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1. Introduction
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The electrochemical CO, reduction reaction (CO,RR) is a promising approach for achieving carbon-
neutral processes in the chemical industry. In this context, various nanostructures have been reported to
enhance the C,, selectivity of Cu-based catalysts. Here, we prepared Cu nanoneedles (NN) from 300 nm
sputtered Cu thin films through anodization under various conditions and investigated their performance
in terms of C,, product selectivity. Various combinations of anodization potentials (+0.75 Vgne, +0.85
Vrue, and +0.95 Vgye) and KOH electrolyte concentrations (0.1 M, 0.5 M and 1.0 M) allow the tailoring of
the NN length and density that are linked to their CO,RR product selectivity at —1.0 Vrue. The best per-
formance using the C,, : C; ratio was achieved with a high NN surface density. A detailed analysis using
high-angle annular dark-field scanning transmission electron microscopy and X-ray absorption fine struc-
ture spectroscopy of the best performing sample shows that the anodization of a Cu thin film produces
NNs composed of a uniform 3D network of 2 hm hydroxide nanoparticles (NPs) and reconstructs into a
rougher metallic Cu NP network after the CO,RR. A high density of NNs with this inner structure may lead
to an increase in the local CO concentration and thus to C,, products. This systematic work demonstrates
that nanostructuring the surface of copper thin film electrodes can enhance the CO,RR selectivity to C,
products while the correlation between the NN morphology and their inner structure strengthens further
their applications as CO, electrocatalysts.

from petroleum processes."® Among them C,, products and
in particular ethylene are the most desired molecules by indus-

The electrochemical CO, reduction reaction (CO,RR) is a
promising emerging technology to mitigate the increase in
anthropogenic carbon dioxide levels responsible for global
climate change. Coupled with renewable energy, the electro-
chemical conversion of CO, in aqueous media can produce
valuable fuels and chemicals that are conventionally derived
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try. The latter molecule features a high energy density and is
an important precursor in many industrial processes.*

So far, the optimal binding energy for adsorbed CO (*CO) is
a unique feature of Cu and is thought to enable the formation
of multicarbon products, especially C,..> However, despite
extensive research and technological advances of the state-of-
the-art Cu-based CO,RR catalysts,® their insufficient selectivity
and poor stability remain important challenges. Better control
over the *CO intermediate may allow unlocking the selectivity
of chemical pathways to C,. products which could aid in the
design of improved materials.”

Recently, nanostructuring of copper surfaces has been intro-
duced as an efficient method to favour the formation of C,, over
C; products. In particular, Cu-derived (Cu(OH), or CuO) nano-
needle (NN) structured electrodes feature a significant enhance-
ment in C,, product formation, while their faradaic efficiency
(FE) for methane formation is minimized to less than 1%, allow-
ing an efficient separation of C; and C,, products.® This remark-
able selectivity improvement has been attributed to the force-
field effect created by the high-curved structures of NNs that can
accommodate a higher number of hydrated cations.” Their pres-
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ence seems crucial in promoting the hydrocarbon selectivity as
demonstrated by Monteiro et al.'® However, the exact nature of
the active sites on oxide-derived Cu is still debated. Some
propose that dual Cu®*-Cu® sites'*™* participate in the enhance-
ment of C,, product selectivity. According to other studies, the
reduction of copper to Cu® always precedes the CO,RR,'**® with
a recent study highlighting the important role of the metal par-
ticle size in boosting C,, production.'®

Cu NNs can be formed chemically’® or more conveniently
through the anodization of a metal plate, usually in an alka-
line solution,***' with few works using bicarbonate electro-
lytes.>® The anodization regime offers a versatile, fast, and
economical way to nanostructure metallic surfaces, including
copper. The self-organizing process allows for the growth of
nanostructured mixed Cu(OH), and CuO phases that increase
the original metal surface area by several orders of magnitude.

The utilization of thin films produced by physical vapor
deposition methods has been proven to be very appealing for
industrial catalysis applications,”®® such as gas diffusion
electrodes that are used in electrolyzers. Compared to conven-
tional bulk foils, their film fabrication combines a better
control over the film thickness with a higher flexibility regard-
ing the type of substrate. Nonetheless, the specific morpho-
logical changes induced by their reconstruction under electro-
chemical treatments have not been explored in depth. The
growth of NNs via the anodization of a Cu electrode is usually
controlled by the applied potential or current, the electrolyte
concentration and the pH used.”””*® Typically, a high current
density or potential is applied in a highly concentrated KOH
electrolyte to develop the NN structures.®?%*° However, neither
a rational justification of the applied conditions nor a systema-
tic investigation of the link between the NN structure/mor-
phology and its CO,RR selectivity has been given.

In this study, the relationship between the potentiostatic
anodization conditions of copper thin films and the resulting
NNs’ morphology, length and density as well as their respect-
ive ethylene or C,, selectivity in the CO,RR is investigated. Pre-
and post-reaction characterization of the best-performing NN
electrode using a combination of electron microscopy and
X-ray emission and absorption spectroscopy allows further
understanding of the structural origin of its CO,RR selectivity.
The results of this work will contribute to a more rational
design of selective CO,RR electrocatalysts.

