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ARTICLE INFO ABSTRACT

Keywords: Electrosynthesis of value-added chemicals from CO; offers a sustainable solution to climate change, renewable
Carbon dioxide energy use, and raw material shortages. This study examines the high-rate production of ethylene (CoHg) and
Electrocatalysis ethanol (CH3CH,OH) through CO, reduction reaction on copper (Cu) gas diffusion electrodes (GDEs) made by
]ég;}g:e sputtering deposition. The catalyst layer thickness of the GDEs, adjusted by deposition time, significantly affects

the electrode stability. During testing, a selectivity shift is observed, where CoHy4 and CH3CH,OH selectivity
decreases, while CH4 and Hy selectivity increases. However, an alternating operation by interrupting and
restarting the polarization fully restores the C;H4 and CH3CH2OH selectivity. Operando X-ray absorption spec-
troscopy with online product analysis reveals that at constant potentials, the dominant oxidized Cu species
gradually reduces to metallic Cu, along with a decline in CoH4 selectivity. Under alternating operation, some
oxidized Cu species remains, and the CyHjy selectivity is also preserved. This outcome suggests a close link be-
tween cationic Cu species and CoH4 production, offering insights into stabilizing these species for prolonged CoHy

Operando X-ray absorption spectroscopy

production.

1. Introduction

Among many emerging technologies aiming at a sustainable future,
the electrochemical conversion of carbon dioxide (CO,) into value-
added chemicals and fuels has been becoming utmost appealing, since
it can increase the utilization efficiency of intermittent renewable
electricity by storing it in chemical form, while transforming CO, waste
into valuable feedstocks. The produced chemicals and fuels are highly
applicable to the transportation and energy sectors as well as chemical
industries, alleviating the dependence of our society on fossil fuels.
However, the electrochemical CO5 reduction reaction (CO5RR) is ener-
getically and atomically inefficient, since it requires high energy input to
overcome the large kinetic overpotentials and shows many difficulties in
controlling the selectivity toward desired products [1,2]. The particu-
larly negative potentials required for the CO2RR cause the instability of
cathode materials. Hence, this reaction calls for catalysts with good

activity, selectivity, and stability to achieve satisfactory operability for
practical application. During the last decade, intensive research has
focused on the development of catalysts for the COoRR to different
targeted products such as carbon monoxide (CO) [3-6], formic acid
(HCOOH) [7-12], methane (CHy4) [13,14], ethylene (CoHy4) [15-17] and
ethanol (CoHs0H) [18-20]. Among them, CoH4 and CyHsOH are
considered the most attractive targets, due to their high market volumes
as well as decent market prices [21]. For catalyzing the CO2RR to CoHy,
copper (Cu)-based materials show unique capability, as suggested by the
early experimental studies by Hori et al. [22], as well as the computa-
tional investigations by Ngrskov et al. [23,24]. Recent studies main-
tained that Cu-based catalysts are the best candidates for this purpose,
and Cu thin layer catalyst [25], CuOy derived Cu [17], halogen-modified
Cu [26], polyamine-modified Cu [16], and bimetallic CuAl [27,28]
resulted in the state-of-the-art performance. Despite the encouraging
progress, the industrial implementation of this technology is still
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considerably hindered by the limited stability of CoH4 production on
Cu-based electrodes, which could be related to the restructuring of
catalysts [29-31], the deposition of carbonate salts in the GDE [32], the
degradation of electrode/electrolyte interface [33] and so on. Many
methods have been employed to mitigate such problems, including the
development of more advanced catalysts [34], the utilization of highly
hydrophobic substrates [35], and the design of new cell configurations
[36]. However, significant work is still needed to fully understand the
stability challenges and extend the operational lifespan to meet industry
requirements.

In this work, we comprehensively studied the effects of the electrode
thickness, the test protocols and the electrolyte concentrations on the
stability characteristics of Cu-based GDEs fabricated with a fast and
scalable sputtering deposition route. Compared to ink-based methods
for GDEs preparation with powder-like catalysts, the sputtering depo-
sition ensures more precise control of the thickness, easier tailoring of
the composition, better adhesion to the substrate that leads to higher
electrical conductivity, and much less time and labor [37]. The CO2RR
experiments show that both catalyst layer thickness and surface chem-
ical composition of the Cu GDEs, as well as the test protocol and
employed electrolyte, significantly influence the stability for CoH4 and
CoHs0H production.

