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A surface-modified gas diffusion electrode combined with a molecular catalyst converts CO2

into formate at high rate in water.



ABSTRACT

The activity and selectivity of molecular catalysts for the electrochemical CO2 reduction
reaction (CO2RR) are influenced by the induced electric field at the electrode/electrolyte
interface. We present here a novel electrolyte immobilization method to control the electric
field at this interface by positively charging the electrode surface with an imidazolium cation
organic layer, which significantly favors CO2 conversion to formate, suppresses hydrogen
evolution reaction (HER) and diminishes the operating cell voltage. Those results are well
supported by our previous DFT calculations studying the mechanistic role of imidazolium
cations in solution for CO2 reduction to formate catalyzed by a model molecular catalyst. This
smart electrode surface concept based on covalent grafting of imidazolium on a carbon
electrode is successfully scaled up for operating at industrially relevant conditions (100 mA cm”
2) on an imidazolium-modified carbon-based gas diffusion electrode using a flow cell
configuration, where the CO2 conversion to formate process takes place in acidic aqueous
solution to avoid carbonate formation and is catalyzed by a model molecular Rh complex in
solution. The formate production rate reaches a maximum of 4.6 gucoo- m? min’! after
accumulating a total of 9000 C of charge circulated on the same electrode. Constant formate
production and no significant microscopic changes on the imidazolium-modified cathode in
consecutives long-term CO2 electrolysis confirmed the high stability of the imidazolium

organic layer under operating conditions for CO2RR.



INTRODUCTION

Controlling activity and selectivity in catalytic reactions by applying local electric fields (LEFs)
as “reagents” has been already achieved in some reactions such as Diels-Alder cycloadditions’.
LEFs can be designed by embedding charges into the reacting molecules for driving a million-
fold catalytic enhancement such as in the case of organometallic complexes?. Furthermore,
LEFs can be generated by controlling the type and the concentration of ions present in solution,
a concept especially relevant in electrochemical reactions?, since the electron transfer occurs at
the polarizable electrode-electrolyte interface*. The key role of anions in solution enhancing the
performance of palladium catalysts for oxidative cross-coupling reactions is one of the first
reported examples of LEF effect in electrochemistry”. Furthermore, the impact of alkali metal
cations in the electrolyte on the activity and selectivity of electrochemical carbon dioxide
reduction reaction (CO2RR) has been well documented in the literature®!!. This represents
another relevant application of LEF for tuning an electrochemical reaction, since a higher
concentration of cations likely accumulate at the interface with increasing cation size leading
to a more powerful LEF'2. Accordingly, total absence of CO2RR activity on Cu, Ag and Au
electrodes was reported when electrolysis was carried out in the absence of alkali metal cations
in acidic solution'*!*, The role of those cations is likely associated with the stabilization of
negatively charged CO:2RR intermediates by favorable electrostatic interactions at the
electrode-electrolyte interface, as well as the inhibition of proton adsorption and reduction'?.
Based on those findings, a cation-augmenting layer of K on Cu electrode surface was recently
proposed to overcome the limitation imposed by the solubility of alkali metal salts in aqueous
solution, reaching an enhanced CO2RR performance'®.

Nowadays, formate production by electrochemical means from COz, water and renewable
energy represents one of the most developed and sustainable approaches for recycling CO2".
Moreover, formate might work as hydrogen gas carrier, syngas storage medium and carbon
source for bioprocesses, as well as an additive in the food industry, leather tanning, rubber
production and as an intermediate in the chemical and pharmaceutical industry'®. Recently we
engaged a program aiming at optimizing molecular catalysts for CO:2 electroreduction to
formate, via electrolyte and carbon electrode engineering. For that purpose, we got inspired by
research efforts on heterogeneous CO2RR focused on identifying new stabilizing cationic
species, different from alkali metal cations'’, which would generate more powerful LEFs at the
electrode-electrolyte interface and present larger stabilizing effect on reaction intermediates. In

line with this view, we have recently reported the favorable electrostatic effect of imidazolium



cations from ionic liquids (ILs) in solution in order to enhance the activity of molecular catalysts
for CO2RR, resulting in diminished required overpotentials and enhancing selectivity in
formate production vs. hydrogen evolution reaction (HER) in aqueous solution'®. In particular,
1-ethyl-3-methylimidazolium cation ([EMIM]", Figure 1a) was demonstrated to tune the
activity and selectivity of CO2RR to formate catalyzed by a homogenous Rh complex
([Rh(bpy)(Cp*)CI]C], complex 1, with bpy = Dbipyridine and Cp* =
pentamethylcyclopentadienyl, Figure 1b) in acidic aqueous solution'® (Figure 1c¢). However,
using ILs in solution presents some drawbacks for scaling up the process successfully due to
their limited solubility in aqueous media, moderate ecotoxicity, high viscosity and cost. We
propose here a new strategy, by which we shifted from electrolyte to electrode engineering,
wherein small amounts of IL are immobilized on a carbon electrode surface by different
methods, and the impact of these new modified carbon electrodes on the electrocatalytic
properties of a homogenous molecular catalyst for CO2RR, namely complex 1, are evaluated.
This electrode engineering alternative not only allows nicely overcoming the above-mentioned
limitations, but also provides insights into novel modified carbon-based electrodes for CO2RR
catalyzed by molecular complexes. This approach is still unexplored in homogenous molecular
electrocatalysis, where inert cathode materials such as graphite and carbon nanoparticles are
usually employed without any molecular modification. Furthermore, as the catalyst is in this
case dissolved in solution, the system also differs from previous studies using heterogeneous
CO2RR catalysts in which the catalytically active sites, namely the metal atoms (Ag'®2!, Cu?*
28), are part of the electrode and their activity is tuned by the presence of organic molecules,
including imidazolium, immobilized on their surfaces. This is also different from imidazolium
immobilization on polymer backbones for conducting membranes*-*°. We also report here
further scale up of the process by embedding positively charged imidazolium molecules on a
metal-free gas diffusion electrode (GDE) surface (Figure 1d) and studying its impact on the
performance of CO2RR to formate catalyzed by complex 1 in acidic aqueous solution, which
avoids carbon loss by carbonate formation, using a flow cell type reactor and an electrode of

10 cm? geometrical area (Figures S1a and S1b).
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Figure 1. (a) [EMIM]" structure and (b) Rh complex 1 structure. Schematic representation of:
(c) the mediated CO:2 conversion to formate on a bare glassy carbon (GC) electrode in a liquid-
phase electrolyzer, (d) mediated CO2RR on a GDE modified by a layer of [EMIM]" in a gas-

phase electrolyzer.

EXPERIMENTAL SECTION

Reactants. Anhydrous acetonitrile of 99.99% purity (CH3CN), sodium acetate
(CH3COONa3H20 > 99%), tetrabutyl ammonium hexafluorophosphate (([TBA][PFs], > 99%),
tetrabutyl ammonium tetrafluoroborate ([TBA][BF4], > 99%), 2,2'-Bipyridyl of > 99% purity,
dopamine hydrochloride of 98% purity and 2-Bromoethylamine hydrobromide of 99% purity
were all purchased from Sigma-Aldrich. Acetic acid (CH3COOH > 99.5%) was purchased from
TCI chemicals. Rh Complex precursor dichloro(pentamethylcyclopentadienyl)rhodium(III)
dimer [Rh(Cp*)Clz2]2, of 99% purity was purchased from Strem Chemicals. Imidazolium salts:
1-ethyl-3-methylimidazolium hexafluorophosphate ([EMIM][PF¢]) (99%), 1-ethyl-3-
methylimidazolium tetrafluoroborate ([EMIM][BF4]) (either >98% or > 99%), 1-Butyl-3-
methylimidazolium hexafluorophosphate ([BMIM][PFs¢]) (99%), 1-Ethyl-2,3-
dimethylimidazolium hexafluorophosphate (([EDMIM][PFs]) (99%) and 1-ethyl-imidazole (>
98%) were all purchased from lo-li-tec (Germany). Ferrocene (98%) was purchased from
Merck. All reactants were used without any further purification. All aqueous solutions were

prepared with ultrapure water (18.2 MQ cm, Millipore).