2. Experimental methods

2.1. Synthesis of copper electrodes

Cu/Pt/glass (99.99%, Neyco/Schott Benelux) electrodes were fab-
ricated using radiofrequency (RF) sputtering following the pro-
cedure described in ref. 31. Using Kapton tape, the geometric
area of the electrodes was determined to be 0.7 x 0.7 cm?.

2.2. Electrochemical experiments

2.2.1. Anodization of copper thin films. The anodization
experiments were conducted in a three-electrode single com-
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partment cell. The KOH (>85%, pellets, ACS reagent, Fluka)
concentration of the electrolyte was varied in a range from 0.1
to 1.0 M. All the electrolytes were diluted to the required con-
centrations by mixing them with Milli-Q water (18.2 MQ cm).
For the anodization process, a Hg/HgO (1.0 M KOH) reference
electrode (RE) and a Pt gauze (2.25 cm?) counter electrode (CE)
were used. Applied potentials were measured with respect to
the Ag/AgCl and Hg/HgO REs and converted to the reversible
hydrogen electrode (RHE) scale:

Erne = E(ag/agcl, kcl 3.4 M) + EzAg/AgCl‘ kel 3.4 M) T 0.059pH (1)

ERHE = E(Hg/HgO KOH1 M) + E:Hg/HgO KOH1 M) + 0.059 pH (2)

where Egrpg is the converted potential versus the reversible
hydrogen electrode, RHE, Eg/agci, xci 3.4 m) iS the measured
potential against the Ag/AgCl (KCl 3.4 M) reference electrode,
and EE’Ag Jagcl kol 34wy 1S the standard potential of Ag/AgCl
at 25 °C (0.205 Vgyg). The same applies for the Hg/HgO RE
With Eje/m00, kom 1 m) at 25 °C (0.098 Vgyg). Unless otherwise
specified, potentials reported hereafter are given vs. RHE
(VRHE)-

The measurement protocol starts with cyclic voltammetry
(CV) in the —0.15 - +1.5 Vgyg potential window using a scan
rate of 100 mV s~* to identify the Cu redox peaks. For each
anodization, a fresh Cu electrode was used and was polarized
at —0.1 Vgyg for 50 s to reduce the thickness of the native
surface oxide layer, before the application of oxidative poten-
tials of +0.75 Vgyg, +0.85 Vgyg and +0.95 Viyg for 150 s. Each
applied potential results in a different electrode. After anodiza-
tion, the electrode was rinsed with Milli-Q water and dried
under N,.

2.2.2. Electrochemical CO, reduction. The electrochemical
experiments were carried out in a gas-sealed H-cell controlled
from an electrochemical potentiostat (CS2350 bipotentiostat,
Corrtest Instruments). The two compartments were separated
by a cation exchange membrane (117-Nafion). A leak-free Ag/
AgCl 3.4 M KClI (LF-1.6, Innovative Instruments, Inc.) was used
as the RE and a Pt gauze (2.25 cm?®) as the CE. CO, saturated-
0.1 M KHCO; with pH 6.8 (>99.7%, p.a., ACS, Carl Roth) (7 ml,
3 ml headspace) and 1.0 M KOH (6 ml) electrolyte solutions
were used in the cathodic and anodic compartments, respect-
ively. Before the CO,RR, the catholyte was bubbled with CO,
for 40 min and stirred with a magnetic stirrer at a constant
rate of ~500 rpm. For the electrolysis, a CO, flow rate
(4.8 grade, Air Liquide) of 5 ml min~" was used.
Electrochemical impedance spectroscopy (EIS) was used to
measure the uncompensated resistance R, (where Z; is 0) of
the electrochemical system at a potential of —1.0 Vgyg in the
frequency range 4 x 10°~1 Hz. The R, value was used in the
post-iR correction as given by E = Egryg — iRy.

Gaseous products were analysed with a gas chromatograph
(GC, Trace 1300, Thermo Fisher Scientific) using a sampling
interval of 12 min. At the end of each experiment, 3 ml of elec-
trolyte was stored in a refrigerator to preserve the volatile com-
pounds. An Agilent 1200 high-performance liquid chromato-

This journal is © The Royal Society of Chemistry 2025
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graphy system with an Agilent Hi-Plex H 7.7 X 300 mm column
was used to separate the product, and an Agilent 1260 RID
detector was used to detect and quantify formate in the form
of formic acid. The samples were previously diluted with water
or a mobile phase. Here 0.01 M H,SO, was used as the mobile
phase. Organic products concentrations (i.e. ethanol, propanol
and acetaldehyde) were measured using headspace-GC com-
bined with an FID and MS detector. The compounds were sep-
arated on a DB-WAXetr column 60 m x 0.25 mm X 0.25 pm.
Vials were heated in a closed headspace vial and the headspace
was injected into the GC. A specific temperature profile was
used to separate the several alcohols. The faradaic efficiencies
(FE) of the different products were calculated using:

FE; gas(%) = Qexp,i/ Qeotal = (2i X 1; X F)/(I x t), (3)
FE; liquid = (C XV xn; X F)/(MW X I X t), (4)

where Qcp,; is the amount of charge consumed for product ,
Qrotal is the total accumulated charge, F is the Faraday constant
(96 485 C mol™"), z; is the number of exchanged electrons for
each specific product, and n; is the number of moles of
product i. Qe is the product of applied current (I) and experi-
ment duration (¢), ¢ is the concentration of liquid products, V
is the volume of the electrolyte, and M,, is the molar mass of
certain liquid products.

