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ARTICLE INFO ABSTRACT
Keywords: Gas diffusion electrodes (GDEs) are key components for enabling the deployment of electrochemical CO; con-
Gas diffusion electrode version on a large scale. Most studies focused on optimising the GDEs’ performance in aqueous electrolytes,

Cuz0/Sn0;, catalyst
IL-Acetonitrile electrolyte
Electrochemical CO, conversion

while their use with non-conventional electrolytes integrating CO2 capture and co-catalytic conversion abilities is
missing in the literature. Herein, the performance of a newly designed CupO/SnO;-based GDE was investigated
DET for the first time in a continuous-feed flow cell at a 10.2 cm? scale, both in an aqueous KHCO3 medium and in a
Flow cell binary ionic liquid-organic solvent solution. Outstanding catalyst stability and selectivity, i.e. Faradaic efficiency
Catalyst stability to CO (FEp) from 84 to 90 % in the aqueous electrolyte, was demonstrated at current densities between —20 and
—100 mA cm ™2, establishing a benchmark for the CO3 reduction to CO on a Cu-based GDE. In comparison, a FEco
of 35 % (CO/H, ratio > 3) was reached at -20 mA cm~2 with 1-Butyl-3-methylimidazolium triflate ([BMIM]
[TfO]) in acetonitrile (ACN). Still, stability issues and a performance drop were faced during operation in this
aprotic media. Molecular dynamics simulations and ex-situ physical-chemical characterisation assessed that the
changes in the catalyst/GDE structure and electrolyte properties started with the displacement of Cu surface
atoms from their equilibrium position by ACN molecules, which promotes the subsequent dissolution of Cu in the
presence of [BMIM][TfO] molecules. Our findings highlight the significant influence of electrolyte composition
on catalyst surface transformation and performance during the reaction. This work unveils critical issues for the
practical application of IL-based electrolytes as co-catalysts and CO» capture media for COy electrochemical
conversion systems and proposes some mitigation strategies.

1. Introduction

The rising concentration of CO5 in the atmosphere, primarily due to
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Nomenclature

Acronyms and abbreviations
ACN Acetonitrile

AIMD Ab initio molecular dynamics

BMIM  1-Butyl-3-methylimidazolium

CO2R Carbon dioxide reduction

Ccv Cyclic voltammetry

CP Chronopotentiometry

EC Electrochemical

EDS Energy dispersive X-ray spectroscopy
EIS Electrochemical impedance spectroscopy
FCC Face-centered cubic

FE Faradaic Efficiency

FESEM Field emission scanning electron microscopy

GDE Gas diffusion electrode
GDL Gas diffusion layer

HER Hydrogen evolution reaction

IL Ionic liquid

LSV Linear sweep voltammetry

TEM Transmission electron microscopy
TfO Triflate

XRD X-ray diffraction

WE Working electrode

Parameters

E Applied potential

AE Energy difference

J Current density

Net Index of the constant phase element
Ret Charge transfer resistance

Qct Capacitance of the constant phase element
Tet Charge transfer time constant

hydrocarbon combustion, has increased from 280 ppm to over 400 ppm
since the Industrial Revolution, posing a threat to global security.[1,2]
Transitioning to a carbon-neutral economy is urgent. Using CO, as a
feedstock can support this transition, with electrochemical (EC) CO5
conversion emerging as a promising method due to its lower energy
requirements and in-loco hydrogen production from water.[3,4] How-
ever, challenges remain, such as achieving low overpotentials, high
current densities, selectivity, and stable long-term operations.[5].
Alongside the essential role of the electrocatalyst, it is widely rec-
ognised that identifying an optimal electrolytic solution could promote
selectivity toward a target product.[6,7] In this regard, inorganic
aqueous solutions have been traditionally used as electrolytes due to
their relatively low cost and wide availability.[8-12] However, the low
CO4 solubility in water-based solutions limits the reaction rates to lab
scale-relevant values.[13-15] The competing hydrogen evolution reac-
tion (HER) can also negatively affect the reaction selectivity towards
carbon products in aqueous conditions. The solubility of CO5 can be
markedly increased in organic solvents: combined with the absence of
protons from water, this can translate into higher production rates to-
wards the CO5 reduction (CO2R) products. Nonetheless, their high cost,
volatility, flammability and toxicity are not negligible aspects.[6,16,17].
Recently, ionic liquids (ILs) have attracted great interest as electro-
lytes for CO2R due to their high CO, absorption capacity, negligible
vapour pressure and promising co-catalytic properties.[18-20] Gener-
ally, they consist of an organic cation and an inorganic anion. These
unique salts are emerging as a viable alternative to organic solvents for
electrocatalysis. The catalytic-promoting effect of this class of com-
pounds was reported in a recent work by Rosen et al., where the syn-
ergistic effect between a stable silver electrode and an aqueous solution
of 1-Ethyl-3-methylimidazolium-tetrafluoroborate ([EMIM][BF4]) for
the reduction of CO5 to carbon monoxide (CO) was demonstrated,
achieving a Faradic Efficiency (FE) of over 96 % at a cathodic current
density lower than 7 mA c¢m 2 and low overpotential.[21] However,
important drawbacks limit the ILs’ practical application: high cost and
viscosity. In particular, the high viscosity, which depends on the length
of the alkyl chain and the anion’s nature, complicates the IL usage in the
existing equipment. Adding cosolvents, like water or organic solvents, is
suggested to overcome the viscosity issue.[22,23] Interestingly, the bi-
nary aqueous/organic solvent-IL solutions may also represent an effi-
cient medium for COz electroreduction, as proven among others by
Rosen and co-workers.[19,21,24-26] The benefit of ILs’ enhanced CO,
solubility in gas-fed continuous flow cells may seem diminished given
the excess CO, supply. However, the rationale for studying ILs in this
context goes beyond solubility. ILs offer distinct advantages, including
modifying the electrochemical environment by activating COq,

stabilising key intermediates, and adjusting local pH, which can enhance
product selectivity.[27] Despite challenges like cost and viscosity, ILs
remain promising candidates for optimising CO5 conversion systems,
given their broader functional benefits.[28-30] Achieving high current
density with ILs is, however, uncommon. A new ionic liquid N-octyl-
trimethyl ammonium 1,2,4-triazole ([N1118][TRIZ]) was designed and
allowed Hu and colleagues to reach a current density up to 50.8 mA
cm ™2 with a FEo of about 90 % in an H-type cell, using a commercial Ag
plate as the working electrode.[31] Instead, a flow-through electrode
geometry was conceived to overcome the mass-transport limitations
associated with the dissolution of CO; in the bulk of IL electrolytes. A
system based on an Ag-coated macroporous aluminium foam with a
geometric surface area lower than 0.5 cm? was examined. Flowing the
aqueous [EMIM][BF4] mixture along the electrode/electrolyte interface
aided in reducing the diffusion layer thickness and increased the
maximum current density up to 50 mA em 2 with FEqo of 75 %
compared to about 6 mA cm 2 reached in static conditions.[32] Rosen
et al. were the first to run ILs-based experiments in a flow cell,
employing a silver-based-gas diffusion electrode (GDE) with an active
area of 1.5 cm?. GDEs in CO4RR allow high selectivity and commercially
relevant current densities in aqueous electrolytes.[14] Nevertheless,
current densities with organic-based solvents are limited to around 50
mA cm 2, both because higher overpotentials are required (which also
contribute to the systems’ instability) and because few investigations
employing GDEs in aprotic solvents are reported in the literature.
Additionally, stability studies are in their infancy, and the scale-up of the
electrodes needs to be tested.[33].

