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ABSTRACT: Revealing the active nature of oxide-derived copper
is of key importance to understand its remarkable catalytic
performance during the cathodic CO, reduction reaction
(CO,RR) to produce valuable hydrocarbons. Using advanced
spectroscopy, electron microscopy, and electrochemically active
surface area characterization techniques, the electronic structure
and the changes in the morphology/roughness of thermally
oxidized copper thin films were revealed during CO,RR. For this
purpose, we developed an in situ cell for X-ray spectroscopy that
could be operated accurately in the presence of gases or liquids to
clarify the role of the initial thermal oxide phase and its active
phase during the electrocatalytic reduction of CO,. It was found
that the Cu(I) species formed during the thermal treatment are
readily reduced to Cu’ during the CO,RR, whereas Cu(II) species are hardly reduced. In addition, Cu(Il) oxide electrode
dissolution was found to yield a porous/void structure, where the lack of electrical connection between isolated islands prohibits the
CO,RR. Therefore, the active/stable phase for CO,RR is metallic copper, independent of its initial phase, with a significant change
in its morphology upon its reduction yielding the formation of a rougher surface with a higher number of underco-ordinated sites.
Thus, the initial thermal oxidation of copper in air controls the reaction activity/selectivity because of the changes induced in the
electrode surface morphology/roughness and the presence of more undercoordinated sites during the CO,RR.

CO,RR on copper thermal oxides

KEYWORDS: cathodic CO, reduction reaction, oxide derived copper, electrocatalysis, morphology/roughness changes, SEM, ECSA,
operando X-ray spectroscopy

B INTRODUCTION

Copper is the element of choice for gas-phase thermochemical
reduction of CO, to methanol and CO, where the active phase
is largely accepted to be copper metal modified by traces of
oxygen. It should be noted that the exact composition of the
active phase,' within a matrix of the copper metal, depends on
the prehistory of the catalyst and shows considerable spread

dominated by complex proton-coupled electron transfer
steps'” suffering from high overpotential,'® low selectivity,"*
and deactivation over time."> This fact has triggered interest in
finding more efficient/stable copper-based electrocatalysts.”"®
Particularly, the so-called oxide-derived copper (OD-Cu) has

aroused high interest because of its improved performance in

and uncertainty about the nature of the active center.” In the
case of copper metal as a gas-phase selective oxidation catalyst,
it was found that the active phase is neither pure oxide nor
pure metal”® but a transient phase with overall metallic
properties. While active in methanol formation, such a catalyst
does not efficiently catalyze C—C bond formation in the gas
phase. Under electrochemical conditions, however, copper has
the unique ability to produce C—C bonds during the
electroreduction of CO,. This uncommon attribute of copper
during the electrocatalytic reduction of CO, has attracted the
interest of many research groups’~’ to produce hydrocarbons
and alcohols as was pioneered by Hori and coworkers.”™"
Unfortunately, the selective reduction of CO, into fuels is
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terms of CO, reduction reaction (CO,RR) Faradaic efficiency
(FE) and a lower overpotential when compared to other
copper-based electrocatalysts.">'” However, the role of the
initial Cu-oxidation state, morphology/roughness changes, and
how it influences the activity/selectivity of OD-Cu toward the
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electrode reduction of CO, to valuable hydrocarbons are not
completely understood."®

