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ABSTRACT

Electrocatalytic CO, reduction to energy-dense organic compounds useful for the industry is an interesting
strategy for organic synthesis using non-fossil carbon feedstocks and for storing energy from intermittent
sources in the form of chemical energy. Electrolysis under acidic conditions has been recently studied as a
promising way to avoid carbon loss, due to the inevitable carbonate formation using traditional neutral or
alkaline electrolytes. Here we report one of the very first examples showing that a molecular modification
of the surface of copper nanoparticles allows tuning the selectivity of the reaction towards favoring C;
products, ethylene and ethanol, at industrially relevant current densities at acidic pH (<1). This is achieved
thanks to the electrodeposition of an imidazolium-based layer on the nanoparticles and performing
electrolysis using a gas-fed flow cell with an acidic catholyte. Moreover, acidic CO; electroconversion in
the absence of alkali cations is reported for the first time, providing new perspectives as for addressing

the problems associated with the utilization of catholytes containing alkali cations.



INTRODUCTION

CO; electroreduction (CO,RR) has become an important research direction as a way to store intermittent
sources of electricity and to valorize CO; as a carbon feedstock, instead of fossil carbon, towards chemicals
useful for the chemical industry, such as carbon monoxide, hydrocarbons and alcohols!. Among those
products, the C, products, ethylene and ethanol in particular, have been considered as a priority target
considering the size of the market*”’. While still not mature enough for industrial implementation, a
number of challenges have already been successfully addressed. First, conversion of CO, to
ethylene/ethanol can be achieved with relatively high selectivity thanks to Cu-based catalysts, Cu being
the unique metal allowing C-C coupling®°. Second, mass transport limitations associated with the low
solubility of CO, in water have been addressed by shifting from liquid phase electrolyzers (H-cells) to gas
phase electrolyzers (flow cells using gas diffusion electrodes-GDE)''*2, The latter allow the utilization of
alkaline KOH electrolytes which favor high current densities (hundreds of mA.cm?) and C-C coupling
reactions. However it was soon realized that the now common use of alkaline or neutral electrolyte
solutions limits conversion yields and carbon utilization due to the reaction of CO;, with hydroxide ions
leading to the formation of (bi)carbonate ¥4, The resulting degradation of the electrolyte and the
energetic and economical cost associated with its regeneration have raised some doubts regarding the
future potential of alkaline flow-cells***, The problem can be partly addressed by using acidic electrolyte
solutions where the pH is below the pKa of agueous CO.. In such systems, while the CO; is still converted
to (bi)carbonate at high current densities by the alkaline local pH at the cathode arising from hydroxide

ions generated during CO; reduction, CO; is subsequently regenerated due to the low bulk pH*>8,

Obviously, a major drawback of acidic electrolysis is the propensity for hydrogen production (HER) due to
the high concentration of protons. One strategy for limiting HER and promoting CO,RR is the addition of
alkali metal cations M*. It has been indeed clearly established that M* ions within the electrolyte are
essential for CO,RR under acidic conditions likely because accumulation of such partially dehydrated
cations on the surface of the cathode can stabilize CO,-derived adsorbed intermediates and inhibit proton
migration thus limiting the rate of HER'®°, However high concentrations of M* can be detrimental as they
promote bicarbonate precipitation on the GDE due to the high local pH and low solubility of MHCOs, thus
blocking CO, transport. Furthermore, M* at high concentration accumulates within the cation-exchange
membranes (Nafion) thus adding extra ohmic losses and accelerating their degradation, so that the nature
and the concentration of M* have to be carefully tuned®. For that reason, there is a need to develop

strategies for avoiding the utilization of M*-based electrolytes.



Another strategy for controlling the activity and selectivity of solid electrocatalysts for CO2RR lies on
molecular modification of the electrode surface, using small molecules or polymers?:™2>, This strategy,
while extensively used in H-cells and flow cells working in neutral pH and alkaline electrolytes, respectively,
has not been explored yet in the context of acidic electrolysis under industrially relevant current densities.
Here we show that modification of the surface of Cu nanoparticles (CuNPs) by immobilization of an ionic
liquid (IL) based on an imidazolium salt results in the promotion of C,. products when CO;RR is carried out
in flow cells using a highly acidic electrolyte (pH < 1). During the course of this work another study reported
promotion of C,. product formation by deposition of a molecular film derived from a pyridinium salt on Cu

under acidic conditions (pH = 2)%.