Before CO, electrolysis, linear sweep voltammetry (LSV)
curves were recorded from 0 to —1.0 Vgyyg at a scan rate of
25 mV s~'. Chronoamperometry (CA) was performed at —1.0
Vrae for 1 h. The LSV and CA curves are shown in Fig. S37. For
the total FE estimation, the first 12 min are not included since
the system had not reached steady-state in the H-cell
(Fig. S4at). The reported FE values results from three indepen-
dent experiments. At the end of the experiment the electrolyte
pH after the CO,RR was 7.3.

2.3. Materials characterization

2.3.1. X-ray diffraction (XRD). The crystal structure of the
synthesized materials was characterized by X-ray diffraction
(X’Pert PRO MRD system) using Cu Ka radiation with a
1.5405 A wavelength at a current of 40 mA and voltage of 50
kv. The scanning rate was 2° per min and the 26 angle ranged
from 10 to 80°.

2.3.2. Scanning electron microscopy (SEM). Micrographs of
the AN-(x, y) electrodes were obtained by SEM using a FEI
Helios Nanolab G3 CX DualBeam FIB/SEM with an accelera-
tion voltage of 10 kV and an electron beam current of 86 pA.

2.3.3. X-ray photoelectron spectroscopy (XPS). The chemi-
cal stoichiometry and oxidation states of Cu and O were
studied with X-ray photoelectron spectroscopy (XPS). XPS
measurements were performed in a home-built setup at room
temperature using Mg Ka X-rays (XR4 twin anode X-ray source,
non-monochromatic) and an Alpha 110 hemispherical analy-
ser. The spectra were acquired in ultra-high vacuum (UHV)
(base pressure ~10~% mbar) with an energy step of 0.1 eV, an
energy resolution of ~1 eV, and a beam diameter of 5 mm. The

This journal is © The Royal Society of Chemistry 2025
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recorded spectra were corrected by using the adventitious
carbon peak C 1s at 284.8 eV.

2.3.4. X-ray absorption spectroscopy (XAS). Measurements
were carried out at the XAFS beamline®® of the Elettra synchro-
tron (Trieste, Italy) equipped with a Si (111) double crystal
monochromator and water-cooled Pt-coated silicon mirrors
which ensured higher order harmonic rejection. The X-ray
absorption near edge spectroscopy (XANES) and extended
X-ray absorption fine structure (EXAFS) of the electrodes at the
Cu K-edge (8979 eV) were collected under ambient conditions
in fluorescence detection mode using a silicon drift detector
(SDD) and the incoming beam was measured using a nitrogen-
filled ion chamber. The energy calibration was performed
using the absorption spectrum of a metallic Cu foil. The XAS
data were recorded up to a wavenumber of 12 A™*, with each
spectrum taking approximately 30 minutes. At least two
spectra were averaged to improve the signal to noise ratio. The
background and normalization were carried out by fitting a
straight line for the pre-edge and cubic spline, simulating the
absorption of an isolated atom, for the post edge.

2.3.5. High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF STEM) and energy dis-
persive X-ray spectroscopy (EDS). The measurements were per-
formed using an aberration-corrected cubed ThermoFisher
Scientific Titan transmission electron microscope, operated at
an accelerating voltage of 300 kV. The instrument was
equipped with a Super X EDS detector. HAADF STEM was
carried out ex situ after the anodization and the CO,RR by
scratching the electrode surface, sonicating the detached
material in ethanol, and drop casting the suspension on ultra-
thin film (UTF) carbon coated Au TEM grids. TEM lamellas
were prepared using a Helios 5 Hydra UX plasma focused ion
beam (PFIB) DualBeam system (Thermo Fisher Scientific Inc.)

3. Results and discussion

3.1. Anodization of sputtered copper electrodes

A series of magnetron sputtered 300 nm Cu thin films on glass
substrates, Cusqo, were anodized in various KOH concen-
trations and under different potentials to tailor their
morphology.

Potentiostatic anodization was chosen over galvanostatic to
explore the anodization of copper electrodes at specific poten-
tials and to have the complete control over the reactions hap-
pening at the surface. To determine the optimal oxidation
potential, CV was performed from +1.5 to —0.15 Vgyg using a
scan rate of 100 mV s~' at KOH electrolyte concentrations of
cxon = 0.1 M, 0.5 M and 1.0 M, as shown in Fig. 1a. The catho-
dic peaks C and D are specific for the reduction of the oxidized
species Cu®>" and Cu" to Cu’ respectively. The oxidation peak
A in the anodic sweep corresponds to Cu oxidation into Cu,O,
i.e. Cu® —» Cu*, while peak B is characteristic of Cu” and/or Cu®
— Cu®" oxidation.