The exceptional electrocatalytic properties shown by OD-Cu
are ascribed in the literature to both the electronic structure of
copper and its morphology.'*~>* This work aims to elucidate
the OD-Cu active copper phase during the CO,RR. In
addition, will clarify the role of changes in the morphology and
roughness changes, and shows how these parameters influence
the activity/selectivity/stability of the electrocatalyst during
the electroreduction of CO,. First, the oxidation state of
copper during the reaction is clarified by using a set of three
different starting situations of OD-Cu in an effort to separate
morphological and electronic structure variations. In order to
shed light on these issues, we made use of a custom-developed
versatile microreactor that allows the investigation of copper
catalysts in the presence of gases as well as liquids, to avoid
artifacts that may be associated with ex situ analysis.”* The
bulk electronic structure of the samples was investigated using
in situ X-ray spectroscopy. Such in situ measurements are
technically challenging (especially with soft X-rays in the
presence of gases or liquids), requiring the use of approaches
based on a very thin membrane window (transparent to the X-
rays), which separates the vacuum (where the incoming X-rays
and detectors are located) from the liquid/gas phase to allow
operation under relevant experimental conditions. This
approach enables the monitoring of the electronic structure
variations of the electrode (i.e, copper oxide phase) in the
presence of gases at different temperatures (OD-copper
preparation), as well as during the electrochemical reaction
(cathodic CO, reduction). These results were complemented
with ex situ scanning electron microscopy (SEM) images
collected to provide accurate descriptions of the electrode
morphology calcined at different temperatures, before and after
the electroreduction of CO,. In addition, the SEM character-
ization was complemented with electrochemically active
surface area (ECSA) characterization in order to ascribe the
morphology changes to variations in the roughness factor. The
roughness factor is normalized by an electropolished Cu foil
used as reference.”

It was found that higher oxidation states, yielding Cu(II)
oxides, induce the formation of a nonreducible and inactive
thin film under at neutral pH in a CO,-saturated KHCO;
solution because of the formation of carbonate complexes,” in
good agreement with the previous results published by our
group for electrochemically prepared copper electrodes.”®
Forcing the electric current to flow through the electrode
results in Cu(Il) dissolution/detachment. We suggest that if
bulkier electrodes (i.e., copper foil or a single crystal) are used,
the dissolution/detachment of Cu(Il) oxide leaves a rougher
metallic copper surface. In contrast, Cu(I) oxide does readily
undergo reduction, independently of the initial Cu(I)
proportion in the electrode, indicating that the CO,RR takes
place on a closed shell Cu’ ([Ar] 3d'°4s’ configuration)
ascribed to metallic copper. Thus, Cu(I) oxide is not stable
during CO,RR, though possibly stabilized by kinetics.
Furthermore, the loss of oxygen in the copper oxide lattice
prompts the electrode reconstruction, which roughens the
surface and, as a side effect, increases the number of
undercoordinated copper centers, which control the activity
and selectivity of OD-Cu during the CO,RR.

B EXPERIMENTAL SECTION

In situ Flow Cell for X-ray Absorption Spectroscopy
in FY Mode. The in situ microreactor is operated in the main
chamber of the ISISS beamline in BESSY II (Berlin, Germany)
with a background pressure of ~10~7 mbar. Meanwhile, gases
or aqueous electrolyte is circulated on the back side of a Si;N,
membrane, where the physical vapor deposited (PVD) copper
thin film electrode is placed. The effective area of the electrode
is ~0.4 cm?, which is determined by the diameter of the O-ring
(0.7 cm) used for sealing the cell. The measurements were
recorded at cf. 1.4 to avoid the overlapping contribution of the
second-order Si K-edge (from the Si;N, membrane) on the
plateau before the pre-edge of the Cu L, ; edges. Note that no
beam effects were observed during consecutive scans of the Cu
L,;-edge region, ruling out detectable beam-damage in the
copper electrodes. The Si;N, membranes are sourced from the
company Norcada (Edmonton, Canada). On the SizN,
membrane, a 3 nm thin Cr adhesion layer was deposited by
PVD. After that, 50 nm of Cu was deposited onto Cr by PVD
to yield a 100 nm Si;N,, 3 nm Cr, and 50 nm Cu arrangement.
We obtained a homogeneous, polycrystalline Cu thin film
using this procedure. When mounted onto the flow cell, the
SisN, membrane coated with PVD copper can be used as the
working electrode and the X-ray window at the same time. The
window separates the liquid and gas from the vacuum, where a
photodiode detector is placed (AXUV100 Opto Diode Corp.).
The X-ray transmission through the Si;N, membrane is
estimated to be approximately equal to 90% of the incoming X-
ray intensity at the Cu L, ;-edge excitation energies. The main
body of the cell is made of polyether ether ketone (PEEK),
which is an electrical insulator and is chemically inert to most
of the aqueous electrolytes. The counter electrode is a Pt wire
and the reference electrode is a Ag/AgCl FLEXREF, sourced
from WPI (Florida, USA).

