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Modifying the chemical environment of active surfaces with
ionic liquids (IL) is an emerging strategy for tailoring novel
electrocatalytic systems, including carbon dioxide reduction
(CO2RR). Although copper (Cu) catalysts have recently gained
more attention in this field, their modification with ILs is yet to
be investigated. This work tested a range of common hydro-
phobic ILs impregnated into carbon-supported Cu catalysts,
following the “solid catalyst with ionic liquid layer” (SCILL)

approach. The latter was used to showcase the applicability of
real-time product detection for CO2RR employing electrochem-
ical mass spectrometry. The observed patterns of C1 to C3

product selectivity offered valuable insights into the intricate
reaction mechanism. In addition, increasing the size of the IL
cation showed an opposite and significant effect on the
reaction selectivity. The obtained qualitative results were
partially compared with conventional long-term experiments.

Introduction

Electrochemical CO2 reduction reaction (CO2RR) has emerged as
a promising avenue for the “defossilization” of chemical
manufacturing, offering a broad range of conversion products.[1]

Copper (Cu) plays a central role in the advancement of CO2RR,
enabling the formation of a wide range of products, from CO to
multi-carbon chemicals.[2] Although Cu-based catalysts’ activities
are up to industrial-relevant values, the selectivity control and
operational stability remain poor, requiring innovative ap-
proaches transcending traditional catalyst designs.

Modifying the double-layer region and near-electrode
microenvironment has proven relevant in optimizing catalytic
systems. A concept based on coating a solid catalyst with a thin
ionic liquid layer (SCILL)[3] has received attention for improving
mass transport or selectivity. Originally developed for thermo-
chemical catalysis,[5] it has also been tested in electrocatalytic
transformations, such as the oxygen reduction reaction.[2a,6] To
our knowledge, there are only several reports for IL-modified
metal catalysts of varying morphology targeting CO2RR.

[7,8]

While Ionic Liquids (ILs) are generally well-studied as media
for CO2RR, their application as catalysts or co-electrolytes has
been mostly investigated in non-aqueous electrolytes with CO
as a main product.[8b] Despite noticeable progress in the field, it

is still unclear how ILs mechanistically co-catalyse CO2RR.
Carbene-type CO2 activation, comprising the C� H deprotona-
tion step, has been ruled out by successfully applying 2-
substituted imidazolium-based ILs. A similar co-catalytic effect
was also reported for ILs based on pyrrolidium, ammonium, and
phosphonium head groups.[9] Therefore, further design of
efficient electrocatalysts requires deeper mechanistic insights
followed by meaningful computations. Unconventional meth-
odologies for larger experimental data, such as high-throughput
screening, are in high demand.

Conventionally employed for CO2RR product analysis, in-line
gas or liquid chromatography operates in discrete intervals
within minute-range resolution and is poorly applicable for fast
testing. In contrast, integrated electrochemical mass spectrom-
etry (EC–MS) is a proven method for fast product detection,
enabling potentially-resolved experimentation. The variety of
technical solutions for sample introduction allows the detection
and quantification of a broad range of gases and high-vapor-
pressure organic compounds.[10] To circumvent limitations in
electrode material shape and identity, an efficient system for
direct sample transfer from the electrode surface toward
analysis was reported by Löffler et al.[11] A screening V-shaped
electrochemical flow cell was hyphenated to a Proton Transfer
Reaction Time-of-Flight Mass Spectrometer (PTR-TOF-MS).
Although a detection limit of parts per trillion can be achieved,
only dissolved volatile CO2RR products were detected.