Peak B splits into two subpeaks, B, and B,. Notably, the
former corresponds to the formation of Cu(OH), and the latter

Nanoscale, 2025,17,17745-17757 | 17747
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Fig. 1 (a) Cyclic voltammograms of the sputtered Cu electrodes, Cuszgo, in 0.1 M, 0.5 M and 1.0 M KOH for the potential window between —0.15 and

1.5 Vgue, recorded at a scan rate of 100 mV s7L Inset: Cu?* oxidation region, peaks B; and B,. The vertical dotted lines represent the selected anodi-
zation potentials Ej, E; and Es. (b) Schematic representation of the anodization process for Cu sputtered film, Cuszgo. The straight arrows represent
the interaction of species, i.e. Cu and Cu?* with OH™ to give oxidation products, and the wavy arrow depicts the dissolution of Cu metal to Cu?*. (c)

Transient j vs. t curves for the different E,, potentials in 0.1, 0.5, and 1.0 M KOH for 150 s.

to CuO oxidation products, as given by the following chemical 2Cu+20H™ — Cu0 + H,0 + 2e (7)
reactions:>"*?
_ 2-n _
Cu + 20H™ — Cu(OH), + 2¢~ (5) Cu+nOH" — (Cu(OH),)™ " + 2e (8)
Cu+20H~ — CuO + H,0 + 2¢e” (6) Cu,0 + H,0 + (21 — 2)OH™ — 2(Cu(OH),)* " +2e~  (9)
Three anodization potentials (E,,) were selected based on (Cu(OH),)*™ < Cu(OH), + 20H" (10)

the B peak of this CV response and are indicated by the
dashed lines in the inset of Fig. 1a. Considering the specific
reactions, i.e. (1) and (2), taking place at potentials close to By
and B, peaks, the electrode’s morphology can be altered.
Therefore, the potentials selected to investigate the growth of
NNs are located before peak B, (E; = 0.75 Vgyg), around B, (E,
= 0.85 Vgug) and close to B, (E3 = 0.95 Vgyg) to explore the
region of NN formation and to optimize their shape (inset
Fig. 1a).

According to Shoesmith et al.”” the anodization starts with
the formation of an initial Cu,O layer as described by reaction
(7). As this porous layer develops, metal dissolution in the
form of Cu®" occurs given by reaction (8). Since the pores get
wider with time, some dissolution of Cu,O must also take
place according to reaction (9).

l. 34

17748 | Nanoscale, 2025,17,17745-17757

Although the anodization process is not fully understood
yet, it is generally claimed to be governed by the dissolution
processes of soluble (Cu(OH),)*>~ complexes.?* The build-up of
(Cu(OH),)*” near the electrode surface can lead to the nuclea-
tion and growth of insoluble Cu(OH), crystals through reaction
(10). A schematic of the NN growth is shown in Fig. 1b.

The transient responses of current density j-t, depicted in
Fig. 1c, can provide a mechanistic insight into the anodization
process. Specifically, an initial drop in current density is
observed across all KOH concentrations and anodization
potentials. In the j-t curves, the timing of the drop varies, and
the fastest drop is observed at 0.85 Vgyg, followed by later
drops at 0.75 Vgug and 0.95 Vrge. The observed drop is likely
due to the formation of a Cu,O insulating layer resulting in an

This journal is © The Royal Society of Chemistry 2025
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increase of the charge transfer resistance of the electrode-elec-
trolyte interface. The variation in time may reflect differences
in the number of NN nuclei. The ascending current density is
most pronounced for 0.85 Vgyg in 0.5 and 1.0 M KOH and for
0.75 V in 1.0 M KOH. No current increase is seen for the 0.1M
KOH-series and for 0.95 Vgyg at 0.5 and 1.0 M KOH. This
current increase translates into the nucleation and growth of
the upper layer of (Cu(OH),)>” resulting from the native oxide
layer dissolution. Once the dissolution of these species starts,
channels where fresh Cu is accessible to be dissolved further
are available. Gradual supersaturation of (Cu(OH),)*” causes
Cu(OH), to grow into a nanoneedle-like structure as indicated
by the maximum value reached by the current.'® As the Cu
(OH), crystals start to overlap and to cover the surface, partial
passivation takes place and the current declines. Moreover,
depending on the applied E,, the colour of the Cu surface
changes from luminous salmon red to darker tones indicating
the successful creation of anodization products on the surface

(Fig. S1t).

3.2. Effect of cxoy and E,,, on the Cu NN structure

For convenience, the anodized copper electrodes will be
referred to as AN-(x, y) where x is the applied potential and y
the molarity of KOH in M used for the anodization. Depending
on the anodization conditions, distinct Cu NN morphologies
compared to that of planar Cuzy, film can be identified
through SEM in Fig. 2a. Although NNs are present for the
lower 0.1 M concentrations at 0.85 and 0.95 Vyyg, their growth
is limited due to the insufficient supply of OH™. Significant
higher coverages of NNs are observed on the electrode surface
when the electrolyte concentration is increased to 0.5 M and
especially to 1.0 M. For this reason, thorough characterization
was performed for the full set of cxon = 0.5 and 1.0 M at 0.75
Vrue. For AN-(0.75, 0.5), the density of the formed NNs is low
and a significant fraction of the porous Cu,O layer is exposed.
With respect to the j-¢ transient curves, the low-density mor-
phology can be explained by the transport of Cu®** species
from the dissolution sites to the crystal-growth sites. If the
metal dissolution is facilitated, supersaturation of soluble
Cu”" complexes occurs at the electrode surface leading to fast
nucleation and growth of long NNs (average length of 3 +
1 pm).