Electrolyte. The electrolyte is 100 mM KHCOj;, which is
prepared by diluting 10 g of KHCO; (Roth, 99%) in 1 L of
Milli-Q water (18.2 MQ) at room temperature (RT). It is
saturated with ultrapure grade CO, by bubbling the electrolyte
continuously.

Potenstiostats. Potentiometric control during the in situ
X-ray absorption spectra—total fluorescence yield (XAS—TFY)
characterization is guaranteed using a Biologic SP-300
(Seyssinet-Pariset, France) potentiostat, allowing for different
electrochemical characterization modes such as cyclic
voltammetry (CV), linear sweep voltammetry (LSV), and
chronoamperometry. The applied potential was controlled
with an Autolab PGSTAT 204 potentiostat (Utrecht, Nether-
lands) during the online gas chromatography (GC) reaction
product analysis.

Copper Reference Samples. Copper foil was supplied by
Nicalco Corporation (99.96% purity) and prepared by several
cycles of Ar” sputtering and annealing in 0.5 mbar of H, at 400
°C. The copper oxides, Cu,O 99.9% and CuO 99.7% (metal
basis powders), were sourced from Alfa Aesar and introduced
into the ultrahigh vacuum (UHV) chamber immediately after
unsealing the containers.

SEM Characterization. The morphology characterization
was carried out on a SEM HITACHI S-4800. For this purpose,
a secondary electron detector was used, applying an
accelerating voltage of 1 kV, an emission current of 10 uA,
and a 3 mm working distance.
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CO, Electroreduction Measurements. CO, electro-
reduction measurements were carried out using a gas-tight
glass H-cell separated by an anion exchange membrane
(Selemion AMV, AGC Inc.). Both the working electrode and
counter electrode compartments were filled with 40 mL 100
mM KHCO; (Honeywell, 99.95%) and purged continuously
with CO, (99.995%, 20 mL min™). A KHCOj, solution was
prepared with ultrapure water and further prepurified with
Chelex 100 resin (Bio-Rad, 100—200 mesh). Prior to the
measurement, the electrolyte was bubbled with CO, for 30
min to remove oxygen and saturate the solution. A platinum
gauze (MaTecK, 3600 mesh cm™) was used as the counter
electrode and a leak-free Ag/AgCl electrode (3.4 M KCI,
Innovative Instruments, Inc.) as the reference electrode. The
PVD Cu thin films were deposited on a glass slide, following
the procedure describe above for the electrodes prepared on
the Si;N, membrane. They were successively oxidized in air at
three different temperatures (25, 150, and 300 °C). The PVD
copper oxide electrodes were used as the working electrode
and were contacted with a clamp wrapped by Kapton tape to
avoid unwanted reactions. The potentials were controlled with
an Autolab potentiostat (PGSTAT 204). The gas products
were analyzed using an online gas chromatograph (Agilent
7890B) every 20 min. H, and hydrocarbons were separated by
different columns (Molecular Sieve 13X, HayeSep Q, and
Carboxen-1010 PLOT) and quantified using a thermal
conductivity detector and a flame ionization detector. The
formic acid concentration was analyzed using a high-perform-
ance liquid chromatograph (Shimadzu Prominence) equipped
with a NUCLEOGEL SUGAR 810 column and a refractive
index detector. Ethanol concentrations were analyzed using a
liquid gas chromatograph (Shimadzu 2010 Plus), equipped
with a fused silica capillary column and a FID. FE calculations
can be found in the Supporting Information.

Electrochemical Roughness Factor Measurement.
Roughness factors were obtained to determine the ECSA of
the electrodes by measuring the double-layer capacitance in a
CO,-saturated 100 mM KHCO; solution, after the thermal
oxidation at three different temperatures and after 1 h of CO,
electroreduction reaction at —1.8 V vs Ag/AgCl. The
roughness factor of an electropolished Cu foil is used as
reference and is defined as 1 (ECSA normalized by an
electropolished Cu foil?).