The choice of an imidazolium salt, as a proof of concept regarding the impact of Cu surface modification
on CO2RR selectivity during acidic electrolysis, was based on previous results, including some from our
laboratory?”~3°, The very first studies were carried out with Ag3}° and Au3®%’ catalysts, showing a positive
impact of the addition of IL (either in solution or dropcast on the electrode surface) on overpotentials and
on the selectivity (CO2RR to CO vs. HER). However, the mechanistic basis for this effect has remained
controversial and several hypotheses have been indeed proposed: suppression of HER; accumulation of
CO; at the surface; formation of adducts between IL and CO;; stabilization of high-energy CO,-derived
intermediates. Cu-based electrodes functionalized with ILs have been studied much more recently. So far
it was limited to H-cells using CO,-saturated KHCOjs solutions, thus providing low current densities (< 30

-2),3839 and flow cells for alkaline electrolysis using poly-ionic liquids (PILs)*%*, In all these cases, IL

mA.cm
promoted C,. product formation, and ethylene more specifically. In the present study, we report the first
results evaluating a Cu-IL electrode for CO,RR under highly acidic conditions (pH < 1), at industrially
relevant current densities, not only in the presence but also in the absence of alkali metal cations in the

electrolyte.

EXPERIMENTAL SECTION

Materials: Cu nanopowder of 60-80 nm size (Sigma-Aldrich, > 99.5 %) was used to prepare the cathodes,
except in the case of solvothermal CuO nanoparticles (STCu200), which were synthesized from Cu (II)
acetate (Sigma-Aldrich, 99.99 %). For the cathode preparation were also used hydrophobic
polytetrafluoroethylene (PTFE) membrane filters (Sartorius, 0.45 um pore size), methanol (Carlo Erba, 99.9
%) and Nafion 117 (Sigma-Aldrich, 5 wt % in lower aliphatic alcohols and water). As anodes were used

Nickel foam and Nickel coil disks (Goodfellow) and the separation was ensured by a bipolar membrane
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(Fumasep). The electrolytes were prepared using Milli-Q H,0O, KCI (Sigma Aldrich, = 99 %), KOH (Sigma-
Aldrich, 90 %) and H,SO4 (Sigma-Aldrich, 95-98 %). The IL electrodeposition was performed using 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIMBF,) (lolitec, > 98 %, 33.8 cP). For NMR analysis Terephthalic
acid (Sigma-Aldrich, 98 %) and D,0 (Eurisotop, 99.9% D) were used.

STCu200 Nanoparticle synthesis: Firstly, 0.74 g of Cu (1) acetate were dissolved in 80 mL of ethanol (Sigma-
Aldrich, 96 %) and sonicated for 2-3 h. The resulting completely dissolved solution was blue in color and
was placed initially in the PTFE liner of an autoclave (125 mL, Parr Instrument Company) before being
transferred to an oven, in which it was heated at 200 °C for 20 h *2. Subsequently, the solution obtained
was clear and the CuO nanoparticles, which were of a dark brown color, had remained deposited at the
bottom of the liner. Finally, the nanoparticles underwent several washings, twice with distilled water, then
thrice with ethanol and were placed to dry under vacuum for at least 24 h before use. The size of the

STCu200 CuNPs was approximately 50 nm and their yield was approximatively 80 %.

PTFE-based GDE Preparation: The cathodes used were gas diffusion electrodes (GDEs) prepared by
spraying a methanolic solution containing the Cu nanoparticles (Cu NPs) (10 mg.mL™) on PTFE using Nafion
as a binder (1 to 1 ratio of Cu NPs(mg) to Nafion(uL)). The suspension was first sonicated for 10 minutes
to ensure that the particles were well dispersed. The ink was then deposited by spraying onto a PTFE
membrane using a spray gun (Model Airbrush 180). The sprayed surface was confined to a circular
diameter of 2 cm?, which led to a total mass loading of approximately 2.25 mg.cm™ of each cathode after
drying under vacuum in a desiccator. All GDEs require an activation protocol prior to use to reduce all Cu
to Cu®. This activation involved consecutive linear sweep voltammograms (LSVs) under CO, flow ina3 M
KCI (pH = 6.2) electrolyte with a sweep rate of 25 mV.s™* varying between -0.5 and -1.9 V vs. Ag/AgCl until

stabilization of the current response (Figure S1).