Synthesis of complex [Rh(bpy)(Cp*)CI|CI-H,O. The following synthesis was adapted from

existing protocols in the literature®'3?

[Rh(Cp*)Cl2]2 (200 mg, 0.32 mmol) and 2 equivalents 2 2’-bipyridine (120 mg, 0.76 mmol)

. A methanol solution (30 mL) of 1 equivalent

was stirred at RT for 2 h in the dark. The resulting clear orange-yellow solution was evaporated
until dry. The yellow solid was dissolved in a minimal quantity of acetonitrile (CH3CN) and
precipitated upon the addition of ethyl acetate (AcOEt), then collected on a Buchner funnel and
dried under vacuum. The purity of the final precipitate was verified by 'H NMR spectroscopy
according to the literature®2. Figure S2 shows the 'TH NMR spectrum of [Rh(bpy)(Cp*)CI1] (300
MHz, CD3CN): o/ppm, 1.61 (s, 15H), 7.71 (yt, J= 7.2 Hz, 2H), 8.13 (dt, J= 7.7 Hz, 2H), 8.30
(d, /=8.0 Hz, 2H), 8.78 (d, /= 5.5 Hz, 2H).

Imidazolium immobilization and electrochemical characterization. All electrochemical
experiments were performed either on SP-300 or VSP-300 potentiostats/galvanostats (Bio-
Logic Science Instruments SAS) and were conducted at room temperature (20 + 2 °C) in
different solvents (CH3CN, H20 and mixtures of both of them). Either [TBA][PFs],
[TBA][BF4], [EMIM][PFs] or [EMIM][BF4] were used as a supporting electrolyte in solution
(0.5 M). Ar (> 99.99%) and CO2 (> 99.99%) gases used to saturate solutions were purchased
from Air Liquide.

i) Synthesis of imidazolium-based layers on carbon-based electrodes:

i.1.) Grafting imidazolium (IM") derivatives by an electrochemical-chemical (EC) two steps
covalent method (IM"kc). This synthesis on the GC disc or plate (Alfa Aesar) surface was
performed following a well-documented procedure from the literature®. It involves two
reaction steps: /) the electrochemical grafting of the initiator layer, which is obtained by 5
consecutive cyclic voltammograms from 0 V to 1.6 V vs. Ag/AgCl/KClsat in an Ar saturated
aqueous solution containing 1 mM 2-bromoethylamine and 0.1 M KCIl, which leads to the
attachment of the amine-based molecule on the electrode surface bearing a Br end group
available and 2) a chemical step, which comprises the nucleophilic substitution between the
Br on the initiator layer and an imidazole derivate (1-ethyl-imidazole) dissolved in
acetonitrile solution heated at 50 °C overnight. The resulting IM 'kc electrode is sketched in
Figure S3c.

i.2) Grafting imidazolium (IM") derivatives by an electrochemical-electrochemical (EE) two
steps covalent method (IM"eg). This synthesis was carried out successfully on three different
carbon-based electrodes: A GC disc or plate (Alfa Aesar), a 3-dimensional reticulated
vitreous carbon (RVC) foam (ERG Materials and Aerospace Co.) and a carbon-based gas
diffusion electrode (GDE), Sigracet 28 BC (Fuel Cell Store). It involves two reactions steps:
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1) Electrochemical reduction of [EMIM]" to form an imidazole layer at the carbon electrode
as was described by Y. Wang and coworkers** on Cu electrodes and 2) subsequent
electrochemical oxidation at open circuit potential to form the positively charged
imidazolium layer, as described in Figure S3b and S4. This imidazolium-based layer can
be synthesized either in aqueous or acetonitrile solution:

i.2.1) Synthesis and optimization of IM "k in acetonitrile solution: The synthesis of IM gg

was optimized on a GC disc by studying the following parameters: type of
electrochemical deposition technique (cyclic voltammetry (CV) or chronoamperometry
(CA)), the potential window scanned by CV, the duration of electrodeposition by CA
(from 10 s to 15 min), the IL concentration in solution (from 0.01 to 1 M), the chemical
composition of imidazolium-based IL with either different cations or anions and in the
presence or absence of COz in solution. The impact of each varied parameter on the
modified carbon electrode was evaluated by CV of complex 1 under catalytic conditions
(Figures S5-S10). Thus, the optimal conditions of IM'ee synthesis were CA in an Ar
saturated 0.5 M [EMIM][PFs] or [EMIM][BF] acetonitrile solution at -3.95 V vs Fc¢'/Fc
for 10 s. During the second step, the electrode rested in solution at open circuit potential
(OCP) -0.4 V vs Fc'/Fc for approximately 10 min to totally complete the oxidation step.
Afterwards, this electrode was removed from the cell, rinsed with acetonitrile and placed
in a new solution for its subsequent characterization and catalytic evaluation. A Pt wire
was used as a counter electrode and an all solid Ag/AgCl wire directly immersed in
acetonitrile solution was wused as pseudo-reference electrode. Additionally,

ferrocenium/ferrocene (Fc/Fc) redox couple was added in solution as an internal

reference. i.2.2) Synthesis of IM*Ee in aqueous solution: The synthesis of IM'Ee on
carbon-GDE and RVC electrodes took place by CA in an Ar saturated 0.5 M
[EMIM][BF4] aqueous solution at -2.5 V vs Ag/AgCl/KClsat for 10 s. The second step for
the synthesis of IM"Ee comprises the electrode resting in solution at open circuit potential
(OCP) -0.1 V vs Ag/AgCl/KClsat for approximately 10 min. Afterwards, this electrode
was removed from the cell, rinsed with water and placed in a new solution for its
subsequent catalytic evaluation. For that purpose, a 5 cm? GC rod (Alfa Aesar) as a
counter electrode and Ag/AgCl/KClsat electrode within a salt bridge as a reference
electrode were used.

ii) Electrochemical characterization of IM'eg and IM"Ec modified electrodes in the presence of

different molecular probes by cyclic voltammetry.




CV experiments were carried out in a three-electrodes setup, with a GC disc electrode (0.07
cm?) where either IM*ee or IM*ec were previously deposited as a working electrode (BioLogic).
A platinum wire was used as a counter electrode (diameter = 0.5 mm, Alfa Aesar, 99.5% purity)
and was previously flame annealed. The reference electrode used in all cases was a conventional
Ag/AgCl/KClsat reference electrode (BioLogic) separated from the solution by a salt bridge. In
acetonitrile however, all potentials were calibrated using the ferrocenium/ferrocene (Fc'/Fc)
redox couple as an internal standard, which was added in the solution at the end of each
experiment. CVs were run at either 0.1 or 0.01 V s! scan rate and only the third steady state
cycle of all CVs is shown, unless otherwise stated in the text. Dopamine, ferrocene and acetic
acid were used as molecular redox probes in solution. Moreover, catalytic activity for CO2RR
catalyzed by the Rh complex 1 was also evaluated on both IM'ge and IMec cathodes.
Surface characterization techniques. The Scanning Electron Microscopy and Energy-
Dispersive X-ray Spectroscopy (SEM-EDX) analysis were performed in an Ultra 55 ZEISS
microscope equipped with a spectrometer Quantax from Bruker (Figure S11). The binding
energy was calibrated using a Cu disk. IMec and IMge samples were sonicated for 5 minutes,
dried and carbon coated (5-10 nm) to ensure high conductivity of the sample before SEM
analysis. Water contact angle (WCA) was quantified using Drop Shape Analyzer - DSA25
from KRUSS. Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy
was performed using a Bruker VERTEX 70 FTIR spectrometer utilizing diamond ATR
accessory (Quest™, Specac). Measurements of dry solid samples were carried out at room
temperature in ATR mode. The spectra were acquired from 650 to 4000 cm ™' with a spectral
resolution of 4 cm™!, and a total of 100 scans were recorded for each spectrum. The spectra were
normalized by baseline correction, water signal subtraction and smoothing. X-Ray
Photoelectron Spectroscopy (XPS) spectra of IMec and IM'ee were collected on gold
electrodes using a Omicron Argus X-ray photoelectron spectrometer, equipped with a
monochromated AlKa radiation source (hv = 1486.6 eV) and a 280 W electron beam power.
The diameter of analyzed area was 1 mm?. The emission of photoelectrons from the sample
was analyzed at a takeoff angle of 45° under ultra-high vacuum conditions (<10~ mBar).
Survey spectra were carried out with a 100 eV pass energy and 20 eV pass energy was used for
the high resolution C 1s and N 1s spectra. Binding energies were calibrated against the C 1s (C-
C) binding energy at 284.8 eV and element peak intensities were corrected by Scofield factors.
The peak areas were determined after subtraction of a linear background. 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.
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CO: conversion by constant current electrolysis. /) CO> saturated solution recirculation in a

two-compartments H-type cell. Catalytic activity evaluation of the Rh molecular catalyst for