In this paper, we complemented the abovementioned setup
with an Electron Impact Quadrupole Mass Spectrometry (EI-
QMS) for gaseous products analysis (Figure 2) to widen the
range of simultaneously detectable products. We demonstrate
the setup over CO2RR on carbon-supported copper catalysts
within real-time detection of major reduction products. The
catalytic performance is found to be dependent not only on the
applied potential but also on the amount and type of
physisorbed hydrophobic IL. The obtained trends in product
distribution provide valuable insights to elucidate intricate
mechanistic pathways in every composition of the electro-
catalyst.
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Results and Discussion

The setup (Figure 1) presented here for fast electrochemical
experiments comprises a V-shape electrochemical scanning
flow cell equipped with the reference and counter electrodes,
through which an electrolyte of study is circulated with a
sufficiently high flow rate to minimize mass transfer limitations
(4 mLmin� 1). If a laminar flow is assumed, such liquid velocity in
a given flow cell design would approach 5 mms� 1 (Re<20). The
translational X� Y� Z stages position the catalyst array to the
bottom of the cell. An O-ring maintains the cell‘s fluidic
integrity, while an embedded force sensor regulates compres-
sion for a reproducible working electrode surface area.

For real-time analysis, a portion of the product-containing
electrolyte flow (0.4 mLmin� 1) is constantly withdrawn from the
electrode surface through a fused-silica capillary (ID=0.56 mm),
which rate is determined by the downstream-positioned
peristaltic pump. The stream passes through a custom-made
degasser made of Teflon tubing (AF 2400, Biogeneral, Inc., San
Diego, USA) to analyze permeated gases by electron impact
quadrupole mass spectrometer. The analyte stream is further
dispersed into a cyclone spray chamber with 0.4 Lmin� 1 of
oxygen as a nebulizing gas. The mist of the smallest droplets is
further transferred into a heated desalination line (100 °C) to
deposit all non-volatiles before the analyte is injected into PTR-
ToF-MS through a PEEK capillary.

In contrast to standard cells and using a small copper
loading, the unique dimensions of the scanning flow cell
employed in this study effectively mitigated the detrimental
impacts associated with excessive bubble formation. This is a
common challenge encountered in cell designs of this nature.

The issue arises due to the potential circuit disruption formed
by the electrodes and the electrolyte caused by gas evolution.

A unified electrochemical protocol was applied for all tested
electrocatalysts, comprising a cyclic voltammetry sweep from
� 0.45 to � 1.80 V vs. ERHE with a scan rate of 10 mVs� 1 to
remove any oxide formed during storage. It is followed by three
sequential chronoamperometric steps at � 1.10, � 1.35, and
� 1.60 V vs. ERHE for 30s. A two-minute pause between potential
holds was kept at � 0.45 V vs. ERHE to prevent re-oxidation and
allow the detection signal to return to baseline levels (Figure S-
4). As the analysis is pseudo-quantitative, the signal‘s magni-
tude is proportional to the products’ reaction rate. Its units refer
to the normalized counts and pressure for the PTR and the
electron impact mass spectrometers, respectively. The electro-
chemical protocol and the product detection for all modified
catalysts are displayed in Figure S-3. The known product
distribution on polycrystalline copper is displayed in Table S-2
for a better comparison.

It is worth mentioning that the formation of CO, whose
detection is challenging by mass spectrometry, is overcome by
applying relatively high overpotentials. The overall bubble
generation is circumvented by relatively high surface area and
low copper loadings. Such configuration makes the experimen-
tal noise acceptable at the studied potentials.

The set of the studied ILs (Figure 2) includes the most
commonly used 1-butyl-3-methylimidazolium salts 1 and 2. ILs
based on phosphonium (5) and imidazolium with an elongated
octyl sidechain (3) or 2-methyl blocked (4) were also taken for
analysis. It is not trivial to deposit ILs on active materials
reliably, as they commonly leach out due to their water
solubility. Therefore, ILs with hexafluorophosphate and bis-

Figure 1. Schematic representation of the setup for fast evaluation of electrocatalysts, coupled with real-time product detection.
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triflimide counter-ions were used to make them water-immis-
cible and liquid at room temperature.

