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d Cu2+ species on the oxide-metal
transition processes of CuxO foams during the
CO2RR probed by operando Quick-XAS†

S. Blaseio, a C. Dosche, b M. Rahaman, cd K. Kiran,ce A. Dworzak, a B. Mahrt,a

P. Broekmann, c A. Dutta *c and M. Oezaslan *a

As a promising electrocatalyst for the CO2 reduction reaction (CO2RR), Cu/Cu oxide (CuxO) derived

materials have been intensively studied in the last few decades. However, it is still poorly understood

how the structure of Cu/CuxO precursors and their simultaneous reduction process influence CO2RR

product distribution. Using Quick X-ray absorption near edge structure spectroscopy (Quick-XANES), we

aim to understand the potential-dependent reduction processes of CuxO foam precursors with different

Cu0 : Cu+ : Cu2+ ratios to pure metallic Cu during the CO2RR. Initially, the CuxO foams were prepared by

thermal annealing of electrodeposited Cu foams at 100, 200, 300, and 450 °C in air to vary the Cu0 :

Cu+ : Cu2+ ratio and especially the crystallinity of CuO. With these different chemical states and

structures, the oxide-metal transition kinetics during the cathodic potential increment (DE = 100 mV),

step (DE >100 mV), and jump (DE >500 mV) experiments were comprehensively investigated using

multivariate curve resolution-alternating least squares (MCR-ALS) analysis of the Quick-XANES data. This

allows in operando monitoring of the changes in the chemical state of Cu species particularly in relation

to the effect of the previously applied potential. In principle, two rate determining steps can be involved

in the CuO reduction to Cu0 via intermediate Cu+ formation. First, our results demonstrate that the

oxide-metal transition kinetics strongly depend on the initial abundance of Cu2+ species and precursor

structure (ordered vs. amorphous) as well as on the type of chronoamperometric experiment. More

precisely, compared to amorphous CuO, a high initial population of crystalline CuO species leads to

a significant shift of the oxide-metal transition potential towards lower cathodic values, signifying a lower

energy barrier to reduction. In addition, our work reveals that the different chronoamperometric

experiments strongly influence the electrochemical stability of Cu+ species within the CuxO foams

during CO2 electrolysis. Smaller potential steps increase the formation of Cu+ species and lead to

a slowdown in the reduction kinetics.
1. Introduction

In consideration of the still increasing CO2 emissions, there is
a high demand to directly convert CO2 into valuable products,
such as hydrocarbons as fuels and/or basic chemicals such as
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CO, formic acid, or alcohols for industrial applications. The
electrochemically produced syngas can then be transformed
into products of higher values by e.g. Fischer–Tropsch synthesis
or biotechnological transformations.1 As a promising alterna-
tive to fossil resources, the electrochemical CO2 reduction
reaction (CO2RR) is being increasingly investigated for use in
the large-scale production of hydrocarbons.2–4 However, there
are still challenges le including the very poor solubility of CO2

in water, leading to sluggish kinetics, poor product selectivity,
highly complex multiple-step reaction mechanisms with
various intermediates, the hydrogen evolution reaction (HER)
as a competing reaction, poor understanding of the inuence of
the reaction conditions such as pH as well as the type of elec-
trolyte and the structure of active catalyst species are still under
discussion.2–5 Several electrode materials were investigated by
Hori et al. and only copper is able to form hydrocarbons in
sufficient quantities.6 Not only the electrode material deter-
mines the resulting CO2RR products, but also the
J. Mater. Chem. A, 2024, 12, 28177–28192 | 28177
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morphological characteristics such as shape, size and compo-
sition strongly inuence product distribution.7–9 In addition,
partial or complete surface oxidation of nanostructured copper
is used to enhance the electrochemically active surface area and
create more active surface sites required for selective CO2RR.10,11

Common synthesis methods to generate these Cu oxide-derived
catalysts include anodization, electro-polishing and cathodic
electrodeposition.7,10,12–15 These methods are usually followed by
either thermal annealing, chemical oxidation, or oxygen plasma
treatment to generate thin Cu2O/CuO surface layers.4,7,12,16–20

Bulk oxide formation is usually disfavored since it can lead to
a reduced electrical conductivity and can result in kinetic
stabilization of the oxide phases within the catalyst even at
highly reductive potentials.14 Usually, the Cu oxides (CuO and
Cu2O) formed during the oxidation step are thermodynamically
unstable at potentials typically applied during the CO2RR.21

Therefore, the electrochemical reduction during the CO2RR
generates in situ oxide-derived (OD) Cu catalysts.4 Interestingly,
Cavalca et al. proposed that subsurface oxygen, present even
under CO2RR conditions in a 1–2 nm amorphous copper layer,
is being responsible for enhanced CO adsorption on the OD-Cu
surface.22,23 However, DFT calculations by Fields et al. indicate
that no subsurface oxygen will remain thermodynamically
stable under highly cathodic conditions and are thus unlikely
the reason for enhanced activity of OD-Cu catalysts.24 A recent
Raman and DFT study by Zhan et al. showed that the surface of
Cu2O nanoparticles was reduced to Cu0 before the CO2RR sets
in and revealed that the extent of CO surface coverage deter-
mines the efficiency of C–C coupling.25 Altogether, the stability
of subsurface oxygen is still controversially and intensively
discussed in the literature.4,24–26

Most investigations were focused on the inuence of the
oxidic precursor on the CO2RR product distribution, faradaic
efficiencies and surface structure changes.4 As an example,
Valesco-Vélez et al. studied Cu oxidation state changes during
the CO2RR in CO2-saturated 0.1 M KHCO3.27 For Cu

+, a reduc-
tion to Cu0 was found at −0.8 VAg/AgCl z −0.2 VRHE

(3.4 M KCl).27 However, for pure CuO foam, no reduction
occurred over the entire potential range up to −0.8 VRHE due to
the formation of a stable copper carbonate layer at the surface.
This passivation suppressed the cathodic reduction of CuO to
metallic Cu and Cu2O.27 Timoshenko et al. and Jeon et al.
showed that by time-resolved LCA-XANES analysis at −1.0 VRHE

and −0.7 VRHE the successive reduction of mainly Cu+ con-
taining Cu nanocubes and nanocrystals can be studied in detail,
but no conclusions on the inuence of the different Cu species
on the reduction processes were made.28,29 The above
mentioned examples show that the specic role of the oxides as
well as the transition process to Cu0 in the active catalysts for
the CO2RR are not fully understood and so far no general
conclusion has been achieved in the literature.14,19,20,22–25,30–34

With this work, we aim to understand the inuence of the
Cu0 : Cu+ : Cu2+ ratio on the kinetics of the electrochemical
oxide to metal reduction process of in air annealed CuxO foams
during the CO2RR. The samples were prepared by the recently
developed hydrogen-assisted electrodeposition of Cu as foam-
type materials.7,14,30,35 As described in the literature, partial or
28178 | J. Mater. Chem. A, 2024, 12, 28177–28192
complete surface oxidation of the copper is achieved by thermal
annealing in air.16,17,30 These electrodeposition and thermal
annealing steps increase the electrochemically active surface
area for electrodeposited samples as well as create the active
sites on the CuxO foam surface, which are required for highly
selective CO2RR.10 To generate different Cu0 : Cu+ : Cu2+ ratios,
the foams were annealed in air at four different temperatures
ranging from 100–450 °C. For studying time- and potential-
resolved changes of the chemical state of Cu species in the
CuxO foams during the CO2RR, we applied operando (Quick) X-
ray absorption spectroscopy (XAS).

To understand the transition processes of the cupric and
cuprous to metallic Cu species, we investigated the inuence of
chronoamperometric protocols by applying small potential
steps (DE = 100 mV) and large cathodic potential jumps (DE >
500 mV). To the knowledge of the authors, most studies in the
literature used potential increment type of experiments, where
only small potential shis were applied to the Cu-based catalyst
material.14,26,27,36,37 However, our study showed that different
electrochemical protocols have a substantial impact on the
oxide-metal transition process.