B RESULTS AND DISCUSSION

Figure 1A shows the in situ microreactor used in this
investigation. This cell is composed of a PEEK body (white),
a metal block that is heated with an infra-red laser (light blue),
a reference electrode (Ag/AgCl), a counter electrode (Pt), and
a 50 nm thick PVD copper thin film deposited onto a 100 nm
thick Si;N, window (transparent to the incoming X-rays and
outgoing photons), which is used as the working electrode
(electrode preparation details can be found in the Exper-
imental Section). This approach allows for the investigation of
the electronic structure of copper by recording the XAS in TFY
mode, or partial fluorescence yield if the photodiode is
replaced by a silicon drift detector. In this way, the Cu L,;
edges were collected during reaction conditions probing the
transition of an electron from the occupied Cu 2p orbital to
the unoccupied Cu 3d or/and Cu 4sp orbitals. These orbitals
are hybridized with the oxygen 2p in the case of copper
oxides,”” revealing valuable chemical information on the
oxidation state. In this way, the variations in the electronic
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Figure 1. (A) Schematic drawing of the in situ cell, which allows for
the thermal oxidation of the copper electrode in the presence of gases,
using an IR-laser heater, or as the electrochemical cell when the gas is
exchanged by a liquid electrolyte. The electrochemical cell contains a
PVD Cu working electrode (deposited on the Si;N, membrane), a Pt
wire counter electrode, and an Ag/AgCl reference electrode. The
detection method for X-ray absorption spectroscopy is also shown
schematically in the membrane zoom: PIPO measurements in TFY.
(B) Cu L, absorption edge measured in the XAS—TFY mode of the in
situ oxidized 50 nm thick PVD copper at three different temperatures
in air and the linear combination of relevant copper reference samples
that resemble the collected spectra. Furthermore, the estimated
percentage of each component is shown on the right side.

structure of the Cu PVD thin film, induced by heating (in the
presence of gases) and by the applied potential (in the
presence of electrolytes), were recorded using photon-in/
photon-out (PIPO) techniques”®*’ as shown schematically in
Figure 1A. This setup allows us to perform thermal treatment
in a controlled gas atmosphere (up to 1 bar partial pressure) as
well as electrochemical characterization, all with the same
sample, by changing the environment from a gas to a liquid
electrolyte in the flow cell. This liquid/gas switchable
microreactor is a combination of the gas and electrochemical
cells described elsewhere’® ™ and it was specifically
redesigned for the experiments reported here. Note that this
cell is a “micro-lab”, allowing not only in situ sample
characterization, but also in situ sample preparation. This
makes it possible to investigate the specimen from its
fabrication until its use as a catalyst under reaction conditions.
Several tests were accomplished to prove the operation/
effectiveness of this setup by comparing its performance with a
standard electrochemical laboratory cell. Figure S1 shows the
comparison of the cyclic voltammograms (CVs) obtained with
the in situ cell and in a standard electrochemical cell indicating
that the electrochemical performance (apart from the absolute
current) is the same in both systems. These results prove that
there are no charge transport limitations in the in situ cell. Its
correct performance indicates that the in situ electrochemical
cell is reliable for the investigation of the CO,RR at the same
time that the electronic structure is revealed by simultaneously
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collecting XAS spectra in TFY mode. Note that during the
experiments, the correct electrochemical performance of the in
situ experiments was assured by simultaneous LSV character-
ization.

By means of a controlled temperature-programmed
oxidation experiment in combination with in situ monitoring
of the electronic structure of the Cu PVD thin films by means
of X-ray absorption spectroscopy (at the Cu L, ;-edges), it was
possible to accurately control and tailor the oxidation state of
the formed copper oxide thin film depending on the heating
temperature. In this work, the electrodes were oxidized in air in
order to get the same conditions described by Li and Kanan in
the original work on OD-Cu."® For this purpose, we first filled
the cell with air to oxidize the Cu PVD layer (S0 nm thick) at
three different temperatures (as shown in Figure 1B): RT (25
°C), 150, and 300 °C. We use linear combination fitting
(LCF) to determine the percentage contribution of each
copper oxide species to the overall collected spectrum, as this
analysis method is well accepted.”®” This method was
selected because it discerns better, in a mixture matrix
composed of different oxides, than, for example, different
normalized X-ray absorption analyses. Using the LCF scheme,
we determined that the different thermal treatments yielded a
mixed oxide dominated by metallic copper and 15% Cu(I)
oxide at RT (25 °C), a mix of 70% Cu(I) oxide and 30%
metallic copper at 150 °C, and pure Cu(II) oxide at 300 °C, as
shown in Figure 1B left. Note that the percentage of each
oxide, contributing to the XAS Cu L,; spectrum in the thin
film, was estimated using the reference spectra detailed in the
Experimental Section, which are selected as principal
components in the LCF method yielding an accurate
description of the different phase percentage contained in
each thermally prepared copper oxide sample.