CO2RR by electrolysis at constant current density applied of -3.33 mA ¢m was performed in
a gastight two-compartments electrochemical H-type glass cell with a glass frit separating
anolyte (5 mL) and catholyte (10 mL) solutions. Electrolysis were performed in acetonitrile
solution containing between 5% and 50% v/v H20 or in purely aqueous solutions, together with
0.5 M of supporting electrolyte ([TBA][PFs], [TBA][BF4] or [EMIM][PFs]) previously
saturated with CO2 by gas bubbling in both catholyte and anolyte, but no continuous CO2 gas
was purged during the electrolysis. 1 mM of Rh complex was only added in the catholyte and
0.1 M CH3COO/CH3COOH buffer solution (pH = 3.8) was also added as additional supporting
electrolyte in purely aqueous solutions. The working electrode was: 1) In acetonitrile solutions,
a 1 cm? GC plate (1 mm thick, type 2, from Alfa Aesar) with (IM'ee and IM*Ec) or without
(pristine GC) grafted imidazolium on their surface. 2) In purely aqueous solution, a 3-
dimensional reticulated vitreous carbon (RVC) foam (geometrical area = 3 cm? and pores per
inch (PPI) = 45) Duocel® from ERG Materials and Aerospace Co, with (IM'ee and IM*kc) or
without (pristine RVC) grafted imidazolium on their surface. In all cases, the counter electrode
was a 5 cm® GC rod (Alfa Aesar), the current density (3.33 mA ¢cm™) was calculated using the
cathode geometrical area and the evolution of the cathode potential during the electrolysis was
measured with respect to an Ag/AgCl/KClsat reference electrode located within a double bridge.
Constant current electrolysis lasted for 15 C in acetonitrile solutions and 10 C in aqueous
solutions. All electrolysis experiments were performed with 2 or 3 replicates to check results

reproducibility. ii) CO2_gas-phase electrolysis in flow cell type reactor. Catalytic activity

evaluation in aqueous solution of the Rh molecular catalyst for CO2RR by large scale
electrolysis in a two compartments flow cell type reactor is described in Figure S1. Constant
current density applied = (20 - 100 mA cm™). Catholyte composition in flow: 1 mM Rh
complex, 0.1 M [TBA][BF4] and 0.1 M CH3COO7/CH3COOH buffer (pH = 3.8) aqueous
solution. Anolyte composition with recirculation: 0.5 M KOH aqueous solution. Humidified
CO:2 gas fed into the GDE at a flow rate of 190 mL min™'. The flow cell type reactor and all
associated parts, such as end frames, endplates, Teflon flow frames, PVDF turbulence mesh,
gaskets and hardware for cell assembly were all purchased from ElectroCell Europe A/S
(Denmark). The cathode used was a carbon-based gas diffusion electrode (GDE), Sigracet 28
BC purchased from Fuel Cell Store (USA) with a geometric area of 10 cm?, which contains a
hydrophobized gas diffusion layer (5 wt.% PTFE) and a microporous carbon layer. This GDE

was used with or without [EMIM]" on its surface (IM'eg). In particular, IM'ee was

9



electrochemically deposited by chronoamperometry of 10 s from a 0.5 M [EMIM][BF4]
aqueous solution following the previously described protocol of synthesis. The anode was a
Dimensionally Stable Anode (DSA) electrode, made from an IrO>—Ta>0s mixed oxide and the
ionic membrane separating both compartments was a Nafion 117 membrane (183 um
thickness), both purchased from ElectroCell Europe A/S (Denmark). Finally, all tubing used to
link the flow electrolyzer with the solution reservoirs were C-Flex Ultra 14 (Internal Diameter
(ID) = 1.6 mm), purchased from Cole-Parmer. Catholyte/anolyte recipients were glass bottles
of 100 mL, purchased from Dewar and catholyte flow rate was 1.1 mL min"'. The reactor
configuration used for all experiments shown was a single-pass flow configuration for both
catholyte and CO2 and recirculation for the anolyte. The solution pH in both anolyte and
catholyte was measured at the end of each electrolysis and no significant difference from the
initial pH was reported. The peristatic pump used to feed the flow cell type reactor with the
electrolyte solution was the Master Flex L/S model Easy Load II from Cole Parmer. The DC
power supply used to apply a constant current during the electrolysis also measured
simultaneously the cell potential and it was the model IT6874A from ITECH (1 A/150 V or 2
A/60 V).

Analytical quantification of products and figures of merit. Gas products were quantified by
gas chromatography (Model 8610C SRI Instruments) equipped with TCD and FID detectors
from 50 pL aliquots of the headspace of both compartments. Only hydrogen (H2) was detected
as a gas product. Liquid products were evaluated using an ionic exchange chromatograph (IC)
(Metrohm 883 Basic IC) equipped with a Metrosep A Supp 5 column and a conductivity
detector. Only formate was detected. A typical quantification of formate by IC required the
sampling of 50 puL of solution from catholyte and/or anolyte, followed by a (200 - 400) dilution
in ultrapure water and a final injection of 20 pL into the IC chromatograph. Figures of merit
evaluated are: Faraday efficiency (FE, %) of each reaction product (FEucoo- and FEu2), the
cathodic half reaction energy efficiency (EEncoo-, %), the full cell energy efficiency (EEfun cell,
%), the production rate (r) (g m? min') of CO2RR reaction product (racoo-) and the energy
consumption (EC, kWh kmol™) to produce the target product (formate). All figures of merit

calculation is described in the supporting information content.

RESULTS

Briefly, the two strategies for immobilization of positively charged imidazolium molecules at

the electrode surface studied here are (Figure S3): i) (IM'kc), a two-steps electrochemical-
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chemical (EC) method for covalent grafting of imidazolium (IM") derivatives®® based on
grafting first a haloamine onto the electrode, followed by nucleophilic substitution by an
imidazole derivative and ii) (IM '), a new two-steps electrochemical-electrochemical method
for covalent grafting of imidazolium derivatives, based on, first, the electrochemical reduction
of [EMIM]" to form an imidazole layer at the carbon electrode as described by Y. Wang and
coworkers** on Cu electrodes and then, electrochemical oxidation at open circuit potential to
form the positively charged imidazolium layer (Figure S4). Figure 2 shows some
morphological, physical, chemical and spectroscopic characterization of the pristine glassy
carbon (GC) cathode (Figure 2a) and the modified GC cathodes obtained by imidazolium
cation immobilization (IM'eg and IM'kc). Both imidazolium-based layers are water- and
acetonitrile-insoluble. SEM images of IMge and IMkc optimal cathodes show the presence of
a thin layer deposited on top of the GC substrate, (Figure 2b and 2c¢, respectively), but the layer
is incompletely covering the surface. Additional SEM images and energy dispersive X-ray
(EDX) analysis comparing GC and IM "k cathodes (Figure S11) provide chemical composition
information and prove the presence of imidazolium cations immobilized on the electrode
surface together with their corresponding counter anion (PF¢’). Interestingly, the surface
wettability measured by water contact angle (WCA) significantly shifts from a slightly
hydrophobic surface in pristine GC cathode (86°, Figure 2d) to a highly hydrophilic cathode
surface in IM'ec (25°, Figure 2f) and an extremely hydrophilic surface in IM'ee (3°, Figure
2e). It seems to indicate a different density of imidazolium at the electrode surface depending
on immobilization strategies (IM'ee and IM'Ec) and reveals a gain in wettability on both
modified electrodes by the formation of a charged-surface, which is much more polar and
hydrophilic than the bare GC. In contrast, the synthesis of the IM e using larger reaction times
(15 min) than those chosen as optimal (10 s), as well as using other imidazolium-based ILs as
a precursor ([EDMIM][PFs]) generated a more hydrophobic layer on the electrode surface with
a higher WCA value (40-50°).

The attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra of the IM 'eg and
IM“Ec cathodes are similar and almost superimposable in the region of >2000 cm™ with that of
the pure [EMIM][BF4] spectrum, suggesting, in both cases, a structure of the molecular
component of the layer similar to that of [EMIM][BF4] (Figure 2g). In particular, the bands
marked by a dotted line at 3162 cm (C4-H and Cs-H stretching) and 3122 cm™ (C2-H
stretching), which are associated with the vibrations of the C-H bonds within the aromatic
35,36

ring”>°, are identical (zoom in Figure 2h). This means that all three C-H bonds initially present

in the aromatic ring of [EMIM]" are conserved after the immobilization of imidazolium onto
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the electrode. Other characteristic bands that remain unchanged in all three ATR-FTIR spectra
are shown at 1570 cm™!, attributed to the C=C stretching, 1171 cm’!, assigned to the stretching
of the methyl-N and ethyl-N bonds, as well as 1017 cm™ associated with the BF4counter
anion®>*®, Those bands are also marked by a dotted line within Figure 2g. Nevertheless, a new
band at 1635 cm™' (marked with * in Figure 2g) appears in both IM"ge and IM*ec cathodes
spectra. This band is very likely attributed to the H-O-H bending mode of water molecules
trapped in the imidazolium ad-layer next to the electrode!!**%7. Moreover, this low wavelength
band is related to the OH-stretching band at 3610 cm™!, which is consistent with previous
studies®® (Figure S12). Finally, IM'ec cathode spectrum presents three additional bands, the
first one at 1054 cm™ attributed to the secondary aliphatic amines stretching mode (C-N
stretching or C-N elongation vibration), the other two bands, at 840 cm™ and 746 cm’,
associated with C-Cl and C-Br elongation vibration modes, respectively and due to an
incomplete imidazolium functionalization of the electrode. Indeed, the initial electrochemical
step for preparation of IM 'ec leads to the immobilization of bromo-ethylamine at the electrode
surface. Thus, the presence of a C-Br band at 746 cm™ indicates that the terminal Br group is
not completely replaced by imidazolium all over the surface. Moreover, Br can be partly
exchanged with CI" from KCl solution, as indicated by the presence of C-Cl band at 840 cm™.
In conclusion, a mixture of different immobilized molecules is obtained at the electrode surface
in the case of IM'kc, as is sketched in Figure S3c.

The XPS analysis of two IM'ge cathodes synthesized either in acetonitrile or in aqueous
solution, as well as of the IM"&c cathode, was also performed on gold electrode instead of GC
for improving the signal-to-noise ratio in analyzing elemental carbon. For this reason, the
survey XPS spectra for IMeg and IM ec cathodes shown in Figure S13 exhibit the Au signal
besides confirming the coexistence of C, N and O elements on all three cathode surfaces.
Moreover, Figure S13 proves that the composition of IM kg is solvent independent, since the
XPS survey is the same whether the material was deposited in acetonitrile or in water. Figure
2i shows the N1s core level spectra of the IMeg and IM gk cathodes. Three contributions can
be de-convoluted in both spectra, with the main contribution at 400.1 £0.1 eV being assigned
to metal-bound N?33-%  the second peak at 398.7+0.1 eV assigned to pyridinic N, and a peak
at higher binding energies, 401.7 £0.1 eV, which can be assigned either to pyrrolic N or
quaternary (N")*# Overall, the XPS spectra corroborate the presence of a layer containing

imidazolium moieties immobilized on the electrode surface in both cases.
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Figure 2. Morphological and chemical characterization by SEM and WCA of the pristine GC
cathode (2a and 2d) and the modified GC cathodes obtained by imidazolium cation
immobilization, named IM e (2b and 2¢) and IM "Ec (2¢ and 2f). Spectroscopic characterization
of the same cathodes by ATR-FTIR (2g and 2h (zoom of 3000 cm™! region)) and the modified
GC cathodes by XPS high-resolution spectra for N (1s) (2i). Green plots correspond to GC
cathode with a drop of [EMIM][BF4] on top, blue plots correspond to IMee cathode and red
plots correspond to IM'ec cathode. IM'ee cathode synthesized in 0.5 M [EMIM][BF4]

acetonitrile solution.

Electrochemical characterization by cyclic voltammetry of the surface-charged IM ek cathode
confirms the presence of an immobilized molecular layer on the electrode surface (Figure S14).
In particular, the anodic peak at -0.9 V vs. F¢*/Fc during the synthesis of IM et (Figure S4) is
only present if the cathodic potential is scanned down to E<-2.45 V vs. Fc"/Fc (black plot in
Figure S14a). This is in agreement with previous reports studying the electrochemical stability
of pure imidazolium-based ionic liquids***°. In contrast, this oxidation peak is no longer
present if the lowest cathodic potential is limited to E>-2.45 V vs. F¢'/Fc, too positive to allow
reduction of imidazolium (red plot in Figure S14a). The nature of this oxidation process is
demonstrated to be adsorption- and not diffusion-controlled based on the linear relationship
established between the oxidation current density at the peak potential (jp°*) and the potential
scan rate*® (Figures S14b and S14c¢). Additional electrochemical characterization of surface-
modified electrodes, such as IM'ee and IMec cathodes, is achieved by studying the behavior
of different electroactive molecular probes in solution. In particular, the electrochemical

response of a molecular probe is controlled by the type of reactions taking place at the surface-
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modified electrode, outer- or inner-sphere reactions, which are either mainly insensitive or
strongly dependent on the nature of the electrode surface, respectively*’. Figure 3 shows the
electrochemical response of pristine GC, IM'ee and IM'kc electrodes for three different
molecular redox probes, dopamine, proton and ferrocene, two inner- and one outer-sphere redox
probes, respectively. Figure 3a shows the redox behavior of dopamine in acidic aqueous
solution on the three electrodes. In the case of IM kg (blue plot) and IMec (red plot) electrodes
an increase in the oxidation-to-reduction peak separation is observed (by a factor of 1.6 and 4)
with respect to the pristine GC electrode (black plot), which is consistent with the presence of
a molecular layer on IM ge and IMgc electrodes, since dopamine redox reaction becomes more
irreversible there. Figure 3b shows the redox behavior of ferrocene in acetonitrile solution on
the three electrodes as well. In this case, on both IM'ee (blue plot) and IM'ec (red plot)
electrodes, the peak-to-peak separation is identical to that of the pristine GC electrode (black
plot), which demonstrates that the presence of immobilized imidazolium on the electrode has
no impact on its electron transfer resistance. Figures 3¢ and 3d show the irreversible redox
behavior of proton reduction in acetonitrile solution during HER on the three cathodes, either
in the absence or the presence of Rh complex, respectively. In comparison with pristine GC
electrode (black plot), a 4-5 fold diminution in current density and an increase in overpotential
for HER are observed in the case of both IM'eg and IMkc electrodes (blue and red plots,
respectively), in agreement with a positively charged surface contributing to HER suppression.
This fact is relevant here because HER is in competition with CO2RR, and such a modification

is likely to favor CO2RR 848,
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Figure 3. (a) CVs of 10 M dopamine in Ar saturated 0.1 M H2SO4 aqueous solution. (b) CVs
of 5 x 10 M ferrocene in Ar saturated 0.1 M [TBA][PFs] acetonitrile solution. (¢) CVs of 0.1
M CH3COOH in Ar saturated 0.5 M [TBA][PFs] acetonitrile solution. (d) CVs of 103 M
([Rh(bpy)(Cp*)CI]CI in Ar saturated 0.1 M CH3COOH and 0.1 M [TBA][PF¢] acetonitrile
solution. Scan rate 0.1 V s™'. Black plots correspond to pristine GC, blue plots to IM*tt and red
plots to IM"c cathodes.