2. Experimental
2.1. Chemicals

For the preparation of solutions CuSO4$5H2O (Sigma-Aldrich, ACS
grade), H2SO4 (Sigma-Aldrich, ACS grade), KHCO3 (Sigma-Aldrich,
ACS grade) and Milli-Q water (Millipore, 18.2 MU cm, 4 ppb of
total organic carbon) were used without further purication.

2.2. CuxO foam preparation

CuxO foams were prepared by electrodeposition onto activated
carbon foil substrates (0.25 mm thick, 99.8%, Alfa Aesar, Ger-
many) using the dynamic hydrogen bubble template
approach.7,10,38,39 The carbon foil substrates were activated by
a thermal treatment at 550 °C for 12 h in air, followed by rinsing
in an acetone/water mixture (1 : 1 volume ratio) and subsequent
drying at 100 °C for 1 h. For electrodeposition the carbon foil
with a geometric surface area of 1 cm2 was exposed to a Cu
plating bath containing 0.2M CuSO4$5H2O and 1.5 MH2SO4. As
a counter electrode a Cu plate (5 cm × 5 cm) and as the refer-
ence an Ag/AgCl (3 M KCl, Metrohm) electrode were used. The
galvanostatic deposition process was carried out for 5 s at
a current density of −3.0 A cm−2 normalized by the geometric
electrode surface area. Aerwards, all Cu foam samples were
thoroughly dried in an Ar ow (99.999%, Carbagas, Switzerland)
followed by the thermal annealing treatment in a tube furnace
(GERO GmbH, Germany) at temperatures of 100 °C, 200 °C,
300 °C or 450 °C for 12 h in air, respectively.

2.3. Ex situ characterization of the annealed CuxO foams

The structure and morphology of annealed foams were evalu-
ated by using a Zeiss Gemini 450 scanning electron microscope
equipped with an InLens secondary electron detector and
a back-scattering detector. An accelerating voltage of 5 kV and
currents of 75 pA were applied at a working distance of 5 mm. A
This journal is © The Royal Society of Chemistry 2024
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Bruker D8 X-ray diffractometer was operated at 40mA and 40 kV
with Cu Ka radiation (1.540 Å) and a scan rate of 0.1° min−1 to
obtain crystal information of annealed CuxO foams. The XRD
proles were analyzed with the TOPAS soware (Bruker, Version
5). An ESCALAB 250 Xi X-ray photoelectron spectrometer
(Thermo Fisher) equipped with a monochromatic Al Ka X-ray
source (1486.6 eV) was used to determine the chemical state
of Cu surface species of annealed foams. Experimental param-
eters for the acquisition of survey and high-resolution XPS
spectra of C 1s, O 1s and Cu 2p as well as Auger spectra of Cu
LMM are summarized in Table S1 in the ESI.† The XPS and
Auger data were analyzed using Avantage soware (version
5.9952). Raman spectra of the annealed CuxO foams were
acquired using a WITec alpha300 RSA confocal microscope
using an excitation wavelength of 532 nm with a laser power of
1 mW, a 600 l mm−1 grating and a Zeiss EC Epiplan-Neouar
Dic 50×/0.8 NA objective.

2.4. CO2RR electrolysis

The CO2 electrolysis experiments were conducted using
a custom-built, airtight glass cell (H-type). The three-electrode
setup included a leakless Ag/AgCl (3 M KCl) reference elec-
trode (EDAQ), Pt foil (15 mm × 5 mm) as a counter electrode,
and the graphite-supported annealed CuxO foam catalysts (5 s
deposition time at −3.0 A cm−2) as the working electrodes. To
evaluate any chloride ion contamination in the working elec-
trolyte solution from the Ag/AgCl (3 M KCl) reference electrode,
ion exchange chromatography (IC) was employed, with a detec-
tion limit of 100 ppb Cl anions. Before starting electrolysis, both
the cathodic and anodic compartments were lled with 30 mL
of 0.5 M KHCO3 electrolyte solution (ACS grade, Sigma Aldrich)
and were saturated with CO2 gas (99.999%, Carbagas, Switzer-
land). The catholyte and anolyte were separated using a polymer
membrane (Naon 117, Sigma Aldrich). The potentiostatic CO2

electrolysis was performed using a potentiostat (Metrohm
Autolab 302N, The Netherlands), while the current interrupt
method (Autolab Nova) was utilized to determine and
compensate for the iR drop.

For CO2RR product analysis, the headspace gas from the
catholyte compartment was vented with CO2, allowing the
gaseous electrolysis products to be transferred into the gas
sampling loop of the gas chromatograph (GC 8610C, SRI
Instruments). The GC was equipped with a packed Hayesep D
column and FS-INNOPEG 2000 column for separating the
gaseous and non-volatile (alcohols) products respectively. Argon
(99.9999%, Carba Gas) served as the carrier gas. For quantifying
all gaseous CO2 reduction reaction (CO2RR) products, a ame
ionization detector (FID) coupled to a methanizer was used,
while hydrogen was quantied using a thermal conductivity
detector (TCD).

The partial current density for each gaseous electrolysis
product was calculated using the following equation:

I(i) = Xi $ ni $ F $ Vm

where Xi is the volume fraction of the product i measured via
online GC using a calibration gas mixture in Ar (Carbagas,
This journal is © The Royal Society of Chemistry 2024
Switzerland), ni is the number of electrons involved in forming
the product i, Vm is the molar CO2 gas ow rate and F is the
Faraday constant. The partial current density of each product
was normalized to the total current density, providing the
faradaic efficiency (FE, %) for each product. Gas samples were
analyzed every 20 minutes during steady-state CO2 electrolysis.
Non-volatile alcohols were measured using a second FID
detector (without methanizer). Aer electrolysis, an aliquot of
the electrolyte was injected into the FS-INNOPEG 2000 column
using a microliter syringe. Non-volatile ionic liquid products,
such as formate, that could accumulate in the catholyte elec-
trolyte during CO2 electrolysis were analyzed using ion
exchange chromatography coupled with a conductivity detector.
The setup included a Metrohm Advanced Modular Ion Chro-
matograph with an L-7100 pump and a Metrosep A Supp 7-250
column.

2.5. Cu K-edge Quick-XAS data acquisition and analysis

Quick-XAS data recorded at the Cu K-edge was obtained at the
SuperXAS (X10DA) beamline of Swiss Light Source (SLS), Swit-
zerland. The storage ring was operated with a beam current of
400 mA and an energy of 2.4 GeV. A fast oscillating channel cut
crystal monochromator allowed recording one spectrum in 1 s.
The ionization chambers for the detection of the incident and
transmitted X-ray radiation were lled with N2. For background
subtraction and edge step normalization of the XAS spectra, the
ProXAS soware suite40 was used. The normalized data was
analyzed using the MCR-ALS GUI 2.0 MatLab script, performing
multivariate curve resolution-alternating least squares (MCR-
ALS) on the Quick-XANES data.41–43 In addition, conversion of
the energy units (eV) to photon electron wave factor k units (Å−1)
was carried out using the ATHENA soware (version: 0.9.26).44

The resulting c(k) functions were weighted with k2 to account
for the dampening of the XAS amplitude with increasing k.
Using Fourier-transformation, the extended X-ray absorption
ne structure (EXAFS) spectra were transformed to obtain
pseudo radial structure functions (RSFs). For EXAFS analysis
the amplitude reduction factor (S0