Although the NN morphology strongly relies on the applied
Ea.pn, the current density can also provide information about
their growth.*® Since the electrolyte concentration is relatively
low (0.5 M), a low number of NN nucleation sites are formed
explaining the inhomogeneous covering of the surface. The
AN-(0.85, 0.5) electrode is characterized by a more homo-
geneous morphology with a high density of shorter NNs
(average length of 0.7 + 0.2 um). At high overpotentials, there
is a rapid increase in the number of nucleation sites leading to
a fast surface coverage inhibiting the metal dissolution and
resulting in the growth of smaller crystals. Electrode AN-(0.95,
0.5) has only a few NNs grown horizontally on a roughened
substrate. This condition falls in the passivation region that
allows for a spontaneous oxidation of the Cu,O layer to CuO

This journal is © The Royal Society of Chemistry 2025
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preventing the NN formation. In AN-(0.75, 1) synthesized at
the highest 1.0 M KOH concentration, a very distinct mor-
phology with long bundles of NNs of a few micrometres
(~2.7 um) growing in different directions on the electrode is
found. Recall that the j(¢) transient of AN-(0.75, 1) reached a
steady-state with a constant current density of 3 mA cm™>
(Fig. 1c). This entails an equilibrium between the competing
copper dissolution and the passivation reactions, slowing
down the conversion of Cu to CuO.

The growth of NN structures depends on the electrolyte
concentration as well as on the pH*” while the use of cxon >
0.5 M is essential. The NN growth starts with a Cu,O layer,
which, depending on the applied potential, (partially) dis-
solves to generate several nucleation sites. Anodization using
potentials below the B; peak (0.75 Vgyg) results in the growth
of long NNs whose surface density increases with cxop as illus-
trated by the SEM image in Fig. 2a. The anodization potential
just above the B; peak (0.85 Vgyug) or at the onset of the B,
peak produces densely packed shorter NNs. Once the applied
anodization potential is close to the B, peak (0.95 Vgyg), the
NN growth is inhibited, as the reaction goes under the passiva-
tion regime control. The estimated depth of anodization
related to the reconstruction of Cus, is calculated by integrat-
ing the current of the CA curves (Table S1t). Anodization
depths of ~107, 83, 10 and 5 nm were estimated for AN-(0.75,
1), AN-(0.85, 0.5), AN-(0.95, 0.5) and AN-(0.75, 0.5), respectively
(ESI S.27%).

The XRD patterns of the anodized electrodes are shown in
Fig. 2b. The bare Cus, electrode has diffraction peaks at 43.3°,
50.4° and 74.1° which correspond to the (111), (200) and (220)
planes of cubic fcc Cu (ICSD01-089-2838) shown by the
rhombus symbol. The Cu thin film shows a (111)-preferred
orientation. Additionally, the circle symbol is used for the
peaks corresponding to the (111), (200), (220) planes of cubic
Pt (ICSD01-087-0640) and observed at 26 angles of 39.9°, 46.4°,
and 67.4°, corresponding to the Pt layer supporting the sput-
tered copper film. The XRD peaks of the AN-(0.75, 0.5) and AN-
(0.75, 1) samples located at 16.56°, 23.64°, 33.98°, 35.78°,
37.98°, 54.10°, and 63.52° correspond respectively to the (020),
(021), (002), (111), (041), (061), and (200) planes of ortho-
rhombic copper hydroxide Cu(OH), (ICSD01-072-0140) as indi-
cated by the heart symbol to indicate the presence of NNs. The
lower intensity of these reflections in AN-(0.85, 0.5) suggests
that a smaller amount and/or a less crystalline phase of Cu
(OH), is formed in this sample. In AN-(0.95, 0.5), only the Cu
metal reflections corresponding to non-anodized substrate
were observed suggesting that surface passivation has occurred
impeding the formation of anodization products. The passi-
vated area is either amorphous and/or of nanoscale dimension.

XPS of the Cu 2p core level was used to determine the
initial surface oxidation state of the anodized Cu electrodes
(Fig. 2¢). The spin-orbit splitting of Cu 2p (4 = 19.75 eV) yields
Cu 2p4» : Cu 2p3, components with an area ratio of 1:2. Our
analysis is based on Cu 2pj,, where the peak at 932.6 eV is
assigned to Cu’/Cu’, and peaks located close to the 933.5/
934.5 eV (Cu** region) stem from the Cu®* species in the oxide
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and hydroxide phases, respectively. The shape of the intense
Cu”" satellite peaks appearing around 937-947 eV was qualitat-
ively used to distinguish the hydroxide and oxide com-
ponents.*® Based on the satellite peak appearance, it can be
concluded that Cu®" species are present in all the AN-(x, y)
electrodes, agreeing with the expected oxidation state from
Pourbaix diagrams®® and the work of Stepniowski et al.*!

