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ABSTRACT: The electrochemical reduction of CO, (CO,RR) into
value-added chemicals offers a compelling route toward fuel and
chemical production. In this study, the influence of water
concentration on CO,RR performance is explored using a Cu/
Cu,O catalyst interfaced with a CO,-philic ionic liquid (IL),
methyltributylphosphonium bis(trifluoromethylsulfonyl)imide
(P1444TFSI). Catalyst characterization prior to electrolysis confirmed
the presence of the Cu,O (111) facet and Cu" surface species, which
remained on the surface even after electrolysis. This does not
normally occur with aqueous electrolytes, which typically reduce
almost all the oxide during the initial stages of electrolysis.
Electrochemical tests across different water concentrations (<1—80
mmol L7') demonstrated that water modulates both proton
availability and surface composition. At 20 mmol L™!, CO,RR selectivity shifted toward formate/formic acid (86% of product
distribution) with suppressed methanol production, suggesting that the inhibition of the *CHO pathway and the promotion of *CO
intermediates is favorable for C—C coupling. In contrast, 80 mmol L' water enables the *CHO pathway, yielding methanol and
methane. At highly negative potentials (—1.3 to —1.6 V vs Fc/Fc"), extended hydrocarbon products, including propylene and
butane, emerged, enabled by stabilized *C, intermediates and the wide electrochemical stability window of the IL. Butane formation
was attributed to ethylene dimerization, independent of *H coverage, and the formation of propylene indicates that C—C coupling
can occur among three intermediates that originate from *CO. Faradaic efficiencies for hydrogen remained low throughout,
especially at 20 mmol L™, affirming HER suppression by the IL. Importantly, the IL showed no signs of degradation postelectrolysis.
This work highlights the pivotal role of water in tuning CO,RR selectivity and reaction pathways, demonstrating that careful control
of proton donors in nonaqueous environments enables tailored hydrocarbon formation via stabilized intermediates and the
mechanistic steering of complex multicarbon reactions.
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Hl INTRODUCTION methanol.” This finding highlights the importance of

During the past few decades, greenhouse gas emissions have controlling which facet is exposed during the CO,RR, leading

noticeably increased, with CO, emerging as one of the most to different reaction mechanisms and modifying the catalyst

e 11,12 . .
concerning contributors; the CO, concentration in the stability. Furthermore, compared with electropolished Cu,
atmosphere has reached approxjmately 430 Ppml Over the CuZO—derived catalysts exhibit hlgher activity toward the
past century, numerous strategies have been developed to CO,RR because of the creation of transient active sites due to
capture and convert CO, into valuable chemicals, including superficial defects and irregular edges during reduction,"® lower
methanol, carbon monoxide, ethylene, and various other activation energy for the transition state of the rate-
tential products.””” Electrocatalysis i ising techni ini 14 -
potential products. ectrocatalysis 1s a promising technique determining step, = and the presence of residual subsurface
for addressing this challenge, as it can be carried out under oxygen.ls_lg On this basis, a well-established methodology was

ambient pressure and temperature conditions.”

In terms of electrocatalysts, copper-based electrodes are one
of the few that can produce larger molecules.” Metallic Cu is a
unique catalyst for the CO,RR because of its intermediary
binding energy with *CO, which is the key intermediate for
C,, production due to a dimerization step needed to grow
carbon chains.'” It can also be prepared with different
preferentially exposed facets, in which the (111) facet is
more chemically stable and predominantly yields methane and

employed to synthesize Cu,O (111) electrodeposited films, a
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highly active precursor material for converting CO, into
valuable products.”’~*?

With respect to the electrolyte, a key reagent for the CO,RR
is water, which serves as a proton donor for the hydrogenation
of CO,.”* However, a drawback in this system is that the use
of water shortens the electrochemical stability window (ESW)
because of the parallel hydrogen evolution reaction (HER)
occurring at negative potentials.24’25 In this regard, ionic
liquids (ILs) have emerged as an excellent choice for
electrochemistry studies because they are room-temperature
molten salts, which minimize water content and increase the
ESW without inducing the HER, along with other benefits for
electrochemical systems.”*™*' More specifically, ILs are being
investigated for the conversion of various molecules, such as in
the nitrogen reduction reaction (N,RR), which has attracted
significant attention in the electrocatalysis field.”” Unlike the
Haber—Bosch process, this reaction can be carried out under
ambient conditions. N, reaches a solubility of 0.28 mg per
gram in [P 4] [eFAP], nearly 15 times higher than its
solubility in water. Moreover, a Faradaic efficiency (FE) of up
to 60% was achieved using this IL for N,RR. In terms of
carbon dioxide, when coupled with the possibility of using
highly negative potentials to drive the CO,RR, systems
incorporating ILs can efficiently transform CO, into alternative
products, preventing degradation and controlling the H,
production ratio.””** Furthermore, ILs can stabilize inter-
mediates at the catalyst surface, thereby extending their
lifetime.”> ™% In this context, ILs can possibly act as stabilizers
for the *CO intermediate, thereby increasing its lifetime and
enhancing the production of C,, molecules.

