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Abstract

This research is a significant step forward in understanding how the electrochemical cell setup influences CO, conversion.
The performance of Cu-Zn-Al metal oxide-based catalysts was compared in two reactor configurations: a gas diffusion
electrode (GDE) cell with an aqueous electrolyte and a Membrane Electrode Assembly (MEA) cell operating in the gas
phase without catholyte. The different operations induced significant morphological and crystalline structural changes,
profoundly impacting the catalytic behaviour. The MEA configuration, for instance, led to the formation of a higher Cu%/
Cu'* ratio in the catalysts, promoting C-C coupling for C,H, production. Conversely, the GDE operation favoured alcohol
(ethanol and methanol) production by balancing copper oxidation states formed in situ in the presence of the aqueous
catholyte. Zn and Al oxides also played a role in stabilising the resulting Cu species, some of which remained oxidised
on the electrode surface. These findings underscore the crucial influence of varying cell operation conditions on catalyst
reconstruction, shaping the quantity of Cu®+ Cu'* species formed in situ to tailor catalyst selectivity.

Keywords Copper oxide - Zinc oxide - Alumina - Gas diffusion electrode - Catholyte-less conditions - CO dimerisation -
C,, products - Electrochemical CO, reduction

1 Introduction

Reducing greenhouse gas (GHG) emissions to combat climate change is one of the toughest challenges in recent years
[1]. Despite increasing pressure to cut emissions, they remain alarmingly high, especially from the energy sector, the
primary source of global CO, emissions. Electrochemical CO, reduction (EC CO,R) holds promise for mitigating these
emissions and achieving carbon neutrality [2]. However, CO, stability presents a hurdle, requiring significant energy input
to overcome kinetic barriers [3, 4]. While CO and formic acid are the primary focus of EC CO,R research due to their sim-
plicity, there is growing interest in producing more complex carbon products like C,H,, driven by its substantial market
demand [5]. According to the Precedence Research company, the global C,H, market size was USD 176 billion in 2021.
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It is expected to surpass around USD 287 billion by 2030, and it is anticipated to reach a registered Compound Annual
Growth Rate (CAGR) of 5.58% from 2022 to 2030 [6]. C,H, is predominantly sourced from fossil fuels, highlighting the
need for sustainable alternatives like EC CO,R. The choice of electrocatalyst is crucial for optimising CO, conversion, with
copper-based catalysts showing promising results [7, 8]. Operating in highly alkaline environments improves conduc-
tivity and reaction kinetics [9], but challenges such as carbonate salt formation and electrolyte stability persist. Neutral
electrolytes offer a potential solution but face efficiency issues [10]. Moreover, downstream separation costs increase
due to product dilution in large electrolyte volumes. Addressing these challenges and ensuring electrolyte stability is
essential for developing an effective industrial EC CO,R system.

One of the practical limitations of EC CO,R technology is the low solubility of CO, in aqueous electrolytes (~ 38 mM at
20 °Cand ambient pressure), hindering mass transport to the electrode surface. In this regard, porous electron conductive
substrates are proposed to prepare electrodes and practical electrolyser designs to deal with CO, solubility and mass
transport issues. Gas-diffusion electrodes (GDEs) enhance CO, concentration at electrode active sites, which is crucial
for promoting multicarbon molecule synthesis [3]. The electrolyte can be aqueous to form a triple-phase (solid-liquid-
gas) interface between the absorbed CO, and the catalyst/liquid electrolyte. It can also be an ion-conductive polymer
transporting charged species (e.g., H*) and forming a catalyst/polymer electrolyte interface with the absorbed CO, (see
Fig. 1). By impregnating quaternary ammonia poly (ether ether ketone) ionomer into the porous Cu cathode, recent
advancements have shown promising results in C,H, synthesis, reaching approximately a Faradaic efficiency (FE) of 32%
[11]. Catholyte-free EC CO,R cell designs (zero-gap), where an ion-conductive polymer electrolyte is assembled with a
GDE, are gaining attention for their compactness, energy efficiency, and reduced internal losses, but further improve-
ments are needed to overcome challenges such as the dominance of the hydrogen evolution reaction (HER) at high
current densities [12-19].