2. Experimental section
2.1. Preparation of Cu electrodes

A magnetron sputter coater (Quorum Technologies Ltd Q150T) was
used to prepare the GDEs. Copper disc (99.99 %, Testbourne) was used
as target to deposit Cu directly on a Gas Diffusion Layer (GDL). This last
was a carbon paper (GDL; SIGRACET 28BC, Ion Power GmbH) used as
the substrate, in which a microporous layer and a certain amount of
polytetrafluoroethylene were incorporated to enhance gas diffusion, and
hence to ensure the performances of GDEs[3,38-40]. The preparation of
Cu GDEs was carried out at 50 mA with deposition durations ranging
from 50 to 1200 s. The samples are denoted as Cuy, where X indicates
the deposition time in seconds and equals to 50, 100, 200, 300, 400, 600,
800, 1000 and 1200.

2.2. Physical and chemical characterization

The morphological investigation of the Cu electrodes by Field
Emission Scanning Electron Microscopy (FESEM) and the localized
preparation of cross-sections with Focused Ion Beam (FIB) were per-
formed with a dual-beam FIB-FESEM workstation (Auriga by Zeiss).
Energy Dispersive X-ray (EDX) Spectroscopy spectra were acquired with
a X-max Silicon Drift Detector (50 mm? active area) by Oxford In-
struments. Concerning the preparation of the cross-sections, Ga™ ions
were accelerated with 30 kV voltage and different ion currents were
used for milling (2 nA) and cleaning (600 pA). In order to preserve the
surface of the Cu electrodes, a protective Pt layer was deposited by ion-
beam induced deposition inside the FIB-SEM chamber.

2.3. Electrochemical tests and product analyses

The CO2RR experiments were conducted in a commercial three-
compartment three-electrode flow cell (Electrocell A/S), as illustrated
in Fig. S1 and described in the supporting information (SI). Both
potentiostatic and galvanostatic modes were used to perform the CO,
electrolysis. The reported potentials were rescaled to the reversible
hydrogen electrode (RHE) using the Nernst equation. Unless otherwise
specified, all potentials are referenced to the RHE, as shown in Equation
D,

Erur :EAPPI- +EAg/AgCl(3M c-) + 0.0591*pH Equation 1
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where Egyg is the potential referring to the RHE; Eyppy. is the measured
potential during the galvanostatic or applied potential in chro-
noamperometric tests; Eag/agciam ci-) iS the potential of the reference
electrode and pH is the bulk pH value of the electrolyte. The bulk pH was
monitored during the electrolysis and maintained almost a constant
value.

Gas-phase products were analyzed on-line by a micro gas chro-
matograph (uGC, Fusion®, INFICON), which was composed of two
channels with a 10 m Rt-Molsieve 5A column and an 8 m Rt-Q-Bond
column, respectively, and each channel with a micro thermal conduc-
tivity detector. The faradaic efficiency (FE) for each gas-phase product
was determined from its concentration in the outlet gas stream, as
shown in Equation (2),

FE= % Equation 2
where V, is the molar volume of an ideal gas (L mol’l); Vis the flow rate
of gas measured at the outlet of the cathodic side collecting the gas from
both CO, compartment and catholyte compartment (L min™); ¢ is
electrolysis time (min); Q is the total charge passed through the system
during the electrolysis time t (coulombs, C); C is the concentration of the
gas product (% v/v); n is the number of electrons required to obtain 1
molecule of this product (n = 2 for CO and Hy, n = 8 for CHy and n = 12
for CoH4 formation); F is the Faraday constant (96485 C mol™b).