In recent years, many researchers have explored the use of
ILs because of their ability to increase CO, solubility. The
most commonly used ILs are based on imidazolium cations
with varying carbon chain lengths (BMIM®, EMIM®,
etc.).””™" In this type of IL, a chemical bond between the
cation and CO, is formed because of the presence of an acid
site. Consequently, bond breaking is required after CO,
reduction, entailing additional energy.43 On the other hand,
ILs based on other types of cations can serve solely as surface
stabilizers.** One challenge when working with ILs is their high
cost, prompting the widespread practice of adding acetonitrile
(ACN) as a solvent to increase the electrolyte volume as well
as to increase the CO, solubility, compromising the electro-
chemical stability of the electrolyte. Furthermore, water
content is usually not controlled, complicating the under-
standing of how this affects product selectivity. Nevertheless,
some researchers have shown that water content can indeed
affect the overall behavior of systems that use ILs as
electrolytes.”* Additionally, water can change the phys-
icochemical properties of ILs.*” As a result, most publications
do not distinguish the actual effects of ILs and water
concentration on the CO, reduction mechanism.

Herein, the IL methyltributylphosphonium bis-
(trifluoromethylsulfonyl)imide (P4, TFSI) was selected as
the electrolyte because it does not form a bond with CO,, has a
wider ESW than aqueous electrolytes, and has high CO,
solubility (ca. 120 mmol L7'),**™° which is nearly four
times greater than that of KHCO; (0.1 mol L=h.!
Considering that the presence of water in the P, TFSI IL
increases the CO, solubility,”> the amount of water was varied
to investigate which products are favored and to modulate the
HER. In this case, the protons provided by water molecules are
preferentially used for the hydrogenation of intermediates and

not for the formation of H,. Moreover, in the absence of H"
donors, under dry conditions, the CO,RR does not occur. The
production of C,_, gaseous products, H,, and liquid products
such as HCOOH/HCOO~, CH;0H, and methyl formate
could also be tuned depending on the applied potential.

B EXPERIMENTAL SECTION

Electrode Preparation. Copper foil with 99.9% purity was
employed as the substrate for the electrodeposition of Cu”
(Cu,0). For the electrodes, the foil was cut into 5§ X 1 cm
pieces. The material was mechanically polished with 300-,
600-, and 1200-grit sandpapers, each accompanied by water.
To further refine the material, an aluminum oxide suspension
with 1 pm particles was used for polishing (Arotec No. 4), and
finally, water was used to wash the surface in an ultrasonic
bath. Furthermore, an area of 1 X 1 cm was isolated for oxide
deposition, representing the size of the catalyst itself. A
solution of 0.3 mol L™' CuSO, (pentahydrate, Merck/Sigma—
Aldrich) was prepared with 3 mol L™ lactic acid (Merck/
Sigma—Aldrich), and the pH was adjusted to 12 by adding
NaOH (Merck/Sigma—Aldrich) at 333 K. The electro-
chemical arrangement was composed of a copper foil, carbon
paper (Fuel Cell Earth 50% PTFE), and a conventional Ag/
AgCl electrode with concentrated CI™ as the working electrode
(WE), the counter electrode (CE), and the reference electrode
(RE), respectively. The interelectrode spacing between the WE
and the CE was maintained in a parallel alignment and with a
distance of approximately 1 to 2 cm (Figure S1). With the cell
assembled, a chronopotentiometry measurement was per-
formed by applying —50 A cm™ for 2 h using a Potentiostat/
Galvanostat Metrohm Autolab. After deposition, the film had
an average thickness of 4 + 1 pum (Figure S2).