IL Electrodeposition: The optimal IL deposition is performed by applying -10 mA.cm™ for 30 minutes on
the CuGDEsin a 0.5 M EMIMBF, aqueous solution under inert atmosphere and then allowing the electrode
to reach open circuit potential. The electrodeposition can take place in a separate container or within the
flow cell at a flow rate of 9 mL.min? by replacing the catholyte container with one containing the 0.5 M
EMIMBF,; aqueous solution. When the deposition takes place in a separate container, the electrode is
subsequently removed from this deposition solution, rinsed thoroughly with water, and placed in the flow
cell to perform CO,RR experiments. Alternatively, it can take place within the flow cell, in which case water
should be subsequently flowed for at least 2 minutes as catholyte to ensure excess IL is removed from the

configuration before replacing the catholyte and running CO;RR experiments.



Electrochemical Experiments: All electrochemical experiments were conducted using either a VSP300 or
a VMP3 potentiostat (BioLogic Instruments) with a 20 A current booster and were carried out in the same
custom-made gas-fed flow cell purchased from Sphere Ltd?*. A Ni-foam was used as anode and a leak-free
Ag/AgCl/KCl; am reference electrode (Innovative Instruments Ltd.) was inserted in the cathodic
compartment, while a bipolar membrane in reverse bias mode (Fumasep, stored in 1 M KCl) ensured
separation of the two compartments. The conductivity of the PTFE-based GDEs was ensured by Cu tape
and their geometric surface area was confined to 1 cm?. The CO; inlet flow rate was kept stable at 10
mL.min™! using a mass flow controller (Bronkhurst), the values were verified using a gas flow meter
(Mesalabs Defender 530+) and the data were obtained using the flow meter data logging software
(MesaLabs DryCalPro). The acidic catholyte composition was either 0.05 M H,SO4 + 3 M KCI (pH = 0.89) or
0.1 M H,SO4 (pH = 0.7) and the anolyte was a 2.5 M KOH solution (pH = 14) and both were circulated using
a peristaltic pump at a rate of 9 mL.min™%. The catholyte was also under constant purging with Argon at a
fixed flow rate of 35 mL.min".The outlet of the catholyte reservoir was then connected to a gas trap, which
in turn was connected to the GC, in order to carry the gas products saturated with electrolyte to the on-
line GC. The catholyte and anolyte volumes were 25 mL each and the electrolysis time was fixed at 30 min
for all experiments except for the 5 h electrolysis stability experiments, where the volumes were increased
to 50 mL. The pH of both catholyte and anolyte was monitored after electrolysis and the changes were
small (ApH < 1). In controlled current electrolysis experiments, the gas products were recorded at 20 min,
while the liquid products were sampled after the end of the electrolysis, at 30 min. For the 5 h experiment,

liquid samples were extracted using a syringe every hour and the gas products recorded every 20 min.

Analysis of Gas Products: All gas products were detected and quantified in an on-line GC configuration.
The GC was purchased from SRl instruments (8610 GC) and Argon was used as the carrier gas. The GC was
fitted with both a flame-ionization detector (FID) coupled to a methanizer to allow detection of carbon
products (CO, C;H4, CH4) and a thermal conductivity detector (TCD) for H, quantification. Before reaching
the detectors, the gas was separated using a HaySepD precolumn with a 3 m molecular sieve column. The
GC was periodically calibrated using a custom-made standard gas mixture containing all possible products

in CO..
The Faradaic Efficiency (FE) for gas products was calculated according to the following equation:

nproduct X Nelectrons X F

FEM) =~ 0% - 0w




Where Nproduct is the mol amount of product obtained from electrolysis, Nelectrons is the number of electrons
consumed to produce it, F is the Faraday constant (C.mol™), Qi is the charge in Coulomb at the instant of
injection, and Qi is the charge in Coulomb at time x seconds prior to the injection, x-0 represents the time
necessary to fill the sample loop and x depends on both the loop size and total combined flow rate of Ar

and CO, used®.