In the thermocatalytic hydrogenation of CO,, amphoteric metal oxides (i.e. Al,O5, ZnO) support and stabilise Cu nano-
particles. Al,O; is widely explored as a catalyst support for methanol production at industrial scales [20] and has been
applied in CO, co-electrolysis for value-added product generation. Combining ZnO and Al,O; with Cu-based electrocata-
lysts has enhanced catalytic performance, achieving high FE for syngas (CO +H,) production in a batch CO,-dissolved
liquid-phase electrochemical cell under ambient conditions [21]. CuZn materials are gaining attention as electrocatalysts
due to their low cost and environmental friendliness. The addition of Zn into the Cu electrode is expected to inhibit the
H, formation due to the low activity of Zn toward the HER and to increase the local concentration of *CO intermediate
since Zn is a CO-generation catalyst, which may help to stabilise the Cu'* species in the hydrogenation reaction [22-24].
In fact, some of us recently demonstrated by ex-situ characterisation that the presence of ZnO nanoparticles in mixed
Cu/ZnO catalysts plays an essential role in the formation and stabilisation of mixed oxidation states of copper (Cu'* and
Cu%inthe electrocatalyst, after a batch EC CO,R with a CO,-saturated electrolyte. The local amount of *CO intermediates
seemed to be enhanced as the mixed oxidation states increased. The relative amount depended on the applied potential,
promoting the further dimerisation of *CO intermediates to generate C,, products under ambient conditions [4]. Like-
wise, some of us observed that Cu oxides/ZnO-based surfaces enhance selectivity to C,H, working in a continuous flow
electrochemical cell, reaching a FE of 91% and a production rate of 487.9 umol-m=2s™" under electrolyte-less conditions
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[25]. The same electrocatalyst performed differently depending on the operating conditions during the electrocatalytic
reactions [2, 4, 21]. The presence or absence of the liquid catholyte influences the diffusion and concentration of CO,
on the electrode surface, forming different products. However, until now, there are no clear explanations for those dif-
ferences in the literature.

This study investigates the impact of CuZnAl-based electrodes on the selectivity, FE, and production rate of carbon-
based molecules during continuous EC CO,R. Two cell configurations are compared: the conventional GDE setup utilising
a liquid-phase bulk electrolyte and a catholyte-less zero-gap MEA configuration. Thus, GDEs and MEAs were fabricated,
and electrochemical measurements were performed alongside ex-situ characterisation. Our results revealed that the
catalytic activity and selectivity of the electrodes are primarily dictated by the contact between the components in the
different configurations, thereby mass-transfer resistances, in addition to the inherent properties of the fresh electrocata-
lytic materials. According to our knowledge, this is the second attempt in the literature to assess the effect of different
reactor conditions and electrode designs to maximise the performance of the continuous gas-phase EC CO,R technology,
evaluating the effect of electrocatalyst reconstruction [26]. Notably, we integrated the principles of gas-phase hetero-
geneous catalysis into electrocatalysis, evaluating the influence of stable metal oxide catalysts (such as ZnO and Al,O5)
on promoting C-C coupling, both in the presence and absence of a liquid electrolyte. This approach extends beyond
previous investigations on Cu oxidation states coupled to other metal oxides in batch liquid-phase systems.

2 Materials and methods
2.1 Preparation of CuZnAl-based electrodes

CuZnAl-based catalysts were prepared using a co-precipitation method previously described in detail. [21] Herein, three
different materials with varying amounts of Cu, Zn, and Al were investigated: CuZA-06-03-01, CuZ-06-03 and Cu-06 (see
Table 1). In brief, they were synthesised using solutions of hydrated metal nitrates (Cu(NOs),, Zn(NOj3),, AI(NO;);) as pre-
cursors and Na,CO; (1 M) as precipitating agent. For the sake of clarity, for example, the name of CuZA-06-03-01 material
stands for the CuQ, ZnO, and Al,O; composition and the concentration: Cu:Zn:Al=0.6 M:0.3 M:0.1 M of the abovemen-
tioned metal nitrates. The CuZ-06-03 catalyst was obtained using the same precursor concentrations but deprived of Al
(Cu:Zn=0.6 M:0.3). Finally, the Cu-06 material was prepared using a Cu(NO;), 0.6 M solution.

A previous work meticulously detailed all the information concerning the physical-chemical characterisation of the
pristine materials [21]. Electrodes were manufactured by airbrushing a catalytic ink on a porous carbon support (Toray
carbon paper, thickness 0.19 mm Teflon 20 (+ 5) wt % treated, Quintech) with a microporous layer (MPL). The catalytic
ink was composed of i) the CuZnAl-based powders (as the electrocatalytic material), ii) Nafion dispersion, 5%wt in water
and 1-propanol by Sigma Aldrich as the binder, and iii) isopropanol (99% of purity, Sigma Aldrich) as the liquid carrier.
A Catalyst:Nafion ratio of 70:30 was kept for the electrode manufacturing to promote efficient reactant transport and
good catalytic layer stability, whereas an isopropanol/solids mass ratio of 97:3 was used to ensure the catalyst disper-
sion. The MPL was constituted of Vulcan carbon powder (VXC72R, Cabot, carbon black) and polytetrafluoroethylene,
PTFE (Sigma-Aldrich, 60 wt% dispersion in H,0) with a 70:30 Vulcan/PTFE mass ratio. The electrodes were prepared with
a geometric area of 10 cm? and a catalyst loading of 0.5 mg cm™2. Then, the CuZnAl-based electrodes were assembled
with the ion-conductive membrane (Nafion 117) at 50 °C and a pressure of 80 bar for a few minutes to develop a MEA
(zero-gap) electrode using a filter press (Carver, Inc.).