Copper-based electrocatalysts are extensively studied because of
their promising properties for EC CO2R. However, the relative unse-
lectivity of these materials represents one major drawback. In this sense,
in 2017, Huan et al. demonstrated the importance of the media in ori-
enting reaction selectivity. Specifically, a porous and dendritic electro-
deposited Cu on a Cu plate displayed high selectivity for formate in
[EMIM][BF4], in the presence of water. A stable performance in a two-
chamber cell with a Faradaic yield for formate of 87 % over an 8-hour
long-term test with a 1 cm? electrode.[34] Sputtered CuSn thin film
alloys on Ni foils were investigated in acetonitrile (ACN)/imidazolium-
based electrolytes by Rosenthal and collaborators.[35] In a two-
compartment cell, the CuSn cathode materials reported a maximum
FEco of 41 %, with a minimal H, production. Nonetheless, the state-of-
the-art shows a knowledge gap in exploring copper-based GDE’s per-
formance in the presence of ILs as electrolytes or electrolyte additives.
[36] On the other hand, many works have investigated the effect of ILs
as direct modifiers of the Cu-electrode surface. For example, Sha and co-
workers modified the reaction microenvironment of a Cu-based catalyst
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by anchoring 1-butyl-3-methylimidazolium nitrate, [BMIM][NOgs]. This
led to the optimisation of Cu atomic coordination and electronic prop-
erties, enabling a high FE of 77.3 % toward ethylene in KHCO3 aqueous
solution using an H-type cell.[37] Likewise, more recently Cai et al
introduced 1-butyl-3-methylimidazolium hexafluoro-phosphate,
[BMIM][PFgl, by drop-casting the IL onto synthesised Cu nanowires.
Their work highlighted the IL’s ability to trap key intermediates, break
the coupling process toward ethylene production, and steer the reaction
pathway to methane. Thus, the main products could be switched be-
tween CoHy with a 71 % FE and CHy4 with a 67 % FE by simply modifying
the copper catalyst interface.[38] Also noteworthy is the study con-
ducted by Garcia and collaborators on the solvent effect on the CO2R
performance of a nanostructured Cu electrode. The EC CO2R in ACN was
shown to be structure-dependent. Nanocube-covered copper was the
only surface capable of producing ethylene with a 10 % FE, in the
presence of a certain amount of water. CO was the main product in the
organic medium, with FE > 85 %, but the measurements were carried
out in a single-compartment EC cell, with a polycrystalline Cu disk or
CuyO used as the cathode.[39].

The use of aprotic media in the electroreduction of CO2 opens up
alternative avenues for this technology, like producing oxalic acid,
ethylene glycol or methyl formate.[7,40] Moreover, the studies in non-
aqueous environments offer the potential to functionalise the COo-
derived product via integrated and single-pot approaches, like coupling
to carbonylation chemistry or hydroformylation processes (i.e., SunCo-
Chem project).[28,41-43] In this regard, the selective conversion of CO5
to CO would, for example, ensure an important building block for syn-
thesising bulk and fine chemicals. Nonetheless, deploying these re-
actions on a large scale requires developing continuous flow reactors to
maximise the energy efficiency of the whole process. Another advantage
of using ILs-based electrolytes is their capture capacity, which can be
fine-tuned to boost the single-pass conversion of CO5 and recirculate the
unconverted COs.

Many studies have reached Faradaic efficiency (FE) toward CO over
80 % in aqueous electrolytes to date, in some cases demonstrating the
performance at industrial relevant industrial-relevant current densities
(> 100 mA cm2) and low cell potentials (< 3 V).[44,45] Almost all of
these efforts have been conducted on Ag, well known for its CO-
selectivity. However, there is a need to develop earth-abundant and
noble-free metals to obtain cost-effective catalysts and make the process
economically more attractive. Early demonstrations of highly CO-
selective bimetallic Cu/Sn catalysts have been reported mainly at low
current density in aqueous H-cell reactors.[46] Nonetheless, a later work
investigated the performance of a Sn/Cu-based GDE in a zero-gap
configuration and reported FEco above 80 % at 125 mA cm™2, but
using an electrode with an exposed area of only 0.196 cm?.[47] Some of
us have previously shown a highly selective conversion of CO, to CO on
Ag foil in the presence of a [BMIM][TfO] solution in ACN.[48] Herein,
for the first time, the performance of the [BMIM][TfO] in ACN elec-
trolyte was investigated within a continuous-fed electrochemical cell
over copper/tin oxide-based GDEs with an active area of 10 cm?. Our
research aims to systematically address the challenges of employing ILs
and investigate whether those can be engineered for practical applica-
tion in continuous-flow, gas-fed systems. Different reactor configura-
tions were explored here to increase CO; availability at the catalyst
surface. Among these, a two-compartment layout was the most prom-
ising. This work exposes the limitations of carbon-based gas diffusion
layers (GDLs) in organic solvents. Indeed, the Cuy0/SnO»-based catalyst
supported on carbon paper showed outstanding stability in aqueous
media but faced stability issues and performance drops in the aprotic
environment. The blackening of carbon paper and colour changes of the
electrolytes were evidenced as degradation phenomena, undermining
the selectivity of the process and limiting the prospects of scalability. To
figure out ways to solve such issues, we conducted a deeper investiga-
tion. We demonstrated from both experimental and theoretical points of
view that the deterioration of the system originates from the strong
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affinity between the IL/ACN electrolyte and Cu at the —catalyst surface,
which means that the electrolyte solvent must be appropriately tuned or
other strategies, such as introducing an ionomer coating or alloying with
second metals, should be envisaged to ensure long-term stability in the
aprotic media.

2. Materials and methods
2.1. Materials

Copper nanopowder (40-60 nm particle size (SAXS), >99.5 % trace
metals basis, Sigma Aldrich). ZnO (20-25 nm particle size from Sigma
Aldrich). Nafion perfluorinated resin solution Green Alternative (5 wt%
in lower aliphatic alcohols and water contains 15-20 % water from
Sigma Aldrich). Potassium bicarbonate (99.7 % from Sigma Aldrich).
Potassium hydroxide (>85 %, pellets from Sigma Aldrich). Ethanol
(>99.8 % from Sigma Aldrich). Acetonitrile anhydrous (99.8 % from
Sigma Aldrich). Sulfuric acid (95-97 % from Sigma Aldrich). Toray
carbon paper (TGP-H-060), Sigracet 39BC and bipolar membrane
Fumasep were purchased from the FuelCell Store. 1-butyl-3-methylimi-
dazolium trifluoromethanesulfonate ([BMIM][TfO], 99 %) was supplied
by IOLITEC GmbH. All chemical materials were used without further
purification. All the aqueous electrolyte solutions were prepared using
ultrapure water (18.2 MQ cm™! resistivity).

2.2. Preparation of the gas diffusion electrodes

The copper-based GDEs with a catalyst loading of 1 mg cm ™2 were
prepared by depositing a catalytic ink on a porous carbon paper using an
airbrushing technique. The catalytic ink comprised different compo-
nents: (i) CupO/SnOs-based nanoparticles, consisting of Cus0/Sn0O;
powder functionalised with VTES, and Ru and Re complexes deposited
through electropolymerisation, unless otherwise stated — the detailed
preparation of which is provided in the Supporting Information (SI) (see
section S1, Table S1, Scheme S1-S3, Figs. S1-S4);[27] (ii) Nafion
(dispersion, 5 %wt in water and 1-propanol) as the binder for the
catalyst particles and to ensure ions transport within the electrode; (iii)
ethyl alcohol, as the liquid carrier for the ink deposition. Where noted,
CuZn-based nanoparticles were employed as catalysts.[49] Each Cu-
based GDE was prepared with a geometric area of 10.2 cm?. The car-
bon paper sheets were coated on a heating plate to ensure complete
solvent evaporation. It is important to note that the multi-step synthesis
and the airbrushing deposition technique introduced complex con-
ditions—such as redox reactions in the organic electrolyte and exposure
to varying potentials—that can contribute to the formation of mixed
copper species. These conditions impact the final composition of the
catalyst layer and play a significant role in the structural and electro-
chemical behaviour of the Cu-based GDEs.