Analysis of Liquid Products: Liquid products were analyzed using *H NMR performed on a Bruker Advance
[ 300 MHz NMR spectrometer (300 K). For sample preparation, an NMR tube was filled with the lock
solvent (D,0, 100 pL), an aqueous solution of the internal standard used for quantification (5 %
terephthalic acid (TPA) solution, 100 uL), basic solution to ensure TPA was soluble (5 M KOH, 400 uL) and
the electrolysis sample containing products to be quantified (400 pL). Liquid sampling from the anolyte
was also performed to ensure that any product crossover through the bipolar membrane was also

accounted for.

Physical Characterization: Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray Spectroscopy
(EDX) analysis and EDX elemental mapping were all performed using an Ultra 55 ZEISS microscope
equipped with a spectrometer Quantax purchased from Bruker and the binding energy was calibrated
using a Cu disk. Prior to all analyses the GDEs had been washed with MiliQ H,0, dried overnight in a
desiccator and a coating of carbon was applied to them to ensure conductivity. X-Ray Photoelectron
Spectroscopy (XPS) spectra were also acquired on the PTFE GDEs, using an Omicron Argus X-ray
photoelectron spectrometer, which was equipped with a monochromated AlKa radiation source (hv =
1486.6 eV), as well as a 280 W electron beam power. The diameter of analyzed area on the PTFE GDEs was
1 mm?2. The emission of photoelectrons from the GDEs was analyzed at a takeoff angle of 45° under ultra-
high vacuum conditions (< 10-9 mbar). Survey spectra were also carried out with a 100 eV pass energy
and for the high-resolution N 1s spectra the pass energy was 20 eV. All binding energies were calibrated
against the C 1s (C-C) binding energy at 284.8 eV and Scofield factors were used to correct the elements’
peak intensities. The spectra were fitted using Casa XPS v.2.3.15 software (Casa Software Ltd, U.K.) and
applying a Gaussian:Lorentzian ratio (G:L) equal to 70:30. Attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR) measurements were obtained using a Brucker VERTEX 70 FTIR
spectrometer equipped with a diamond ATR accessory (Quest™, Specac). The spectra were collected in
the wavenumber range from 400 cm™ to 4000 cm™, maintaining a spectral resolution of 4 cm™. Each
spectrum was obtained from an aggregate of 100 scans to enhance the signal-to-noise ratio. Post

acquisition, the spectra were processed through a series of steps including baseline correction,



atmospheric vapor compensation (water vapor and CO, signal subtraction) and a smoothing function for
improved clarity and precision in spectral features. Water contact angle (WCA) was measured using a Drop
Shape Analyzer (DSA25) from KRUSS. The measurements were performed at room temperature and
ambient humidity on the CuNP GDE samples. Each sample was measured at three different locations and

the average value was reported.

ECSA measurements: The electrochemical surface area (ECSA) was measured through the capacitance of
the PTFE GDEs in 0.05 M H;SO4 + 3 M KCI solution saturated with Argon and CO,. The capacitance was
measured by analyzing the cyclic voltammograms of the cathodes at -0.495 V vs. Ag/AgCl using the
following equation:

'a 'jc

Cu=2Je
v

where C is the capacitance (F), ja is the anodic current density at -0.495 V vs. Ag/AgCl (A.cm™), j. is the
cathodic current density at -0.495 V vs. Ag/AgCl (A.cm?) and v is the scan rate (V.s). The value of the
capacitance was found by plotting the right side of equation vs. the range of scan rate. The ECSA
subsequently identified as the difference between the capacitance of the PTFE GDEs compared to a flat 1

c¢m? Cu surface?®.

RESULTS
Modification of Cu nanoparticles surface with imidazolium-based ionic liquids

A gas diffusion electrode (GDE) was prepared via deposition of Cu nanoparticles (CuNPs) on a
polytetrafluoroethylene (PTFE) membrane. The resulting GDE was implemented into a gas-fed flow cell
(Figure 1a), activated (see experimental section) and proved to be catalytically active for the
electroreduction of an aqueous solution of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,), as
shown from the in-situ Linear Sweep Voltammogram (LSV) in Figure 1b, with a catalytic wave appearing at
a more cathodic potential than -1.4 V vs. Ag/AgCl. During reduction, an EMIM-derived organic layer
deposited on the surface of the electrode, as discussed below. As a consequence, modification of the Cu
material surface was achieved by electrodeposition of EMIMBF, following a methodology described in the

experimental section.