The methods to physically immobilize them vary from using
the pore capillary forces of foams or particles[7a,8,12] to casting a
thin film on nanoparticles.[2a,6a,c] It is a standard to evaluate
electroactive materials to prepare an ink composed of a mixture
of water, isopropanol, and ionomer to fix the catalyst to
support. Therefore, the IL could be added during or before the
ink preparation. In the first attempt, the IL was introduced to
the ink directly. However, this compromised the catalyst‘s
stability by generating grooves on the catalytic layer, likely by
flushing out (Figure S-1). The selected hydrophobic ILs were
impregnated by being introduced into the catalyst‘s carbon
support pore structure. Absorption and desorption isotherms
before and after impregnation tracked the catalysts’ support
volume (Figure 2B). The difference indicates the amount of
impregnated IL trapped in the pores, which was set to be 40%
of the total pore volume (Table S1). To further prove the
presence of the ILs, an EDX scan over the catalyst particles
detected Fluoride, which is present in the anions of the used ILs
(Figure 2C).

Next, the prepared IL-modified catalysts were grafted as
spots on the glassy carbon plate as a support and were
subjected to evaluation. The configuration of the SFC-ToF-MS
setup easily enables testing multiple modified catalysts in a
short time frame as well as the same electrocatalyst in several
spots, providing a good basis for reproducibility and statistical
approach. The mass spectrometry responses obtained after
baseline subtraction for modified and non-modified copper
catalysts are depicted in Figure 3. Additionally, for another
comparison view, the MS responses of modified catalysts were
divided by those from the blank copper and are presented in
Figure S-2.

Starting with the single carbon products (C1 products),
methane formation is detectable under all tested conditions,
increasing within the applied overpotential for an unmodified
copper catalyst. The presence of IL evidently steers not only the
absolute values of the methane formation rates but also its
dependency on the applied potential. For instance, the
behavior of copper catalysts modified with ILs 1, 4, and 5 is
similar to the unmodified one. However, the maximum
production for ILs 2 and 3 is detected at � 1.35 V vs. ERHE. The
highest fluctuations are evident for the highest overpotential,
with a remarkable boost of at least 150% from IL 1 compared
to unmodified Cu. Notably, a decreased methane formation is
detected for ILs composed of imidazolium cation and TFSI
anion (2 and 3).

In contrast to methane, methanol production was detected
at potentials starting at � 1.35 V vs. ERHE for all tested catalysts.
The substantially higher overpotential than methane (� 0.87 V
vs. ERHE on polycrystalline Cu)[13d] drives rapid electron transfer
to form the adsorbed *CHO intermediate. Consequently, it is
reduced to methanol rather than methane due to depleted
proton availability (highlighted in red in Figure S-3), overriding
carbon coupling. A comparable effect can be achieved by
physically constraining carbon dimerization, for instance,
through the controlled positioning of single copper atoms.
Electrocatalysts of individual copper atoms exhibit a marked
selectivity towards methanol.[17] Although the presence of ILs in
the electrocatalyst vicinity is, in general, detrimental to
methanol production, its boost is evident for ILs 3 and 5,
especially at � 1.60 V vs. ERHE, implying an effect from the
combination of cation with a long aliphatic chain and TFSI
anion.

Among the detected C2 products, the similarity in ethanol
and acetaldehyde production trends can be seen across all
tested ILs. In most cases, both products demonstrate a
maximum production at � 1.35 V vs. ERHE (Figure S-4), with their
output diminishing at more negative potentials, possibly due to
CO2 mass-transport limitations. The observed relation between
ethanol and acetaldehyde matches our experimental outcomes
with the established notion of acetaldehyde as a two-proton-
electron transfer precursor towards ethanol, experimentally and
theoretically substantiated in literature (Figure S-3).[15] Notably,
imidazolium ILs with a butyl substituent (1, 2, and 4) have a
significant to complete suppressing effect on acetaldehyde and
ethanol, respectively, at � 1.10 V vs. ERHE. This supports the idea
that this type of imidazolium ionic liquid within SCILLs could
potentially block mechanistic pathways responsible for the
dimerization or further reduction of *CHO on the copper
surface. Conversely, a contrasting effect is observed for bulkier
cations (3 and, especially, 5), leading to an equal or even higher
production of these oxygenated species.