The copper oxidation states can be further linked to the ano-
dization parameters. Specifically, AN-(0.75, 0.5) consists of a
mixture of Cu,0 and Cu®" phases comprising Cu hydroxide as
detected by XRD and possibly amorphous CuO. The Cu,O phase
is ascribed to the electrode’s surface since the sample consists
of sparse NNs (Fig. 2a); therefore its amount will be less than
that of Cu®". Electrode AN-(0.85, 0.5) mainly consists of Cu®*, Cu
(OH), as indicated by XRD. Unlike in the two previous electro-
des, AN-(0.95, 0.5) surface appears to be fully oxidized into CuO
as pointed out by the shape of the satellite peak and the
absence of a hydroxide diffraction peaks. Although the hydrox-
ide/oxide fraction cannot be precisely quantified, it is inferred
that with a decreasing E,,, the hydroxide component systemati-
cally increases as does the density of NNs since they are largely

17750 | Nanoscale, 2025,17,17745-17757

composed of Cu hydroxide. Further confirmation of the preva-
lence of the Cu®" state in the form of CuO and Cu(OH), phases
is obtained from the Cu Auger LMM transition peak and the
modified Auger parameter (Fig. S2 and Table S21).

3.3. Effect of NN morphology on the C,, selectivity

Fig. 3a shows the preliminary screening of the FE of the
gaseous products formed under the CO,RR at —1.0 Vgyg for
the different AN-electrodes. Only gaseous products are shown
since we are interested in ethylene production. Ethane, which
is usually produced from porous electrodes,*” was also
detected but accounted for less than 1% of the total
(Fig. S4bt). The missing FE values are of H, and liquid pro-
ducts. Additional liquid product analysis quantified the pres-
ence of formic acid, ethanol, propanol, and acetaldehyde
(vide infra). Variations in the FE follow changes in the geo-
metrical current density, which is larger by a factor of about
2.2 for the NN-electrodes. Typical values for the NN-free elec-
trodes are around —16 mA cm ™2 while those with NNs feature,
depending on their morphology, current densities up to
—33.5mA cm™.

This journal is © The Royal Society of Chemistry 2025
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at a constant potential of —1.0 Vrye for 1 h.

The contour plots shown in Fig. 3b reveal the variations in
the FE for CH, and C,H, under the CO,RR with changes in
the electrode morphology resulting from differences in the
anodization conditions. Relating the CO,RR performance to
the electrode morphology shows that CH, is the dominant
CO,RR product in the absence of NNs. On the other hand,
C,H, is favoured on electrodes featuring NNs. For the electro-
des that produced the highest amount of C,H,, product selecti-
vity was further quantified by the C,,:C; ratio (C,. products
are ethylene, ethanol and propanol) in Fig. 3¢ whose maximi-
zation can be used as a criterion to select the electrode with
the best performance. This ratio that equals 1.4 in the refer-
ence electropolished Cu foil*® increases by a factor of 2-3 in

This journal is © The Royal Society of Chemistry 2025

the different anodized Cu thin films and reaches a maximum
of ~6 for AN-(0.75, 1).

Fig. 3d depicts the CO,RR FE of AN-(0.75, 1) versus that of
the initial thin film Cusz,, and AN-(250), a new electrode with
anodization time, which will be discussed later. Anodization of
Cuz leads to a significant improvement in its C,, selectivity
(Fig. 3d) that reaches 36% including FE¢ y, of 23%, FEgcon of
10% and FEp,oy of 3% while the FE for C; products is 6.2%
including FEpcoon of 4% and FEcy, of 1.6%. A minor amount
of CO (< 0.5%) was detected which was not included in the C;
products. This electrode reaches a partial geometric ethylene
current density jc,u, of —7.6 mA em™ and a total geometric
current density of —33.6 mA cm 2. The remaining current
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density is expected to participate in the competing H, evol-
ution reaction. This result is consistent with earlier works on
nanoneedle-based electrodes that generally produce more C,.,
over C; products ®'®*° In comparison, the original Cuzg thin
film favours the production of C, with a FE of 29.8% including
FEcy, of 16.2%, FEycoon Of 12% and FEco of 1.6% while C,
only reaches 7.2% including FEc g, of 4.2% and FEgop of 3%.
Although relevant information regarding the relation between
the NN morphology and the CO,RR selectivity can be acquired
in an H-cell, this configuration limits the FE towards C, pro-
ducts compared to gas-fed flow cells due to the low solubility
of CO, in water, 0.034 M, resulting in mass transport
limitations.

Since all electrodes have been measured in the same H-cell,
differences in the selectivity are likely attributed to the mor-
phology and the roughness (SRF) of their surface. To this end,
the electrochemical surface area (ECSA) was estimated by per-
forming CV in a suitable non-faradaic region (Fig. S57).