2.3. Electrochemical cell and experimental conditions

An ElectroCell Micro Flow Cell® was used to assess the performances
of the prepared GDEs. An Ir-MMO plate was employed as the anode, and
a leak-free Ag/AgCl was used as the reference electrode (RE). Unless
otherwise stated, the RE was inserted in the anodic compartment. This
arrangement was chosen to minimise contamination risks and maintain
the integrity of the electrolyte in the cathodic compartment. Ag/AgCl
reference electrodes can be used in some ionic liquids; however, the high
solubility of AgCl in some ionic liquids dramatically limits their use.
Non-aqueous Ag/AgNOj3 could alternatively be used, as it is compatible
with organic media; however, design constraints of the cell limited its
adoption in the flow cell. The cathodic GDE was used as the working
electrode (WE) with an active area of 10 cm?. A three-compartment or
two-compartment configuration (Fig. 1) was employed to run the elec-
trochemical measurements. In the former case, the WE was exposed, on
one side, to the catholyte and, on the other side, to the CO4 gaseous
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Fig. 1. Schematic layouts of the three-compartment (a) and two-compartment (b) cell configurations.

stream. Instead, the two-compartment cell was operated, placing the
GDE on a conductive titanium plate, acting as the current collector, and
exposing the active area of the GDE to a CO»-saturated catholyte.

The catholyte, 0.1 M KHCO3 aqueous solution or 0.3 M [BMIM][TfO]
in ACN, was circulated at 26.5 mL min~'. An aqueous solution of 0.1 M
KOH was employed as the anolyte, circulated at 45 mL min~' employing
a peristaltic pump. Both streams needed two external 30 mL reservoirs.
The CO, flow rate was set at 20 and 10 NmL min~! for the three-
compartment and two-compartment configurations, respectively.
When required, a bipolar membrane was used in reverse-bias mode to
separate the cathodic and anodic chambers, thereby enabling pH control
in both compartments and to enhance the syngas productivity in KHCOs-
based aqueous electrolyte in comparison to an anion exchange mem-
brane (see section S4 in the SI). The electrochemical cell was operated at
ambient conditions, controlling an overpressure of 10 mbar at the outlet
gas products stream. The inline gas products analysis was carried out by
using a micro gas chromatograph (Agilent 990 Micro GC, equipped with
Molsieve 5A and Pora PLOT U capillary columns). Formate quantifica-
tion was performed using a high-performance liquid chromatography
(Shimadzu HPLC, Prominence model with detector RID-10A, SPD-
M20A, ELSD-LT II and RF-20A). Samples of the liquid products were
analyzed at the beginning and at the end of each experiment. Volatile
organic products were analysed using a gas chromatograph (Perkin
Elmer GC with a mass spectrometer) with a headspace.

The Faradaic efficiency, i.e. efficiency of the electron transfer, was
determined by using the following Eq. (1):

__zerieF

FE(%) =Teder” 100 @

where z represents the number of electrons exchanged by each half-
reaction at the cathode surface, n is the outlet molar flow rate of the
product (e.g. CO, Hp, formate), j is the current density, t is the reaction
time, F is the Faraday constant, and A is the active geometric area (10.2
crnz).

A multichannel potentiostat (BioLogic VSP-300) was used for the
electrochemical measurements. Each GDE was first subjected to Cyclic
Voltammetry (CV) in N3 and CO4 environments to assess its stability and
compare the activity under inert and reactive atmospheres. Then, the
electrochemical activity of the GDE was evaluated with a Linear Sweep
Voltammetry (LSV) by scanning the potential up to reach this study’s
target current density value: ~20 mA cm 2. Finally, galvanostatic mea-
surements (chronopotentiometry, CP) at —20, -50 or —-100 mA cm 2
were carried out to evaluate the selectivity and stability of the investi-
gated systems.

2.4. Characterisation techniques

2.4.1. Field emission scanning electron microscopy (FESEM) with EDX
Field Emission Scanning Electron microscopy (FESEM) analytical
technique, operated at 3 kV, was employed to obtain information about
the morphology of the samples. To this purpose, two different in-
struments were used: a ZEISS Supra 40 and ZEISS MERLIN. Both in-
struments are equipped with an Energy Dispersive X-ray Spectroscopy
System (EDS), which helps study the content of the relative elements of
the samples. The samples were prepared by placing them on electrically
conductive, non-porous carbon tapes before the FESEM analysis.
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2.4.2. X-ray diffraction analysis

X-Ray Diffraction (XRD) technique was used to obtain information
about the crystallinity of the samples by using a diffractometer (Pan-
alytical X’Pert PRO) using monochromatic Cu-Ka radiation at 40 kV and
40 mA. XRD experiments utilised a PIXcellD X-ray detector. The elec-
trodes were scanned in grazing incident configuration with the X-ray
source at a fixed 0.5° omega in the 20 range of 25-80° with a scanning
step of 0.020° and acquisition time of 8 s per step.

2.4.3. Raman spectroscopy

All Raman spectra were recorded at Room Temperature (298 K)
using a Horiba LabRAM HR Evolution Raman microscope with a 100
mW diode laser source operating at 785 nm and 1064 nm. Solutions of
[BMIM][TfO] in ACN were analysed in quartz cuvettes with a multi-
channel CCD Camera Symphony II Linear InGaAs Array detector, 300R/
mm resolution grating. Backscattered radiation of carbon fibres was
collected with a Synapse Plus BIDD Detector (1024 x 256 pixels), using a
300R/mm resolution grating. All the spectra were collected using 5 s
exposure time, and 20 spectra were averaged for each sample analysed.
To establish the homogeneity of solid samples, five measurements were
collected at different points of the analysed surface. Spectra were
smoothed and baseline corrected using the LabSpec 6 software; addi-
tionally, each spectrum was normalised with respect to the intensity of
the G band peak (which was the highest in intensity for all samples
analysed). Pre-processed spectra were analysed in Origin 2021, where
Gaussian functions were used to fit the carbon peaks and extrapolate
quantitative data (e.g., height).

2.4.4. Theoretical simulations

It was performed ab initio molecular dynamics (AIMD) simulations
of a Cu (111) and a Cuy0 (100) surface in contact with a solution of
[BMIM][TfO] in ACN at different concentrations to find out whether the
interactions between the solution and the catalyst can modify the sur-
face, inducing a performance loss. AIMD simulations were carried out
using Quickstep, part of the CP2K package.[50] The Born-Oppenheimer
forces were used to propagate the nuclear dynamics in these calcula-
tions. A1 x 107 a.u. convergence criterion was used to optimise the
wave function. The PBE exchange—correlation density function was
employed to evolve the dynamics of the systems.[51] The m-DZVP
Gaussian basis set and a plane wave cutoff of 450 Ry for the density were
used.[52] Core electrons were treated wusing the Goedeck-
er-Teter-Hutter (GTH) pseudopotentials.[53,54] The time step used
was 1 fs. Production runs were carried out for 5 ps at 300 K in the NVT
ensemble using the stochastic velocity-rescaling thermostat of Bussi
et al.[55].