CO2RR activity catalyzed by the Rh complex 1 on pristine GC and modified (IM ge and IM "kc)
electrodes was studied by CV (Figure 4a) and bulk electrolysis in a H-type cell (Figure 4b).
We have recently shown that the Rh complex is nicely suitable for this kind of study as it is
very sensitive to variations in the electrode/electrolyte interface, in terms of catalytic onset
potential and products selectivity (CO2RR vs. HER)'®. Figure 4a shows that both modified
electrodes IM 'k (blue plot) and IM‘Ec (red plot) exhibit more anodic onset potentials (marked
by dotted lines) and higher peak current densities for the CO2RR catalytic wave as compared
to pristine GC electrode (black plot) in the same electrolyte. Furthermore, CVs of all 3
electrodes in acetonitrile solution containing 0.5 M [TBA][PFs] are compared with the one
displayed by pristine GC cathode in an imidazolium-based IL acetonitrile solution (0.5 M
[EMIM][PFs], green plot) in Figure 4a. Table S1 summarizes the onset potentials and the half-
wave catalytic potentials (Ecar2) from all 4 CVs presented in Figure 4a. Imidazolium modified

electrodes (IM'ee and IM'ec) displace the onset potential (60-100 mV) and Ecav2 (30-50 mV)
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more anodic with respect to the pristine GC cathode with [TBA]" in solution. Figure 4b shows
the faradaic efficiency (FE) of the two main products obtained (formate and Hz), as well as the
cathodic half reaction energy efficiency for formate production (EEncoo-) obtained from
control current electrolysis at -3.33 mA/cm? during 77 min in a two-compartments H-type cell
with Rh complex 1 in different electrolytes: COz-saturated acetonitrile (with either 5 or 50%
water) or COz-saturated aqueous solution. Formic acid/formate was detected as the only product
in the liquid phase and only H2 was observed in the gas phase. Figure S15 shows the cathode
potential evolution as a function of constant current electrolysis time in acetonitrile with 5 and
50% (vol.) H20. The cathode potential is almost identical using either IM ee (blue curve) or
IM'ec (red curve) cathodes and pristine GC cathode with [EMIM][PFs] as electrolyte in
acetonitrile solution (green curve), furthermore almost 1 V lower than that obtained with
pristine GC and a conventional electrolyte (black curve) (Figure S15). A significant, but
smaller, shift in potential is also observed during CO2RR in acetonitrile/water 50/50 v/v
solutions (Figure S15). In aqueous solution, the cathode potential decreases during electrolysis
resulting in a low overpotential for CO2 conversion to formate at pH 3.8 on modified IMge
cathode (blue curve) (< 0.4 V, Figure S16). Thus, Figure 4b shows that IMee and IM'ec
modified cathodes provide a great improvement in catalytic performance in acetonitrile/H20
95/5 v/v solution on both parameters: FEucoo- (85-81%) and EEncoo- (59-58%) in comparison
with pristine GC cathode (FEncoo- 53% and EEncoo- 24%). As expected, pristine GC cathode
using [EMIM][PF¢] as the electrolyte results also in an increase of FEncoo-, albeit to a minor
extent (FEncoo- 69% and EEncoo- 47%). The same catalytic trend (IM"Ee more active than bare
GC) is observed from electrolysis results obtained by increasing the amount of water in solution
(either 50 or 100%) (Figure 4b). In particular, CO2RR in acidic aqueous solution (buffer
solution at pH = 3.8) represents a suitable medium for large scale applications, since acidic
solutions limit CO2 losses due to carbonate and bicarbonate generation in alkaline and neutral
aqueous solutions'*!8. Thus, the data reported in Figure 4b and Figure S16 show that IM'ee
cathode works efficiently under acidic aqueous conditions at a very low overpotential, while
keeping significant selectivity for formic acid production (FEucoo- = 53% and EEncoo- =33%),
thanks to its HER suppressing effect (FEn2 = 42% as compared to FEx2 = 58% for pristine GC
cathode).
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0.01 V s7!. Vertical dotted line sets the onset potential and Ecav is represented by a point in each
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two-compartments H-type cell. Black plot and bars: pristine GC cathode and 0.5 M [TBA][PF¢]
in acetonitrile or [TBA][BF4] in aqueous solution. Green plot and bar: pristine GC cathode and
0.5 M [EMIM][PFs] in acetonitrile solution. Blue plot and bars: IM e cathode and 0.5 M
[TBA][PFs] in acetonitrile or [TBA][BF4] in aqueous solution. Red plot and bar: IM‘Ec cathode
and 0.5 M [TBA][PFs] in acetonitrile solution.
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Finally, we conducted additional efforts to scale up the CO2 conversion process described here.
For that purpose, we used a 10 cm? IMee cathode integrated into a flow cell type reactor
(Figures S1a and S1b) allowing industrially relevant current densities to be achieved. Figure
S1c shows a schematic representation of the scaled experimental setup for CO2 conversion. In
order to avoid mass transfer limitations imposed by CO: solubility in water, a carbon-based
GDE directly fed with a flow of CO: gas from the backside*’ was used as a substrate for grafting
imidazolium molecules by a 10 s chronoamperometry (IMee/GDE, Figure 1d) and compared
to a blank cathode (bare GDE). The flowing catholyte was an acidic aqueous solution
containing Rh complex 1, acetate buffer and 0.1 M [TBA][BF4], while the anolyte was a 0.5 M
KOH recirculated solution. An initial electrochemical activation period, noted by a yellow
square in Figure 5a, is necessary to increase the wettability of carbon-based GDEs before
reaching a steady-state performance. This electro-wetting effect has been already described in
the literature®. Figure 5a shows the results of the IM"ee/GDE cathode in terms of formic acid
production rate for 9 consecutive, but discontinuous, electrolysis of 1000 C at different current
densities (20, 50 and 100 mA cm™). The stable catalytic activity of the IM"ee/GDE cathode
under operating conditions is demonstrated in Figure 5a from the slight increase in formate
production rate (racoo- = 1.3 gucoo- m? min™') reached after the activation period in 4
independent electrolysis at 20 mA cm™ using the same electrode (electrolysis from 4 to 7 in
Figure Sa). Figure S17 displays the cell potential (Ecen) in the flow cell reactor as a function
of total circulated charge corresponding to the first 7 consecutive electrolysis shown in Figure
Sa. Figure S17 shows a continuous decrease in Ecenl by accumulating circulated charge during
CO2 conversion, which fits with a stable IM'eg/GDE cathode. In contrast, the performance of
the bare carbon GDE cathode after the activation period at 20 mA cmunder the same operating
conditions is 25% smaller (ricoo- = 0.9 grcoo- m? min™!, electrolysis 4 in Figure S18a). A

greater impact in formate production rate (+62%) is observed at 50 mA cm™ for the same

2 1

amount of charge circulated (8000 C) by comparing IM'ee/GDE (3.4 gucoo- m™ min’',
electrolysis 8 in Figure 5a) and bare carbon GDE cathodes (2.1 grcoo- m™ min™!, electrolysis
2 in Figure S18b). A maximum in rucoo- on IM*ee/GDE cathode of 4.6 ghcoo- m? min™! is
reached at 100 mA ¢cm™ after 9000 C circulated on the same electrode (electrolysis 9 in Figure
5a). This applied current density is beyond the maximum that the bare carbon GDE cathode
can handle before collapsing. Figure 5b shows energy consumption (EC) and full cell energy
efficiency (EEull cet) values obtained on both IMee/GDE and bare carbon GDE cathodes as a
function of applied current density. Interestingly, the EC value obtained on the bare carbon

GDE cathode sharply diminishes to half of its initial value on IM"ee/GDE cathode, from 1089
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to 574 kWh kmol ™! at 20 mA cm™ and from 1898 to 818 kWh kmol! at 50 mA cm™ (red squares
in Figure Sb). In parallel, the EEfun cenn value doubles by reaching a maximum of 8% at 20 mA
cm? (bars graph in Figure 5b). These effects are due to the simultaneous enhancement in
reaction selectivity (CO2RR vs. HER) and diminution in overpotential achieved by modifying
the carbon-based GDE with imidazolium on its surface. The stability of the IM" modification
layer on the electrode was also evaluated using microscopy and spectroscopy. On the one hand,
IM"ee/GDEs were characterized by EDX after the activation period (Figure S19) and SEM
after 9 consecutive CO2RR electrolysis (Figure S20). No significant change could be observed
as compared to the initial material. Those results demonstrate that the IM" layer on the GDE
remains attached to the electrode surface after both activation and long-term electrolysis. On
the other hand, XPS characterization of the modified electrodes after COz electrolysis in H-type
cell was also performed (Figure S21) and clearly showed the presence of the N signal

associated with the imidazolium immobilized at the electrode surface.
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Figure 5. CO:2 gas-phase electrolysis results in a flow cell type reactor using 1 mM Rh complex
1 in acidic aqueous solution (pH 3.8). (a) Nine consecutive electrolysis of 1000 C each
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respectively.
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DISCUSSION