Optimization of the EMIMBF, deposition process was carried out under inert atmosphere by varying the

applied cathodic current density (-10 to -50 mA.cm during 10 min) and the time of deposition (5-60 min
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at-10 mA.cm?) and testing each electrode for selective CO, electroreduction to multicarbon (C.) products
at -200 mA.cm™ during 30 minutes. In this case, the anode of the flow cell was a Ni foam and CO; was
supplied as a gas at the backside of the gas diffusion cathode, with a flow rate of 10 mL.min. More
specifically, the flowing catholyte, 0.05 M H,50,4 + 3M KClI, was acidic (pH = 0.89), the flowing anolyte, 2.5
M KOH, was alkaline in order to allow the utilization of non-noble metals at the anode'®. The two
compartments were separated by a bipolar membrane, which maintains the pH gradient, thanks to the
water dissociation reaction occurring at the interlayer, and prevents crossover of cationic electrolyte

species®>™,

(a) (b)

Catholyte Anolyte
Outlet Outlet S S
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Figure 1. (a) Schematic representation of the flow-cell setup used and (b) LSV of 0.5 M EMIMBF,4 aqueous

solution within the flow-cell setup using a CuNP GDE cathode. Scan rate (25 mV.s?).

The results of the optimization process are displayed in Figure S2. They clearly show the following trends:
(i) low faradic Efficiency for H, (FEx> < 10 %) were obtained, in spite of the very acidic conditions, except
when deposition was carried out at the highest cathodic current density (-50 mA.cm) and when long
deposition times are used (60 min); (ii) modification of the surface of CuNPs favored C,. products
formation, the highest effect being observed for an applied current density of -10 mA.cm™ and a deposition

time of 30 minutes. In the following only this electrode, named CuNP-EMIM, will be discussed.
CO; electroreduction under acidic conditions

The effect of the modification of the electrode was tested by CO; electrolysis at various applied current
densities (-50 to -300 mA.cm™). The results are shown in Figure 2 and Figure S3 where FE values of the

reaction products are reported either combined as C; and C. products or individually, respectively. As
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shown in Figure 2, the CuNP-EMIM electrode proved indeed much more selective for C;. than for C;
products, especially at high current densities (Figure 2b). While the unmodified electrode produced more
C; than C,. products at all tested current densities (Figure 2a), a much larger decrease of C; products and
larger increase of Cy. products were observed using the CUNP-EMIM electrode upon increasing the current
density as compared to the unmodified electrode. As a matter of fact, the C,./C; ratio was higher in the
case of the CUNP-EMIM electrode at all applied current densities and reached a remarkable value of 4 at -

300 mA.cm? (Figure 2c).
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Figure 2. (a,b) Faradic Efficiency for H,, C; and C,. products formation using: (a) the unmodified electrode
or (b) the CuNP-EMIM electrode and (c) C,./C; ratio as a function of applied current density. CO,RR
performed in an acidic catholyte (0.05 M H,SO4 + 3 M KCI, pH = 0.89) under a CO; flow of 10 mL.min? at

different current densities for 30 minutes each.

Long term electrolysis was carried out with an applied current density of -200 mA.cm™ using both
unmodified and modified Cu electrodes. The results are shown in Figure 3. First, we note that the working
electrode potential and the Faradic Efficiencies for all products were remarkably stable during 5 hours,
indicating no or limited loss of the imidazolium-based layer during electrolysis. As expected, faradic
efficiencies for ethanol, propanol and ethylene were much larger in the case of the CUNP-EMIM modified
electrode (Figure 3a) while the faradic efficiencies for CO and formic acid were much greater in the case
of the unmodified electrode (Figure 3b). Thus, modification of commercial CuNPs with EMIMBF, provides
a stable material with increased selectivity for Cy. products. Comparison of Figure 3a and 3b shows an
increase by approximately a factor of 2 for the production of ethylene (FE = 22 %), ethanol (FE = 14 %) and

propanol (FE = 9.5 %), while acetic acid remained unchanged. It is thus remarkable that at a high current




density of -200 mA.cm, under acidic conditions, the modified catalyst allowed a total Faradic efficiency

for Ca+ products of 47 % (as compared to 27 % for the unmodified one).
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Figure 3. Evolution of CO,RR product distribution and working electrode potential during CO;
electroreduction using (a) the CuNP-EMIM electrode and (b) the unmodified electrode. CO;RR performed
in an acidic catholyte (0.05 M H,S04 + 3 M KCl, pH = 0.89) under a CO; flow of 10 mL.mint at -200 mA.cm"

2 during 5 hours.