Quantification of liquid products was estimated by collecting ali-
quots directly from the catholyte at the output at different time intervals
during the measurements and analyzing them using a high-performance
liquid chromatograph (Nexera Series, Shimadzu HPLC). The HPLC was
equipped with a Photo Diode Array detector and a Refractive Index
Detector, and a ReproGel H+ (Dr Maisch 300 x 8 mm) column. A so-
lution of 9.0 mM H3SO4 (flow rate of 1.0 mL min 1) was used as the
mobile phase. The FE of the liquid products was calculated from its
concentration in the solution using Equation (3),

_ v:': C:’:nv':F

FE = Equation 3
Q q

where v is the volume of catholyte (L); C is the concentration of the
liquid product (mol L™1); n is the number of electrons required to obtain
1 molecule of this product (n = 2 for HCOO ™, n = 8 for CH3COO ,n=12
for CH3CH2OH formation); F is the Faraday constant (96485 C mol’l); Q
is the total charge passed through the system during the test (coulombs,
Q).

2.4. Operando X-ray absorption spectroscopy (XAS)

The Cu K-edge XAS measurements were conducted at the KMC-2
beamline at BESSY II in Berlin [41]. Spectra were collected in fluores-
cence mode using an energy-dispersive detector. XAS was performed in
an adapted catholyte-flow electrochemical reactor equipped with an
X-ray transparent window (Kapton tape), maintaining the gas flow
pattern and overall cell geometry to ensure the reproducibility of labo-
ratory results during operando XAS measurements (see Fig. S2). X-ray
absorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) spectra were recorded in the energy range of
8779-9729 eV (K = 14) for cells operating at a constant current of 200
mA cm 2, either operated continuously (non-pulsing) or interrupted
every hour for 1 min at open circuit (pulsing). Each EXAFS spectrum
required approximately 17 min, and at least three consecutive repeti-
tions per experiment were collected and averaged. Cu K-edge reference
spectra for metallic Cu, Cup0, Cu(OH),, basic Cu carbonate
(Cuy(0OH)2CO3), and CuO were obtained in transmission mode using
pellets made from their respective diluted powders with cellulose [42].
All XAS data were processed using Athena software from the Demeter
software suite, with the metallic Cu spectrum serving as reference for
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energy calibration [42].
3. Results and discussion
3.1. Physical and chemical characterization

The Cu loadings of all Cux electrodes were evaluated by weighing the
GDL substrate before and after the Cu deposition. As shown in Fig. 1, the
Cu loading increases linearly with raising the sputtering time, indicating
a reliable deposition process. The Cu deposition rate was extrapolated
from the slope of the plot correlating Cu loading and deposition time,
and it is estimated to be 0.34 pg cm 2 s~ %.

To evaluate the thickness of the Cu layers, cross-sections of the
selected samples were analyzed using FESEM-FIB measurements. Fig. 2a
shows the cross-section of Cuggg electrode. The Pt film was deposited on
top of the GDE using FIB to precisely measure the thickness of the Cu
layer, which was estimated to be approximately 560 nm. Similar anal-
ysis was performed on Cusgy and Cujpg electrodes, with the results
summarized in Fig. 2b. It is clear that the thickness of the deposited Cu
layer increases proportionally with the deposition time, mirroring the
trend in Cu mass loading. The top view of Cuggg electrode shows the
porous nature of the Cu layer with sub-micrometric nanoparticles ag-
gregation (Fig. 2c and d). A similar morphology was observed for all
electrodes (see Supporting Information for additional FESEM
characterization).

3.2. Effects of Cu layer thickness on CO2RR performance

The electrochemical performance of the GDEs with different Cu
loadings was firstly evaluated at —1.2 Vgyg in potentiostatic mode. The
FE and partial current density for each product are summarized in
Fig. 3a and b, respectively. All electrodes show overall FE of gaseous
products close to 70-80 % with CoH4 and CO as dominant products. The
selectivity of CoH4 increases with the sputtering time (thickness and
loading of Cu layer), reaching a plateau at a sputtering time of 400 s or
higher, while the CO selectivity exhibits the opposite trend. The thinnest
electrode, Cusg, displays a selectivity of 33 % for CyH4, which is
enhanced to 45 % for thicker electrodes (sputtering time >400 s).
Instead, the FE¢p is 37 % for Cusg, dropping to 22 % for Cusgo, and
further decreasing to 15 % for thicker electrodes (sputtering time >800
s). This behavior could be attributed to the prolonged retention time of
CO, the key intermediate for CoHy, as the thickness of the catalyst layer
increases. This extended time facilitates the dimerization of CO into
CoHy [31,43]. CH4 and Hj are minor products, and count for less than
15 % for all electrodes. These results are consistent with the literature