In order to evaluate the potential of tuning LEFs at the surface of carbon electrodes to optimize
CO2RR catalyzed by a molecular complex, we have used an imidazolium precursor, namely
[EMIM][PFs] or [EMIM][BF4], to deposit a positively charged organic layer of [EMIM]" on
the surface of a GC cathode. Two different immobilization methods have been used for
generating the so-called IM'ee and IM‘Ec cathodes. The method leading to IM 'k is novel for
immobilizing imidazolium on a carbon electrode and was optimized in this work. Those two
cathodes have almost the same characteristics, indicating that a very similar material is
generated in both cases. A broad combination of physicochemical methods has been used to
characterize that deposited layer. In particular, SEM has unambiguously shown the presence of
a solid material on the GC electrode (Figure 2). All chemical atoms initially present on the
precursor [EMIM][PFs] are also present on the deposited layer as shown by EDX (Figure S11)
and XPS analysis (Figure S13). Moreover, the main contribution in the N1s XPS spectra
displayed at 400 eV suggests N atom adsorbed on the surface (Figure 2). The presence of
[EMIM]" molecules attached on the GC surface is further confirmed by the very characteristic
ATR-FTIR spectrum of the material, which is almost superimposable with that of liquid
[EMIM]" (Figure 2). All these results suggest a molecular-surface coupling through the N atom
in both cases, IM'ee and IM'ec cathodes. Additional evidences are provided pointing to the
presence of positive charges on the deposited material, as in the imidazolium cation used as
precursor [EMIM]". Firstly, we observed a drastically shift in the WCA values (Figure 2)
reflecting an increased hydrophilicity of IM'ee and IM'ec cathodes surfaces as compared to
pristine GC. Secondly, electrochemical characterization through inner-sphere probe molecules
such as dopamine and protons (Figure 3) confirmed the immobilization of imidazolium at the
electrode surface and partial suppression of HER on both IM'tg and IM "kc cathodes. Thus, two
different methods for imidazolium cation immobilization have been successfully used and the
generation of a molecular charged-surface at the GC electrode has been demonstrated. The LEF
generated at the electrode/electrolyte interface by the positively charged electrode surface might
control the orientation, geometry and bond-dissociation energy of polarizable reactants,
intermediates and/or products in electrochemical reactions. In particular, the impact of LEFs
induced by a positively charged surface carbon-based electrode on activity and selectivity of
CO2RR catalyzed by molecular Rh complex 1 has been evaluated by CV and bulk electrolysis
in different solvents (Figure 4). Firstly, much lower onset potential (up to 100 mV shift) and
higher current density (up to double) for CO2RR were obtained by CV after surface

20



modification on the GC electrode in Figure 4a. Comparable effects on the onset potential were
observed with the bare GC cathode in 0.5 M [EMIM][PFs¢] acetonitrile solution (Figure 4a),
meanwhile lower catalytic current densities could be obtained in that case. Secondly, much
larger selectivity for formate (vs H2) production was obtained during electrolysis on charged
surface electrodes as compared to bare GC cathode both in organic and aqueous solutions, with
FEncoo- reaching a value close to 90%, among the highest reported values for this catalyst so
far. In pure aqueous solution, under acidic pH conditions, which greatly favors HER, FEncoo-
nevertheless reached 53% using the IM'ee cathode (Figure 4b). As a consequence, the
combination of lower overpotentials and enhanced FEucoo- with the IM gk cathode results into
an EEncoo- value as high as 59% in acetonitrile solution with 5% v/v H20, 47% in acetonitrile
solution with 50% v/v H20 and 33% in purely aqueous solution (violet squares in Figure 4b).
In contrast, the EEncoo- value obtained by the bare GC cathode is solvent-independent (24%
in all cases, Figure 4b). This value was increased in acetonitrile solution with 5% v/v H20
(green bar in Figure 4b) only in the presence of [EMIM][PFs¢] as the electrolyte (EEncoo- =
47%), however without reaching the high values obtained with IM&e and IM*&c cathodes.

Previous detailed DFT calculations'® have provided a clear mechanistic understanding of the
role of EMIM" as electrolyte in solution on the performance of the same molecular Rh complex
1 catalyst for CO2 reduction to formate. Those results showed that «*-7 interactions between
the imidazolium cation (EMIM") in solution and the reduced bipyridine ligand contained within
the Rh complex 1 were at the origin of the increased efficiency of the catalyst. In particular,
this -7 interaction: (i) lowered the reduction potential of the complex; (if) increased the free-
energy barriers for both CO2RR and HER pathways, however this effect being much more
pronounced for the HER pathway. In the case of the modified electrodes (IM'ee and IM'&c
cathodes), we hypothesize that the same type of m'-m interactions occur between the
immobilized imidazolium on the electrode and the Rh complex 1, providing a driving force for
concentrating the soluble complex close to the electrode and increasing the selectivity for
formate production by inhibiting HER. All these data confirm a common trend in improving
CO2RR catalytic performance (onset potential, current density and FEncoo-) using
[EMIM][PF¢] either in solution or, even more efficiently, after its grafting on the electrode
surface. Not unexpectedly, very minor differences are reported here between IM e and IM &c
catalytic performances. It is possible that IMeg and IMec cathodes with grafted imidazolium

(Figure S3), provide a higher density of imidazolium at the electrode/electrolyte interface as
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compared to that obtained in the case of the bare GC cathode in the presence of [EMIM]" in

solution, explaining the differences in their catalytic performance.

On such a promising ground, we have developed a scaled-up flow cell reactor using such a
modified cathode (IM'gg) and the molecular catalyst solubilized in an acidic aqueous catholyte.
The combination of feeding COz as a gas to a carbon-based GDE (allowing to reach industrially
relevant current densities such as 100 mA cm™) with using an acidic electrolyte (to limit CO2
capture via bicarbonate/carbonate formation in the bulk solution) within a flow cell reactor has
no precedent, as far as molecular catalysis is concerned. This new CO2 conversion system
proved stable during consecutive electrolysis provides high and constant production rate of
formic acid at industrially relevant current densities (Figure 5). Moreover, IM ee/GDE cathode
divides by two the energy consumption of the process and doubles the EEfuii cenl in comparison
with bare carbon GDE cathode (Figure 5b). So far, the only case of a homogeneous molecular
catalyst for CO2RR tested in a flow cell type reactor is [Ni(cyclam)]*" (cyclam=1,4,8,11-
tetraazacyclotetradecane) in COz-saturated organic solvents using ferrocene as a sacrificial
electron donor’!, but this system is limited by CO2 solubility in acetonitrile and only current
densities lower than 38 mA cm™ were reached. In contrast, the majority of molecular catalysts
tested in the literature for CO2RR in aqueous solution and in a flow cell type reactor have been
immobilized on the electrode surface (heterogenized catalysts)**>® and in most cases they
catalyze CO2 conversion to CO. In particular, different cobalt phthalocyanine (CoPc)***> and
[Ni(cyclam)]*" complexes®® immobilized on carbon based GDEs implemented in zero-gap
membrane reactors has reached high CO production rates. But there are not immobilized
complexes for CO: conversion to formate reported so far in the literature. Thus, only
heterogeneous metal cathodes such as the massive Sn plate cathode®’ and GDEs modified by
depositing Sn>® or SnO*® nanoparticles (operating under alkaline conditions) can be compared
to the system reported here in terms of formate production rates (racoo-), and in some cases, of
full cell energy efficiency (EEfun ceif) and energy consumption (Table S2). Interestingly, the
rcoo- achieved by the combination of 1 mM Rh complex catalyst and the IM 'ee/GDE cathode
is 50% higher (from 0.83 to 1.3 grcoo- m™ min'') than the one reached by a Sn plate cathode
and half of that obtained by Sn or SnOx nanoparticles-based GDEs (Table S2) under equivalent
experimental conditions (but not solution pH), which demonstrates that a homogeneous
molecular catalyst properly combined with a smart electrode surface can reach a comparable
catalytic performance in terms of production and stability to the one displayed by bi-and tri-

dimensional heterogeneous catalysts for CO2RR.