2) was determined from Cu
foil to be 0.89. The coordination number (N), interatomic bond
length (R), mean squared bond length disorder (s2), and
correction to the energy origin (DE0), together with the error
bars, were established for Cu–Cu and Cu–O scattering pairs by
tting the theoretical EXAFS signals to the data in R-space using
the ARTEMIS soware44 (version: 0.9.26). Ex situ XAS data of the
reference materials (Cu foil, Cu2O and CuO) and thermally
annealed CuxO foams were collected every second for 6–10 min
and subsequently averaged. Powder materials (Cu2O and CuO)
were mixed with a binder (cellulose) and measured as a pellet.
The IFEFF6 data for EXAFS tting analysis were determined
from Cu (#9008468), Cu2O (#1010963) and CuO (#9008961)
taken from the crystal open database (COD).45–47

2.6. Operando Quick-XAS conditions

A home-made spectro-electrochemical ow cell was used, which
consisted of a three-electrode conguration based on the basic
design published by Binninger et al.48 In the experiments, the
J. Mater. Chem. A, 2024, 12, 28177–28192 | 28179
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CuxO foamswere used as a working electrode, Au foil as a counter
electrode and non-leakage Ag/AgCl (3 M KCl, EDAQ) as a refer-
ence electrode. The electrolyte thickness in the X-ray window was
adjusted to 1 mm. A Cu foam thickness of 30–40 mm allowed to
measure XAS spectra in transmission mode with a sufficient
signal-to-noise ratio. As electrolyte, a CO2-saturated 0.5 M KHCO3

solution (pH= 7.2) was used, which was pumped with a constant
ow through the cell using a syringe pump. For the potential
increment, step and jump conditions, the following electro-
chemical experiments were carried out:

(i) Potential increment: DE = 100 mV,
from + 0.4 VRHE / −1.2 VRHE

(ii) Potential step: OCP / −0.2 VRHE / −
0.5 VRHE / −1.3 VRHE

(iii) Potential jump: OCP / −0.5 VRHE or −1.3 VRHE.
3. Results
3.1. Ex situ characterization of the annealed CuxO foams

The structure, crystallinity, surface and bulk composition of the
CuxO foams annealed at 100 °C, 200 °C, 300 °C and 450 °C for
12 h in air were investigated using a variety of ex situ techniques.
Depending on the annealing temperature, the treated CuxO
foams will be referred to as 100-, 200-, 300-, and 450-foam
throughout this work.

Exemplarily, Fig. 1a and b display the SEM images of the
CuxO foam annealed at 200 °C, showing a two-level foam
Fig. 1 (a and b) SEMmicrographs of the CuxO foam annealed at 200 °C fo
all annealed CuxO foams and the corresponding fits (red dashed line) obta
of Cu (#9008468, red), Cu2O (#1010963, purple) and CuO (#9008961,
the peak at a 2q value of 54° labelled C(006) arises from the carbon subst
42°, 61°, 74° and 78° correspond to the lattice planes of (111), (200), (220),
Pn�3m. The small peak with 2q=∼43° is assigned to the lattice plane of (11
of Fm�3m. For the 300- and 450-foams, the additional peaks at 2q values
planes of (�111), (111/200), (�202), (020) (202), (�311), (220) and (004) of a base
the 450-foam, additional CuO peaks appear at 2q values of ∼46°, 65° a
respectively.

28180 | J. Mater. Chem. A, 2024, 12, 28177–28192
architecture of interconnected open-cell pores. This hierarchical
open pore network structure is prepared by a hydrogen-assisted
so-template electrodeposition process at −3.0 A cm−2

for 5 s.14 The foam thickness is in the range of several tens of mm
and is highly porous as determined by Dutta et al. using white-
light interferometric characterization.14 The dendritic ne struc-
ture is visible in the SEM image at high magnication, see
Fig. 1b. The SEM images of the other annealed precursor foams
are collected in Fig. S1 in the ESI.† Previous studies have shown
that the dendrites undergo structural and compositional alter-
ations during the annealing process.12 In other words, the
thermal annealing in air induces a coalescence of the initial
faceted nano-crystallites, resulting in non-textured dendrite
structure (Fig. S1a–h†). If the annealing is carried out at 200 °C
and above in air, these structural changes are more pronounced
and are attributed to the concerted mass transport of oxygen and
copper into and out of the dendrites at the Cu2O/CuO interface
formed. The loading and thickness of the CuxO foams remain
unaffected by the thermal annealing in air.

XRD proles of all annealed foams are displayed in Fig. 1c.
The results of the quantitative Rietveld renement analysis
including the crystal phases, lattice parameters, crystallite sizes
and phase quantity are summarized in Table S2.†Obviously, the
annealing temperature in an oxidative environment controls
the composition of the crystal phases between metallic copper,
cuprous oxide (Cu2O) and cupric oxide (CuO). For the 100- and
200-foams in Fig. 2a, the main crystal phase ($95 wt%) is
r 12 h in air at low and highmagnification. (c) XRD profiles (black line) of
ined from the quantitative Rietveld refinement analysis. The references
grey) were taken from the crystal open database (COD).45–47 Note, that
rate. For the 100- and 200-foams, the peaks at 2q values of around 36°,
(311) and (222) of a primitive cubic Cu2O unit cell with a space group of
1) for the face-centered cubic (fcc) copper unit cell with a space group
of ∼35°, 39°, 49°, 54°, 59°, 66°, 68° and 76° correspond to the lattice
-centeredmonoclinic unit cell of CuOwith space group ofC12/c1. For
nd 73° that are ascribed to the lattice planes of (�112), (022) and (311),

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Contribution of the three copper species (Cu2+, Cu+ and Cu0) within the air annealed CuxO foams obtained by ex situ (a) quantitative
Rietveld refinement analysis of the XRD patterns, (b) linear combination fit (LCF) analysis of ex situCu K-edge XANES spectra and (c) analysis of the
high-resolution Cu 2p3/2 XPS spectra.
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cuprous oxide with a space group of Pn�3m. Metallic copper
(Fm�3m) appears only as a minor crystalline component. Note
that we previously showed that the as-deposited Cu foam
already contains sufficient amounts of crystalline Cu2O pha-
ses.14 In contrast, the annealing temperature of more than 200 °
C in air leads to full oxidation of metallic copper and concur-
rently to the preferred formation of the cupric oxide crystal
phase (space group of C12/c1). Hence, the 300-foam contains 21
± 1 wt%Cu2O and 79± 1 wt%CuO, whereas the contribution of
the crystalline CuO phase increases to 92 ± 4 wt% upon
annealing at 450 °C, see Fig. 2a.

As a complementary bulk technique that can detect the
nearest neighboring atoms in the amorphous and crystalline
structure, the ex situ Cu K-edge XANES data for all foams were
evaluated. By measuring the K-edge, the transition of an electron
from 1s to 4p orbital occurring on absorption of the X-ray beam is
observed, while the sharp increase in the resulting absorption
peak is known as the white line. In Fig. S2,† the ex situ XANES
spectra obtained from the 100-, 200-, 300- and 450-foams and the
references of Cu foil, Cu2O and CuO are plotted. Based on the
references, the white line intensity increases from Cu0 to Cu2+ as
well as a shi in transition energy occurs from 8979.7 eV (Cu0),
8981.1 eV (Cu2O) to 8984.3 eV (CuO), which is in excellent
agreement with the literature.20,49 Additionally, the pre-edge at
∼8979 eV in the XANES spectra is distinctive for the Cu+ and Cu0