Table 1 Composition of the

Sample Precursor concentration, M Main composi-
prepared ternary catalysts tion after calcina-
Cu(NO5),.3H,0 Zn(NO,),.6H,0 Al(NO5);.9 H,0 tion
CuZA-06-03-01 0.6 0.3 0.1 Cu0O/Zn0O/Al, 04
CuZ-06-03 0.6 0.3 - Cu0/Zn0O
Cu-06 0.6 - - CuO
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2.2 Electrocatalytic CO, reduction tests

The continuous flow electrochemical experiments were performed in a commercial Micro Flow Cell (ElectroCell). It
includes different spacers, gaskets, and end plates, where the pathways for the streams can be defined depending on
the configuration. Here, two different configurations were explored to evaluate the prepared CuZnAl-based electrode
performances: GDE and MEA. In the former, the cell was divided into three compartments: gas, catholyte and anolyte
(see Fig. 2). The airbrushed electrodes were exploited as the working electrode (cathode), which is exposed on one
side to the catholyte and, on the other side, to the CO, gaseous stream. A Nafion 117 cation exchange membrane
(0.18 mm), previously activated, separated the catholyte and anolyte compartments to allow the selective transport
of H* ions towards the cathode chamber. A platinised titanium plate was used as the counter electrode (anode), and
an Ag/AgCl (sat. KCl) as the reference electrode. The gas compartment of the reactor was fed with CO, gas (99.99%)
with a flow/area ratio equal to Q,/A=18 ml min~" cm™?, adjusted by a rotameter. The catholyte and anolyte, 0.5 M
KHCO; (Panreac, > 97% purity) aqueous solutions, were circulated to the cell from the tanks by two peristaltic pumps
(Watson Marlow 320, Watson Marlow Pumps Group) at Q/A=2 ml min~' cm™2. The EC CO,R measurements were
undertaken at galvanostatic conditions (j=7.5 mA cm™).

The MEA is the core of the Micro Flow Cell in the setup to perform the gas-phase EC CO,R. It serves as the working
electrode and separates the cathode and anode chambers, as shown in Fig. 3. To compare the influence of the cell
configuration, the same abovementioned components (i.e., anode, membrane, reference) were employed to perform
the test. In this configuration, a flow rate, Qg/A, of 18 mI min~' cm™ of pure CO, was fed to the cathode compartment,
and a 0.5 M KHCO; aqueous solution was used as anolyte. The electrochemical measurements were accomplished at
different galvanostatic conditions (j=5, 7.5, 15, 30 and 40 mA cm2).

The electrochemical cells were operated at ambient conditions using an AutoLab PGSTAT 302 N potentiostat,
controlling an overpressure at the outlet gas products stream. The gas product analysis was made using a four-
channel micro gas chromatograph (3000 micro GC, Inficon). The volumetric CO, concentration in the outlet stream
was above 98% in all the tests. This was considered in the selectivity calculations. The concentration of the products
in the liquid phase was quantified after 50 min in a headspace gas chromatograph (GCMS-QP2010, Ultra Shimadzu)
equipped with a flame ionisation detector (FID). An average concentration for liquid and gas samples was obtained
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for each point from the performance of three replicates. The maximum standard deviations for the replicates were
lower than 14.5%.

The performance of the CO, reduction system is evaluated in terms of reaction rate, r, defined as the product obtained
per unit of cathode area and time (in umol- m~2s71); selectivity, S, defined as the ratio between the reaction rate for a specific
product and the cumulative reaction rates for all products, and the faradaic efficiency, FE, which represents the efficiency at
which electrons are transferred to form each product, according to the following equation:

FE(%):Z";'F-mo 1)

where zis the theoretical number of e~ exchanged to form the desired product, n is the number of moles produced, F is
the Faraday constant (F=96,485 C:mol™), and q is the total charge applied.

2.3 Characterisation techniques

2.3.1 Field emission scanning electron microscopy (FESEM) with EDX

The information about the morphology and the content of the relative elements of the samples was obtained by using a ZEISS
Supra 40 FESEM field emission scanning electron microscope (Oberkochen, Germany) equipped with an energy-dispersive
X-ray spectroscopy system (EDS). It was operated at 3 kV. The samples were prepared by placing them onto a sample holder
using conductive adhesive carbon tape before the FESEM analysis.