2.5. Electrochemical impedance spectroscopy

A one-compartment electrochemical cell was used to study the GDE/
electrolyte interface through impedance spectroscopy. It comprised a
three-electrode system, where the GDE (1 cm? area exposed) and a
platinum coil were used as working and counter electrodes, respectively.
A non-aqueous Ag/AgNOs reference was used for the measurements in
the organic environment, whereas Ag/AgCl was employed in the
aqueous solution. The EIS measurements were conducted in the 0.1 Hz
to 0.2 MHz frequency range, with an amplitude of 10 mV and under
different applied potentials in the —1 V to —2 V vs. Ag/Ag" range. EIS
spectra were collected after specific electrochemical steps, namely after
LSV, CP at -10 mA cm 2 and CP at 20 -mA cm ™2, in order to study the
evolution of the electrochemical interfaces over time and after subject-
ing the system to different reaction conditions in both COs-saturated
protic (0.1 M KHCO3 aqueous solution) and aprotic (0.3 M [BMIM][TfO]
in ACN) environments.
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3. Results and Discussions
3.1. Electrochemical measurements

3.1.1. From batch to continuous reactors

A transition from batch to continuous reactors was initiated in this
study to promote EC CO2R at high rates and low overpotentials. In H-
cell, the conversion of CO5 on Ag foil (a CO-selective material) and in the
presence of a non-aqueous electrolyte effectively improved the effi-
ciency of CO; reduction products. Indeed, upon increasing the current
density in both 0.1 M KHCOs3 aqueous electrolyte and 0.3 M [BMIM]
[TfO] in ACN electrolyte, a FE toward CO of about 80 % was preserved
in the latter case (Fig. S5 in the SI). On the contrary, with a water-based
solution, the CO2R selectivity decreased in favour of Hy evolution at
high overpotentials. This finding can be related to a limitation in CO,
transport at high rates, as the C-source is at a much lower concentration
than the proton donor (water).[56] It also demonstrates one of the main
advantages of operating with organic-based systems: these solvents have
lower proton concentrations, which allows them to suppress the
competitive HER.

A comparative study was undertaken in GDE-cell — where transport
limitations are overcome by directly feeding gaseous CO- to the elec-
trode surface — to assess the activity of the synthesised CupO/SnO5-based
catalyst in the presence of protic and aprotic solvents. Therefore, in a
three-compartment configuration, the CuyO/SnO,-based GDE was
tested in a 0.1 M KHCO3 aqueous electrolyte and in 0.3 M [BMIM][TfO]
in ACN. The comparison between the linear polarisation curves in both
electrolytes is shown in Fig. 2, showing the advantage of the IL-ACN
environment in reducing the cathodic overpotential. However,
constant-current electrolysis showed that the selectivity of the Cu,O/
SnO,-GDE was significantly better in KHCO3 at -20 mA em™2 As
depicted in Fig. 3a, the FEco > 70 % obtained in the aqueous electrolyte
was ten-fold higher than that of Hy, requiring a potential of approx. -4.5
V vs. Ag/AgCl (see Fig. 3b). Although the measured potential might
appear unexpectedly high, it must be noted that this value includes the
overpotential due to the bipolar membrane[57] — known to suffer from
high ohmic resistance compared to the monopolar counterpart — and
partially to the anolyte solution. Indeed, as specified in Section 2, the
reference electrode was placed in the anodic chamber for these tests.
With regard to the membrane aspect, a control experiment using an
anion exchange membrane was conducted to address the cell potential
issue; however, the productivity toward syngas was significantly

—— [BMIM][SO,CF.] in ACN

-10 4

-154

J, mA cm™

-20 4

-254

-30 T T T
-5 -4 -3 2 -1

E, V vs. Ag/AgCI

Fig. 2. Linear Sweep Voltammetry curves of a Cuy0/SnO»-GDE tested in both
0.1 M KHCO3 and 0.3 M [BMIM][TfO] in ACN solution in three-compartment
configuration. Reference electrode in the anolyte chamber.
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compromised (see Fig. S6, SI).

On the other hand, an almost immediate fall in CO production was
observed in the organic environment, with a final FE¢o > 2 % and a
constant Hy formation with a FE of around 63 % (Fig. 3¢). Nonetheless,
the CP measurement highlighted an inconsistency in the potential
necessary for the reduction process at —20 mA cm 2. Indeed, contrary to
what could be expected from the current—potential dependence (Fig. 2),
a higher potential was required to sustain the galvanostatic measure-
ment (Fig. 3d). It might suggest a resistance increase either in the
transport of CO; at the active sites or in the electrolyte over time. In this
regard, the IL-ACN penetration within the porosity of the GDE, triggered
by electrolysis, probably introduced a limitation to CO5 diffusion from
the gas bulk.[58] In fact, the electrolyte crossover from the catholyte
chamber to the gas chamber could be experimentally corroborated by a
partial collapse of the catalytic layer in the GDL structure (see section
3.2.1). Furthermore, studies revealed that the presence of water traces —
which in this case could come from the wet membrane — can lead to the
decomposition of acetonitrile into acetamide and to the formation of (bi)
carbonates from COs, which can also justify the increase in the resis-
tance of the electrolyte solution.[56,58,59].

3.1.2. Benchmarking the Cuz0/SnOy catalyst performance in aqueous
medium

Given the encouraging performances highlighted in the aqueous
electrolyte, both in terms of FE and impedance response, the CuyO/
SnO,-based GDE was optimised to withstand longer operations. Indeed,
the Toray carbon paper was replaced by a more hydrophobic substrate

(Sigracet 39BC) to enhance the GDE’s resistance to the aqueous elec-
trolyte perspiration.[60] Coherently, with the higher hydrophobicity, an
improvement in the CO, transport throughout the electrode’s porosity
can be expected, and thus, a higher CO2R activity.

As shown in Fig. 4, the optimised CupO/SnOy-based GDE demon-
strated remarkable stability, sustaining a very high selectivity toward
CO (FE ~90 %) at —20 mA cm ™2 for 24 h, with a calculated cathodic
potential of -2 V vs. Ag/AgCl. The gaps observed in Fig. 4, precisely,
between 250 and 500 min and around 750 min, result from deliberate
pauses in the system’s operation. These interruptions were implemented
to manage and mitigate the potential effects of contaminant accumu-
lation on the electrode surface. During these intervals, the system was
temporarily switched off, and recovery procedures were carried out to
restore electrode performance and selectivity. Over extended operation,
contaminants from the electrolyte solution can compromise electrode
activity and selectivity. To address this challenge, we developed elec-
trode recovery protocols, combining electrochemical activation with
rinsing procedures to remove accumulated impurities and help maintain
optimal electrode functionality. These methods restore electrode per-
formance without compromising long-term stability. A few studies
producing CO/syngas indeed proved device durability greater than
1000 h,[61] but this lies outside the scope of the present work. Most
importantly, it is noteworthy that such a high FE toward CO was ob-
tained over a Cu-based GDE, while, typically, only noble metals like Au
and Ag can produce CO at high faradaic efficiencies.[62].

The choice of — 20 mA cm ™2 was aligned with the objectives of the
SunCoChem project, as well as the catalyst material (see Fig. S7),[42]



F. Zammillo et al.

Chemical Engineering Journal 514 (2025) 163265

-4.0
g -3.5—_
< -3.01
< 25
€ 20-
> .
w151
'1.0 T T T T T
0 500 1000 1500
8 Time, min
=)
E {sww-’*mm o 7 ’
X 649 ; | e H, i
e | [ | . co
s .l ‘ | FEco = 90%
g i ‘ FEy2 = 2%
c
g 2 |
5 1 |
o 0 dm—m— | ] g ‘

0 500

1000 ' 1500
Time, min

Fig. 4. Chronopotentiometry a) and products trend b) at —20 mA cm~2 on Cuy0/SnOy- GDE in KHCOs 0.1 M electrolyte during 24 h of operations. Reference

electrode placed in the catholyte chamber.

which developed a TRL5 prototype that integrates CO, capture with
photoelectrochemical conversion for on-site syngas production. The
system was specifically designed to support downstream applications,
such as the hydroformylation reaction employed by a company to
manufacture fragrance components like Limoxal. Since the prototype
operates with sunlight as the primary energy source, the target current
density was intentionally moderated to reflect realistic operating con-
ditions for solar-powered processes. Nonetheless, we recognise the
importance of exploring higher current densities to broaden the appli-
cability and relevance of our findings in diverse electrochemical set-
tings. In response, we conducted additional investigations at higher
current densities. These additional experiments, included in the SI (see
Fig. $8), provide a more comprehensive understanding of the system’s
performance under more intense operational conditions, offering in-
sights into the catalyst’s robustness and selectivity beyond the original
design constraints. We achieved 89 % and 84 % of FE for CO production
at industrially relevant current densities (of 50 and 100 mA cm’z,
respectively) with an abundant and affordable catalyst. A small amount
of formate was also produced, with an FE of about 1 % and 5 %,
respectively. To mitigate high registered working potentials during
these additional experiments, we kept the reference electrode in the 0.1
M KHCOg solution within the cathodic compartment. This adjustment
aimed to lower the observed working potentials (approximately —3.5
and -4.5 V vs. Ag/AgCl at -50 and -100 mA cm 2, respectively),
enhancing the reliability of our measurements at elevated current
densities.