450 T T T T T T

400 - e
350 b ]
€300 ]
> ]
25250 - ’
2 1
£ 200 1
(0] ]
S 150 - s 1
> i
© 100 - 1
50 & '
] g ]
g s o Cusample

0 200 400 600 800 1000 1200
Deposition time [s]

Fig. 1. Cu mass loading as a function of deposition time. The dash line is
resulted from the linear fitting of the experimental data (black spheres).
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[15,19,44,45]. Ren et al.’s study [15] investigated several thicknesses of
Cuz0 in a batch cell, and obtained similar product distribution but with
higher FEy, compared to herein presented results. In our study, the use
of a flow cell and 1 M KOH electrolyte increases the selectivity towards
CoHy thanks to the suppression of HER and CH4 due to the highly
alkaline electrolyte [1]. The detected liquid products include HCOO™,
CH3COO™ and CH3CH,OH. Interestingly, the selectivity of the first two
compounds remains similar on thin and thick samples, while the last one
shows significantly higher FEs on thick samples. The selectivity trend for
CH3CH2OH mirrors that of CoHy, attributing to a strong correlation of
their formation pathways [18]. The FEcyscu2ou increases with the
thickness of Cu layer, reaching a plateau of 20 % on thick Cuy electrodes
(x > 400 s).

The Cusg electrode shows a geometric current density of 140 mA
cm™2, which rises almost constantly to 247 mA cm 2 for Cuizg0, as
shown in Fig. S3. The increase of current as well as CH3CH2OH and CaHy
selectivity with prolonging the sputtering time leads to an almost con-
stant increase of partial current density for Cy products, which peaks at
170 mA cm™2, as reported in Fig. 3b. All other products with the
exception of CO have a higher formation rate when increasing the
catalyst thickness, indicated by the increasing partial current densities.
The difference in the CO production on thin and thick electrodes is likely
related to the prolonged retention time of CO in the latter that favours its
dimerization [31,43], as previously discussed. To understand the
intrinsic activity of various electrodes, the electrochemical active sur-
face area (ECSA) was evaluated, as detailed in SL.Figure S4 reports the
evaluated double layer capacitance, which increases proportionally with
the catalyst loading. By dividing this value by the specific capacitance of
a flat Cu electrode (40 pF cm’z) [46,47], we obtained the ECSA values.
When dividing the geometric current density reported in Fig. S3 by
ECSA, we obtained an almost constant specific current density of 0.38
mA cmgéa for all electrodes. This outcome indicates comparable
intrinsic activity of Cuy electrodes, probably attributed to their similar
physical and chemical properties.

Each test lasted for several hours to evaluate the electrode stability
and study the product distribution along test time (Fig. S5). Increasing
Cu thickness can enhance the stability of the electrodes. Cuggg and Cuggg
have a stable selectivity for CoH,4 that remains higher than 40 % for more
than 1 h, and this stability is further enhanced on Cujggp and Cujsgo
electrodes. At the end of the tests, the electrodes are likely to be flooded
or choked since Hy becomes the main product.

The enhancement of the stability on thicker samples could be
attributed to different factors. Firstly, larger thickness results in a bigger
loading of catalyst and high surface area, indicating a longer time for
restructuring under working conditions [29,48,49]. The restructuring
could include the catalyst oxidation state, morphology, grain bound-
aries, defective sites [30,50], which can affect the CO2RR products
distribution on Cu. Secondly, it could take more time for cations and
water to penetrate through a thicker catalyst layer, causing the electrode
choking by salt deposition and flooding [2,51]. FESEM characterization
of the samples after CO2RR testing at the timescale of hour confirms the
evolution of morphology of the catalysts, suggesting reconstruction of
the surface under operating conditions (see Fig. S6). Concerning the
thinner electrodes, they probably undergo dissolution into the electro-
lyte, as confirmed by the reduced Cu content detected by EDX spec-
troscopy (see Table S1). Cu dissolution and salt precipitation (confirmed
by EDX, Table S1) may be the main mechanisms involved in the limited
stability of the thinner samples at the considered timescales. The
aforementioned phenomena are mitigated with increasing thickness of
the Cu layer, as confirmed by FESEM (Fig. S6) and EDX (Table S1).