2.3.2 X-ray diffraction (XRD) analysis

XRD technique was operated to acquire information about the crystallinity of the samples by using a diffractometer (Panalyti-
cal X'Pert PRO) with monochromatic Cu-Ka radiation at 40 kV and 40 mA. XRD experiments utilised a PIXcel1D X-ray detector.
The electrodes 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.
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Table 2 Production rates (r) and selectivities (S) to hydrocarbons produced in the catholyte-less gas-phase MEA operation

Material E(Vvs.Ag/AgCl)  r(umol-m™2s™") Scha (%) Scona (%)
H, co CH, CH, CH;OH  G,H:OH

Cu-06 —-2.07 146.2+94 448+4.2 9.5+0.3 27328 24+03 3.1+04 4.1 1.7

CuZ-06-3 -1.76 2433+£178 1155+£13.7 11.3+0.8 1556+132 O Traces 2.1 29.6

CuZA-06-03-01 —1.89 256.2+12 88.8+7.3 4.7+0.3 99.2+8 0 Traces 1 221

j=7.5mAcm™%; Q A=18 mimin~" cm™2
Traces of acetone were also detected

Fig.4 FE as afunction of 100
the electrocatalytic mate- H,
rial used in MEA operation. 80
j=—7.5mAcm % Q/A=18 =CO
mimin~' cm™
g © CH,
w
40 - mCH,
- CH;0H
20 1 :
C,HOH

Cu-06 Cuz-06-03 CuZA-06-03-01

2.3.3 X-ray photoelectron spectroscopy (XPS) analysis

XPS measurements were conducted using a PHI 5000 Versa Probe (Physical Electronics) system. The instrument has a
monochromatic X-ray source of 1486.6 eV (Al K-alpha) for determining the surface composition of the prepared materials.
All core-level peak energies were referenced to the C1s peak at 284.8 eV, and the background signal, in high-resolution
(HR) spectra, was detracted employing a Shirley function. The Multipak 9.7 software was used to complete the decon-
volution procedure.

3 Results and discussions
3.1 Electrochemical measurements
3.1.1 Electrochemical CO, reduction in MEA and GDE configuration

Continuous CO, co-electrolysis tests under constant current density mode (chronopotentiometry) were performed to
evaluate the ability of the CuZnAl-based electrodes to assist the EC CO,R reaction. Table 2 and Fig. 4 show the main
results for the continuous catholyte-less gas phase (MEA system) CO, reduction at a constant cathodic current density
of 7.5 mA cm™ as a function of the Cu-based investigated MEAs.

The results revealed a significant production of CO (r ~ 115 pmol m™2 s™') and C,H, (r ~ 155 pmol m™2 s™') with the
mixed-metal oxide (CuZ-06-03) electrode from the EC CO,R reaction, as shown in Table 2. Additionally, CH, was also
identified for all the Cu-based electrodes in operation. Lower rates for alcohols such as CH;0H (r<3 pmol m™2s™') and
C,HsOH (r<4 umol m=2s™") were observed with a FE < 10% only with the Cu-06 electrocatalyst (see Fig. 4).

The investigated electrodes were demonstrated to be also active for the thermodynamically preferred HER under CO,
conditions but with a lower FE than for the CO,R (e.g., FE <20% in the case of CuZ-06-03 electrode), as shown in Fig. 4.
Indeed, the FE towards C,H, was almost fourfold higher than the FEH, with the CuZ-06-03 electrode, which presents
the lowest CuO crystallites in the fresh material and the highest ECSA (see section S1 and Figure S1 in the supporting
information, SI). Figure 5 shows that the selectivity towards more reduced products (i.e., C,H,) seems to correlate with
the ECSA value. In contrast, it is inversely proportional to the required electrode potential for each catalyst at the fixed
applied current density (see Table 2), demonstrating a lower overpotential with the CuZ-06-03 electrode. Our results, in
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catholyte-less conditions, suggest a size and electrochemically active sites-dependent selectivity for the CO,R reaction
and C, products in the MEA testing condition.