3.1.3. Facing stability issues in organic medium
Despite the operation with GDEs, the initial findings highlighted CO»
transport limitations in the presence of the IL-based electrolyte.

Accordingly, a new continuous flow configuration was devised based on
the H-cell concept. The CO; flux was bubbled into the catholyte flask,
and the saturated catholyte was continuously fed in the cathodic
chamber (see Fig. 1b). LSV curves in Na-saturated and COs-saturated
electrolytes (see Fig. S9 in the SI) demonstrate that CO5R activity pre-
vails over HER. The two-compartment configuration facilitated the CO,
reduction reactions on the Cus0/SnO5-GDE at —20 mA cm ™2 since an
initial CO to Hj ratio higher than 3 was obtained, with an estimated FEco
of about 35 % in the first 40 min of testing (see Fig. 5a). However, the
product trend shows that the system’s stability was compromised after a
while. Therefore, Hy became the major product, as could be inferred
from the simultaneous and slight decrease in the required potential after
the first hour (see Fig. 5b). Moreover, a darkening of the electrode on
both sides (see Fig. S10 in the SI) and a colour change in the electrolyte
could be observed after the test. That behaviour could be ascribed to the
catalyst deactivation and degradation of the carbon paper due to the
interactions between the IL-organic solvent electrolyte and the GDE.

A recent study on bimetallic catalysts discovered a structural evo-
lution of an AgCu material, consisting of an Ag-core surrounded by a
Cuy0-shell. [63] The instability of the nanoparticles was investigated via
transmission electron microscopy (TEM) under CO3R conditions. The
porous structure of the copper-based shell underwent morphological
changes, and a loss of the core—shell structure was even evidenced at the
highest overpotential values (from —500 mV to —800 mV vs. RHE).
However, employing ex situ TEM measurements, they could understand
that their observations resulted from a combined effect of high over-
potentials and high local concentrations of CO originating at the Ag-
sites. The easier access of COy to Ag enhanced the CO formation,
which eventually triggered an asymmetric reconstruction of the parti-
cles and caused the collapse of the entire core-shell structure. Therefore,
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it could be assumed that the rough SnOj shell of the CuyO/SnO5 nano-
particles, in which the Ru and Re complexes are deposited, initially
providing the CO selectivity to the catalyst, suffers from interactions
with I[L-organic solvent, whose metal extraction capacity was discussed
in the literature.[64,65] This may expose the copper oxide core to the
electrolyte and eventually cause the deactivation of the catalytic system.
Moreover, structural transformations of Cu NPs may occur under COoRR
conditions, adversely affecting the activity.[66] At low overpotentials,
particle migration and coalescence (PMC) govern the restructuring of
the nanoparticles. The Ostwald ripening process becomes the dominant
degradation mechanism at higher applied potentials. Strategies, such as
introducing an ionomer coating or alloying with second metals, should
be considered to meet the stability requirements. The work carried out
by Kim et al. demonstrates that the rational design and implementation
of a composite ionomer layer can tune the activity and selectivity of a Cu
electrode, by controlling the local pH and CO- availability.[67] With
specific regards to our Cu/Sn-based system, knowing that the catalyst
surface is restructured under electrochemical operating conditions, a
rational-designed ionomer coating can prevent those local conditions
that facilitate the degradation mechanisms. Additionally, it may act as a
barrier to IL-induced metal extraction. The extent of the degradation
depends on the ranges of applied potentials. Alloying has been proposed
as a further strategy to improve the Cu stability toward dissolution
during CO;, electroreduction. Okatenko et al. demonstrated that alloying
Cu nanoparticles with Ga can enhance their stability under operating
reducing conditions, which would degrade and deactivate rapidly
otherwise.[68] Based on that, metals with strong M-Cu bonding en-
ergies and high oxophilicity can be leveraged to develop stable alloyed
CuSn-based electrocatalysts and hinder reconstruction over time. This
strategy can ultimately protect the surface layer from Cu displacement
due to ACN interaction and its stabilisation in the electrolyte solution
due to triflate anions (see section. 3.2.4). A further mechanistic picture
recently described the formation of [CuCO]™ as the most favourable Cu-
adsorbate complexes, regardless of the exposed copper surface, driving
the dissolution.[69] The copper carbonyl is unstable and generally dis-
sociates into Cu™ and gaseous CO.[70].

Hence, a CuZn-based electrode[49] was investigated for the EC CO,
conversion in [BMIM][TfO] in ACN solution as a counterproof. Although
the CO to Hjy ratio was severely impacted, an interesting constant pro-
duction of both products was reported at the current density of —20 mA
cm’z, with a final FE¢o higher than 10 % and a FEy; of 50 % (Fig. S11a
in SI). This finding indicates that, by catalyst reconstruction, zinc in the
catalyst layer may help to stabilise Cu species against IL attack. Evidence

of a possible Cu-Zn synergic effect in organic solutions may derive from
the catalyst layer looking like the pristine electrode even after the test in
Fig. S11b (SI). In this regard, some of us previously demonstrated that,
in an aqueous electrolyte, the presence of ZnO in the Cu-based catalyst
did not avoid the full catalyst reconstruction under CO2 reduction con-
ditions; flakes-like amorphous structures constituted by Zn containing
metallic copper in bulk originated at —-1.4 V vs. RHE.[49].

Whether the deactivation is linked to poisoning from IL-species
adsorption on the Cup0/SnO; catalyst surface or to catalyst dissolu-
tion in the IL-based solutions (electrolyte colour change observed) is the
question this work sought to answer. Consequently, the catalytic system
was also investigated at the molecular level to gain more in-depth in-
sights into the mechanisms based on the described findings. Moreover,
to better elucidate the role of the carbon GDL degradation in the
detected general instability, the electrochemical interfaces and the
electrodes were characterised using spectroscopic and electron micro-
scopy techniques (see section 3.2).

However, it is interesting to note that in all the discussed cases, the
FE toward gaseous products did not exceed 60-65 % in the used aprotic
media. This observation induces us to reflect on possible side products.
For instance, oxalic acid can be originated via the dimerisation of two
CO3 radicals in non-aqueous electrolytes.[56] Furthermore, it is well
known that even trace amounts of water can lead to forming formic acid
in aprotic solvent due to the protonation of a CO5 radical and the
following electron transfer.[27,71] In the specific case of the present
work, the proton source can be either the humid membrane or the H™
ions coming from the water dissociation at the ions exchange layers’
interface of the bipolar membrane. Control experiments in a nitrogen
atmosphere were conducted to gain further insights into the phenomena
occurring in our system (see Fig. S12). Specifically, chro-
nopotentiometry measurements at —20 mA cm ™2 were performed on the
Cu30/Sn02-GDE and on a Ti plate as a blank test. The different trends
and FEy» observed in the two cases led us to hypothesise that the missing
current could also be directed toward the electrochemical hydrogena-
tion of acetonitrile, as demonstrated in a previous work by Jiao and
collaborators.[72] It is worth noting that this side reaction may repre-
sent a potential advantage of the process, providing an alternative
pathway for acetonitrile valorisation. Indeed, the electrochemical
reduction of ACN to ethylamine could offer a more environmentally
sustainable route for converting this feedstock into value-added prod-
ucts. This is especially relevant in a context where excess acetonitrile is
typically incinerated as fuel, contributing to significant NOx emissions,
[73] and where selective ethylamine production has primarily been
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achieved through expensive methods.[72].