In order to show that this effect was not specific for the selected CuNPs, we have carried out the same
study with another source of Cu material. For this study we have used Cu NPs, named STCu200, that were
obtained by a simple solvothermal procedure, using a solution of Cu(acetate), in ethanol which was heated
to 200 °Cin an autoclave for 20 h (see experimental section). After electrodeposition of EMIMBF, (for 10
min with an applied current density of -10 mA.cm?), the modified STCu200 was used for CO,
electroreduction at -200 mA.cm™. The results in Figure S4 clearly showed a larger C,./C; ratio as compared

to the unmodified electrode (from 0.6 to 2), with approximately no change in the Faradic Efficiency for H.
Characterization of the layer deposited on CuNP-EMIM electrode

Scanning Electron Microscopy (SEM) images of the modified electrode clearly showed the presence of a
thin organic layer on the surface on the Cu NPs (Figures 4a and S4), with CuNPs and the layer having
together a total thickness of approximatively 8 um. Energy Dispersive X-ray (EDX) spectroscopy confirmed

the presence of N, B and F signals likely derived from EMIMBF, (Figures 4b and S5). SEM and EDX also
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showed that these features were retained after acidic electrolysis (Figure S54 and S6). Elemental mapping
showed that N, B and F were all homogeneously dispersed on the CuNPs surface, all arising from the IL
used (EMIMBF,) (Figures 4c and S7). We also observed the presence of some isolated crystals on the
electrode surface, containing potassium, likely leftover from the electrode initial activation step.
Furthermore, X-ray Photoelectron Spectrometry (XPS) analysis further proved the presence of N, which
can only be derived from EMIMBF,; on the surface both after deposition and after subsequent acidic
electrolysis (Figures 4d and S8). From the deconvolution of the N 1s XPS spectrum of the CuNP-EMIM
electrode (Figure 4d and S8), three peaks, at a binding energy of 398.9 eV (green), 400.5 eV (blue) and
401.7 eV (red), were observed, in agreement with previously reported XPS data for imidazolium species
immobilized on metallic surfaces 34-%, The analysis of the N signals in the EDX and XPS spectra though
indicated a small decrease in their intensity following electrolysis, suggesting a minor loss of the layer
during electrolysis, however with no major impact on the selectivity (see Figure 3). The Cu 2p XPS spectrum
was not affected by the presence of the layer, as shown from the comparison between spectra of CuNPs
and CuNP-EMIM after electrolysis (Figure S8). The ATR-FTIR spectrum (Figure 4e and f) of the CuUNP-EMIM
electrode (blue plot) displayed bands, absent from the spectrum of the unmodified electrode (black plot),
that, by comparison with the spectrum of pure EMIMBF, (red plot), confirmed the presence of an EMIM-
like structure on the surface: a band at 1165 cm™ characteristic of methyl-N and ethyl-N stretching, a band
at 1564 cm?, corresponding to C=C stretching and the bands at 3118 and 3158 cm, reflecting C,-H
stretching and Cs-H, Cs-H stretching of the imidazolium ring, respectively’®!. The band at 1010 cm™ is
associated with the counter anion of the IL used for electrodeposition. Finally, modification of the surface
was consistent with the observed variation of the water contact angle (WCA). Figure S9 shows that WCA
diminished from 156° in the unmodified electrode to 107° in the CuNP-EMIM electrode, reflecting a slightly

more hydrophilic surface and that WCA increased only a little bit after electrolysis.
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Figure 4. Characterization of the CUNP-EMIM electrode by (a) SEM image, (b) EDX analysis with inlet zoom
on the zone from 0 to 1 keV, (c) EDX elemental mapping superposing N (green) and Cu (red), (d) N 1s XPS
spectrum and (e) ATR-FTIR (blue plot), where (f) is a zoom of the 3000 cm™ regions compared to an

unmodified electrode (black plot) and a drop of pure EMIMBF, (red plot).