To establish the activity and selectivity of the different
thermally oxidized copper electrodes under high performance
conditions, we prepared PVD Cu thin films on glass support
slides under the same conditions as those used for the
preparation of the working electrode on the Si;N, window, and
3 nm Cr (adhesion layer) and SO nm of Cu were deposited by
PVD. Subsequently, the electrodes were thermally treated at
different temperatures in air (25, 150, and 300 °C) and used as
working electrodes for the CO,RR. The resistance of the film
oxidized at RT and 150 °C is in the range of ohms, meanwhile
the film oxidized at 300 °C showed resistance on the order of
kilo ohms, where conductivity measurements confirm the
Ohmic contact with the current collector. The catalytic activity
of these electrodes was investigated using the methodology
described in the Experimental Section.*® Figure 2A shows the
FE (see the Supporting Information for calculation details) for
the different PVD copper thin films oxidized at 25 °C (not
calcined), 150, and 300 °C in air. The electrodes oxidized at
RT (with a geometric current density of 13.7 mA/cm?) and
150 °C (with a geometric current density of 13.9 mA/cm?)
display a similar performance, with slightly higher selectivity to
hydrocarbons, alcohols, and formic acid formation for the
electrode oxidized at 150 °C. In contrast, the Cu thin film
oxidized at 300 °C is characterized by a quick drop in the
initial current upon cathodic polarization to a nondetectable
catalytic activity, showing a low current density (40 uA/cm?®)
under steady state current conditions. This result indicates that
Cu(II) oxide shows an electrical contact loss, which can be due
to an oxide breakdown because of the loss of dielectric
isolation inducing the flow of a large current and electrode
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Figure 2. (A) FE at —1.8 V vs Ag/AgCl collected on the thermally
oxidized PVD Cu films (50 nm) in CO,-saturated 100 mM KHCO,
electrolyte. SEM images of the different PVD electrodes oxidized at
different temperatures in air before (1) and after (2) the CO,RR [(B)
25, (C) 150 and (D) 300 °C], on glass plates.

dissolution or due to erosion induced by the phase changes.
Determining the exact reason for the Cu(II) electrode
dissolution is in fact beyond the scope of this study and
remains an open question for further investigations. Anyhow,
the dissolution process observed is different than the chemical
dissolution observed during anodic polarization of copper
electrodes.” In addition to the activity/selectivity tests,
changes in the electrode morphology and surface roughness
induced by the thermal oxidation in air and CO,RR were
investigated by means of ex situ SEM analysis and ECSA
measurements. Figure 2B1—D1 shows the electrode morphol-
ogy after the thermal treatment at different temperatures used
to prepare the different electrodes of this investigation. These
images indicate that the morphology of the electrode is
strongly modified by oxidation in air at different temperatures.
The electrode texture shows a uniform surface composed of
coarse grains of different sizes depending on the temperature/
oxidation state. The uncalcined electrode (25 °C) is flatter
than the electrode oxidized at 150 °C, Cu(I) oxide. The
sample oxidized at 300 °C (Cu(Il) oxide) presents coarser
grains, which have an even higher roughness amplitude than
the 150 °C sample. Therefore, the reconstruction of the copper
electrodes is ruled by the incorporation of oxygen in the
copper lattice as well as by the oxidation temperature
indicating that the morpholog;r changes are dominated by
oxidation/reduction processes.”’ The changes induced in the
morphology of the electrodes after the electrocatalytic
reduction of CO, were also investigated. Figure 2B2,C2
shows that the electrodes oxidized at 25 and 150 °C undergo
roughness changes during the reaction. These changes in the
morphology were also recently observed under reaction
conditions in situ using an electrochemical scanning electron
microscope with electrodeposited copper oxide electrodes
indicating a reconstruction in the electrode because of the
oxygen loss during the CO,RR.** However, Figure 2D2 shows
that the electrode oxidized at 300 °C (Cu(Il) oxide)
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Figure 3. ECSA analysis of the PVD copper electrodes prepared at different temperatures before and after the reaction (—1.8 V vs Ag/AgCl in
CO,-saturated 100 mM KHCO; electrolyte after 1 h of continuous CO,RR).