species and is usually much less pronounced for CuO.49 Fig. 2b
shows the contribution of Cu0, Cu+ and Cu2+ species for the
differently annealed CuxO foams based on the linear combina-
tion t (LCF) analysis of the ex situ XANES data using Cu0, Cu2O
and CuO reference spectra. The 100-foam consists of 50 ± 1%
Cu0, 39 ± 2% Cu+ and only 11 ± 3% Cu2+ species. The apparent
discrepancy between XRD and XANES data can be explained by
the amorphous structure of metallic copper within the 100-foam.
An annealing temperature of 200 °C leads to an entirely oxidized
foam (79 ± 3% Cu+ and 21 ± 4% Cu2+). Note that due to the
sensitivity, the LCF analysis of the XAS data could not detect the
minor contribution (3 wt%) of metallic Cu found by XRD. By
raising the temperature to 300 °C and 450 °C, the oxidation state
of the Cu species within the foam increases further. The 300-
foam still contains 24 ± 2% Cu+ and 76 ± 2% Cu2+, while the
foam at 450 °C is entirely oxidized to CuO.
This journal is © The Royal Society of Chemistry 2024
Surface sensitive ex situ XPS and Raman spectroscopy were
employed to evaluate the initial oxidation states of the CuxO
foams. High-resolution Cu 2p XPS and Cu LMMAuger spectra for
each in air annealed CuxO foam are plotted in Fig. S3.† As shown
in Fig. S3a,† the deconvolution of Cu 2p3/2 XPS spectra of the 100-
foam indicates two chemical species at binding energies (BEs) of
934.6 eV and 932.0 eV, with the former being assigned to oxidized
Cu2+ in agreement with other studies.30,50,51 Additionally, the
appearance of the Cu2+ satellite peaks between 965 and 960 eV as
well as 947 and 938 eV support the presence of CuO surface
species.30,50,51 As shown in Fig. S3b,† a characteristic shi in
kinetic energy (KE) to 916.9 eV is detected in the Cu LMM Auger
spectrum, which corresponds to Cu2O.50,51 Thus, the second
chemical species at a BE value of 932.0 eV is assigned to Cu+.
Raising the annealing temperature to 200 °C, the Cu 2p XPS
spectrum in Fig. S3c† shows a signicant increase of the pop-
ulation of Cu2+ surface species, which is also conrmed by the
intensity increase of the Cu2+ satellites and shi of the Auger KE
to 917.1 eV. For the 300- and 450-foams, the Cu LMM Auger
spectra (Fig. S3f and h†) and Cu 2p XPS spectra (Fig. S3c and e†)
reveal the continuous growth of the population of Cu2+ surface
species. Based on the deconvolution of the Cu 2p3/2 XPS spectra,
the surface compositions of the differently annealed CuxO foams
are summarized in Fig. 2c. As expected, metallic Cu on the foam
surface is not found at any annealing temperature. Very inter-
estingly, the Cu+ : Cu2+ surface ratio alters from 54 : 46 at 100 °C
to 20 : 80 at 200 °C. At 300 °C and 450 °C, the contribution of Cu2+

species further increases to 85 wt% and 89 wt%, respectively.
As shown in Fig. S4,† Raman spectra of the different in air

annealed CuxO foams show Cu2O and CuO surface species. Note
that bulk metallic Cu does not show any Raman active bands due
to the polarizability selection rule. In accordance with the XRD
data, the 100- and 200-foams show several Raman bands at
110 cm−1 (Em), 146 cm−1 (T1m), 217 cm−1 (2Em), 415 cm−1 (4Em),
623 cm−1 (T1m) and 645 cm−1 (T1m), that are characteristics for
crystalline Cu2O.52–54 No peaks corresponding to CuO are
observed for these two foams. In contrast, the 300- and 450-foams
only show characteristic frequencies for the three Raman active
modes of CuO at 298 cm−1 (Ag), 346 cm−1 (Bg) and 632 cm−1

(Bg).52 These ndings are consistent with ex situ XRD data, as only
crystalline copper oxide species exhibit the sharp Raman bands
described above.
J. Mater. Chem. A, 2024, 12, 28177–28192 | 28181
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We can sum up that the ex situ XRD and XANES data reveal
different bulk contributions of Cu species within the foams
particularly annealed at low temperatures. The direct compar-
ison of ex situ XRD and XANES data indicates the existence of
amorphous CuO species in sufficient amounts at lower
annealing temperatures, while the formation of only crystalline
Cu2O phases is signied throughout all annealing tempera-
tures. Furthermore, the surface of the annealed foam is more
oxidized compared to the bulk with higher amounts ($50 wt%)
of Cu2+ species for the 100- and 200-foams.

To understand the structure–performance–selectivity rela-
tionship of the differently annealed CuxO foams, the faradaic
efficiencies (FEs) and partial current densities for H2, C1 and C2
product formation at−0.87 VRHE in CO2-saturated 0.5 M KHCO3

in dependence of the annealing temperature are displayed in
Fig. S5.† A notable characteristic of the electrodeposited CuxO
foam catalysts is the complete suppression of the C1 (methane)
reaction pathway.7 The FEs for CO2RR products (C1 and C2) are
approximately 36%, 39%, 38% and 29% for the 100-, 200-, 300-,
and 450-foams, respectively (Fig. S5†). In addition, alcohol
formation is observed for all CuxO foams aer 1 h of the CO2RR
without a clear trend and is therefore not discussed in this
work. However, a correlation between C2 products, such as
ethylene and ethane and the initial Cu+ content of the annealed
CuxO foams (Fig. S6†) could be identied in this work. More
precisely, the 100-, 200- and 300-foams show increased FEs
(∼9.0–10.0%,± 0.4%) compared to the 450-foam (∼7.0–8.0%,±
0.5%), which lacks abundant Cu2O. This suggests that Cu2O
promotes the formation of C2 products, whereas CuO is less
favorable. It is important to note that the FEs for ethylene and
ethane in this study are lower than those previously reported by
Dutta et al.7 The overall CO2RR efficiencies were found to be
strongly dependent on surface pore size distribution and cata-
lyst lm thickness, which are inuenced by the deposition time
at constant current density. The CuxO foams used in this study
were optimized for operando XAS investigations in terms of lm
thickness, rather than for CO2RR product distribution. Conse-
quently, thinner lms on a graphite substrate were used here
(see Fig. S1,† SEM), which differs from the optimal conditions
for high CO2RR efficiencies. This may have increased the
selectivity towards hydrogen as the competing hydrogen
evolution reaction (HER) on the partially exposed graphite
substrate occurs. The effect is even more pronounced for an
annealing temperature of 450 °C, which activates the exposed
graphite substrate to produce more hydrogen (Fig. S5†).

In the next step, we investigated the oxide-metal transition
during the CO2RR probed by operando Cu K-edge Quick-XAS
using different potential control experiments. The different
types of experiments conducted (potential increment, step, and
jump) are illustrated in Fig. S7.†
3.2. Potential increment experiments (DE = 100 mV) from +
0.4 VRHE to −1.2 VRHE

First, potential increment experiments were carried out, where
the potential was shied in steps of 100 mV from + 0.4 VRHE to
−1.2 VRHE, while each increment was held for 6–10 min. In
28182 | J. Mater. Chem. A, 2024, 12, 28177–28192
order to determine changes in the chemical state of the Cu
species, XANES spectra were analyzed using multivariate curve
resolution – alternating least squares (MCR-ALS) analysis. A
detailed example of the MCR-ALS analysis using MatLab is
shown in Fig. S8.† As established by the ex situ characterization,
the initial chemical states of the CuxO foams are mixed oxides
irrespective of the annealing temperature. Thus, the reference
spectra of the three copper species (Fig. S2†) were xed as
components to obtain the potential-dependent concentration of
each Cu species directly from the MCR-ALS algorithm. The
series of potential-resolved XANES spectra of the differently
annealed CuxO foams as well as the corresponding concentra-
tion proles are presented in Fig. 3. Additionally, the Cu K-edge
XANES spectra assigned to each potential are displayed in
Fig. S9.† Note that there are no changes in the XANES spectra of
the different CuxO foams at OCP (Fig. S10†). The le panel of
Fig. 3 displays the potential-resolved XANES spectra of each
annealed CuxO foam (100–450 °C). Generally, the series of
XANES data show a potential-dependent decrease in white line
intensity and shi in transition energy from 8984.3 eV (Cu2+) to
8979.7 eV (Cu0) for all CuxO foams pronounced to different
extents. This shi in transition energy indicates a gradual
reduction of the Cu2+ and Cu+ species to Cu0 and is evident to
different degrees depending on the annealing temperature.