The surface roughness factors (SRFs) of the as-prepared
electrodes (Table S371) increase sharply after the reaction likely
due to the reconstruction process. The post-SRF rank is given
in the following ascending order AN-(0.75, 0.5) < AN-(0.85, 0.5)
< AN-(0.95, 0.5) < AN-(0.75, 1). However, an inverse order is
revealed when the electrodes are compared according to their
ECSA normalized current density, jecsa (Table S3t) with bare
Cusg showing a higher jgcga than AN-(0.75, 1). ECSA-normal-
ized CO,RR activities of low and high surface area Cu catalysts
generally depend on the conditions.*> Higher ECSA leads to
reactions that are more controlled from mass transport than
from kinetics. Since rougher electrodes expose more active
sites, they can deliver higher geometric currents that in turn
increase the local pH.**** This pH increase can impede the
selectivity of the CO, reduction pathway toward pH-dependent
products such as methane.*®

The electrode that yields the highest C,, : C; ratio, AN-(0.75,
1), exhibits homogeneous high density and long NN features.
It is also the electrode with the highest SRF. The increased
length/tilting of the high curvature structure can suppress
methane formation as proposed by Ma et al."” In our work, the
formate production is reduced (corresponding FE¢; and FEc;.
can be found in Fig. S4ct). However, AN-(0.85, 0.5) and AN-
(0.85, 1) that both feature shorter NNs compared to AN-(0.75,
1) feature similar FEc 3, of 18% and 19.2%, respectively, com-
pared to 23% in the latter electrode.

As a proof of concept, we further assessed the influence of
the NN length by increasing the anodization time.?° With this
objective, we made a new AN-(0.75, 1) electrode with prolonged
anodization times from 150 to 250 s: AN-(250) where the value
in brackets denotes the anodization time in s. Although this
electrode shows an increased surface roughness (Fig. S57),
SEM imaging (Fig. S6bt) does not identify any apparent mor-
phological differences from AN-(0.75, 1). No significant
enhancement in FE¢ y, was observed while the current density
only slightly increased from —33.6 to —35.1 mA cm™>. A stron-
ger dependency of the C,,: C; ratio arises from the electrode
SRF. It increases with SRF until it reaches a plateau suggesting
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that mass transport may limit the reaction. Based on this, the
SRF which is interconnected with the depth of NN formation
and density, appears to have a larger impact on the ethylene/
C,. selectivity than on their length. The impact of the selected
CO, flow rate on the mass transport conditions was assessed
by comparing the CO,RR gas selectivity of the AN-(0.75,1)
sample at 5 and 10 sccm. The CO, flow rate was shown to only
slightly affect the CO,RR selectivity to gaseous products.

The importance of roughening Cu surface to steer its
selectivity towards multicarbon species has been explored in
recent AFM studies*® as well as from the reduction of copper
native oxides under the CO,RR.” These morphological
changes can form new under-coordinated and defective sites
that may be active for C-C coupling. Another possible reason
for the enhanced C,, selectivity on NNs is the increased
bubble hydrodynamics, which enhances mass transport of pro-
ducts and reactants from and towards the electrode surface,
respectively.>®

3.4. Reconstruction of NNs under the CO,RR

To gain better understanding of the correlation between the
pre-reaction catalyst structure and its C,, selectivity, we have
investigated further the morphological evolution of the NN
structure under the CO,RR and carried out post-reaction XAS
and HAADF STEM for the best-performing AN-(0.15, 1) elec-
trode. Reconstruction of copper electrocatalysts under the
CO,RR has been demonstrated using in situ characterization
techniques. For example, Lei et al. highlighted a correlation
between grain size and C,. selectivity on reduced oxide-derived
Cu nanocrystals, peaking with 11 nm.”" In another operando
STEM study, the size of nanograins formed through the
agglomeration of 5-7 nm Cu nanoparticles (NPs), is evidenced
to control the CO,RR product selectivity because of their
ability to form higher density metallic Cu grains.'® Those
earlier results suggest that controlling the size of the Cu NPs
via the anodization of the electrode may allow tuning the
selectivity towards C, productivity.

The relative preservation of the NN shape observed by post-
reaction SEM enables us to acquire meaningful structural
information of our catalysts despite their air exposure between
the characterization measurements. Specifically, the SEM
image of post-reaction AN-(0.75, 1)-CO,RR in Fig. 4a shows
that although the aspect of the NNs is roughened they retain
their original shape. Similar reconstruction of copper electro-
des during the CO,RR has been ascribed previously to the dis-
solution and redeposition of Cu under negative applied
potentials.>”

The XANES spectra in Fig. 4b provide information on the
copper local electronic structure in AN-(0.75, 1) prior and after
the CO,RR by using reference compounds as standards. The
absorption edge shift increases with increasing oxidation
state. As expected, the initial pre-reaction profile of AN-(0.75,
1) consists of a mixture of oxides (Cu,O, CuO/Cu(OH),). Their
post-reaction profile matches that of the Cu foil and the initial
sputtered Cu electrode. This shows that the largely oxidized

This journal is © The Royal Society of Chemistry 2025
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Cuszgo substrate and Cu foil, Cu,O and CuO reference spectra. HAADF STEM image of the (d) initial NN and high-resolution image of the NN broken
tip indicated by the red square. The FFT pattern inset shows the zone axis and the crystalline planes of the crystal structures in the green dashed
square, confirming the orthorhombic structure (space group: Cmca) of Cu(OH),. (e) NN after the CO,RR and high-resolution image of the NN edge
indicated by the blue square. FFT pattern insets of the crystal structures in the orange and maroon dashed squares, confirming the cubic structure
(space group: Fm3m) of metallic Cu and the cubic structure (space group: Pn3m) of Cu,O, respectively. (f) TEM lamella of the as-prepared NNs and
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surrounding them. (g) TEM lamella of NNs after the CO,RR, showing enlarged core nanoparticles and the high-resolution image of the large surface

particles with smaller nanoparticles below them, indicated by the purple square.

structure of AN-(0.75, 1) is reduced into metallic Cu during the
CO,RR and remains so under the ambient conditions.