The last observed C2 product, ethylene, exhibits a pro-
nounced maximum in the production at � 1.35 V vs. ERHE
(Figure 3 and S-2) for almost all ILs. As an exception, the catalyst
modified with IL 5 significantly enhances ethylene selectivity
also at � 1.60 V vs. ERHE, exhibiting almost a 250% increase
compared to the unmodified Cu. Conversely, IL 2 demonstrates
the most pronounced inhibition in all tested potentials. Similar

Figure 2. a) Molecular structure and abbreviations of the selected ILs with
hydrophobic anions; b) Representative absorption and desorption isotherms
for bare Cu/C catalyst and modified with 2 covering 40% of its pores (green
line); c) EDX Fluorine scan in a modified catalyst. The alkyl chains are
abbreviated using Me, Bu, Hex, Oct, and Dec for methyl, butyl, hexyl, octyl,
and decyl, respectively.
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findings are known for IL 2 modified in Cu foams, acting as a
“trapping agent,” indirectly hindering specific reaction pathways
and constraining process selectivity8a. More specifically, it has
been proposed that imidazolium-carbene intermediates ob-
struct the creation of carbene-like species *CH2 on copper,
which are responsible for forming methane by hydrogenation
or ethylene upon dimerization.[8,14] As such, the results align
with the notion of multiple pathways in the mechanism leading
to carbon coupling and eventual ethylene production.[8,18] The
presence of ILs with bulky cations or the absence of water
molecules near the active sites are believed to selectively
stabilize intermediates associated with the ethylene pathway,
such as *CHx� CH.

[9,18b]

No propanol was detected at � 1.60 V vs. ERHE for all
catalysts, as forming the “C� C� C” backbone is less favored as
the potential becomes very negative. At � 1.1 V vs. ERHE, the
pattern for the production of 1-propanol was observed to be
similar to ethanol. Butyl-substituted imidazolium ILs (1, 2, and
4) ultimately inhibit the formation of 1-propanol at all
potentials. The catalysts that produce such alcohol (3 and 5)
display a maximum in propanol production between � 1.1 and
� 1.35 V vs. ERHE (Figure 3 and S-2), suggesting a shared
intermediate between 1-propanol and other multi-carbon
products at lower overpotentials. Computational findings by

Pablo-García et al.[16] hint that this intermediate could be
CH2CHO*, highlighted in blue in Figure S-3. The C3 product is
likely formed through the Fischer-Tropsch mechanism, compris-
ing a sluggish interaction between adsorbed CO* and CH2CHO*
species.

One-hour-long bulk electrolysis experiments were con-
ducted in an H-cell with three electrodes set up to compare the
quantitative performance of the IL-modified with the trends
from qualitative analysis (Figures S-5 to S-7 And Table S-2). The
potential of � 1.1 V vs. ERHE was selected, where most CO2RR
products could be detected. To highlight the contrast, the
imidazolium-based-ILs with the worst and best performances
for C2 products were selected, as seen in Figure S5. Starting
with the worst ethylene-performing catalysts, namely Cu
modified with a thin film of IL-2, the hydrogen evolution
reaction took more than 85% of the faradaic efficiency, being
approximately six times more active towards hydrogen than the
unmodified Cu. The complete blocking of the CO2RR cannot
explain the increase in the hydrogen rate. Even if the faradaic
efficiency is entirely selective for hydrogen, the activity of
unmodified copper is two times smaller than the hydrogen
partial current density of the IL-2-modified catalyst. We ration-
alize this boost by a change in the reaction mechanism where
the ILs enable different pathways by a more efficient proton

Figure 3. Normalized PTR/SRI-TOF-MS signal of volatile products during potential holds (30s) at modified IL-modified electrocatalysts (3% Cu/C with 40% pore
volume filled) in CO2-saturated (pH 6.8) 0.1 M K2CO3. Three bars for a catalyst represent � 1.10, � 1.35, � 1.60 V vs ERHE, left to right correspondingly.
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transport. It has been reported, for instance, that the protons
could be transferred very efficiently by a relay-type mechanism.
A Zundel complex (H5O2

+) is an intermediate state to conduct
protons along reorganized hydrophobic sulfonyl groups.[19] As
expected from the qualitative experiments, the rest of the
products provided less than 5% of the faradaic efficiency.