Electrode Characterization. X-ray diffraction (XRD)
characterization for facet peak confirmation was performed
using a Shimadzu 7000 Maxima (copper Ka, 4 = 1.541058 A).
Scanning electron microscopy (SEM) was performed to verify
the morphology of the nanostructures using a FESEM JEOL
JSM-7401F with an accelerating voltage of 10 kV, a working
distance of 8 mm, and an LEI detector. For X-ray
photoelectron spectroscopy (XPS), the electrodes were stored
in an Ar atmosphere after electrolysis before analysis. Data
were collected with a Specs instrument in fixed analyzer
transmission mode, with an excitation energy of Al Ka =
1486.71 eV, a detector voltage of 1800 V, and a bias voltage of
90 V. High-resolution spectra were obtained for Cu (B.E.
920—970 eV and 555—590 eV, corresponding to the Cu,, and
Cuppy Auger regions, respectively), O (B.E. 522—547 eV),
and C (B.E. 276—298 V). The calibration was performed at
the peak of adventitious carbon C;, set to 284.8 eV. The
deconvolution of the Cu,, peak was performed using a Shirley
baseline, with separate regions for 2p,;,, and 2p;/,, and an
LA(80) line shape. Constraints on the area ratio, energy
splitting, and fwhm were applied.

lonic Liquid Preparation. [P,,,][TESI] (Iolitec IN-
0037-HP) was previously dried with a hot plate and stirred at
60 °C overnight inside an Mbraun Labmaster 130 glovebox.
To work outside the argon atmosphere, a glass flask with a
rubber septum was used for storage. Water was added with a
syringe, piercing the septum. CO, was previously dried with a
Gasart Humidity Filter Trigon 1/4 TTM-400-4 and bubbled
for 15—20 min directly into the IL, where it saturated. A
Metrohm 831 KF Coulometer was employed for titration to
determine the amount of added H,O.

https://doi.org/10.1021/acscatal.5c04941
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Figure 1. Schematic of the setup used in this work. P,,,, TFSI with controlled amounts of water was used as the electrolyte. Some of it was collected
for '"H NMR experiments and GC—MS, with the latter using headspace analysis to capture volatilized products. The gas from the headspace was

transferred to a gas bag for further chromatographic analysis.

Electrochemical Experiments. The electrochemical cell
was designed using Autodesk Fusion 360 and fabricated with a
Prusa SL1 printer utilizing Anycubic ABS-Like Pro 2 resin
(Figure 1). The prepared Cu,O-deposited copper foil was used
as the working electrode (WE), while two platinum wires were
employed as the counter (CE) and quasi-reference (RE)
electrodes. Since a pseudoreference electrode is employed in
the ionic liquid (IL), its potential cannot be directly
determined and must therefore be established indirectly. To
achieve this, the ferrocene/ferrocenium (Fc/Fc") redox couple
is introduced as an electrochemically active internal standard
within the electrolyte solution. By referencing the redox
potential of the analyte to that of the internal standard, it
becomes possible to correct for potential drift and the inherent
variability associated with pseudoreference electrodes (Figure
S3). This approach increases the accuracy and reproducibility
of the electrochemical measurements and facilitates compar-
isons between publications. The WE was connected using an
alligator clip and separated from the CE by a glass microfiber
filter (Whatman GF/F, 125 mm, 1825—125), which served to
slow the diffusion of electrochemical products toward the CE,
thereby minimizing their reoxidation. Approximately 2 mL of
IL was used, which was sufficient to submerge all the
electrodes. To enable accurate quantification of the reaction
products via proton nuclear magnetic resonance (‘H NMR),
the cell was weighed before and after the IL was added,
allowing for precise determination of the electrolyte mass.

Cyclic voltammetry (CV) was performed to characterize the
system using a Potentiostat/Galvanostat Metrohm Autolab,
along with chronoamperometry measurements. The resistance
of the cell was determined by Metrohm Nova positive feedback
and i-interrupt tools. Since the ohmic drop values were less
than 100 ohms and the current was approximately 250 pA, no
compensation was applied during the measurements once the
ohmic drop approached 25 V. CV was conducted for catalyst
electrochemical characterization with the potential starting at
0.7 V vs Fc/Fc" and ranging from 0.7 to —1.2 V for a total of
two to three cycles at a scan rate of S mV s~ (Figure S4). For
electrolysis, selected potentials were applied for 3 h with the
two different water concentrations, resulting in charge values
close to 2—3 C. After chronoamperometry, the electrolyte was
collected using a syringe, with a portion separated for NMR
sample preparation and the remaining portion stored in a 2 mL
vial for subsequent gas chromatography—mass spectrometry
(GC—MS) identification experiments.