Electrochemical surface area (ECSA) of the different electrodes were determined via measurement of
double layer capacitances (Figure S10 and Table S1). They showed that electrodeposition of the
imidazolium-based layer had no effect on the roughness of the electrode surface since the ECSA values
were the same (at about 55 cm?.cm™) whether the CuNPs had undergone modification or not and similarly

no significant ECSA change could be observed after electrolysis.
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EMIM-derived layer allows potassium-free CO,RR and partially prevents HER.

As well established, alkali metal cations, and particularly K* cations, are critical components of the
electrolyte for acidic CO, electrolysis, as they contribute to HER suppression'®®°, This is what we clearly
show in Figure 5 using the unmodified electrode. In the absence of KCl in a highly acidic solution (0.1 M
H,SO4, pH = 0.7), an unmodified Cu NP electrode produced exclusively H, at -100 mA.cm™, as can be
observed from Faradaic Efficiency values of cumulative CO2RR products and H,. The HER inhibitory effect
of K* cations was clear from the decrease of FEy; and the increase of FE for CO; products upon increasing
the concentration of K* in the electrolyte (Figure 5a) by reaching a maximum FE = 60 % for CO, products
in the presence of 3 M KCI. Interestingly, in contrast with the unmodified electrode, CO, products were
observed using the CuNP-EMIM electrode, in the absence of KCl in the solution (Figure 5b). The FE for CO,
products was 11 %, indicating a significant HER suppressing effect of the EMIM-based layer comparable to
that of a KCl concentration of approximatively 0.8 M in the acidic catholyte. Furthermore, if the
electrodeposition was performed in three consecutive steps of 10 minutes at -10 mA/cm? each, the
resulting FE for CO, products increased to 15 %. This effect is consistent with the positive charge of
the immobilized EMIM-based material on Cu NPs, which limits H* reduction and H; evolution.
While limited, the effect observed here illustrates for the first time a possible strategy for circumventing
the need for a large concentration of M* ions in order to inhibit HER in acidic electrolytes. Following this

proof-of-concept, further studies will aim at finding more efficient Cu surface modifiers in that respect.

(a) (b)
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Figure 5. Faradaic Efficiencies of H, and CO,RR product distribution during CO; electroreduction using: (a)
an unmodified electrode in a 0.1 M H,SO, solution with increasing KCI concentrations and (b) the CuNP-
EMIM electrode in a 0.1 M H,SO, solution without KCI. CO,RR performed at -100 mA.cm™ under a CO; flow

of 10 mL.min for 30 minutes each.
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CONCLUSION

So far, only few studies have explored the potential of Cu materials as catalysts for CO, electroreduction

1371719 As under neutral and alkaline

under acidic conditions at industrially relevant current densities
conditions, Cu has the advantage of allowing C-C coupling generating C,. products, and its ability to form
multicarbon products is not altered even in highly acidic electrolytes. However, it remains poorly selective,
generating H,, a mixture of C; products, notably CO and HCOOH, and a complex mixture of C,. product
such as ethylene, ethanol, acetic acid and propanol. Acidic CO; electrolysis thus calls for strategies aiming
at tuning the selectivity of Cu-based electrocatalytic materials. Here, we show a rather drastic change of
selectivity, both in terms of CO2RR vs HER and C,. vs C; using Cu NPs surface molecular modification,
opening a new direction towards the discovery of selective Cu-based catalysts. Such a strategy has been
already used for standard neutral or alkaline CO; electrolysis, but not for acidic electrolysis under
industrially relevant current densities®>. During the course of this work, another study was published,
showing a comparable effect with Cu electrodes modified with pyridinium?¢. This was achieved here thanks
to an easy electrodeposition of a stable imidazolium-based layer on the surface of CuNPs, which was
shown to inhibit HER and C; products formation and favor instead ethylene and ethanol formation. While
a positive charge on the surface, actually mimicking a K* layer, may explain the HER inhibition effect, the
mechanism by which the organic layer favors C-C coupling is less clear at present. It is very likely, as
previously proposed, that it contributes to the stabilization of adsorbed intermediate *CO, thus favoring
C-C coupling, and of adsorbed C,. intermediates?®3°. Interestingly, the EMIM-based layer can exert its
effect also in the absence of K* ions, supporting the concept of using positively charged species on Cu
surface as substitutes for alkali cations. This work thus contributes to addressing optimization of the
conditions needed for selective CO, electroreduction at acidic pH (< 1) and calls for further investigations

with various families of molecular modifiers.
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