Furthermore, to encourage future investigations which effectively
meet sustainability goals and reduce reliance on precious metals, a
control experiment with a bare Cuy0/SnO5, catalyst (i.e., without Ru and
Re-based complexes) was conducted. It exhibited a sharper decay in
performance over time compared to the system incorporating Ru and Re
(see Fig. S13), suggesting a promoting/stabilizing effect of these com-
plexes on the initial catalyst.

3.2. Understanding the origin of instabilities of Cuy0/SnO2-based GDEs
in IL-ACN electrolyte

3.2.1. Pre- and post-mortem characterisation

The Cuy0/SnO; electrodes were characterised as prepared and after
the EC CO2R in the binary ILs-organic solvent solution to analyse the
structural evolution and the catalyst layer reconstruction. Fig. 6 shows
the FESEM micrographs of the fresh and tested electrodes. It can be
noted that the EC process induced particle restructuration and trans-
formation into a more compact and continuous layer (see Fig. 6b).
Moreover, the porous structure of the GDE seems to be covered with a
dense and amorphous structure layer in contrast to the original fresh
electrode, as shown in Fig. 6a. It could be attributed to the deposition of
organic components deriving from the IL-ACN electrolyte solution. In
this regard, Fig. 6¢ presents time-lapse images for the post-mortem GDE
undergoing modification during the first 117 s of interaction between
the electron beam and the sample, demonstrating the presence of an
organic matrix. Indeed, the EDS analysis shows that the coating is a Cu-
poor layer, made up mainly of C, F, O and S elements with O/S and F/O
atomic ratios of 3.2 and 1.02, which reflect their ratios in the anion of
[BMIM][TfO]. Although the elements mentioned above are also present
in the Nafion ionomer of the catalytic ink, the EDS performed on the
fresh electrode did not reveal the presence of sulphur. It might be a
consequence of the low Nafion concentration in the catalyst layer, which
is below the instrument’s sensitivity.

XRD patterns of the electrodes before and after testing are compared
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to understand the evolution of the crystalline phases. As mentioned in
section 2.2, it is worth noting that the ink deposition is conducted by
placing the carbon paper on a heating plate. After deposition, it was kept
on it for some minutes to guarantee complete solvent evaporation. Thus,
it is hypothesised that the electrode’s preparation influences the mate-
rial’s oxidation state. Additionally, factors such as redox reactions in the
organic electrolyte and exposure to varying potentials during powder
preparation could promote the formation of mixed copper species.
Therefore, the crystalline phases of the fresh electrode were charac-
terised to establish a baseline (Fig. 7a). The XRD pattern reveals distinct
reflections corresponding to metallic Cu crystalline phase (JCPDS
number: 01-004-0836), CupO (JCPDS number: 01-077-0199), CuO
(JCPDS number: 00-048-1548) and SnO, (JCPDS number: 01-077-
0451) diffraction peaks, confirming the presence of mixed copper
oxidation states in the catalyst layer. The XRD pattern of the spent
electrode tested in the binary IL-ACN electrolyte indicates that the re-
sidual copper is present predominantly in the CuyO oxidation state form
(see Fig. 7c¢). It suggests that during EC CO2R in the presence of the
[BMIM][TfO]-ACN electrolyte, the initial mix of oxidation states within
the catalyst layer was partially reduced. However, metallic Cu was
present in the fresh electrode, which is the most reduced form of this
metal. Likely, metallic copper is less stable in the [BMIM][TfO]-ACN
electrolyte and could dissolve in the solution, potentially explaining
the colour change. Besides, XRD analysis on the backside of the GDE
(Fig. 7d) and EDX measurements (see Table S2 in SI) on the cross-
section of the electrode confirmed the presence of CuO element along
the entire GDE thickness. SnO,, another key electrode component,
exhibited structural degradation during the EC COg2R, likely through
surface amorphisation or dissolution into the electrolyte. The destabi-
lisation of SnO3 appears to be facilitated by the extraction properties of
the IL, emphasising the complex interactions between the electrode
materials and the electrolyte. The XRD pattern of the spent Cus0/SnO»-
based electrode tested in potassium bicarbonate during 24 h (Fig. 7b)
reveals distinct structural changes compared to those tested in the IL-
ACN electrolyte. The analysis demonstrated that the crystalline phase

Fig. 6. FESEM images of (a) fresh and (b) tested Cu;0/SnO»-GDE in 0.3 M [BMIM][TfO] in acetonitrile solution. (c) Time-lapse FESEM images showing the surface

modification after testing.
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Fig. 7. XRD patterns of Cuy0/SnO,-GDE (a) fresh and (b) tested in KHCO3 0.1 M electrolyte; (c) (electrode top side) and (d) the carbon paper-side (electrode
backside) of a Cuy0/SnO,-GDE after being tested in 0.3 M [BMIM][TfO] in acetonitrile solution.

composition changed during the electrochemical test, showing that CuO
(Cu") was entirely reduced. At the same time, the reflection peaks
corresponding to SnO5 were still present, suggesting its plausible role in
stabilising the CupO species and avoiding their complete reduction to
metallic copper under CO; electroreduction conditions. In addition to
the co-existence of metallic Cu and Cuy0, other peaks were observed,
which may be attributed to carbonate species, such as KoCOs, deposited
on the catalyst surface after testing. This is consistent with previous
reports, [74] suggesting that CuO can transform into copper hydroxy
carbonates, such as malachite or azurite, during the electroreduction of
CO,, in water. The stabilisation of these species and the formation of Cu™
(Cu30) likely contribute to the improved selectivity to CO by promoting
favourable reaction pathways. These findings highlight the significant
influence of electrolyte composition on catalyst surface transformation
and performance during the reaction.

A control experiment using a CuO catalyst was conducted to better
understand which oxidation state of copper promotes CO, reduction to
CO in the presence of organic media. As hydrogen was the predominant
gas-phase product (see Fig. S14), these results support the previously
proposed hypothesis that Cut species are essential for CO-selective
behaviour, including in the [BMIM][TfO]/acetonitrile electrolyte.
Furthermore, given that the dissolution of Cu is expected under these
conditions — and its presence was not detected by post-test XRD analysis

10

— we infer that metallic Cu does not play a significant role in CO pro-
duction and that hydrogen and ethylamine[72] are likely the main
products under these conditions.

3.2.2. Electrochemical impedance spectroscopy analysis

Electrochemical impedance spectroscopy is a powerful tool for
studying the processes occurring at the electrode/electrolyte interfaces.
It is widely used to study corrosion phenomena and the degradation of
materials in harsh environments.[75-78] Therefore, after being oper-
ated under different reaction conditions, the EIS technique was adopted
to deepen our understanding of the CupO/SnO3-GDE electrode behav-
iour over time.

In the aqueous electrolyte (Fig. 8a-c), comparing the EIS spectra after
LSV, CP at -10 mA cm 2 and CP at ~20 mA cm ™2 revealed a stable
behaviour over time. Indeed, the total impedance remained constant
after each step, which agrees with the long-term stability of the GDE
under these operative conditions. One process can be recognised at all
the applied potentials by looking at the phase spectrum. As both the
surface charge transfer and bulk charge transport are expected mecha-
nisms, a possible explanation is that the two phenomena occur at the
same time scale. A simple circuit was employed to fit the experimental
data, constituted by the series resistance R (external electrical contacts,
electrolyte and carbon paper) and by the parallel between the charge
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Fig. 8. EIS spectra performed on Cu,0/SnO,- GDEs in aqueous 0.1 M KHCO3 (a, b, ¢) and in 0.3 M [BMIM][TfO] in ACN electrolytes (d, e, f) after LSV, CP at 10 mA
ecm~2 and CP at 20 mA cm ™2 The potential values are reported versus the Ag/AgNOj3 reference electrode.

transfer resistance R and constant phase element Q. (R/CPE), used to
describe the impedance at the catalyst/electrolyte interface. As can be
seen from the superimposition of the EIS spectra collected after LSV in
both solutions (Fig. S15 in SI), a good overlap between the fitting and
experimental curves was obtained. The series resistance assumed values
not dependent on the applied potentials were around 24Q. Vice versa,
the charge transfer resistance diminished upon increasing the applied
potentials, reaching a minimum of 14Q at -2V vs. Ag/AgNOs after CP at
—20 mA cm 2 The time constant of the charge transfer process was
calculated through the following formula:

te = (Rctht)l/nﬂ (1)
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where ng is the index of the constant phase element. In particular, the
transfer of charges became faster at higher applied potentials, going
from 35 to 1 ms (see Fig. S16 in SI).