Three MEAs with the CuZ-06-03 catalyst were tested to assess the reproducibility of the significant results obtained
with the zero-gap configuration. Figure 6 displays the time evolution of FE during the continuous production of H,, CO,
CH, and C,H, through EC CO,R reaction. Pretty steady-state conditions were achieved for the FE towards CO and CH,
over 150 min of operation. In contrast, the FE towards C,H, showed a decrease of up to 10% after 100 min, while the
FE,, increased. It could be related to the partial peel-off of catalyst particles from the electrode surface and the deactiva-
tion owing to the presence of concentrated CO, gas. The crystallisation of organic/inorganic substances and metal ions
(e.g., K*) from the anolyte on the electrode surface could further deteriorate the electrocatalytic activity [22]. Additional
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Table 3 Production rates (r) and selectivities (S) to alcohols and hydrocarbons produced in different operation modes (gas or liquid phase)
using CuZ-06-03

Operation  E (Vvs.Ag/AgCl) r(umol-m™2s7") S (%)

H, co CH, CH, CH,OH CH,OH CH, CH, CH,OH CH.OH
MEA -1.76 2433+178 1155+13.7 113108 1556+132 0 Traces 21 296 O 0
GDE —1.45 2155+166 69.4%6.9 52+04 225+14 554%+62 669+88 12 5.2 12.7 15.4

Qy/A=18 mimin~" cm™ Q/A=2 mimin~" cm ™% j=7.5 mAcm™?

Fig.7 FEand the ratio 100
between productivities H,
towards C, and C, prod- o - ga L1.2
ucts as a function of the °” 80 e Cz":a
operation mode (GDE and L>)~ CH,OH
MEA) using CuZ-06-03; c C,H;0H
Q/A=18mIimin~'cm™%j=7.5 L 60+ 10 .-
mAcm™ % . )
N
et (&)
L 401
3
© 0.8
o 204
L
0 0.6
MEA GDE

experiments were carried out at different applied current densities to improve the EC CO,R performance of the Cuz-06-
03 electrocatalyst in the gas phase MEA system.Table S1 and Figure S2 in the Sl show the results. It can be noticed that
the productivity of H, gained importance when increasing the applied cathodic current density. That probably caused a
high instability in the system due to the formation of many gas bubbles, involving a reduction in the selectivity towards
C,H, (from ~30% to ~5%).

The CuZ-06-03 GDE was then tested at the best j in the presence of bulk aqueous catholyte conditions (as shown in
Fig. 2), achieving a different performance compared with the MEA in the catholyte-less gas-phase operation (see Fig. 3).
The obtained values for the production rates of alcohols and hydrocarbons are listed in Table 3.

The FEs towards the different products from the EC CO,R in the GDE system are displayed in Fig. 7. The performance is
compared to that obtained in the MEA system. The results revealed that the investigated CuZ-06-03 electrode changed
the reaction selectivity in the presence of the liquid phase electrolyte, showing a different product distribution. It could
be attributed to the different catalyst reconstruction processes in the catholyte or catholyte-less testing conditions,
generating different active sites with a determined electrocatalytic activity towards a specific product. Interestingly, the
production rate, selectivity and FE for forming alcohol products increased with respect to the gaseous CO, reduction
products in the presence of a liquid aqueous electrolyte, as shown in Fig. 7. However, the C,/C, ratio and CO, conversion
are higher in the gas phase MEA system than in the liquid electrolyte GDE configuration. The gas—solid-liquid three-phase
interface generated in the GDE system promoted the formation of in-situ reactive species, enhancing the mechanism
path involved in alcohol generation. Nevertheless, the CuZ-06-03 electrode showed a higher FE towards the hydrogen
evolution reaction (~ 40%) under EC CO,R in the GDE under liquid phase conditions than in the MEA system (see Fig. 7),
as could be expected due to the higher amount of bulk water in the system.

The performance of the other Cu-based metal oxide catalysts (Cu-06 and CuZA-06-03-01) was also assessed in the
GDE setup with the liquid catholyte. The results are shown in Table S2 and Figure S3 (in the SI). The reported production
rates, selectivities, and FE of the generated products indicate that, for these catalysts, the selectivity towards alcohols was
heightened in the presence of the liquid phase electrolyte. Indeed, the Cu-06 was the most-performing electrocatalyst
to catalyse the CO, reduction reaction to alcohol products in the GDE system, which could be attributed to the CuO
crystallites of the pristine materials.

Table 4 compares the total carbon productivities and the C,,/C,, ratios obtained during testing in the studied cell
configurations for a proper interpretation of the electrocatalytic activity of the different materials. In agreement with
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Table 4 Comparison of total

carbon productivities and C,,/ Electrode Configuration I(;:f\zl ;:irbons, pmol  GC,,/C,, E,Vvs. Ag/AgCl
C,, ratios in MEA and GDE
operation using the different Cu-06 MEA 87.10 0.54 ~207
Cu-based materials GDE 203.10 0.52 ~1.49
CuZ-06-03 MEA 283.40 1.24 -1.76
GDE 219.40 0.69 -1.45
CuZA-06-03-01 MEA 193.70 1.07 -1.89
GDE 128.60 0.71 -1.22