Based on the LCF analysis of the ex situ XANES data (Fig. 2b),
the 100-foam initially contains 50% of metallic Cu. Upon
exposure to the electrolyte and anodic potentials, this metallic
Cu is partially oxidized to Cu+ species, signied by the increase
in the pre-edge and white line intensity observed at +0.4 VRHE

and OCP (Fig. S10a†). However, some metallic Cu remains, and
consequently, the changes of the pre-edge in the course of the
potential-dependent XANES spectra are less pronounced due to
this initial content of Cu0 species. For the Cu2+ rich foams
annealed at 300 °C and 450 °C (Fig. 3e and g), the potential-
resolved XANES spectra recorded at anodic potentials show
less pronounced pre-edge features at∼8979 eV. With increasing
cathodic potential, the reduction of CuxO is much more evident
by the appearance and shi in pre-edge position of the Cu K-
edge XANES spectra.

Aer the potential-induced reduction process to metallic Cu
is complete, no further changes in the XANES spectra are found
for all annealed CuxO foams, signifying that the metallic Cu is
stable at more negative potentials than −0.8 VRHE, where typi-
cally the formation of hydrocarbon sets in.12,37 This observation
is in excellent agreement with our previous studies.11,14

In the right panel of Fig. 3, the normalized concentration of
the three Cu species obtained from the MCR-ALS analysis in
dependence on the applied potential is displayed for the ther-
mally annealed foams. As the potential is stepwise moved in the
cathodic direction, a successive decrease in the Cu2+ and Cu+

species concentrations is observed for all CuxO foams. Simul-
taneously, the concentration of Cu0 is increasing.

For the 100-foam (Fig. 3b), the exposure to the electrolyte and
anodic potential leads to an initial oxidation of 30% Cu0 to Cu+

species at + 0.4 VRHE. No change in the concentration (20% Cu0,
70% Cu+ and 10% Cu0 species) occurs until −0.3 VRHE. There-
aer, the successive reduction of Cu+ and Cu2+ species to
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Left panel (a, c, e and g): series of potential-resolved Cu K-edge XANES spectra of the CuxO foams annealed at 100 °C, 200 °C, 300 °C and
450 °C in air. The potential was shifted from +0.4 VRHE to −1.2 VRHE at 100 mV and held for 6–10 min at each potential, while XAS spectra were
collected and subsequently averaged. CO2-saturated 0.5 M KHCO3 was used as electrolyte solution. Right panel (b, d, f and h): normalized Cu0,
Cu+ and Cu2+ concentration courses as a function of the potential obtained by the MCR-ALS analysis of the spectra from the left panel.
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metallic Cu sets in and is completed at −0.8 VRHE. For the 200-
foam (Fig. 3d), a simultaneous reduction of both Cu+ and Cu2+

species takes place between + 0.2 VRHE and −0.8 VRHE, at which
this CuxO foam is reduced entirely to metallic Cu. As expected
from the operando XANES spectra, the initial composition of the
300-foam shows 100% CuO (Fig. 3f), which is gradually reduced
This journal is © The Royal Society of Chemistry 2024
to metallic Cu from + 0.4 VRHE to−0.6 VRHE. Here, no formation
of Cu+ species was detected. We note that this observation is
different from that in our previously published work, where only
80% of the 300-foam are oxidized to Cu2+ species at + 0.5 VRHE

with intermediate Cu+ formation. We attribute this difference to
the initial structure, morphology and chemical species of CuxO
J. Mater. Chem. A, 2024, 12, 28177–28192 | 28183
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during the annealing process and in contact with the electrolyte
solution.11,14,30 In contrast, the 450-foam (Fig. 3h), which is also
fully oxidized to CuO, shows a completion of the reduction
process already at lower anodic potential (−0.3 VRHE), but
without the formation of intermediate Cu+ species. Overall, for
all annealed CuxO foams the MCR-ALS analysis points out
the appearance of metallic Cu at potentials more negative than
−0.8 VRHE.

Very interestingly, the transition of oxide to metallic copper
occurs at different reduction potentials for each of the different
annealing temperatures. We dened the point at which half of
this transition was completed as the oxide-metal transition
potential.

According to the thermodynamically based Pourbaix
diagram, the transition from Cu2+ to Cu+ takes place at + 0.243
VSHE = −0.181 VRHE under the presented conditions (pH = 7.2,
CO2-saturated 0.5M KHCO3).55Only from + 0.045 VSHE=−0.380
VRHE their further electrochemical reduction to Cu0 sets in.55

Therefore, the observed differences in the oxide-metal transi-
tion potential are very likely based on the initial content of Cu2+

species for the differently annealed foams.
Fig. 4 illustrates the changes in oxide-metal transition

potential as a function of the annealing temperature and thus the
initial concentration of the Cu2+ species for all CuxO foams ob-
tained from the MCR-ALS analysis. Note that for Cu+ such
a relation is difficult to establish, since the annealing at 100 °C in
air already generates high amounts of crystalline Cu2O. For the
100-foam at a very low Cu2+ concentration, the oxide-metal
transition potential is found to be at −0.60 VRHE; doubling the
annealing temperature to 200 °C and thereby doubling the initial
amorphous Cu2+ content (surface and bulk obtained from ex situ
XPS, XAS and XRD) only shis the oxide-metal transition poten-
tial to −0.55 VRHE. A further increase to 300 °C and in Cu2+

content to 80% derived from the LCF analysis reduces the
potential to −0.45 VRHE, so that at least 50% is in the metallic
state. The 450-foam, which contains 100% Cu2+ species in the
Fig. 4 Oxide-metal transition potential in dependence of the
annealing temperature for different CuxO foams obtained by MCR-ALS
analysis (full red squares). The corresponding Cu2+ content of each
CuxO foam (blue bars) was obtained from LCF analysis of the ex situ
XANES spectra using Cu0, Cu2O and CuO as reference materials.

28184 | J. Mater. Chem. A, 2024, 12, 28177–28192
initial state, shows a considerable shi in the oxide-metal tran-
sition potential to 0 VRHE.

Additionally, the reduction of the CuxO foams can also be
monitored by EXAFS analysis. The data are shown in Fig. S11
and Tables S3–S6.† Exemplarily, the EXAFS t results in k- and
R-space for each of the in air annealed CuxO foams at + 0.4 VRHE,
−0.1 VRHE and −1.1 VRHE are displayed in Fig. S12–S15.† An
increase or decrease in the partial coordination number of the
Cu–Cu or Cu–O pair indicates the successive reduction of the
CuxO foams in the cathodic direction, respectively.

Overall, the oxide-metal transition potential strongly depends
on the annealing temperature and therefore the proportion of
Cu2+ species in the CuxO foams. A higher proportion of Cu2+

species causes a shi in the oxide-metal transition potential
towards lower values during the potential increment experiments
(DE = 100 mV, from + 0.4 VRHE to −1.2 VRHE) conducted in CO2-
saturated 0.5 M KHCO3.
3.3. Potential step experiments (DE >100 mV)

The potential step experiments are the second set of operando
Quick-XAS measurements carried out to understand the tran-
sition of CuxO tometallic Cu. The potential was stepwise shied
(more than 100 mV) and held for at least 300 s at each potential
(from OCP to −1.3 VRHE) using two intermediate steps at
−0.2 VRHE and −0.5 VRHE in CO2-saturated 0.5 M KHCO3.