Conversely, the EIS spectra related to the test in 0.3 M [BMIM][T{O]
in ACN evidenced an unstable behaviour of the electrode throughout the
electrochemical steps (Fig. 8d-f). The total impedance decreased over
time at low overpotentials, which may be attributed to higher activity
toward HER. On the contrary, what stands out immediately after
watching the spectra after the CP measurements is that an additional
process started occurring in the low-frequency region at higher over-
potentials. A possible interpretation is that charge transfer and charge
transport separate over time due to electrode degradation. Consistently
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with this fact, another parallel R/CPE was used to interpret the new
feature in the electrode’s response. The interactions with the ILs-organic
solvent solution led to a slowdown in the charge transfer process. That
can be noticed by comparing the relative time constants from EIS
measurements after the LSV and after CP at ~20 mA cm ™2 in Fig. S16
(SD). For instance, at —2V vs. Ag/Ag™ the time constant changed from
400 ms to 1000 ms. It suggests that deactivation can be theorised during
the electrochemical reaction with the Cup0O/SnO»-based catalyst in the
presence of the [BMIM] [TfO] electrolyte, in agreement with the
selectivity changes observed during the constant-current electrolysis
experiments in section 3.1.

3.2.3. Morphology and surface characterisation

After the test in the IL-based electrolyte, either side of the electrodes
darkened. Therefore, different spots of the tested GDE backside were
examined at the field emission scanning electron microscope. The dif-
ference between an intact and a degraded area is striking. Fig. 9a shows
how the PTFE coating of the fibres initially looked; Fig. 9b instead re-
veals the breakage of the PTFE treatment. It is evident that, during
testing conditions, the PTFE coating is compromised by its interaction
with the electrolyte solution. As further proof, EDS analysis detected
fluorine in the different areas ranging from a mass percentage of about
48 % to less than 1 % (see Table S3). According to previous works,
[79,80] the origin of the instabilities of carbon paper supports resides in
the loss of the hydrophobic treatment, which directly exposes the un-
protected fibres to the electrolyte solution and can provoke the me-
chanical/chemical degradation of the GDL. At higher overpotentials, the
fibres exposed to the aggression of the organic-based electrolyte can be
damaged and slow down the transport of electrons.

To further elucidate the causes of the GDL instability, Raman spec-
troscopy was used to characterise the carbon fibres before and after
testing. Indeed, this spectroscopic technique finds extensive application
in the analysis of carbon materials, providing valuable insights into
defect density, disorder structures, and doping levels. Fig. 10 illustrates
a comparison between the Raman spectra obtained from the ACN,
[BMIM][TfO], and carbon fibres before and after testing at -20 mA cm 2
in the electrolyte solution of [BMIM][TfO] in ACN. The spectrum of the
carbon fibres (collected in multiple points of the analysed surface) did
not present any characteristic peak related to the ACN or the [BMIM]
[TfO] test solvent. The primary peaks observed at approximately 1315
em Y, 1585 cm ™}, and 2623 cm ™! correspond to the D band, G band, and
2D carbon peak, respectively. The D band represents disordered struc-
tures and defects in the graphitic material, while the G band is associated
with ordered graphitic structure.[81] The ratio of the D band intensity to
the G band intensity (Ip/Ig) can be considered as an indication of the
level of disorder in a graphitic structure: a higher ratio suggests a highly
disordered and defective crystal lattice, whereas a lower ratio implies a
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less defective and more ordered structure.[82] An analysis of the Raman
spectra (Table 1) reveals that the carbon fibres exhibit an increased Ip/Ig
ratio after testing, indicating higher lattice defects resulting from
operating under electrochemical reduction conditions in the IL/organic
electrolyte.[83] Moreover, the Iop/I ratio was also evaluated. Indeed,
in carbon materials, the 2D band is affected by electron-electron in-
teractions and can be used to assess changes in charge carrier density.
[84] Consequently, the ratio of the intensity of the 2D band to the G
band (Iop/Ig) might be associated with the carbon fibres’ surface charge
carrier density. After testing, the Iop/Ig ratios collected in several points
of the carbon fibres are higher than those obtained for the fresh carbon
paper (Table 1). Thus, in addition to an increase in disorder indicated by
the elevated Ip/Ig ratio, the interactions of the GDL with the ILs/organic
electrolyte under electrochemical reduction conditions lead to a
decrease in the charge carrier density. This finding proves an increased
resistance to electron flow over time and as a consequence of the
exposure of fibres to the organic environment, hence demonstrating the
physical degradation of the GDL under reaction conditions suggested by
the FESEM characterisation.

3.2.4. Theoretical investigation by ab initio molecular dynamics

It is generally accepted that adsorbed molecules on a catalytic sur-
face can change surface structure and properties.[85-87] However, the
mechanisms underlying these changes are unclear. Ab initio molecular
dynamics is a powerful tool for understanding how a chemical system
evolves at the molecular level and, in this context, investigating how and
why adsorbed molecules can cause catalyst change and deactivation.

XRD analysis revealed the presence of metallic copper, Cu (111), and
Cuz0 in the fresh electrode sample. Therefore, different systems were
settled to investigate the interactions between the [BMIM][TfO] solu-
tion in ACN and the catalyst surface. First, it was studied how ACN,
BMIM, and TfO molecules in different concentrations interact with a Cu
(111) surface and then with a Cus0 (100) surface.

The first observation from the simulations is the strong affinity be-
tween ACN molecules and copper (Fig. 11a). The stability of the copper
FCC (111) surface is known to be very high.[88] It is experimentally
observed that it does not undergo any restructuring at high tempera-
tures, unlike the other stable Cu (100) facet, but passes directly from the
solid to the liquid state once it has reached the melting point.[89,90]
Surprisingly, the simulations demonstrate that ACN molecules could
displace the Cu surface atoms from their equilibrium position in the
(111) lattice. Fig. 11b and c report the population of copper atoms along
the z-axis and the population of coordination numbers in the two top
layers of the Cu surface. From these analyses, it is possible to observe
how the presence of ACN in solution increases the population of Cu
atoms with coordination numbers 6 and 11. This ability was also pre-
served in the presence of [BMIM][TfO]. In contrast, when the

Fig. 9. FESEM micrographs of the backside of Cu,0/SnO,- GDE after test on intact (a) and degraded (b) areas.
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Fig. 10. Raman spectra of [BMIM][TfO], acetonitrile and carbon fibres before/after test.

Table 1
Parameters for Raman shifts of D, G, 2D and related intensities of the carbon
fibres before and after the test.

D Band G Band 2D peak Ip/Ig Iop/Ig
shift shift shift ratio ratio
(em™) (em™) (em™)

Carbon fibres 1318.8 + 1580.0 + 2626.0 + 0.68 + 0.73 +
before test 0.3 0.2 0.3 0.04 0.03
Carbon fibres 13129 + 1589.2 + 2621.0 + 0.98 + 0.82 +
after test 0.3 0.3 0.4 0.05 0.04

concentration of [BMIM][TfO] is higher than ACN (the Cu (111) +
[BMIM][TfO] case in Fig. 11), any relevant displacement in the copper
surface was observed, suggesting that IL molecules alone do not have the
same ability of ACN to displace Cu atoms.