j=7.5mAcm™3 Q /A=18ml min~' cm™2

the thermocatalytic process, the CO, reduction productivities into CuZ and CuZA catalysts increased in the catholyte-
less EC configuration. Conversely, the MEA process significantly produces C,, compounds instead of C,, (i.e, methane,
methanol, and CO), commonly produced at high T and P in the former process. However, it required an increasing applied
voltage to maintain a stable cathodic current density (j=7.5 mA cm™2) with respect to the GDE process, which may be
related to the fact that CO, is directly fed as gas to the cathodic compartment, provoking high resistances owing to the
absence of catholyte. On the other hand, previous literature established that cations like K from the KHCO; catholyte
facilitate the CO, activation step and the electron transfer process, which could explain the lower energy consumption
in the presence of the liquid electrolyte [27].

3.2 Physico-chemical characterisation of CuZnAl-based electrodes

The FESEM micrographs of the pristine catalysts were described in detail in some of our previous work [21]. As mentioned
in Sect. 2.1, the powders were deposited onto a conductive gas diffusion layer (GDL) by airbrushing the homemade cata-
lytic ink to manufacture the cathodic electrodes. The in situ electrocatalyst reconstruction phenomenon could form dif-
ferent active sites that enhance the catalytic performance and determine catalyst selectivity. Therefore, the morphology
and composition of the fresh and post-mortem electrodes were analysed to investigate their relationship with product
distribution during the catalytic reaction. Figures 8a, c and e show high magnification FESEM images, which evidence
the porous structures of the Cu-based materials in the fresh electrodes. In contrast, Fig. 8b, d and f confirm the electro-
catalysts reconstruction after the EC CO,R at a constant current density of — 7.5 mAcm™ in MEA configuration (gas-phase
operation). The micrograph of the Cu-06 tested electrode (Fig. 8b) shows sintered and agglomerate nanoparticles for the
spherical hierarchical microstructures formed by porous pyramids in the fresh electrode, as shown in Fig. 8a. The EDS
analysis of the post-mortem electrode in different zones resulted in a Cu/O atomic ratio of 1.07, like the pristine catalyst
(1:1). Figure 8d evidences the modification of the CuZ-06-03 electrode after testing. The spherical surfaces (see Fig. 8c)
were transformed into agglomerated random shapes constituted by Cu-enriched crystals in bulk with a relative Cu/Zn
ratio of 80/60 determined by EDS. Figure 8f shows that the morphological changes were also evident in the case of the
CuZA-06-03-01 electrode, which exhibits petals-like flake shapes, along with elongated crystals after the co-electrolysis
of CO,. Those flakes comprise Cu and Al-enriched crystals and amorphous structures, respectively, with a bulk Cu/Zn/
Al molar ratio of 77:3:20.

As demonstrated above, the CuZ-06-03 electrode tested in the catholyte-less system exhibited a remarkable selectivity
to C,H, (see Sect. 3.1.1). It could be ascribed to the presence of nanocrystalline ZnO (crystallite size 7 nm) coupled with
the small crystallite size of Cu-species (i.e. 7 nm CuO) in the fresh powder [21] that acted as CO-producing sites with an
appropriate binding energy to stabilise the *CO intermediate for producing C,, products [4, 28]. As aforementioned, the
catalyst was also tested in the GDE configuration to compare the performance and evaluate the influence of the system
in the catalyst reconstruction under the same operating conditions. For comparison, Fig. 9 shows the FESEM images that
evidence the different morphological reconstructions of the catalyst under MEA and GDE operation. In particular, the
original spherical structures were reconstructed into needle clusters and agglomerated tiny crystals in the GDE tested
in the presence of the catholyte (see Fig. 9b) in contrast to the random particles formed in the gas phase MEA configura-
tion, as shown in Fig. 9a. That result demonstrates that the cell configuration affects the catalyst reconstruction process.

The Cu2p doublet region of the CuZ-06-03 electrode acquired by XPS in HR mode of the tested samples, in MEA and
GDE configurations, show a typical structure related to the mixed oxidation states of copper (Cu®, Cu™, and Cu?*). The
deconvolution procedure of the Cu2p peak is complex because of the overlapping of the different Cu oxidation state
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Fig.8 FESEM micrographs of CuZnAl-oxide-based electrodes: Cu-06 (a) fresh and (b) tested; CuZ-06-03 (c) fresh and (d) tested; CuZA-06-
03-0 1 (e) fresh and (f) tested. The electrodes were tested in catholyte-less gas phase MEA operation. j=7.5 mAcm™>; Q /A=18 mimin~" cm™