In Fig. 5, the respective Cu K-edge Quick-XANES spectra
and normalized concentration proles for the 200-foam from
the chronoamperometric measurements at different applied
potentials are presented. The series of XANES spectra ob-
tained from the rst potential step (OCP to −0.2 VRHE for
700 s) are displayed in Fig. 5a. From thermodynamic predic-
tions, at this potential, the Cu2+ species are reduced to Cu+ at
pH = 7.2.55 As shown in the inset of Fig. 5a, the pre-edge
intensity at ∼8980 eV increases over time at −0.2 VRHE, indi-
cating the transition from Cu2+ to Cu+. On changing the
potential from −0.2 VRHE to −0.5 VRHE (Fig. 5c), a slight
decrease in the pre-edge intensity was observed within 350 s,
which implies a marginal reduction of Cu+ to Cu0. On shiing
the potential further to −1.3 VRHE, an instant reduction to Cu0

takes place within the rst 150 s. This is indicated by the white
line intensity and shi in transition energy to a lower value as
expected for metallic copper.

Furthermore, for the 200-foam, the normalized concentra-
tions of Cu0, Cu+ and Cu2+ species over time during the chro-
noamperometric measurements from OCP / −0.2 VRHE /

−0.5 VRHE / −1.3 VRHE obtained from the MCR-ALS analysis
are displayed in the right column of Fig. 5. As shown in Fig. 5b,
at −0.2 VRHE a gradual reduction of the initial 40% Cu2+ to Cu+

is observed and as predicted by thermodynamics, no metallic
Cu has started to appear.55 Around 20% Cu2+ remain aer 700 s.
Jumping to a more cathodic potential of −0.5 VRHE leads to
a slow transition of the remaining 10% Cu2+ to Cu+, while aer
around 100 s the formation of Cu0 commences. Note that the
starting composition at −0.5 VRHE slightly differs from the
previous potential jump (at −0.2 VRHE), namely ∼10% Cu2+

species are reduced. By changing the potential from −0.5 VRHE
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Series of time-resolved Cu K-edge Quick-XANES spectra of the 200-foam by jumping from OCP / −0.2 VRHE (a) / −0.5 VRHE (c) /
−1.3 VRHE (e) in CO2-saturated 0.5 M KHCO3. One spectrum was collected every second. (b, d and f) Normalized Cu0, Cu+ and Cu2+

concentrations obtained by the MCR-ALS analysis in dependence of the time at the respective applied potential. Note that the noise in the XAS
spectra is caused by the strong bubble formation especially at −1.3 VRHE, making it difficult to normalize the data in a proper way.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
25

 3
:5

8:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
to −1.3 VRHE (Fig. 5f), a full reduction of the CuxO foam is
detected aer ∼150 s. Thus, the 200-foam with a high Cu+

content shows a slow transition behavior, which requires highly
cathodic potentials to reduce completely from Cu+ to Cu0.

The same potential step experiment was carried out for the
450-foam, shown in Fig. S16.† As opposed to the 200-foam, this
foam contains 100% of Cu2+ species produced by the higher
annealing temperature in air. First, only a slight reduction of
Cu2+ species occurs from OCP to −0.2 VRHE. About 10% of the
Cu2+ species are reduced to Cu0 and Cu+ species within 350 s.
However, on changing the potential from −0.2 VRHE to −0.5
VRHE, an instant reduction of Cu2+ and Cu+ species within less
This journal is © The Royal Society of Chemistry 2024
than 2 s is detected. Thus, the higher content of Cu2+ species in
the 450-foam leads to a shi in the potential-induced oxide-
metal transition to less negative potentials and is much faster
compared to the reduction behavior of the 200-foam.

Altogether, for the 200-foam, an initial reduction of Cu2+ to
Cu+ at −0.2 VRHE and a slow transition of the Cu+ to metallic at
−0.5 VRHE are observed. In contrast, the 450-foam already
rapidly reduces to metallic Cu at −0.5 VRHE.
3.4. Potential jump experiments (DE $500 mV)

In order to investigate the oxide-metal transition behavior
without applying intermediate potentials, a direct potential
J. Mater. Chem. A, 2024, 12, 28177–28192 | 28185
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jump from OCP to either −0.5 VRHE or −1.3 VRHE in CO2-satu-
rated 0.5 M KHCO3 was performed.

In Fig. 6, the direct potential jump from OCP to −0.5 VRHE is
plotted for the 200- and 300-foams, whereas the larger jump to
−1.3 VRHE for the 100- and 300-foams is displayed in Fig. 7. Both
Fig. 6 and 7 illustrate a series of time-resolved Cu K-edge Quick-
XANES spectra collected at the applied potentials with the cor-
responding normalized concentration proles and holding
times obtained by the MCR-ALS analysis. Again, the composi-
tion of each Cu species obtained by the MCR-ALS analysis is
determined using the CuO, Cu2O and metallic Cu references.

Fig. 6a illustrates the time-resolved changes in the Quick-
XANES data for the 200-foam by jumping the potential from
OCP to −0.5 VRHE for ∼300 s. A slow decrease in white line
intensity and a shi in edge jump energy from 8982.1 eV (Cuz+)
to 8979.7 eV (Cu0) are observed. Furthermore, the inset of
Fig. 6a shows a decrease in the pre-edge intensity within 300 s at
−0.5 VRHE. Based on the MCR-ALS analysis, initially, 63% Cu+

and 37% Cu2+ species are present by directly applying a poten-
tial of −0.5 VRHE. This is in good agreement with the initial
compositions obtained during the potential increment and step
experiments for this CuxO foam. First, we observed that the Cu2+

species diminishes from 37% to 0% at −0.5 VRHE for around
225 s (Fig. 6b). Within a holding time of 130 s, a simultaneous
Fig. 6 Time-resolved changes in Cu K-edge XANES spectra of the 20
potential from OCP/ −0.5 VRHE. One spectrum was collected every sec
Cu0 species obtained by theMCR-ALS analysis. All measurements were pe
spectra is caused by the strong bubble formation especially at −0.5 VRH

28186 | J. Mater. Chem. A, 2024, 12, 28177–28192
increase in Cu+ species as the intermediate is found at a similar
rate, at which the initial Cu2+ species decreases. From 130 s
onwards, the formation of metallic Cu commences and is
complete aer 285 s at −0.5 VRHE. As a comparison, the Cu+

intermediate species were already observed for the 200-foam
during the potential step experiment as shown in Fig. 5.
Therefore, we can conclude that the electrochemical reduction
of the Cu2+ to Cu+ took place initially, followed by the formation
of fully metallic Cu under these conditions.

The same potential jump experiment (OCP / −0.5 VRHE)
was carried out with the 300-foam. A series of Cu K-edge Quick-
XANES spectra collected for 130 s at −0.5 VRHE (presented in
Fig. 6c) show a fast decrease in white line intensity and a small
shi in transition energy from 8981.5 eV (Cuz+) to 8980.0 eV
(Cu0). This quick potential-induced oxide-metal transition is
clearly conrmed by the MCR-ALS analysis (Fig. 6d). A prompt
reduction of the initial CuxO to metallic within ∼40 s is
observed based on the decrease in Cu+ and Cu2+ species and
concurrent increase in the Cu0 concentration. It is noted that
half of the Cu2+ and Cu+ content was already reduced aer
around 20 s by jumping the potential from OCP to −0.5 VRHE.
Thus, it is obvious that the oxide to metal transition processes
for the 200- and 300-foams from OCP to −0.5 VRHE occur with
different kinetics depending on the initial chemical state of the
0-foam (a and b) and 300-foam (c and d) by direct switching of the
ond. (b and d) Normalized concentration profiles of the Cu2+, Cu+ and
rformed in CO2-saturated 0.5 M KHCO3. Note that the noise in the XAS

E, making it difficult to normalize the data in a proper way.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Series of time-resolved Cu K-edgeQuick-XANES spectra of 100-foam (a and b) and 300-foam (c and d) by direct jumping of the potential
from OCP / −1.3 VRHE. One spectrum was collected every second. (b and d) Normalized concentration profiles of the Cu2+, Cu+ and Cu0

species obtained by the MCR-ALS analysis. All measurements were performed in CO2-saturated 0.5 M KHCO3. Note that the noise in the XAS
spectra is caused by the strong bubble formation especially at −1.3 VRHE. This makes it difficult to normalize the data in a proper way.
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copper. More precisely, the oxide-metal transition kinetics of
the 200-foam with an initial Cu+ : Cu2+ ratio of 63 : 37 is around
6-times slower than that for the 300-foam (Cu+ : Cu2+ ratio of
20 : 80).