3.3. Effects of test process on CO2RR performance
It is interesting to note a selectivity change for products (particularly

CH4 and CyHy) before sharp increase of H (electrode failure), as shown
in Fig. S5. In order to understand this phenomenon, further tests have
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Fig. 2. FESEM images: (a) cross-section view of Cuggg electrode, (b) Cu thickness as a function of time (fitting R? is 0.998), (c) and (d) top view of Cuggg electrode.
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Fig. 3. CO2RR tests on Cu GDEs at —1.2 Vyyg: (@) faradaic efficiency distribution and (b) partial current densities. The uncertainties were obtained from at least three
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been performed on Cugg electrode with the flow cell in a galvanostatic
mode. This electrode was chosen due to its good selectivity and stability
with respect to other electrodes. Despite good performance of its
counterparts Cujgoo and Cujagg, we observed that some parts of these
electrodes were peeled off after testing, probably due to their excess
thickness. Since no binder was added into the Cu layer, the fast gas
evolution during the reaction could lead to the detachment of the Cu

powder from the thick electrodes.

Firstly, the performance of Cuggg electrode was investigated across a
wide range of current density (150-900 mA cm™2), as shown in Fig. 4a.
Increasing current density until 450 mA cm~2 enhances the maximum
FEcoms Up to 46 % and a CyHy partial current of 208.7 mA cm 2. The
latter further rises to 216 mA cm ™2 at a geometric current density of 600
mA cm2 It is worth noting that the partial current density for
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Fig. 4. CO, electrolysis on Cuggg electrode at various current densities: (a) Faradaic efficiency distribution and (b) Partial current density of each COoRR product.
(The reported uncertainties were obtained from at least three independent replicate experiments.)

CH3CHOH increases fast with raising the geometric current density
until 750 mA cm™2, reaching a maximum value of 205.4 mA cm™2, A
shift in selectivity from CoH4 to CH3CH2O0H at high current densities has
been reported in the literature [14,20], which is attributed to the
destabilization of CoHy4 formation, favoring CH3CH2OH pathway, at very
high local pH induced by high reaction rates [20]. However, the selec-
tivity of CoH4 and CH3CH2OH is closely correlated since their formation
shares a common reaction intermediate *CH-COH [18]. The highest
current density of 423 mA cm™2 is achieved for the formation of Cy
products at a geometric current density of 750 mA cm ™2, as reported in
Fig. 4b. The partial current density dedicated to other products is almost
stationary with applied current density.

The stability of Cuggy along test time was analyzed in detail at a
geometric current density of 200 mA cm™2. During the measurement,
the product selectivity changes, as shown in Fig. 5. The Cuggy sample
shows an initial FEgy of 10 %, FEqo of 12 %, FEcp4 of 1 %, FEqopg of 41
%, FEHCOO- of 4 %, FECHSCOO» of 2 % and FECHSCHZOH of 21 %. These
results are in agreement with the similar reported work [52]. The CO
selectivity rapidly decreases after 40 min. FEcon4 and FEcuscuzon follow
a similar trend and are stable for almost an hour close to 40 % and 20 %,
respectively. Successively, the losses of FEcons and FEcmscazon are
accompanied by the significant increase of FEcys and FEp», and slight
rise in other liquid products. At the end of the test, all CO2RR products
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have FE values lower the 10 %, while the Hy becomes dominant. This
phenomenon could be related to the electrode failure due to flooding
and salt deposition[53-55]. The same observation was found on samples
with different thicknesses, as shown in Fig. S5 with only gas product
distribution. All electrodes show a similar selectivity switch trend, but at
different test time before electrode failure. The correlation between the
time for selectivity switch and the thickness or loading of the catalyst
could be attributed to different factors such as the amount of oxide
present in the catalyst layer and the salt and water accumulation across
the catalyst layer. Under steady-state (constant current) operation, the
catalyst material and its local environment can change over time,
possibly contributing to the degradation of performance.