Product Identification and Quantification. For the
liquid products, an Agilent 5977B gas chromatograph coupled
with a mass spectrometry detector (MSD) and an HP1 column

was used for qualitative determination. The glass vial with the
electrolyte stored was heated to 323 K to volatilize the liquid
products since the IL has a vapor pressure almost equal to zero.
Afterward, the headspace was collected using a 100 uL gastight
syringe (Hamilton) for manual injection. Additionally, 'H
NMR was employed to confirm the products (Figure S5 and
Table S1). The electrochemical cell was weighed before and
after the electrolyte was added, and the total amount of the IL
was determined by the difference in mass for subsequent
calculations. Quantification was performed using a Bruker 500
MHz with 256 scans using ~400 mg of electrolyte, 150 uL of
DMSO with 1% (v/v) TMS, and 20 uL of a 125 mM phenol
solution prepared in DMSO, achieving a 4 cm height in the
NMR tube. The FEs of the products are described in more
detail in Tables S2 and S3.

For the gaseous products, a 0.6 L Supelco Inert Foil Gas
Sampling Bag was attached to the electrochemical cell, and
CO, was used as a carrier gas to collect the headspace,
achieving a volume of 75 mL. An Agilent 8860 GC System
coupled with a flame ionization detector (FID) and a
methanizer, as well as a thermal conductivity detector
(TCD), was used for chromatography. The columns used
were Agilent HP-Plot Q (80 m X 500 ym X 40 ym) for FID
and CarboPLOT P7 (25 m X 530 um X 25 um) for TCD. The
bag was connected to the gas chromatograph and pressed to fill
the injection loop, delivering 1 and 0.250 mL to the FID and
TCD, respectively. Quantification was accomplished using a
calibration curve of known gases and their concentrations.

B RESULTS AND DISCUSSION

Cu,0 Catalyst Characterization. To evaluate the
characteristics of the pristine catalyst, XRD was conducted to
identify the desired (111) facet, as depicted in Figure 2A by
the peak at 36.6°. Additionally, other peaks were detected,
such as (220) at 62° and (311) at 74°, along with CuO and Cu
peaks.”® To compare the catalyst XRD pattern with literature
data, the follow reference peaks were used: for CuO, 35.6°,
38.8°, 48.9°, 58.4° 61.8° 66.36° and 68.19° (JCPDS 41-
0254);>* for Cu, 43.7°, 50.7°, and 74.3° (JCPDS 04-0836);"°
and for Cu,0, 36.33°, 42.16°, 61.47°, and 73.35° (JCPDS 05-
0667).°° SEM measurements were also used to evaluate the
morphology and size of the nanoparticles, as shown in Figure
2B, revealing the coverage of the surface of the substrate and
the presence of the expected octahedral structures. Finally,
XPS was employed to analyze the surface species. High-
resolution Cu 2p spectra (Figure 2C) showed two character-
istic peaks centered at 931.4 and 951.2 eV, associated with Cu
2p3/, and 2p, ,, respectively. These peaks can be attributed to

https://doi.org/10.1021/acscatal.5c04941
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Figure 2. Catalyst characterization by (A) XRD, showing Cu,O (blue
line) and metallic copper substrate (orange line), as well as the
standard peaks from the literature for Cu,0O, CuO, and Cu; (B) SEM,
indicating the presence of Cu,O octahedra covering the whole
metallic copper substrate; and (C) XPS, showing the Cu 2p electrons
for the catalyst before electrolysis.

