sustain CO, availability through chemical bind-
ing, in contrast to the purely physisorptive control electrolyte.
Gas analysis confirms CO and H, as the dominant products, as
supported by '"H NMR analysis of the catholyte at —2.0 V
(Figures SS and $6), with only trace HCOOH detected. At
—2.0 V vs Ag/AgCl, CO FE reached 96% (Figure 2c), and the
CO selectivity was ~97% compared to ~80% in control
(Figure 2d). Despite reduced current densities compared to con-
trol, [P,,,,][Val] directs the reduction pathway to CO formation.
This selectivity enhancement arises from chemisorption of CO,
at the valinate anion to form valine—carbamate species
(Table S2), which enrich CO, equivalents near the electrode
interface while reducing effective proton availability and suppress-
ing the HER at moderate overpotentials.'*** At more negative
potentials, both FE and selectivity for CO declined, as in other
Ag/CO,RR systems where the HER becomes dominant.*”?’
Trace HCOOH at —3.5 V may account for part of the FE gap
but remained negligible overall.

While [P,,,,][Val] demonstrates proof of concept that che-
misorptive ILs can favor CO formation even under transport-
limited conditions, a key practical drawback of AA-ILs is their

tendency to form insoluble valine—carbamate precipitates upon
prolonged CO, exposure'®***! (Figure S7). These amorphous
solid carbamates dissolve poorly in ACN, creating heteroge-
neous electrolytes that reduce ion mobility, disrupt electrode
contact, deplete CO, equivalents from solution, and alter effec-
tive electrolyte composition. Such precipitation-induced elec-
trolyte evolution likely contributes to the declining CO FE
and selectivity observed at high overpotentials, highlighting a
key limitation of AA-IL systems for sustained electrochemical
operation. To address these limitations, we next investigated
[Pyss14][S-Me-Imd], an aprotic heterocyclic anion IL
(AHA-IL), that captures CO, via nucleophilic attack at the azo-
late nitrogen, forming azolate—carbamate species without the
extensive hydrogen-bonding networks characteristic of
AA-ILs.'>'92142 Unlike AA-ILs, AHA-ILs maintain low, stable
viscosity during CO, uptake.*> At the dilute concentrations
employed here (0.1 M in ACN), viscosity remains nearly con-
stant (~0.4-0.7 cP), enabling DAC-relevant chemisorption
while maintaining favorable transport properties.”

The electrochemical behavior of [Pye4,,][S-Me-Imd]
(Figure 3) exhibited suppressed, flattened currents across
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Figure 3. eCO,R R with [Pgy4,,][5-Me-Imd] (0.1 M) + TEAP (0.1 M) in acetonitrile. Conditions identical to the control (1 cm* Ag/C WE, CO,
flow at 100 sccm during pre-bubbling and then 20 sccm). (a) CA curves show suppressed currents from higher viscosity; (b) current densities remain
lower across all potentials and error bars are represented in white markers within the range + 10%; (c) FE of H, and CO, with CO FE exceeding
95% at —2.5 V before declining; and (d) selectivity trends showing CO selectivity reaching 84% at —2.0 V, indicating enhanced specificity despite
reduced current efficiency. Error bars represent the standard deviation from three independent electrolysis experiments; variability in H, FE and

selectivity was negligible at higher overpotentials.
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—1.5 to =3.5 V vs Ag/AgCl compared to the control, reflecting
mass transport limitations in IL-containing electrolytes, similar
to AA-ILs (Figure 3ab). At —2.0 V, the control reaches
—17 mA cm?, while the [P,,,,][Val] and [Py, ,][S-Me-
Imd] yielded lower and comparable currents of —8.8 and
—6.6 mA cm™?, respectively, consistent with their similar initial
viscosities under dilute conditions. However, as CO, binding
progresses, the two systems diverge markedly. Although
[P,,4.][Val] undergoes pronounced electrolyte evolution due
to precipitation of poorly soluble valine—carbamate species
and an increasing electrolyte viscosity, [Pygq;4][S-Me-Imd]
maintains a homogeneous catholyte with stable viscosity. CO,
is retained in solution as a combination of physisorbed CO,
and soluble imidazole—carbamate species, preserving a homoge-
neous reservoir of CO, equivalents throughout electrolysis,
enabling sustained electrochemical operation. Product analysis
confirms CO and H, as the dominant gaseous products. 'H
NMR spectra (Figures S8 and S9) show the negligible liquid-
phase reduction product, including HCOOH. As shown in
Figure 3c,d, [Pgs,4)[S-Me-Imd] strongly favors CO formation
over a broad potential window. At —2.5 V vs Ag/AgCl, CO
Faradaic efficiency exceeds 95% with ~88% CO selectivity,
while H, remains below ~10%. FE error bars represent the
standard deviation obtained from three independent repeats
(see Table S3). This behavior reflects the ability of azolate
anions to chemically bind CO,, increasing its local concentra-
tion and stabilizing CO, intermediates, while simultaneously
disfavoring proton reduction. Notably, at more negative poten-
tials (—3.0 and —3.5 V vs Ag/AgCl), CO Faradaic efficiency and
selectivity remain comparatively high (~80%) despite increased
driving force for the HER, even as the total current density rises
(Figure 3b). This behavior contrasts with AA-ILs and is attrib-
uted to the formation of soluble imidazole—carbamate species
that maintain CO, availability in the electrolyte and prevent
precipitation-induced depletion of CO, equivalents. As a result,
CO,RR remains the dominant reaction pathway even under
high cathodic bias, enabling simultaneous achievement of high
CO selectivity and elevated current densities.