underwent partial dissolution because of the electrical current
flowing along a narrow path and Joule heating inducing
cathodic breakdown, or as a consequence of the erosion
induced during the copper oxide phase changes yielding a
spongy porous morphology composed of electrically isolated
patches/islands (see also Figure S2). A magnification of these
electrodes before and after the CO,RR is shown in Figure S3
in the Supporting Information. The dominant character of the
cathodic breakdown/erosion/detachment versus the dissolu-
tion is supported by the fact that the decay in the current
occurs suddenly, whereas in dissolution processes, the current
decays asymptotically. Cathodic breakdown generates con-
ductive spots from the dissolution of the nonconductive
Cu(Il) oxide and results in a sudden change in electrical
conductivity allowing a large current to flow through the
electrode. As a result of the breakdown/erosion/dissolution
effects, patches of electrically not-connected copper islands are
formed as shown in Figure S2. Note that in other
investigations in the literature, copper foils or single crystals
(bulky electrodes) were used for the formation of OD-
copper””® rather than the thin films employed in this
investigation. For such samples, it is likely that the dissolution
of Cu(II) species exposes rough metallic Cu underneath the
Cu(Il) oxide/copper carbonate layer, which would signifi-
cantly increase the active area and performance in the reaction.

From the SEM measurements, it appears to be necessary to
quantify the variations in the surface roughness induced by the
oxidation/redox processes. At this point, it is important to
remark that techniques such as the Brunauer—Emmett—Teller
(BET) technique are not suitable to evaluate the active surface
area of the PVD thin film electrodes because their small area is
below the detection limit. Therefore, the SEM characterization
results are complemented by the ECSA, which is a technique
more suitable for the characterization of these electrodes
compared to BET. The ECSA analysis is shown in Figure 3
and in Table S1. The roughness factor, calculated from the
ECSA characterization, of the PVD copper as deposited (at
RT) is similar to the reference electropolished copper foil
(roughness factor defined as 1). Meanwhile, the roughness
factor increases to 2.83 when the PVD Cu electrode is oxidized
at 150 °C in air. Thus, the ECSAjyoc/ECSA,;o( ratio increases
up to a value of 2.7 units upon thermal oxidation, in line with
the SEM characterization. More interestingly, the ECSA
analysis was performed with these samples after the CO,RR,
where the roughness factors of the PVD copper at RT and
oxidized at 150 °C in air increased to 3.63 and 3.18,
respectively. Note that the copper oxide produced at 300 °C
cannot be investigated using ECSA characterization because of

the low conductivity of the Cu(II) oxide-like electrode. The
ECSA(o rr/ECSA, 5 ratio increased to 3.5 and ECSAco gr/

ECSA5poc to 1.1, indicating a strong enhancement in the
ECSA (rougher surface) for the case of native Cu(I) oxide at
RT. These results indicate that the loss of oxygen during the
CO,RR dominates the morphology/roughness change more
than the thermal oxidation of the electrode at higher
temperature. An analysis of the reduction products shows
interesting aspects that concern the overall roughness factor
and current for both electrodes, yielding an enhanced
hydrogen evolution reaction (HER) in the case of the native
Cu(I) oxide because of an increased number of low-
coordinated Cu sites. In fact, after 1 h of reaction, small
particles are formed in the thin PVD copper film yielding the
formation of low coordinated sites on the rougher surface
dominating the HER.* Thus, the rougher surface enables the
HER to proceed at lower overpotentials with similar current
densities with respect to the sample oxidized at 150 °C in air.