Fig.9 FESEM micrographs of
CuZ-06-03 tested electrodes: a
MEA and b GDE configuration.
The table shows the percent-
age of oxidation states of
copper on the catalyst surface
calculated from XPS data.
j=7.5mAcm % Q /A=18
mimin™ cm™, Q/A=2
mimin~' cm™

SAMPLES Cu*? Cu%+Cu*!
CuZ-06-03_Fresh 92% 8%
CuZz-06-03_MEA 65% 35%
CuZz-06-03_GDE 72% 28%

binding energies. Therefore, the amount of Cu™ and Cu®+Cu*' were approximated by fitting the Cu2p;/, peak and its
related satellite employing the M. Biesinger et al. mathematical method (see Figure S4 in the SI) [29]. The table in Fig. 9
shows evidence that the kinetic of copper reduction under reaction is different in the investigated configuration cells,
reaching a percentage of superficial Cu®+ Cu*' four and three times higher than the fresh catalyst (8%) in the MEA and
GDE systems, respectively. These results prove that the reduced copper, Cu*', and Cu® interface species at the electrode
surface are the main active sites to improve the C-C coupling by *CO and *CH, dimerisation reactions, the relative
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amounts of which depend on the cell configuration. Indeed, the higher the Cu®+Cu'* percentage on the surface, the
higher the FE to C,H, (as shown from the results in Sect. 3.1.1).

The pristine nanoparticles present only the monoclinic CuO phase in the structure and hexagonal ZnO [21]. Figure 10
shows the XRD patterns of the tested CuZ-06-03 electrodes. The diffraction peaks in the XRD graph correspond to cubic
Cu (JCPDS number: 00-04-0836), cubic Cu,O (JCPDS number: 00-050-0667), hexagonal ZnO (JCPDS number: 00-036-1451)
and Graphite (JCPDS number: 00-041-1487) crystalline phases. Some unknown peaks could be attributed to carbonate
species deposited on the catalyst surface during the EC CO,R. The ex-situ X-ray diffractogram demonstrates that the CuO
oxidation state in the original catalyst was reduced to Cu*' and Cu® under the employed CO, co-electrolysis conditions
in both configurations. The semi-quantitative analysis revealed that after testing in GDE, the composition is approxi-
mately 36 wt% Cu, 41 wt% Cu,0 and 23 wt% ZnO. On the other hand, the post-mortem MEA electrode presents 70 wt%
Cu, 10 wt% Cu,0 and 20 wt% ZnO. Those results indicate that the Cu*? species (observed by the XPS analyses) are only
present on the catalyst surface. Then, in the bulk, the Cu*'in the cuprite (Cu,0) crystallite size in the post-mortem GDE
doubled from 7 to 16 nm, while the metallic Cu® formed crystallites of 8 nm and the ZnO crystallites of 10 nm. On the
other hand, in the tested MEA, those phases formed larger crystallites. The cu crystallite size was 28 nm, whereas Cu'!
and ZnO presented crystallite sizes of 41 and 12, respectively. The crystallite size of each phase was calculated from the
Debye-Scherrer equation. Those findings demonstrate that the smaller copper crystallite sizes possess higher selectivity
for ethanol, which is in agreement with reported works that reveal that different edge site-to-face ratios play a crucial role
in the selectivity of the reaction [30, 31]. It is further confirmed that the cell configuration influences the chemical com-
position and structure of the formed active sites, which lead to different activity and selectivity (i.e., alcohols or olefines)
of the same pristine bimetallic catalyst, as demonstrated in Fig. 7.

3.3 Discussion
Copper attracts the most attention among the investigated catalysts in the EC CO,R field. It is the most promising mate-

rial for catalysing the CO, electrochemical reaction towards hydrocarbon and oxygenated compounds because it has a
moderate affinity for *CO intermediate [32]. In thermocatalysis, amphoteric metal oxides (e.g. ZnO, Al,O;) were reported

Fig. 10 XRD patterns of Cuz- (a)
06-03 electrodes tested in

(a) GDE and (b) MEA system.