The transition behavior of the 100-foam from OCP to −1.3
VRHE is shown in Fig. 7a and b. From the course of the time-
resolved Quick-XANES spectra (Fig. 7a), a decrease in the
white line intensity, but only minimal changes in the pre-edge
are observed within a holding time of 125 s at −1.3 VRHE.
Again, for the 100-foam, this trend can be explained by the high
initial Cu0 content (∼20% at−1.3 VRHE within the rst seconds).
Evidently, the time-dependent changes in the spectra are less
pronounced compared to the entirely oxidized foams, e.g. 300-
and 450-foams. From the MCR-ALS analysis (Fig. 7b), for the
100-foam, the reduction to metallic Cu is not fully completed
within 125 s at −1.3 VRHE (∼10% Cu+ remain), while half the
CuxO is already transformed into the metallic state aer ∼50 s.
Interestingly, as a potential of −1.3 VRHE (starting from OCP)
was applied instead of−0.5 VRHE (Fig. 7c and d), the oxide-metal
transition process for the 300-foam is not getting faster. At
−1.3 VRHE the reduction to metallic Cu species also took place
within ∼40 s, while the Cu2+ concentration dropped to 0%
during this time. Similarly, the time at which half of the Cuz+

content is reduced to Cu0 was the same (around 25 s). Note that,
compared to the potential jump to −0.5 VRHE, no Cu+ species
This journal is © The Royal Society of Chemistry 2024
are observed for the 300-foam. As shown in Fig. 7c, the time-
dependent XANES spectra clearly support the oxide-metal
reduction by the shi and decrease in white line intensity
for the 300-foam. Furthermore, the characteristic increase in
pre-edge and shi in transition energy from ∼8985 eV
(mainly Cu2+) to ∼8980 eV (Cu0) corroborate the ndings from
the MCR-ALS.

As the potential jump experiments revealed a 6-times slower
oxide-metal reduction of the Cu+ rich 200-foam compared to the
Cu2+ rich 300-foam at the same potential (−0.5 VRHE), we can
conclude that the abundance of Cu2+ species strongly inu-
ences the oxide-metal transition kinetics. More precisely, from
ex situ XANES and XPS analyses for the 100- and 200-foams,
lower amounts of the Cu2+ species (∼20–40%) are incorporated
in the amorphous oxide mainly located at the surface, while the
XRD data do not indicate the formation of crystalline CuO
phases. Based on the XRD data, only crystalline Cu2O phases are
present throughout these foams, while the 300-foam consists of
∼76 wt% crystalline CuO.

4. Discussion

Fig. 8 and 9 summarize the principal ndings of this study,
showing schematically the different reduction rates and life-
times of Cu2+, Cu+ and Cu0 species in dependence of the applied
J. Mater. Chem. A, 2024, 12, 28177–28192 | 28187
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Fig. 8 Schematic model showing the potential-dependent oxide-
metal transition processes of the four differently annealed CuxO foams
during the potential increment (DE = 100 mV) experiments. The
transition of Cu2+ to Cu0 with intermediate Cu+ formation is illustrated.
From the ex situ XANES analysis, the initial Cu0 : Cu+ : Cu2+ ratios of the
in air annealed CuxO foams are 50 : 39 : 11 (100 °C), 0 : 79 : 21 (200 °C),
0 : 24 : 76% (300 °C) and 0 : 0 : 100 (450 °C), respectively. The pore
structure of the foams is depicted by the white spheres.

Fig. 9 Schematic model showing the time-dependent oxide-metal trans
foams during the potential jump (DE > 500mV) experiments. The fast tran
for the two different chronoamperometric experiments used in this study
in air annealed CuxO foams are 50 : 39 : 11 (100 °C), 0 : 79 : 21 (200 °C), 0 :
of the foams is depicted by the white spheres.
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potential for the CuxO foams annealed at 100 °C, 200 °C, 300 °C
and 450 °C for 12 h in air. Especially in this work, the differ-
ences observed between small potential increments vs. (large)
potential steps/jumps are highlighted as well as the shi of the
oxide-metal transition potential with the annealing temperature
and thus the initial ratios of Cu0 : Cu+ : Cu2+ species and struc-
ture of these CuxO foams.

First, our results demonstrated that the annealing temper-
ature has a strong inuence on the Cu0 : Cu+ : Cu2+ ratio within
the bulk and surface of the CuxO foams as well as the crystal
structure of the CuO species. Generally, the content of Cu2+

species and their degree of crystallinity increase with higher
annealing temperature, while crystalline Cu2O is present
throughout all annealed CuxO foams. The results from the
ex situ XRD and Raman data show a high crystallinity of the CuO
phase aer annealing at and above 300 °C, while at lower
temperatures the CuO detected by the XANES and XPS tech-
niques is strongly amorphous (absence of peaks in the XRD
prole). Secondly, the annealing at lower temperatures leads to
strong differences in the surface and bulk composition of the
treated foams. Consequently, more amorphous CuO species on
the foam surface are present at lower annealing temperatures.
As an excellent example, the 200-foam contains ∼80 wt% (via
XPS) of amorphous CuO surface species, while the bulk-like
XANES data only shows 20% CuO. These differences in the
oxidation state, crystallinity and bulk vs. surface Cu oxide as
well as the applied electrochemical protocol have a strong
inuence on the oxide to metal reduction processes during the
CO2RR, which will be discussed now.
ition processes of the 100 °C, 200 °C and 300 °C in air annealed CuxO
sition of Cu2+ to Cu0 vs. slower intermediate Cu+ formation is illustrated
. From the ex situ XANES analysis, the initial Cu0 : Cu+ : Cu2+ ratios of the
24 : 76 (300 °C) and 0 : 0 : 100 (450 °C), respectively. The pore structure

This journal is © The Royal Society of Chemistry 2024
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The potential increment conditions (DE = 100 mV, from
+0.4 VRHE to −1.2 VRHE for 6–10 min at each potential) give
insights into the stepwise oxide-metal transition processes of the
CuxO foams (Fig. 8). From these experiments, we demonstrated
that the higher the annealing temperature of the precursor foam
and thus the higher the concentration of crystalline CuO species,
the lower the oxide-metal transition potential. Thus, the 100-
foam shows the highest cathodic oxide-metal transition poten-
tial, whereas the lowest overpotential is required for the 450-
foam. The difference in the transition potential between the 100-
and 450-foams is therefore around −600 mV. Consequently,
highly crystalline CuO phases can be electrochemically reduced
at much lower potentials compared to amorphous CuO.

Considering that the oxide-metal transition affects the
CO2RR product distribution and faradaic efficiencies, it is
important to understand the kinetics of this process for the
design of efficient electrocatalysts. In all experiments, a chro-
noamperometry method is applied showing an exponential
current decay over time at constant potential due to the tran-
sition from the faradaic current to mass-transport limiting
current. According to the thermodynamically predicted Pour-
baix diagram, the reduction pathway of Cu2+ species to metallic
always involves the formation of Cu+ intermediate species
under these CO2RR conditions (pH = 7.2, 25 °C).55 In the rst
obvious assumption, the electrochemical oxide-metal transition
dynamics might comprise two rate constants. One for the
reduction rate from Cu2+ to Cu+ (k1) and one from Cu+ to Cu0

(k2). Depending on which one of the potential-controlled rate
constants is the rate determining step (rds), i.e. the slowest step,
it allows detection of Cu+ formation or it might be too fast to be
observed with the technique used in this study (resolution of 1 s
for each XANES spectrum). If k1 is rate determining, the Cu+

intermediate rapidly reacts to Cu0 species, which cannot be
probed within the one second of data acquisition. On the other
hand, if k2 is the slowest step, a fast buildup of Cu+ occurs
followed by a slow reduction step to metallic Cu. In this work,
we can only evaluate the relative relation between k1 and k2 with
each other.