We hypothesize that periodically pausing cell operation by switching
to an open circuit could stabilize or restore the electrode properties and
local environment, potentially recovering the electrode performance.
Hence, we conducted extended testing under 200 mA cm ™2 in which the
current was periodically interrupted and restarted. Whenever the FEcana
decreased to 20 %, the electrode was subjected to open circuit for 1 min,
followed by resuming the operation at 200 mA cm 2. As shown in Fig. 6,
this process is effective in recovering the electrode behavior, including
the selectivity and the potential. In each cycle, the FEcons4 and FEcys.
cuzon are regained initially, followed by a gradual decrease along test
time, while the initially restored FEcp4, FEn2, FEgcoo- and FEcuscoo-

(®)  wH, mCOmCH, MC,H, HCOO MCH,COO" MCH,CH,OH

Faradaic Efficiency [%]

[
o
1

13 26

39 56 69 82 95
Time [min]
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Fig. 5. CO2RR on Cugg electrode at 200 mA cm~ 2 (a) product distribution as a function of time and (b) FE details at sampling time. The long-term measurements
were independently conducted multiple times, yielding very similar results. One experiment has been chosen to represent the results. In this scenario, the uncertainty
in the distribution of the FE distribution arises from the combination of instrument calibration error and instrumental parameters.
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Fig. 6. CO,RR on Cugg electrode at pulsed current density 200 mA cm ™% (a) FE distribution during the measurements (the vertical red dot lines indicating the
moments where the cell operation was paused) and (b) all products FE at sampling time. The long-term measurements were independently conducted multiple times,
yielding very similar results. One experiment has been chosen to represent the results. In this scenario, the uncertainty in the distribution of the FE distribution arises
from the combination of instrument calibration error and instrumental parameters.

show an increase trend. A significant selectivity switch can be observed
for FEcops and FEcp4 in each cycle. The exception is FEco, which is
stabilized at around 10 % after the first restart (81 min). The sputtered
Cu GDE shows comparable catalytic performance with respect to the
best reported results in the literature (Table S2).

The performance restoration at each restart could be related to the
recovery of the local environment during the current interruption. When
the electrode is polarized, K' cations become enriched near the elec-
trode due to the electrostatic force, and the higher local concentration of
K" leads to salt deposition on the catalyst layer [56]. Salt deposition can
block active sites and hinder mass diffusion, altering the local environ-
ment and consequently shifting the selectivity toward Hy evolution.
When polarization is interrupted, some of the salt can dissolve as the K™
concentration decreases due to the loss of electrostatic forces. The re-
covery of the local environment could explain the restoration of COoRR
selectivity after restarting. However, it does not fully explain the sig-
nificant selectivity switch between CoH4 and CHy4. In addition, the CO
selectivity is not recovered after the first restart. Hence, it is hypothe-
sized that the interruption-restart process could also recover the mate-
rial properties that influence the selectivity of CO2RR. When the
potential is removed, the catalyst surface likely gets oxidized due to the
alkaline environment [49]. Several studies, especially applying a pulsed
potential, confirm the instantaneous formation of oxide species on the
surface [52,57]. The intermediate oxide species CuyO is very selective
for Cy, products. The oxygen presence could be related to different
species like Cuy0, interstitial and vacancy oxygen [48]. Its presence
could induce tensile strain and a defective rich surface with a high
content of grain boundaries [58]. Also, different intermediate copper
species are possible: CuO, Cu(OH); and Cuy(OH)»CO3 that favor the
dimerization process. The dimerization process is based on the presence
of a small presence of Cu ' grains that favor the process. The catalyst
transition to its reduced state Cu(0) reduces the active sites for dimer-
ization, favoring the CH4 production, and a further reduction extin-
guishes the selectivity towards COoRR products [58]. Additionally, the
material properties responsible for the dimerization differ from those for
the CO production [52]. The restart procedure cannot reconstruct the
original oxide on the catalyst surface [29], thus probably strictly related
to CO production losses. To explore this hypothesis Cuggy was prepared
with the same procedure and stored in a glove box, and the exposure to
atmosphere was less than 30 min before test. As shown in Fig. S7, the
FEco on this sample is as low as 10 % at the beginning. Hence, it is likely
that the interruption and restart process cannot recover all (sub)surface
oxides that are related to the initially high CO production.