22



CONCLUSIONS

Our results demonstrate that the electrocatalytic activity of homogeneous molecular complexes,
such as complex 1, for CO2RR can be tuned and improved by modifying the surface of carbon
electrodes. Specifically, we show that immobilization of imidazolium, a positively charged
species, on carbon electrodes promote CO2 conversion to formate in a broad range of solvents,
including acidic aqueous solution, a condition of key importance in order to improve the carbon
balance and avoid electrolyte carbonation during CO2RR. Such an effect of grafted imidazolium
can be accounted for its ability to interact with the catalyst favoring CO2 conversion to formate
and for its electrostatic suppressing effect of HER. Thus, the HER suppressing effect displayed
by immobilized imidazolium cations represents a cornerstone for the future development of
acidic CO2RR. Notably, this work opens a barely explored pathway to use LEFs induced in
CO2RR by charging the electrode surface with an ionic organic layer (electrolyte
immobilization), not only for enhancing environmental relevant electrocatalytic reactions, such
as the one described here, but in a broader range of electrochemical applications such as
batteries or supercapacitors, where the electrical field and HER suppression need to be finely
tuned. This new strategy based on smart electrode surfaces will be potentially useful for
impacting activity and selectivity of different electrochemical reactions involving polarizable
reactants, intermediates and/or products, which will be sensitive to the strength of the electric

field generated at the electrode/electrolyte interface.
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Figure S2. 'H NMR (300 MHz, CD3CN) of synthesized [Rh(bpy)(Cp*)CI]: 8/ppm, 1.61
(s, 15H), 7.71 (yt, J = 7.2 Hz, 2H), 8.13 (dt, J = 7.7 Hz, 2H), 8.30 (d, J = 8.0 Hz, 2H),

8.78 (d, J = 5.5 Hz, 2H).
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Figure S3. Schematic representation of the electrode surface a) EMIM™ in solution, b)

IMEg and ¢) IM"Ec.
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Figure S4. Imidazolium layer formation (IM'eg) on a 3 mm GCE. Firstly, the
electroreduction of 0.5 M [EMIM][PFs] in Ar saturated acetonitrile solution in the
forward sweep from -1.45 to -3.95 V vs. Fc'/Fc. Secondly, the electrooxidation by
scanning the potential positively up to -0.45 V vs. F¢"/Fc (OCP) in the reverse scan. Inset
shows a zoom on the oxidation peak region. Scan rate 0.1 V s,
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Figure S5. (a) Optimization of IM'ee synthesis in Ar saturated 0.5 M [EMIM][PFs]
acetonitrile solution by CV reaching different potential windows at 0.1 V s, (b)
Characterization CVs of IM'eg in 1 mM complex 1 and 0.5 M [TBA][PFs] acetonitrile
solution containing 5% v/v H20 under CO2 at 0.01 V s’'. Color code: from -1.45 to -3.45
V vs. Fc'/Fc (black plot), from -1.45 to -3.75 V vs. Fc¢'/Fc (blue plot), and from -1.45 to
-3.95 V vs. Fc¢'/Fe (red plot). Working electrode: 3 mm GCE.
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Figure S6. Characterization CVs of IM'ee synthesized in Ar saturated 0.5 M
[EMIM][PFs] acetonitrile solution by CA at -3.95 V vs. F¢'/Fc for different duration.
Color code: 10 s (red plot), 30 s (blue plot), 60 s (purple plot), 15 min (green plot). It is
also shown for comparison the characterization CV of IM'ee synthesized by 1 CV
reaching -3.95 V at 0.1 V s (black plot). Working electrode: 3 mm GCE. Solution
composition: 1 mM complex 1 and 0.5 M [TBA][PFs] in acetonitrile solution containing

5% v/v H20 under CO2 at 0.01 V s,
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Figure S7. Characterization CVs of IM'ee synthesized in Ar saturated acetonitrile
solution containing different concentrations of [EMIM][PFs] by CA at-3.95 V vs. F¢'/Fc
for 10 s. Color code: 0.01 M (black plot), 0.1 M (blue plot), 0.5 M (red plot) and 1 M
[EMIM][PF¢] (green plot). It is also shown for comparison the characterization CV of a
bare GCE (purple plot). Working electrode: 3 mm GCE. Solution composition: 1 mM
complex 1 and 0.5 M [TBA][PFs] in acetonitrile solution containing 5% v/v H2O under
C0O2at0.01 Vs
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Figure S8. Characterization CVs of IM ke synthesized in Ar saturated acetonitrile
solution containing 0.5 M of different imidazolium-based ILs by CA at -3.95 V vs. Fc¢'/Fc
for 10 s. Color code: 0.5 M [EMIM][PFs] (red plot), 0.5 M [BMIM][PF¢] (green plot),
0.5 M of [EDMIM][PFs] (blue plot). It is also shown for comparison the characterization
CV of a bare GCE (black plot). Working electrode: 3 mm GCE. Solution composition: 1
mM complex 1 and 0.5 M [TBA][PFs] in acetonitrile solution containing 5% v/v H20
under CO2 at 0.01 Vs
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Figure S9. Characterization CVs of IM'ee synthesized in Ar saturated acetonitrile
solution containing 0.5 M of different imidazolium-based ILs by CA at -3.95 V vs. Fc'/Fc
for 10 s. Color code: 0.5 M [EMIM][PFs] (red plot) and 0.5 M of [EMIM][BF4] (blue
plot). Working electrode: 3 mm GCE. Solution composition: 1 mM complex 1 and 0.5 M
[TBA][PFs] in acetonitrile solution containing 5% v/v H20 under CO2 at 0.01 V s\,
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Figure S10. Characterization CVs of IM'ee synthesized in 0.5 M [EMIM][PFs]
acetonitrile solution by CA at -3.95 V vs. Fc¢'/Fc¢ for 10 s. Color code: Ar saturated
solution (red plot) and CO: saturated solution (blue plot). It is also shown for comparison
the characterization CV of a bare GCE (black plot). Working electrode: 3 mm GCE.
Solution composition: 1 mM complex 1 and 0.5 M [TBA][PFs] in acetonitrile solution

containing 5% v/v H20 under CO2 at 0.01 V s7!.
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Figure S11. SEM image and Energy Dispersive X-Ray (EDX) analysis of bare GC
cathode (a) and (c), respectively. SEM image and EDX analysis of modified IM'ee
cathode synthesized in 0.5 M [EMIM][PFs] acetonitrile solution (b) and (d), respectively.
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Figure S12. Spectroscopic characterization of IM'ge cathode by ATR-FTIR in the high
wavelength region (4000-2500 cm™).
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Figure S13. Overall XPS survey spectra for imidazolium supported layers on gold
electrode. (a) IM 'k cathode synthesized in Ar saturated 0.5 M [EMIM][PFs] acetonitrile
solution. (b) IM'ee cathode synthesized in Ar saturated 0.5 M [EMIM][BF4] aqueous
solution. (¢) IM'gc cathode.
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Figure S14. Formation of the imidazolium layer (IM"g) on a 3 mm GC disc electrode
using an Ar saturated acetonitrile solution containing 0.5 M [EMIM][PFs]. (a) CV cycles
scanning down to -2.95 V vs. Fc'/Fc (black plot) and to -2.45 V vs. Fc'/Fc (red plot) at
0.1 V s (small arrows indicate the scan direction). (b) Zoom on the anodic peak obtained
by linear sweep voltammetry (LSV) after a reduction step at -2.95 V vs. Fc¢'/Fc for 10 s
by chronoamperometry. Different colors represent the variation on the potential scan rate
during LSV from 20 to 500 mV s™'. (c) Plot of the maximum oxidation current density at
the peak potential (j°*) in LSV as a function of potential scan rate.
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Figure S15. Constant current electrolysis at -3.33 mA c¢cm™ of 1 mM Rh complex in
acetonitrile solution under COz in presence of 5 % (vol.) H20 on: a bare GC cathode in
0.5 M [TBA][PF¢] (black plot), a bare GC cathode in 0.5 M [EMIM][PFs] (green plot),
an IM'ge cathode in 0.5 M [TBA][PFs] (blue plot) and an IM'kc cathode in 0.5 M
[TBA][PFs] (red plot). Also, CCE at -3.33 mA ¢m™ of 1 mM Rh complex in acetonitrile:
H20 50:50 vol. solution under CO2 on: a bare GC cathode in 0.5 M [TBA][BF4] (purple
plot) and an IM'ee cathode in 0.5 M [TBA][BF4] (orange plot). Stirring rate: 400 rpm.