either metallic copper (Cu®) or cuprous/copper oxide (Cu'/
Cu**).””*® However, distinguishing between these species
using Cu 2p binding energies is difficult because of their similar
energy values.”” Additionally, no shakeup satellite peak
corresponding to copper oxide (Cu®*) was observed for the
2p electrons (Figure 2C). Therefore, the Auger electron region
was analyzed to differentiate Cu" from Cu. For the prepared
catalyst, before electrolysis, a distinct peak at approximately
917.2 eV is observed, indicating the presence of Cu,O (Figure
S6). Furthermore, no peaks were detected near 919 eV, which
would represent Cu, while a slight shoulder appeared at
approximately 918 eV, corresponding to CuO.
Electrochemical Activity of the Catalyst. The focus of
this study is to demonstrate the influence of water amount on
both CO,RR activity and product selectivity by mitigating the
HER. The results of linear sweep voltammetry (LSV)
experiments recorded in P4, TFSI electrolyte in Ar (Figure
3A) and CO, (Figure 3B) atmospheres using three water
concentrations (<1, 20, and 80 mmol L™") are shown in Figure
3B. Notably, 80 mmol L™! is the maximum amount of water
that can be dissolved in P4, TFSI before separating into two
phases. When the experiment was conducted with <1 mmol
L~ water under an Ar atmosphere (yellow line in Figure 3A),
almost no reduction current was observed, indicating the
stability of both the electrolyte and the catalyst. As the amount

of water increased, represented by the purple and dark blue
lines for 20 and 80 mmol L' in Figure 3, respectively, the
current density increased, indicating the HER and oxide
reduction, although the current values remained quite low. The
surface of the electrodes was analyzed by using XPS after
electrolysis in an Ar atmosphere. For the systems containing 20
and 80 mmol L™! water, when —0.7 and —0.8 V vs Fc/Fc*
were applied, the XPS results show that the peak representing
Cu' remains present even after 3 h of electrolysis (Figures S7
and S8). Moreover, at more negative potentials, it is still
possible to observe the presence of both Cu* and Cu’, which is
also evident from the XRD results (Figure S9). Specifically, for
the 20 mmol L™' system, Cu" is more prominent, suggesting
the possibility of evaluating its influence on product
distribution and comparing it with more negative potentials
where there is more Cu’. This highlights the system’s ability to
maintain the presence of oxidized species, in contrast to
aqueous systems, where Cu” is typically almost fully converted
to Cu® after a shorter electrolysis time.”® This opens the
possibility of exploring how other metal oxides influence the
CO,RR.

The results of the experiments performed in a CO,
atmosphere are shown in Figure 3B. When the concentration
of water was <1 mmol L™ (yellow line), a low current density
was observed. As the water concentration increased (purple
and blue lines for 20 and 80 mmol L™, respectively), a very
large increase in current was observed, indicating the
dependence of the CO,RR on the presence of water.
Differences in the current density scale must be noted when
the data are compared in Figure 3A,B. Further negative
potentials were limited to avoid H, production increase by
water splitting and degradation of the IL.

CO, electroreduction necessarily requires the presence of a
H" donor, which in this case is provided by water molecules.
This is evidenced by the well-known CO,RR pathways,

indicated by the following reactions: ">’
2H,0 + 2¢” — H, + 20H" (1)
CO, + H,0 + 2¢- - CO + 20H" (2)
CO, + 2H,0 + 2¢- - HCOOH + 20H™ 3)
CO, + 6H,0 + 8¢ — CH, + 80H" (4)
CO, + SH,0 + 6e” — CH,OH + 60H" (5)
2CO, + 8H,0 + 12¢” —» C,H, + 120H" 6)
2CO, + 10H,0 + 14e” — C,H; + 140H" (7)
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Figure 3. LSV with different water concentrations for (A) Ar and (B) CO,. The yellow line represents <1 mmol L™

water, the purple line

represents 20 mmol L™, and the blue line corresponds to 80 mmol L™". All voltammetry data were recorded in P4, TFSI at a scan rate of 5 mV
s, The highlighted region represents the electrolysis potential. Please note the scale of the y-axis.
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3CO, + 12H,0 + 18¢~ — C,H, + 180H™ ()
4CO, + 16H,0 + 24e” —» C,Hg + 240H™ (9)
4CO, + 18H,0 + 26e” —» C,H;, + 260H" (10)

The FEs and distributions of the different reaction products
quantified by "H NMR and GC at various potentials and two
water concentrations, i.e., 20 mmol L™ and 80 mmol L™, are
shown in Figure 4. Notably, the sum of the FEs for the

I:I Isobutane/Butene

£ 100 A - Butane
I 80 [ Propylene
& [ Ethane
S [ Ethylene
& 60 I Vethanol
‘% 40 - Formlc Acid / Formate
©
g 20 - Methane
oo L Hydrogen
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Potential (V vs Fc/Fc*)

Figure 4. Faradaic efficiency at each selected potential for electrolysis
with (A) 20 mmol L™! and (B) 80 mmol L™ water.