The catalyst modified with 5 displayed a change in its
performance using different IL loadings. In this case, 40% and
10% of the pore volume were filled correspondingly. Hydrogen
faradaic efficiency decreased from 57% to 34% as the covered
volume reduced. At the same time, the partial current density
for ethylene, ethanol, and methane increased by half, as seen in
Figure S5-B. It is worth mentioning that the CO activity doubled.
This gas is formed predominantly at small overpotentials, so
more significant differences could be observed at potentials
more positive than � 1.1 V vs. ERHE. Some authors attributed the
enhancement of CO production to the formation of the
imidazolium-2-carboxylic acid intermediate of Ag catalysts.[20]

Although the total faradaic efficiency towards CO2RR is slightly
smaller for the modified catalysts than the unmodified ones, its
partial current density increased.

Conclusions

This study showcases the remarkable potential of the electro-
chemical flow cell coupled with real-time mass spectrometry
toward quick qualitative testing for the transient product
distribution at different potentials during CO2RR. We success-
fully incorporated hydrophobic ILs onto carbon-supported
copper electrocatalysts, following the SCILL concept by cover-
ing 40% of the catalysts’ pore volume.

The product distribution observed with the modified
catalysts depended on both the applied potential, similar to
what is known for bare Cu, and the structure of the ionic liquid.
Our results suggest that the *CO or CHO dimerization step is
not the only mechanistic pathway. Additionally, the shared
deactivation trends between 1-propanol and ethanol indicate a
common intermediate (CH2CHO*) in their genesis. Modifying
the catalysts with imidazolium-based ionic liquids with N-butyl
substitution inhibited the formation of C2 products. For 1-butyl-
3-methylimidazolium TFSI 2, the hydrogen evolution reaction
increased by an order of magnitude compared to unmodified
copper at � 1.1 V vs. ERHE in an hour-long experiment. In
addition, the high sensitivity of the presented analytical tools
enabled methanol detection, occurring at potentials more
negative than � 1.35 V vs. ERHE.

However, validating this approach with more extensive and
systematically varied IL libraries and time-dependent electro-
chemical protocols is essential and currently ongoing. We
believe these and future results, supported by computational
studies, could help to gain a deeper understanding of the
intricate mechanistic pathways of CO2RR.

Experimental Part
Carbon-supported Cu catalysts (Sigma Aldrich for 3% and Fuel cell
store for 20% weight loading) were coated with hydrophobic ionic
liquids by physical impregnation. For instance, 180 mg of Blank
copper catalysts and the corresponding volume of ionic liquid to fill
40% of its pore volume (42 mg) were mixed in 15 mL of 2-propanol.
After 30 minutes of mixing, the solvent was removed using a rotary
evaporator at 60 °C under 250 mbar until free-flowing powder was
formed. Finally, it was dried under a dynamic vacuum (0.01 mbar)
for 1.5 h.

For ink preparation, 1.6 mL of water and 0.4 mL of 2-propanol were
mixed with 8 mg of the catalyst and 80 μL of Nafion solution
(5 wt.%, Sigma Aldrich). Then, a horn SFX 150 (Branson) with 20%
intensity for 15 min sonicated the dispersion with a procedure
consisting of sequential 4 s pulses and 2 s pauses. The prepared ink
was drop-casted on a glassy carbon plate (45 mm×30 mm, Sigradur
G, HTW), using 2 and 100 μL for the scanning flow cell and the
long-term experiments, respectively.