After the copper electrodes are thermally oxidized, at
different temperatures in air, the in situ cell is filled with 100
mM KHCO; electrolyte saturated in CO,, allowing the
investigation of the electronic structure during the CO,RR.
By doing this, the changes in the electronic structure that each
thermally oxidized Cu electrode undergoes in the presence of
the electrolyte and under applied potential are investigated by
in situ X-ray absorption spectroscopy recording the Cu L, -
edge spectra. The estimated amount of each copper oxide
component contributing to the spectra was calculated using a
LCF analysis (see Figure 4A). The variations in the electronic
structure induced in the three electrodes by the applied
potential are shown in Figure 4B, meanwhile Figure 4C shows
the LSV recorded during the acquisition of the Cu L,;-edge
spectra. Note that the simultaneously collected LSV validates
the correct electrochemical performance during the in situ XAS
characterization. Figure 4B1,C1 shows the Cu L, ;-edge spectra
of the copper electrode oxidized at RT at different potentials as
well as the LSV. The sample undergoes a reduction from a
mixed Cu(I)/Cu’ oxide to Cu’, as shown in the LCF in Figure
4A1, which can be seen by comparing the red [at open circuit
voltage (OCV)] and blue (CO,RR) Cu L, ;-edge spectra. The
same behavior is observed for the copper electrode oxidized at
150 °C that undergoes a reduction as shown in Figure 4B2.
Note that the reduction wave (around —1.0 V vs Ag/AgCl)
shown in Figure 4C2 is more pronounced in the electrode
oxidized at 150 °C than in the sample oxidized at RT (Figure
4C1). This behavior is a consequence of the higher percentage
of copper oxide present in the sample oxidized at 150 °C. The
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Figure 4. (A) Estimated percentage of each copper oxide component
for the different electrodes depending on the applied potential. (B) In
situ Cu L,; absorption edges of the thermally prepared Cu films,
collected in TFY mode at various applied potentials. (C) LSV of each
sample in 100 mM KHCO; (saturated in CO,) with Pt and Ag/AgCl
as counter and reference electrodes, respectively.

electrode prepared at 150 °C undergoes full reduction (within
the detection limit) to metallic copper under CO,RR
conditions as shown in the LCF in Figure 4A2. Meanwhile,
the electrode oxidized at 300 °C, consisting of Cu(1l) oxide,
cannot be easily reduced (see Figure 4A3—C3) and shows a
low current because of its insulating character as shown in the
LSV in Figure 4C3. This finding is in good agreement with the
catalytic activity measurements shown in Figure 2A and
corroborates our previous results*® for copper oxides prepared
by electrode anodization, where the formed copper carbonates
that acted as an insulating layer in Cu(II)-like electrodes are
inactive for the electroreduction of CO,. The formation of
copper carbonates in the sample oxidized at 300 °C in the
presence of KHCO; is corroborated by its comparison with
copper carbonate and cupric oxide fingerprint reference
samples. The carbonate species show a shift in the main
peak to lower excitation energies as shown in Figure S4. If
there is a sufficiently conductive subsurface matrix supporting
the Cu(II) layer, or if Cu(Il) is not too thick or if it does not
completely cover the surface, Cu(Il) is rereduced as shown in
Figure SS. Under these conditions, the in situ collected spectra
of a mix Cu(I)/Cu(II) show a first reduction wave ascribed to
the reduction from Cu(I) to Cu® resulting in a Cu(II)/Cu®
mix-oxide matrix, where the Cu(II) species are associated with
the copper carbonate species. At higher cathodic polarization,
there is a second reduction wave ascribed to the dissolution/
reduction of CuCO; to Cu’ with no evidence of remaining
oxide phase under CO,RR conditions. Comparing the LSV of
the sample oxidized at RT also shows a second oxidation wave,
which is related to the existence of native copper carbonate
and/or copper silicates that are reduced/removed at high
cathodic polarizations.