The same analyses were performed for the CusO (100) surface (see
Fig. S17 in SI). In this case, a displacement was not observed along the
z-direction as strong as in the Cu (111) surface. However, a similar
increment of low-coordinated Cu atoms on the surface was observed,
with Cu-Cu coordination numbers passing from 8 to 6.

To further investigate the possibility of having dissolution of Cu
atoms, a set of AIMD simulations of the Cu (111) and Cuy0 (100) sur-
faces were performed, with a vacancy and a Cu™ ion in solution and with
the same relative concentrations of ACN and [BMIM][TfO]. It is worth
noting that this study was limited to analysing the relative stability of
the two systems only in terms of potential energy difference to ascertain
the thermodynamical feasibility of the process.

After reaching equilibrium, the average potential energy for the
different systems was calculated, and the resulting values are reported in
Table 2. From these calculations, it is noticed that only in the case of Cu
(111) does the combined presence of ACN and [BMIM][TfO] molecules
stabilise the Cu ion in the solution with respect to the pristine surface.
The same does not occur for Cus0.
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From these findings, it can be hypothesised that the combined
presence of ACN and [BMIM][TfO] molecules destabilise the catalyst
surface. It can be inferred that ACN is responsible for restructuring the
surface and creating defects, while the presence of IL molecules
(particularly [TfO]) stabilises the Cu ions in the solution. Moreover,
under the EC CO2R conditions, one can hypothesise that Cu0 is reduced
to metallic copper, which is more easily disordered and it subsequently
dissolved in the solution.

3.2.5. Remarks

Our results demonstrate that the IL-ACN electrolyte system faces
significant performance challenges. Notably, CO production rapidly
declines, highlighting the system’s current suboptimal performance
compared to more established aqueous electrolytes. The observed
decline can be attributed to the instability of the Cu-based GDE support
in the aprotic environment and potential degradation mechanisms like
Cu atom displacement, as confirmed by ex-situ characterisation and
computational modelling. We recognise that these performance limita-
tions could question the novelty and practicality of using IL-ACN elec-
trolytes for continuous-flow CO; reduction systems. However, our study
aims to comprehensively explore both the potential and limitations of
IL-based electrolytes in continuous-flow CO5 reduction systems to better
inform future research and development. Despite these challenges, our
investigation into IL-ACN electrolytes remains crucial. The rationale for
continuing to investigate it lies in their unique properties, which could
present advancement opportunities under optimised conditions. ILs
have demonstrated the potential to modulate the local reaction envi-
ronment, stabilise reactive intermediates, and provide wide electro-
chemical stability windows. These features may still be beneficial if
catalyst stability and electrolyte composition challenges can be
addressed. Furthermore, ILs offer a distinct advantage as dual-function
materials that can capture and convert COy, which remains a compel-
ling area of research despite current performance constraints. Our
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Fig. 11. (a) Snapshots of the three systems simulated for the Cu (111) surface. Atoms are coloured as follows: carbon in grey, hydrogen in white, nitrogen in blue,
sulphur in yellow, oxygen in red, and fluorine in light blue. Copper atoms are coloured according to their coordination. (b) Copper population density function of the
z direction. (c) coordination number population of the two top layers of the Cu surface.

Table 2
Averaged energy differences between the pristine systems and those with a copper atom removed from the surface and placed in the solution.
Cu (111) Cu,0 (100)
+ ACN + ACN + [BMIM][TfO] + ACN + ACN + [BMIM][TfO]
AE (kcal/mol) 6.9 0.1 34.3 26.5

findings also emphasise the critical issues that must be overcome to
make IL-based electrolytes viable for industrial applications. By under-
standing degradation mechanisms, such as Cu atom displacement and
electrode instability, this study can guide the research to tailor IL sys-
tems for better performance. For future optimisation, the ACN organic
solvent can be replaced to prevent the displacement of Cu atoms to the
catalyst surface, which is the first step for Cu dissolution in the aprotic
electrolyte. Another helpful strategy could be the investigation of
different IL anions that do not form complexes with Cu or Sn, thereby
countering their stabilisation in the media. To achieve this, the recent
work by Dattila et al.,[91] which outlines thermodynamic descriptors for
screening different imidazolium-based ionic liquids and estimating their
selectivity during the EC CO2R reactions, can be implemented as a
valuable tool for selecting the most appropriate IL for this purpose.
Additionally, the application of ionomer or other metal oxide coatings
that can strengthen and stabilise the oxidation phase of Cu on the GDE
surface should be investigated for long-term operation with IL-based
electrolytes. To further reduce reliance on precious metals and effec-
tively address the sustainability aspect, future experiments should focus
on engineering and stabilise the oxidation state of the Cu-based catalysts
in order to achieve a stable and efficient match between the

14

electrocatalyst and the organic electrolyte.

4. Conclusions

Tonic liquid’s co-catalytic properties for CO; electroreduction have
been exhibited in batch reactors. To our knowledge, only a few studies
have tried to move towards continuous systems. Here, to increase the
production rates and investigate the potential application of a low-cost
electrode compared to the Ag- and Au-based state-of-the-art systems,
the electrochemical conversion of CO, to syngas was performed on
Cu0/SnO9-based GDEs in a flow-continuous reactor. A promising
selectivity of the Cu/Sn-based core-shell nanoparticles was revealed in
an aqueous electrolyte (KHCO3 0.1 M), specifically achieving a CO to Hy
ratio of about 10. An outstanding FEco of 90 % was achieved, and its
stability in a protic environment was demonstrated for 24 h at —20 mA
cm 2, while FEco > 84 % where obtained at higher relevant current
densities of up to 100 mA cm 2. The protic electrolyte was replaced by
an organic (0.3 M [BMIM][TfO] in ACN) solution to boost the CO5
conversion. The results revealed a CO-selective behaviour, which did
not maintain a steady state. Indeed, Hy became the major product over
time, and a darkening of the GDE was observed. Accordingly, different
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factors were examined experimentally to understand what underlies the
unstable phenomena. Additionally, computational modelling at the
molecular level sustains the hypothesis that the interactions with ACN
molecules caused the decline in CO selectivity. The organic solvent
promoted the destabilisation of Cu surface atoms and its consequent
dissolution, favoured by the triflate anion of the IL. Experimentally, that
was further confirmed by ex-situ XRD analysis. In turn, the described
phenomenon caused the electrolyte colour change and exposed the
carbon fibres to the aggression of the electrolyte, generating the support
degradation. EIS, Raman and FESEM measurements corroborated the
amorphisation and resistance increase of the carbon support. To the best
of our knowledge, previous research on organic solvents has been
focused on their use in batch reactors and with Cu foils as the cathodes.
It showed CO as the main reaction product and the sensitivity of EC
CO9R in acetonitrile-based electrolytes to water. The work presented
here aimed at initiating the scale-up of the CO2R process in the presence
of aprotic media in a flow system. Many degradation phenomena were
reported, as well as efficiency loss over time. However, we wanted to
investigate the origins of the instabilities to inform the research com-
munity and guide future work toward proper and crucial optimisation of
the electrolyte solution. Understanding the mechanisms underlying in-
stabilities is the first step to addressing the stability challenges. The
results obtained in this study indicate that further efforts are needed to
prepare the IL-based electrochemical systems for their scalability, while
also promoting their use due to the potential impact of aprotic electro-
lytes on overall process performance. This ultimately paves the way for
follow-up studies focussed on modifying electrolyte compositions,
exploring protective coatings, or enhancing the robustness of catalysts to
harness the potential benefits of IL-based systems fully. This study
provides essential insights to determine whether IL-ACN electrolytes can
be optimised for practical use and provide insights on alternative ap-
proaches that could be pursued.
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