In a fully integrated process, the DAC capture step would be
performed using the equimolar IL + TEAP mixture, without
acetonitrile (ACN). Post-DAC, ACN would be added to reduce
viscosity and improve mass transport for eCO,RR. In an inte-
grated system, ACN would be recovered from the liquid outlet
stream by separations such as organic solvent nanofiltration
and/or stripping, whereas vapor-phase ACN would be recov-
ered by condensation. These separation processes would be
heat-integrated (e.g, using heat pumps or exchangers) for
energy savings. Furthermore, to assess compatibility between
capture and electrochemical operation, CO, breakthrough
curves were measured for neat IL ([Pys4,,][S-Me-Imd]) and
the equimolar IL + TEAP formulation used during CO,RR
(Figure S10). Introduction of TEAP slows the initial uptake
kinetics, consistent with dilution of reactive sites and increased
ionic strength; however, the IL + TEAP formulation ultimately
achieves a higher total capacity than the neat IL. This sorption
behavior reflects the presence of chemical CO, binding by the
azolate anion and enhanced physical CO, dissolution enabled
by increased free volume in the IL+ TEAP environment. In
phosphonium-based systems containing highly aliphatic cations
such as [Pgge14] " or [Py,4,]7, disruption of local ion packing by
the TEA" cation further promotes physical solubility through
the formation of additional microdomains by increasing free-

volume elements capable of accommodating dissolved
CO,.">* Importantly, '>*C NMR spectra collected after CO,
exposure for the IL+TEAP system (Figure S11) show no new
resonances beyond those of imidazole—carbamate species, con-
firming that TEAP remains chemically inert and contributes
exclusively through physical dissolution. Collectively, these
results demonstrate that the IL + TEAP formulation is DAC-
compatible and in fact enables enhanced capture capacity while
preserving chemical integrity for subsequent eCO,RR.

Additional electrochemical and structural characterization
further supports the mechanistic distinctions between the two
IL systems (Schemes S1 and S2). Long-term electrolysis stabil-
ity tests and scan-rate dependent LSVs of the catholyte are pro-
vided in Figure S12. Morphological analysis of the Ag/C
electrode before and after electrolysis (Figures $13-S17) shows
clear differences between the two electrolytes. In the
[P,444][Val] system, localized surface agglomerates consistent
with valine—carbamate deposition are observed after electroly-
sis, whereas the [P, ,][S-Me-Imd] system maintains a cleaner
catalyst surface with well-dispersed Ag nanoparticles. These
observations are consistent with the precipitation behavior of
amino acid ILs and the homogeneous speciation of azolate-
based ILs during CO, reduction.

Bl CONCLUSIONS

In summary, this study experimentally confirms the mechanistic
continuity and chemical compatibility of DAC-relevant CO,
capture in functional ionic liquids ([P,,][Val] and
[Pgss14)[S-Me-Imd]) with subsequent electrochemical CO,
reduction. While [P,,,,][Val] offers high CO, uptake
(~0.44 mol CO,/mol IL at 420 ppm) and promotes CO forma-
tion (95% CO FE and 8.8 mA cm™> at —2.0 V vs Ag/AgCl)
at moderate overpotentials, precipitation of insoluble valine—
carbamate species increases viscosity, depletes electroactive
CO,, and limits long-term electrochemical stability. In con-
trast, [Pgeq,4][S-Me-Imd] maintains stable viscosity and
maintains a soluble imidazolium—carbamate speciation, pre-
serving a homogeneous electrolyte that supports sustained
CO-selective reduction (>95% FE, ~88-90% selectivity at
—2.5 V vs Ag/AgCl and >80% FE above —3 V vs Ag/AgCl)
across a broad potential window. Moreover, the absence of
precipitation ensures cleaner operation, improved stability,
and consistent interfacial behavior. eCO,RR performance at
420 ppm CO, is expected to remain robust, since the control
already indicates a ~20% CO FE contribution from physi-
sorbed CO, at moderate overpotentials, providing an upper
bound for FE variation under DAC conditions. Together,
these findings identify azolate-based ILs as robust and scalable
alternatives to amino acid ILs for CO, electroreduction, par-
ticularly in applications where selectivity, long-term opera-
tional stability, and catholyte compatibility are critical.
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