The in situ Cu L,; XAS, in combination with SEM and
ECSA characterization, clearly indicate that the catalytic
activity/selectivity of copper is mainly determined by the
surface morphology/roughness because the thin Cu films were
found to become reduced under CO,RR irrespective of the
temperature pretreatment if only Cu(I) oxide is present.
Oxidizing the electrode in air at elevated temperature
(inserting more oxygen into the copper lattice) results in the
formation of a rougher copper oxide surface compared to the
as-prepared PVD thin film. This thermal treatment enhances
the surface to volume ratio allowing, in principle, more Cu
atoms to participate in the reaction. Rougher surfaces have an
enhanced number of active sites per mass or geometrical
surface area compared to flatter ones. According to our results,
the electroreduction of the copper oxide electrode has the
same effect on the electrode morphology as thermal oxidation,
increasing the electrode surface roughness due to oxygen loss
in the copper oxide lattice. Therefore, oxidizing the copper
electrode thermally is not a manageable procedure for
controlling the electrode surface morphology. This result
indicates that oxidizing and/or reducing the electrode modifies
the number of active centers accesible for the CO, molecules
present in the electrolyte. Figure S shows schematically the

25°C 150°C 300°C

Oxidation Oxidation §
in air in air

CO,RR CO,RR
100 mM KHCO; 100 mM KHCO,

- - =

Ecu M Cu+ M Cu+
Figure 5. Scheme of the variations in the structure and oxidation state
of the copper electrodes following thermal treatment and the CO,RR.

modifications that the electrodes undergo as a consequence of
the thermal treatment in air and because of the electro-
reduction of CO, into valuable hydrocarbons and alcohols. For
the PVD electrode as prepared and oxidized at RT, the surface
is composed mostly of Cu(I) oxide (red), meanwhile the bulk
is essentially metallic (blue). Once the electrode is heated to
150 °C in air, most of the electrode becomes oxidized to Cu(I)
oxide (red) with significant changes in its morphology and
enhanced surface roughness. Increasing the temperature to 300
°C in air yields the formation of Cu(Il) oxide (gray) and the
highest roughness amplitude for the thermal-treated copper
electrode. During the CO,RR, the electrodes oxidized in air at
25 °C (not calcined) and 150 °C undergo reduction to Cu’
(blue), where the surface morphology/roughness is similar for
both samples, explaining the comparable electrocatalytic
performance observed. Therefore, the electrode reduction
and oxygen lost in the lattice results in the formation of small
particles with low coordinated sites that enhance H,
production as the ECSA, as demonstrated by SEM and GC
measurement comparison between Cu(I) oxides prepared at
RT and at 150 °C. These results are also supported by the LSV
(similar electrochemical behavior for both samples) data
implying that there are no major differences in the number of
active sites between the Cu(I) samples, independent of the
temperature preparation. These results are also in good
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agreement with the ECSA characterization findings. In
contrast, the Cu(II) oxide formed at 300 °C undergoes
dissolution at cathodic potentials yielding isolated patches of
porous electrode material. Because Cu(II) is hardly reduced,
the electrode remains insulating, explaining the lack of activity/
conductivity of this electrode. At this point, it is important to
remark that the TFY measurements are bulk sensitive and,
therefore, the whole electrode film thickness contributes to the
signal. Hence, it is possible that a gradient of dissolved oxygen
remains in the near-surface.*’

B CONCLUSIONS

In summary, we found that the activity and stability of
thermally oxidized copper electrodes is determined by their as-
prepared oxidation state. Cu(I) oxides are readily reduced to
metallic copper during the electrocatalytic reduction of CO,.
In contrast, Cu(Il) oxide is hardly reduced, but rather
dissolves, with the lack of conductivity in these films rendering
them inactive. If current is forced to flow through the Cu(II)
electrode, it prompts electrode dissolution and the formation
of a porous patched pattern. However, with bulk electrodes
like foils or single crystals, it may be expected that the Cu(II)
dissolution, or rereduction if the substrate is conductive
enough, exposes the metallic surface beneath the porous
Cu(Il) oxide structure, which may be the key in the high
activity/selectivity reported in the literature for OD-Cu
electrodes, that is, by larger retention times.

The clear result of this study is that the matrix of the active
electrocatalyst for CO, reduction is metallic copper. The fact
that the prehistory of the electrode may play a role in the
identification of the active material is taken as indication that
modifications of the metallic copper without losing its
conductivity may be an effective strategy to influence the
intrinsic activity. Both the morphological (roughness, strain)
and compositional effects (coadsorbates and subsurface-
dissolved species) may be relevant. This leaves room for
experiments by doping metallic copper in a controlled way to
affect activity and selectivity. For reasons of stability, such
modifiers should be studied in low enough amounts as not to
compromise the stability of the metallic copper matrix phase.
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