It has been postulated that the oxidation state of copper plays an

important role in its electrocatalytic selectivity, with some showing
correlations between Cu (I/1I) oxides and increased selectivity for 76 %
for Co; products [29]. It has also been suggested that periodically
altering the electrode potential (e.g. by pulsing) is a route towards sta-
bilizing oxidized forms of copper and preventing its full reduction,
thereby increasing selectivity towards Cy; products [57]. In this study,
our strategy of periodically resting at open circuit exposes the Cu cata-
lysts to an oxidizing combination of potential and local pH, so we hy-
pothesized that electrode re-oxidation may be important to the trends in
selectivity and stability we observed. To determine the catalyst oxida-
tion state as a function of operation condition, we employed operando
XAS at the Cu K-edge. Using a modified GDE flow cell with an X-ray
transparent window added at the cathode flow field (see SI for details),
we examined Cuggg electrodes under CO; reduction conditions at 200
mA cm ™2, both with and without application of the periodic rest periods.
Under each condition, spectra were repeatedly acquired over time, and
the trends are shown in Fig. 7 (additional data in Fig. S8). Under the
initially dry condition, the spectrum suggests mixed oxide-metallic
phases, due to natural oxidation of the Cu surface in air. When
immersed in the electrolyte at open circuit before starting CO2RR, the
spectrum shows a significant increase in the Cu-O fraction, indicating
rapid oxidation of the Cu electrode upon contact with the electrolyte.
Upon starting CO2RR, in every case the spectra gradually transform to
resemble predominantly metallic Cu, a result of the strong reducing
applied potentials. However, by looking at the Fourier-transformed
extended X-ray absorption fine structure (FT-EXAFS, Fig. 7a) analysis,
differences appear between the pulsed and non-pulsed experiments. In
the latter case, the FT-EXAFS is dominated by a sharp peak at radial
distance typical for Cu—Cu bonding in metal, whereas in the pulsed
experiment this is accompanied by a small peak at shorter distance
typical of Cu-O bonding in oxides. Linear combination fitting of the
near-edge spectra with respect to standards of different Cu oxidation
states further showed that periodically pausing the CO2RR led to more
persistent Cu (II) species, in correlation with more stable CoHy selec-
tivity and Hy suppression (Fig. 7c). The differences in the performance
(compared to above) could be attributable to the different cell geometry
for this custom operando cell, but in general the results provide evidence
of correlation between selectivity, stability, and the increased persis-
tence of oxidized Cu. Since in this case XAS is a bulk-sensitive technique,
the results cannot be used to precisely quantify the surface species and
discern the exact catalytic active sites, but the general observation that
Cu-O bonding persists when using the pulsing approach suggests that it
may indeed be acting to re-generate and/or stabilize oxidized copper
motifs at the electrocatalytic interface. It is reported in the literature that
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the synergism of Cu metal/oxidized Cu pairs enhance the CO3RR ac-
tivity. Cu metal activates COy and facilitates the following electron
transfers, while the oxidized Cu strengthens *CO adsorption to further
boost C-C coupling [59-61]. The density functional theory modelling
[62,63] and recent experimental infrared spectroscopy and in situ XAS
data [64] also suggested that the asymmetry between CO adsorption
energies on metallic and oxidized copper sites facilitates CO dimeriza-
tion and is essential for C; product formation. Based on our experimental
observations and supporting literature, it is reasonable to conclude that
the stable CoHy products are correlated with the persistence of Cu cat-
ions under pulsing operation.
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3.4. Effects of electrolyte composition on CO2RR performance