With the potential step (OCP / −0.2 VRHE / −0.5 VRHE /

−1.3 VRHE) and potential jump (OCP/−0.5 VRHE or−1.3 VRHE)
experiments, we gained an understanding of the kinetics during
this transition process and the respective lifetime of each Cuz+

species without applying intermediate potentials in between.
We could demonstrate that for the 200-foam rst one-electron-
transfer from Cu2+ to Cu+ sets in, while applying intermediate
potentials at −0.2 VRHE and −0.5 VRHE. Once the oxide-metal
transition potential was reached, further reduction to metallic
Cu occurred almost instantly. Again, we found that with
increasing annealing temperature, i.e. for the 450-foam
compared to the 200-foam, the reduction potential to Cu0 is
shied to less negative values. We suggest that the observed
differences in the kinetics are controlled by the abundance of
crystalline CuO species.

With the potential jump conditions (from OCP to −0.5 VRHE

or −1.3 VRHE), we were able to show the initial Cu+ formation/
reduction only for the 200- and 100-foams (Fig. 9). However,
for the 300-foam, the reduction rate to Cu+ species is fast, but
This journal is © The Royal Society of Chemistry 2024
can only be detected at the start of the measurement at
−0.5 VRHE. For this annealing temperature, the reduction of
Cu2+ and Cu+ species to metallic Cu was already completed
within ∼40 s, which is 6-times faster compared to the 200-foam
using the same protocol (from OCP to −0.5 VRHE). At −1.3 VRHE

the Cu+ formation is too fast to be detected within 1 s of the XAS
acquisition. Our observation can be explained by the different
reduction rates and lifetimes of Cu2+, Cu+ and Cu0 species
during the electrochemical reduction processes. Based on the
complementary ex situ techniques, the 300-foam mainly
consists of crystalline CuO, while for the 200-foam, the Cu2+

species are incorporated in the amorphous oxide and mainly
located at the surface.

On comparing the potential step (DE >100 mV) and jump
experiments (DE >500 mV) for the 200-foam, different oxide to
metal reduction behaviors were found (Fig. 9). For the 200-foam,
jumping directly from OCP to −0.5 VRHE (Fig. 6a) without any
intermediate potential steps shows an initial Cu2+ to Cu+ transi-
tion. Therefore, the rds is the Cu+ to Cu0 reduction, implying
a small k2. Additionally, themetallic Cu formation only sets in aer
∼130 s, resulting in a buildup of Cu+ species by holding the
potential at −0.5 VRHE. For the 200-foam, the complete reduction
to metallic Cu is reached aer ∼285 s in this experiment. In
contrast, under the potential step conditions, where−0.2 VRHE was
applied before −0.5 VRHE, only around 20% Cu0 were formed at
−0.5 VRHE aer the same time. Thus, without intermediate
potential steps a faster reduction to metallic copper at −0.5 VRHE

occurs, pointing out the strong impact of the previously applied
potential to the reduction behavior of Cu+.

Furthermore, for the 300-foam, the reduction process becomes
much faster if no intermediate potential steps were conducted
beforehand. More precisely, the jump from OCP directly to the
oxide-metal transition potential of∼−0.5 VRHE leads to an instant
reduction within 40 s. This is contrary to the observation, where
increment potential steps were applied. Here, the reduction to
metallic Cu is only complete at −0.6 VRHE. We note that there is
a discrepancy between our previously published XAS analysis of
the 300-foam, where a clear intermediate formation of Cu+ species
occurs during the potential step experiments before the reduction
to metallic Cu commences.14 However, initially at +0.4 VRHE, our
analysis clearly indicates that this CuxO foam is fully oxidized to
Cu2+ species, while previously around 20% remained as Cu+

species even at applied anodic potentials.14 We explain this
observation by the initial structure and chemical species of CuxO
during the annealing process and in contact with the electrolyte
solution. Based on the potential step (DE >100 mV) and jump
experiments (DE >500 mV), we suggest that the sluggish reduction
kinetics for the 100- and 200-foams are correlated with the surface
concentration of amorphous CuO as well as the high abundance of
Cu+ species, which is favorable for the formation of C2 products
during the CO2RR. Only the crystalline CuO phase found for the
300- and 450-foams undergoes very fast reduction kinetics at lower
cathodic potentials applied.

Altogether, we reveal a clear dependence of the Cu0 : Cu+ : Cu2+

ratio, crystal structure and electrochemical protocol applied on the
oxide-metal reduction kinetics for the differently annealed CuxO
foams. A high concentration of Cu2+ species as well-ordered CuO
J. Mater. Chem. A, 2024, 12, 28177–28192 | 28189
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phase is able to inuence the rds of the oxide-metal transition,
resulting in a shi to lower cathodic potentials and therefore
a lower energy barrier to reduction. Comparing the different
chronoamperometric protocols, we show that during the smaller
potential step and increment experiments, a slowdown of the
reduction of the Cu2+/Cu+ to Cu0 occurs. Thus, jumping directly to
a highly cathodic potential enhances the reduction kinetics of
CuxO to metallic Cu.

Our operando Quick-XAS study provides deeper insights into
the oxide-metal transition dynamics of CuxO-derived electro-
catalysts and uncovers the impact of the electrochemical
protocol on the reduction of the Cu oxide to metallic species as
well as the presence of amorphous/crystalline CuO phases
during CO2 electrolysis.

5. Conclusion

In this work, we investigated the potential and time dependent
oxide-metal transition dynamics for the CuxO foams annealed in
air at four different temperatures ranging from 100 °C to 450 °C
probed by operando Quick-XAS. From the comparison of ex situ
XANES, XRD and XPS analyses, we pointed out that an increase
in annealing temperature leads to an increase in the proportion
of Cu2+ species and their degree of crystallinity within the CuxO
foams. More precisely, aer annealing at 100 °C and 200 °C these
CuO species are amorphous and mainly found at the surface of
the foam. Once the annealing temperature reaches 300 °C or
higher, the CuO phase is entirely crystalline.

Using potential increment (DE= 100 mV), step (DE >100 mV)
and jump (DE $500 mV) experiments, we gained deeper
insights into the transition kinetics from Cu2+ / Cu+ / Cu0 in
CO2-saturated 0.5 M KHCO3. These different types of potential
control experiments strongly inuence the reduction behavior
of CuxO to metallic Cu under cathodic conditions. In other
words, using smaller increments slows down the reduction
kinetics. Additionally, from the potential increment experi-
ments, an increase in initial crystalline CuO species leads to
a shi in the oxide-metal transition towards less negative
potentials, signifying a lower energy barrier to reduction.

A change in the rate determining step during the reduction
pathway with the stability of Cu2O intermediates was identied.
For the crystalline CuO rich foams (300 °C and 450 °C), a large
rate constant k2 at highly cathodic potentials results in a very
fast transition from Cu+ to Cu0. For all in air annealed CuxO
foams, we showed that the catalytically active species in the
potential range of hydrocarbon formation,10 at −0.8 VRHE and
more negative potentials, is entirely metallic Cu.

Overall, the operando Quick-XAS study reveals a clear
dependence of the Cu0 : Cu+ : Cu2+ ratio and structure of the
CuO species as well as a strong inuence of the applied
potential protocol on the oxide-metal reduction kinetics for the
differently annealed CuxO foams.
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