j=7.5mAcm™
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to increase the copper dispersion and surface area, inhibiting the sintering of the particles under operating conditions
(H, atmosphere, high temperatures and high pressures). On the other hand, those metal oxides increase the basicity of
the catalytic surface, favouring CO, adsorption, activation and further reduction. Herein, our results demonstrate that
implementing those kinds of catalysts in the co-electrolysis of CO, in continuous-flow systems leads to the formation
of promising chemicals, such as C,H,, which has a prominent growing market. Herein, copper oxidation states deter-
mined the reaction pathway to produce a specific product in the EC process. According to the literature, in the case of
thermocatalysis, the Cu contained in the pristine catalyst is reduced entirely to metallic Cu® before the CO, reduction
reaction at high T and P. Likewise, although the EC process is highly complex because other aspects influence the reaction
(e.g. electrode polarisation, CO, availability), the electrocatalyst reconstruction during the reaction has been discovered
even under ambient conditions. In this latter, most of the time, the electrocatalyst is partially reduced during testing. In
particular, the here reported results prove that different amounts of Cu'*/Cu® interfaces were formed on the CuZ-06-03
electrode according to the cell configuration implemented for the reaction. Ex-situ XRD characterisation analysis revealed
that the percentage of Cu® (70 wt%) in bulk after testing in the MEA system was higher than the quantity generated
during the test in the GDE configuration (36 wt%), which was further confirmed by XPS analysis. The different product
distributions under MEA and GDE could be attributed to the improved covalent chemical bond of CO on Cu'* cations
with respect to metallic Cu surfaces. That is because of its decreased Cu 4 s/4p-derived density of states. Indeed, the CO
desorption activation energy on Cu° surfaces (1216 kcal/mol) is much lower than that of Cu'* surfaces (i.e. 18.2-22.4 kcal/
mol) [33], demonstrating that the abundant presence of Cu® surfaces on the catalyst leads to CO formation. Indeed, the
outcomes shown in Table 3 indicate higher productivity towards CO in MEA than in the GDE configuration. Nevertheless,
the selectivity towards C,H, appears to be correlated with the CO formation. A small percentage of Cu'*, besides Cu®, on
the catalyst in the MEA seems to generate an electrostatic tension between the two surface sites that promote the C-C
coupling mechanism, favouring the dimerisation pathway for producing C,H,. This result agrees with previous research
findings by Drisdell et al. [34] who assessed the selectivity towards multicarbon products of oxide-derived Cu catalysts
tested in a MEA configuration. Operando X-ray absorption spectroscopy (XAS) measurements demonstrated that the
C,H, selectivity increased as Cu increased on the catalyst surface. They stated that the amount of Cu'* and Cu®* oxide
species after the reaction represents less than 10%. Similarly, Roldan B. et al. demonstrated through advanced oper-
ando X-ray studies that when the Cu catalyst structure is, on average, utterly metallic with a very thin layer of Cu'*, the
selectivity towards C,H, increased during the EC CO,R tests [35]. Conversely, the C,H, formation was suppressed under
liquid electrolyte conditions in the GDE configuration, whereas alcohols such as methanol and ethanol were boosted,
as shown in Table 3. That could be ascribed to a balance between oxidised and reduced copper species on the catalyst
surface that provides an optimal configuration between the CO adsorption energies on metallic and oxidised copper
sites (stabilised by the ZnO presence), which are required for the C, oxygenated product formation [35]. Although our
findings agree with those stated in literature employing operando characterisations, the authors are aware that copper
species could reoxidise rapidly, which could compromise the accuracy of ex-situ methods for determining the real copper
oxidation state of the catalyst during the EC CO,R. Therefore, investigating the stability of Cu species in situ remains a
challenge. Future research should investigate advanced in situ methods for examining the electronic structure of copper
and tracking its valency on the catalyst surface while conducting electrochemical CO, reduction tests in different cells.

4 Conclusions

Cu-Zn-Al-based catalysts were tested for the EC CO,R in the gas phase using a MEA catholyte-less setup and, for com-
parison, a GDE configuration with a liquid electrolyte. The reported results evidence that the type of operation and cell
configuration remarkably impact the electrocatalytic activity, catalyst restructuration and, consequently, the product
distribution using the same catalyst material. High C,H, productivities were detected in gas phase operation from 5
to 40 mA-cm™2 using the MEA system, while this product was suppressed under liquid phase operation with the GDE
system that instead boosted oxygenated compounds (i.e. CH;0H and C,H;OH). This outcome remarks the effect of
structure reconstruction and the crucial role of the copper oxidation states derived in situ during testing. Post-mortem
characterisations in gas phase operation suggested that the electrochemical reduction conditions without bulk aqueous
electrolytes promote a high Cu®-content in the catalyst structure. In contrast, the morphological and chemical changes
induced by the GDE operation induced an optimal balance between metallic copper and copper oxide species on the
electrocatalyst, improving ethanol and propanol production. The detected dependency of the catalyst selectivity on
the operation type of the EC CO,R protocol provides prospects for steering the selectivity of the reaction on demand.
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Further studies are required to achieve higher production rates and long-term stability, avoiding harsh electrolytes like
KOH, previously used in the literature. Managing the degree of porosity and hydrophobicity in the electrode is critical
to guarantee the appropriate transport of gases and prevent water accumulation (electrowetting phenomena due to
water crossover from the anode) or K* deposition that could block the catalyst active sites.
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