products at some potentials is much lower than 100%. This
occurs because the reduction of the oxide effectively consumes
a significant portion of the charge. This occurs because Cu,O
also needs H,O to be reduced; therefore, some of the water
molecules dissolved in the IL are also used for oxide reduction
instead of the CO,RR. This becomes more evident when LSV
is conducted without CO, and with different concentrations of
water (Figure S10). When metallic copper is used with 20
mmol L™ water (represented by the curve of unfilled squares),
the current density starts to drastically increase at potentials
close to —2.0 V vs Fc/Fc’. On the other hand, when Cu,O
with the same water concentration is used, this potential is
shifted to approximately —1.5 V vs Fc/Fc* (purple line),
indicating oxide reduction. As evidenced by the XPS results
(Figures S7 and S8), for more negative potentials, more
metallic copper is present in the initial catalyst, which explains
why the total FE is closer to 100% at more negative potentials.

—0.9 and —1.0V, differences in the liquid-phase products
become evident, mainly methanol and formic acid/formate,
with the latter having high selectivity at 20 mmol L™ (Figure
4A). The FEs for formic acid and formate were summed
because they are essentially the same molecule and can be
detected at either 8.12 or 8.67 ppm (Figure S11) in the 'H
NMR spectra, respectively.

The missing FE in Figure 4A, when correlated with the peak
observed in the chronoamperograms during the first 1000 s of
electrolysis (Figure S12), was suspected to result from the
reduction of cuprous oxide. To confirm this, another analysis
was conducted after 3 h of electrolysis at —1.6 V vs Fc/Fc*
(Figure S13) to determine whether the peak disappeared.
Indeed, the peak was no longer present, indicating its
association with the oxide reduction process. The products
were also quantified after this analysis, and the production of
methane, which was chosen as a probe molecule, almost
doubled at this potential, further indicating that the charge
associated with cuprous oxide reduction had a weaker effect.
Moreover, from electrochemistry of the copper oxide films in
Ar (Figures S14 and S15) and XPS analyses revealed that the
Cu,0/CuO redox couple appears only above 8 mmol L™" of
water, with the current increasing until stabilizing beyond 20
mmol L™". The total charge (%2 mC) becomes independent of
water concentration, indicating that water availability exceeds
the amount required for complete CuO reduction. XPS
confirmed the coexistence of Cu’ and Cu*" species even under
highly reducing conditions. Calculations further demonstrated
that, at both 20 and 80 mmol L™}, water is not the limiting
factor for film reduction. Therefore, the increased charge
observed at higher water contents under CO, atmosphere
likely arises from the enhanced formation of hydrogenated
CO, reduction products rather than from copper oxide
reduction. Additionally, gas samples collected from the anode
compartment during a CO, electrolysis (Figure S16) revealed
no detectable CO, reduction products, even though such
species could, in principle, be reoxidized at the anode. This
confirms that product crossover between the cathodic and
anodic compartments did not occur, thereby eliminating
potential errors in the calculation of Faradaic efficiency.

When the product distribution was compared between 80
and 20 mmol L™, as shown in Figure 5, H, production was
consistently higher for 80 mmol L™ across all potentials, as
indicated by values greater than 1. Among the C; products,
methane was significantly more prominent at 80 mmol L™
when applying —1.0 V vs Fc/Fc, as indicated by the orange
bars. The presence of C,, is detected only at higher potentials
(—1.3 and —1.6 V). Additionally, among the C,, products, the
amounts of butane and propylene are more pronounced when
the water content increases (values higher than 1) at —1.3 V
and —1.6 V, respectively.

The GC—MS technique enabled the detection of methyl
formate, although quantification was not feasible because of its
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Figure 5. Relationships between the amount of each product detected at 80 and 20 mmol L™
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low concentration, resulting in negligible peaks in the 'H NMR
spectrum. Furthermore, a chemical shift at 8.17 ppm is not
observed for the proton from this molecule. Additionally, the
shift at 3.67 ppm is indistinguishable from the signals of the IL
impurities, restricting the possibility of quantification by NMR.
This product is formed through the chemical reaction between
methanol and formic acid (Figure S17), which has already
been reported in the literature.”” The fact that methanol
formation is detected only in the system with 80 mmol L™
(Figure 4B) and not in the system with 20 mmol L™ water
(Figure 4A) indicates that when the amount of water is not
sufficient, the pathway leading to the *CHO intermediate
described in the mechanism proposed by Koper’s group” does
not occur or is less favorable. This hypothesis is confirmed
because the CO FE increases for water concentrations of 20
mmol L™ (Figure 4A), which indicates that *CO is favored.
For 80 mmol L™ (Figure 4B), this pathway is enabled, as
evidenced by the formation of both methanol and methane at
—1.0 V vs Fc/Fc*, which depends on the formation of *CHO.