Further investigations have been conducted to explore the effects of
pH and K" concentrations on catalyst performance of Cuggg. A solution
of 0.5 M KOH+0.025 M K3SO4 was studied to compare with 0.5 M KOH
one. In this case, the pH value is similar for the two solutions, but the
concentration of K" varies. In 0.5 M KOH (Fig. 8a), the electrode
maintains a constant selectivity of 36 % towards CoH4 and is stable for
over 150 min. When the electrolyte composition is 0.5 M KOH+0.025 M
K2SO04 (Fig. 8b), the selectivity towards FEcop4 reaches 42 % and is also
stable for 150 min. The selectivity for other products remains stable in
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Fig. 8. CO2RR on Cuggp a 200 mA em ™2 tested in various electrolytes: (a) 0.5 M KOH, (b) 0.5 M KOH + 0.25 M K,SOy4, (c) 2 M KOH, (d) 3 M KOH.
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both electrolytes. This outcome suggests that a higher K™ concentration
can slightly enhance the CyHy4 selectivity, but it has no benefits on the
stability. In 0.5 M KOH+0.025 M K2SO4 electrolyte, the selectivity is
perfectly in line with those obtained in 1 M KOH (Fig. 5a). However, the
former condition shows a significant enhancement in the stability.
Hence, the pH seems to be a key factor that influences the stability. To
better illustrate this correlation, the Cu electrode was further test in 1 M
KHCOgs electrolyte. As shown in Fig. S9, the stability for CoH4 formation
is significantly enhanced to more than 300 min. These results highlight
that the stability is critically dependent on the pH, but less related to the
concentration of K in the electrolyte in the investigated pH and [K']
ranges. Instead, a higher K can increase the CyHy selectivity, rein-
forcing the active role of K in the dimerization process.

With increasing the KOH molarity to 2 M, the initial selectivity in-
creases up to 44 % (Fig. 8c), which is further enhanced to 47 % in 3 M
KOH (Fig. 8d). The small enhancement in FEcap4 could be due to the
higher K™ concentration [65], but probably also to the significantly
lower H™ availability [2,66]. In both 2 M and 3 M KOH, the stability is
rapidly lost. It is further suggested that the stability is mainly ruled by
the electrolyte pH, in agreement with the literature [67]. A possible
explanation of the reduction of stability at higher pH could be attributed
to the faster loss of Cu oxide species due to the instability of the catalyst
at these conditions, as evidenced in the Pourbaix diagram [68]. This
could be a further evidence of the key role of the oxide species effect on
the dimerization process. The low stability at high bulk pH could also be
related to the faster salt deposition due to the chemical interaction be-
tween CO3 and OH™ at electrode/electrolyte interface. However, this is
not considered severe, as we did not observe significant CO; loss using a
mass flow meter measuring the gas flow at the outlet of the cathodic side
during the test, nor visible salt precipitation on the post-mortem sam-
ples. Hence, the rapid failure of the electrodes at very high pH is likely
due to the instability of the materials.

4. Conclusion

In this work, we reported simply prepared Cu-based GDEs for CoHy
production by electrochemically reducing CO,. Different factors,
including catalyst thickness, test protocol, and electrolyte can signifi-
cantly affect the performance of the GDEs. A thicker Cu layer leads to
enhanced selectivity toward CoHy4 and CH3CH2OH products. On the
optimal GDE, a maximum FEcoy4 up to 46 % and a CyHy partial current
0f 216 mA cm ™2 are achieved. The FEc; is enhanced to a maximum of 70
% with a partial current density of 433 mA cm 2. Despite these prom-
ising behaviors, the Cu GDEs degrade fast during the test, observing
firstly a selectivity switch where FEcon4 and FEcpscyooy decreases while
FEcu4 and FEp increases, followed by electrode failure. A test protocol
with current interruption followed by a restart can effectively recover
the CoH4 and CH3CH20OH selectivity and prolong the operation time.
Operando X-ray absorption spectroscopy study reveals that this protocol
can retain a small fraction of oxidized Cu species in the Cu GDEs for a
long time, which is probably responsible for the more stable production
of Cy products. The effects of cation concentration and pH of the elec-
trolyte were also studied. The K" concentration slightly influences the
CoH4 selectivity, but it does not seem to affect the stability in the
investigated range. In contrast, the pH shows drastic effect on the sta-
bility, particularly at high pH values, likely due to the instability of Cu
GDE in such alkaline solutions. This work provides comprehensive in-
sights into the stability challenges of Cu GDEs for CO2RR, offering
guidance for future efforts to enhance the lifespan of Cu GDEs for Cy
production.
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