1-hour chronoamperometric electrolysis experiments were per-
formed in a two-compartment PTFE cell equipped with a bipolar
membrane (Fumasep) as a separator, Ag/AgCl (BASi) as a reference,
and Ir-MMO (Metakem) as a counter electrode. The potential of the
experiments was controlled by Reference [600] Gamry potentiostat.
The 0.1 M K2CO3 electrolyte was prepared in ultrapure water (Milli-Q
IQ 7000, Merck) and purged with 20 mLmin� 1 CO2 during the
electrolysis to keep the solution saturated. The iR-drop was pre-
corrected by 85% of its value before the experiment. The potentials
measured in Ag/AgCl were transformed to RHE for comparability
considering the saturated electrolyte‘s neutral pH.

Gaseous products (methane, ethylene, carbon monoxide, and
hydrogen) were separated and quantified in an online gas
chromatograph (GC) (Clarus 580 – Arnel Engineered, Perkin Elmer).
The gas sample passed through a Hayesep N (NR021501, Perkin
Elmer) column and a Molecular Sieve 13X (NR022501, Perkin Elmer).
The gases were analyzed using thermal conductivity and a flame
ionization detector, calibrated by a 1000 ppm gas mixture of each
compound (Air Liquide). The faradaic efficiencies were calculated
using an average concentration value from the four time-equi-
distant injections.

Liquid (dissolved) products were analyzed by gas chromatography-
mass spectrometry (GC-MS) (Clarus 580 coupled to Clarus SQ8T,
both Perkin Elmer) coupled with a head-space autosampler (Perkin
Elmer TurboMatrix 40). The samples were extracted from the vapor
phase of a heated vial and passed through a fused silica capillary
column (Elite-624Sil MS, Perkin Elmer) to separate the products.
Afterward, they were detected by electron ionization (70 eV) and a
quadrupole mass analyzer.

All reagents, including ILs and solvents, were used as received from
the supplier with a 99%< purity(Sigma Aldrich) if not specified.

1-Octyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide
(IL 4) was synthesized following a previously reported procedure,
with slight modification.7

1-Methylimidazole (18.5 g, 0.226 mol) and 1-iodooctane (13.5 g,
0.056 mol) were mixed and stirred for 24 h under an argon
atmosphere. The resulting mixture was diluted with DCM (150 mL).
Aqueous solutions of LiTFSI (17.03 g, 0.6 M) and HCl (0.169 mol,
14 mL of HCl 37%) were added to the previous mixture. A small
amount of sodium thiosulfate (2 mg) was added to eliminate traces
of iodine. The organic phase was washed with water (5×100 mL)
until the neutral pH of washings and the organic solvent was
removed in vacuo by using a rotary evaporator. The ionic liquid
was obtained as a colorless liquid after drying overnight under a
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dynamic vacuum (23.3 g, 0.049 mol, 86% yield). 1H NMR (DMSO-d6,
600 MHz): δ 0.85 (t, J=6.97 Hz, 3H), 1.17–1.39 (m, 10H) 1.71–1.84
(m, 2H), 3.84 (s, 3H), 4.13 (t, J=6.97 Hz, 2H), 7.67 (d, J=1.80 Hz, 1H),
7.74 (d, J=1.47 Hz, 1H), 9.08 (s, 1H). 13C NMR (DMSO-d6, 151 MHz): δ
14.3, 22.6, 26.0, 28.9, 30.0, 31.6, 36.1, 49.3, 122.6, 137.0, 124.1. 19F
NMR (DMSO-d6, 565 MHz): δ 78.85.
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Electrochemical microfluidic flow cell
equipped with a real-time direct mass
spectrometer for fast evaluation of
catalytic systems for CO2 electroreduc-
tion is presented. SCILL (solid catalysts
with ionic liquid layer) modified
copper catalysts perform differently to
the untreated copper surface through
altered mass transport patterns and
adsorbate energies. Owing to the
wide chemical space of ionic liquids, a
platform for high throughput
screening is in high demand.
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