The production of long carbon chains (ethylene, ethane,
propylene, isobutane/butene, and butane) is observed from
—1.3 V vs Fc/Fc" onward. Sargent’s group predicted, on the
basis of calculations, that butane production depends on the
dimerization of *C,H,_s intermediates on the electrode
surface, which is further enhanced by *CO coverage and the
presence of soluble CO, leading to 95% selectivity for butane
over 1-butene, 2-butene, and iso-butene.®’ Additionally, two
*CH,*CO intermediates can combine, and through further
hydrogenation, detach the oxygens to form butane or its
isomers.®” With respect to these observations, the low FE for
CO in Figure 4 may indicate the high coverage of the catalyst,
leading to the appearance of C, , products at more negative
potentials, i.e, —1.3 and —1.6 V vs Fc/Fc".

The presence of butane could also be associated with cation
degradation. To discard this hypothesis, *P NMR analysis was
performed on the pure IL before and after electrolysis with
CO, at —1.6 V vs Fc/Fc' and 80 mmol L™ water (Figure
S18). The results showed essentially no new peaks, indicating
that the IL remained unmodified during the experiment.
Furthermore, GC—MS was performed, and butane was not
detected at the expected retention time (Table S4), which
confirms that the IL is not degrading (Figure S19). Finally, as
shown in Figure S, if butane production was related to IL
degradation, it would likely be possible to observe an increase
in its FE when more negative potentials were applied.
However, this is not the case when comparing the values for
—1.3 and —1.6 V vs Fc/Fc+, as the latter value is smaller.

The dimerization of ethylene intermediates can be deduced
because the FE for butane is similar under both water
concentrations, as shown in Figure 4A,B. This finding indicates
that the amount of water does not seem to play a significant
role, i.e, the reaction pathway is independent of the proton
source and surface *H coverage. Since the rate-determining
step for butane production is the coupling of *C,H, g
intermediates and is not dependent on *H, butane production
arises from the previously described mechanism, which
suggests that the IL either favors the binding strength of
*C,H,_s or stabilizes the transition state. Furthermore, the
detection of propylene suggests that the system favors the
coupling of *C,H, 5 with *CO, as since the dimerization
pathway studied by Sargent’s group produces only C,
molecules.
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B CONCLUSIONS

In this work, P,,,,TESI was successfully used as an electrolyte
for the CO,RR with a Cu,O catalyst. This IL was chosen
because it does not form a bond with CO,, presents a large
ESW compared with aqueous electrolytes, and has a high
solubility of CO, (ca. 120 mmol L"), almost four times higher
when compared with KHCO; (0.1 mol L™"). The amount of
water was carefully controlled (<1, 20, and 80 mmol L™) to
elucidate its role in tuning the CO,RR pathways and
suppressing the HER. The catalyst was very active for the
CO,RR, synergizing with the electrolyte and demonstrating
the ability to enhance C—C coupling at more negative
potentials, as well as enhancing product selectivity. Liquid
products only started to appear at —0.9 V vs Fc/Fc*, indicating
the formation of mainly formic acid/formate and emphasizing
its high selectivity when using 20 mmol L™" water, achieving
86% of the product distribution. Additionally, for this water
concentration, methanol production was not detected, which
indicates the absence of the *CHO intermediate, facilitating
the possibility of controlling the CO,RR pathway and
preferentially leading to the *CO pathway (Figure S20).
Furthermore, propylene, isobutane/butene, and butane were
detected at more negative potentials, i.e, —1.3 and —1.6 V vs
Fc/Fc', which is only possible due to the large ESW of the IL.
In summary, the application of highly negative potentials
effectively enhanced the CO, reduction reaction (CO,RR)
while simultaneously suppressing the hydrogen evolution
reaction (HER), as evidenced by the consistently low Faradaic
efficiency (FE) for hydrogen across all potentials in the system
containing 20 mmol L~! water. Moreover, the use of 80 mmol
L' facilitated the activation of the *CHO intermediate
pathway, leading to the formation of methanol and methane.
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