Electrolysis time: 77 min.
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Figure S16. Constant current electrolysis at -3.33 mA cm™ of 1 mM Rh complex ina 0.1
M [TBA][BF4] and 0.1 M acetate buffer (pH=3.8) aqueous solution under CO: on a: bare
3-dimensional reticulated vitreous carbon (RVC, black plot) and IMee RVC cathode

(blue plot). Stirring rate: 400 rpm. Electrolysis time: 17 min.
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Figure S17. Ecen vs total circulated charge corresponding to the first 7 consecutive

electrolysis shown in Figure 5a using an IMee/GDE cathode at -20 mA/cm? in a flow

cell type reactor with 1 mM Rh complex in acidic aqueous solution (pH 3.8).
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Figure S18. Consecutive CO2 gas electrolysis performed at different current densities on
a bare carbon GDE cathode in acidic aqueous solution (pH 3.8) using 1 mM Rh complex.
(a) Four consecutive electrolysis at 20 mA ¢cm™ of 1000 C each and (b) two consecutive
electrolysis at 50 mA cm™ of 7000 and 1000 C, respectively. The yellow zone represents

the electrochemical cathode activation period.
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Figure S19. SEM and EDX elemental mapping of IM ee/GDE cathode N (green), C (red)
and F (yellow) after the activation period, which consists of electrolysis in the flow reactor

for 3000 C in the acidic catholyte (pH=3.8).
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Figure S20. SEM images of (a) GDE cathode, (b) IMee/GDE cathode, (¢) IM ee/GDE
cathode after activation and (d) IM'ee/GDE cathode after 9 consecutive CO2RR

electrolysis (reported in Figure 5).
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Figure S21. XPS high-resolution spectra survey (a) and N 1s spectra (b) for a modified

Au electrode (IM*g) after CO2 electrolysis at -3.33 mA/cm? (15 C) in CH3CN/H20 95/5

v/v in a H-type cell.
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Table S1. Onset and Ecar2 potentials from CVs in Figure 4a: 1 mM Rh complex on
different cathodes in acetonitrile solution containing 5% v/v H20 under COx.

Cathode Electrolyte in acetonitrile solution | Onset potential | Eca2 (V)
(V) vs Fc'/Fe vs Fc*/Fe

Pristine GC 0.5 M [TBA][PFs] -1.72 2.03
Pristine GC 0.5 M [EMIM][PFq] -1.64 -1.95
IM*gg cathode 0.5 M [TBA][PFs] -1.62 -1.98
IM*gc cathode 0.5 M [TBA][PFs] -1.66 -2.00
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Table S2. Comparison of our electrolysis results for CO2 conversion to formate in a flow

cell type reactor with those on different Sn-based cathodes from the literature under

comparable experimental conditions.

Catalyst

Main Current Product rate
product | density (g m? min!)

(mA cm?)

FEncoo-
(%)

Energy
consumption
(kWh kmol ™)

EEfull cen
(%)

Reference

Sn plate

GDE-100
nm SnOx
NPs"
GDE-100
nm SnOx
NPs”
GDE-100
nm SnOx
NPs”
GDE-15
nm Sn
NPs”
IM*gg/
GDE

Rh
complex
IM g/
GDE

Rh
complex
IM*gg/
GDE

Rh
complex

HCOO 22 0.83

HCOO 25

HCOO- 50

HCOO 100

HCOO- 90

HCOO 20

HCOO- 50

HCOO 100

"NPs stands for nanoparticles.

(-) Not calculated.

2.4

5.6

10.5

7.5

1.3

34

4.6

27

72

79

79

60

46

48

33

615

574

818

2430

9.1

8.0

5.5

1.9

This work

This work

This work
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Figures of merit:

Onset potential (V), defined for this non-ideal system as the potential at which the
current deviates from the non-faradaic regime and increases. It is measured by driving a

tangent in the CV.*

Ecat2 potential (V) corresponds to the half wave catalytic potential from CV.*

Faraday efficiency (FE, %) of each reaction product (FEucoo- and FEu2) are calculated
from the ratio between the charge consumed to form each product and the total circulated
charge (equation 1). However, the total circulated charge is corrected to discount the
initial three electrons consumed by Rh complex (1 mM in solution), which are necessary
to generate its active form. Catalyst activation charge = [number of electrons x Faraday

constant x mol of catalyst] = [3 x 96485 x 6.06 x 107%]=1.82 C.

ZnF

FE (%) =

x 100 (1)

where z represents the number of electrons exchanged to form the desired product (e.g. z
= 2 for the electroconversion of COz into formate), n corresponds to the number of moles
produced, F is the Faraday constant (F = 96485 C mol!) and Q represents the total charge
(C) circulated through the system, which is obtained by multiplying the current applied

in amperes and the electrolysis time in seconds.

The cathodic half reaction energy efficiency (EE, %)’ was calculated for CO:
conversion to formate reaction according to equation 2:
EEncoo- (%) = (E°/E) X FEncoo- (2)

where E° is the standard thermodynamic potential in volts required for the electrocatalytic
reduction of COz2 to formate, whereas E and FEucoo- represent the experimental cathode
potential applied in volts and the formate Faradaic Efficiency (%), respectively.
E°cozmcoo- (CH3CN, H20) =-1.32 V vs. F¢'/Fc or E°cozmcoon (H20) =-0.199 V vs. RHE
in acetonitrile® and aqueous solutions’, respectively. Additionally, E°co2mcoon in aqueous
solution was transferred from RHE to the Ag/AgCl/KClsat (KCI saturated) reference
electrode taking into account the solution pH and using the following equation:

EQo2/ucoon(Ag/AgCD) = EQoy/ncoon(RHE) — 0.059 pH — 0.197
Then, E°cozmcoon (H20) =-0.62 V vs. Ag/AgCl (pH=3.8).
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The full cell energy efficiency (EEun cen, %0)® was calculated on the basis of the cathodic

COz to formate reaction at pH of 3.8 (-0.62 V vs. Ag/AgCl) coupled with anodic water

oxidation reaction (O2 + 4H" + 4¢~ <> 2H20) at pH of 13.7 (0.225 V vs. Ag/AgCl).
EEfuli cell (%) = (E°fult cett/Esul cell) X FEnCOO- 3)

where E°mn cenl 1s the difference between the standard thermodynamic potentials in volts

of the anodic and cathodic reactions considered (0.225 — (-0.62)) = 0.845 V. Efuli cen is the

experimental potential difference between cathode and anode in the electrochemical

reactor (cell potential in volts).

The Production Rate (r)’ (g m? min!) of each reaction product is defined as the
productivity (grams) per unit of cathode area (geometric area, m?) and time (min™').
rucoo- = (FEucoo-/100) * (jiotal / z F) ¢ 2700 4)
rco = (FEco/100) * (jiotat / z F) » 1680 (5)

where z represents the number of electrons exchanged to form the desired product (e.g. z
= 2 for the electroconversion of CO: into formate or CO), FExcoo- (%), jiotal (A/m), F is
the Faraday constant (F = 96485 C mol!) and the molecular weight of formate is 45 g
mol! and CO is 28 g mol ™.

The Energy Consumption (EC), which represents the required amount of energy used

to produce the target product (formate), according to:

Energy Consumption (wo) = £214lel 5 9 78 . 107 (6)
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