The EXAFS fitting results reflecting the copper atoms local
environment are summarized in Table S4.f Fourier transforms
(FTs) of k*-weighted EXAFS in Fig. 4c show two peaks at 1.9 A
and 2.5 A corresponding to Cu-O and Cu-Cu contributions,
respectively in the as-prepared AN-(0.75, 1) while post CO,RR,
only a very intense Cu-Cu peak remains. Before the CO,RR,
copper atoms in AN-(0.75, 1) are surrounded by 2.4 O at 1.93 A
and 3.7 Cu at 2.54 A corresponding to a copper oxide and
copper metal shell, respectively. The metal shell accounts for the
remaining part of the Cu layer that was not anodized beneath
the NN. The fractions of the different copper oxides calculated
using a simple combination of the coordination numbers

This journal is © The Royal Society of Chemistry 2025

and bond distances was ca. 30% of Cu,O and ca. 70% of Cu*
(ESI S.77).

In post-reaction AN-(0.75, 1)-CO,RR Cu atoms are sur-
rounded by 0.3 O at 1.85 A corresponding to ca. 15% of Cu,O
phase and 85% of Cu metal with 8.5 Cu at 2.53 A (ESI S.71).
The corrected average coordination number (N¢y ) of Cu metal
was found to be 10.0 (8.5/0.85) with a crystallite size of ca.
2.3 nm (Table S5f). From the TEM lamella image after the
CO,RR, we notice that the initial sputtered layer is no longer
observed post-reaction, implying that the small crystallite size
exclusively coincides with the reconstructed NNs during the
CO,RR. The whole electrode comprising the non-anodized
thin film and the NNs might reconstruct upon application of
very negative potential.>® The original Cuzo, whose EXAFS
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could be fitted with 0.2 O at 1.86 A and 10.5 (11.7) Cu at 2.54 A
corresponds to ca. 10% of Cu,O and ca. 90% of Cu® with an
average crystallite size of ca. 16 nm in line with the particle
size of ca. 20 nm obtained with XRD (Table S67).

HAADF STEM was used to image the structure of the NN in
AN-(0.75, 1). The results show that the as-prepared NNs consist
of relatively smooth and uniform long fibres as shown in the
HAADF STEM image of an individual NN in Fig. 4d. The
corresponding Fast Fourier Transform (FFT) agrees well with
the orthorhombic structure (space group: Cmca) of Cu(OH),.>*
The high-resolution HAADF STEM image of a TEM lamella pre-
pared from the sample reveals a microstructure composed of
small nanoparticles with an average size of 2.11 + 0.10 nm
(Fig. 4f). Additionally, this cross-sectional analysis shows the
formation of a compact polycrystalline copper core within the
NNs as shown in Fig. 4f and g and the EDS analysis for this
area is shown in Fig. S9.f In as-prepared AN-(0.75, 1), this
copper core may consist of Cu hydroxide crystallites of up to
12 nm as detected by XRD (Table S67).

For AN-(0.75, 1)-CO,RR, the HAADF STEM image in Fig. 4d
shows that the NNs undergo structural and surface morphologi-
cal changes, including surface roughening. FFT analysis con-
firms the presence of the cubic structure (space group: Fm3m) of
Cu metal® and Cu,O (space group: Pn3m).>® Moreover, a change
in the averaged atomic ratio of Cu:O from 1:1 in the as-pre-
pared NNs to 9:1 after CO,RR is observed. As EXAFS pointed
out the reduction of copper to a metallic state, the latter ratio
indicates that this small oxygen content is likely resulting from
air exposure of the samples between the measurements, as it is
detected mostly on the surface (Fig. S8 and Table S8t). High-
resolution HAADF STEM of the sample TEM lamella reveals
enlarged surface particles with average sizes of 5.77 + 1.83 nm,
while smaller nanoparticles of 2.01 + 0.14 nm remain beneath
the surface (Fig. 4f). The top layer consists of smaller Pt NPs de-
posited during the FIB process for sample protection as con-
firmed by the EDS maps of the TEM lamella (Fig. S97).

During anodization, Cuzg, is transformed according to the
conditions up to a specific depth into NNs in the form of a
Cu(OH), phase. However, the remaining copper film might
participate in the reaction only if CO, can diffuse to this NN
depth.”” This follows the selectivity trend of the AN-(0.75, 1)
electrode, where inhomogeneous NN coverage leads to a sig-
nificant decrease in C,, or C,H, production. The Cu(OH), NPs
forming the NNs in AN-(0.75, 1) reassemble into slightly bigger
Cu metal NPs of 5 nm in AN-(0.75, 1)-CO,RR while their poly-
crystalline domains show a size of 2.3 nm. Our results are in
agreement with those of Lei et al., which point to the presence
of small Cu nanograins after the CO,RR either in a heat-
quench or anodized Cu surface.>® However, our samples show
the occurrence of an even smaller crystal size after the CO,RR.

The NN inner structure reveals that a 3D-network consisting
of 2 nm Cu(OH), NPs created earlier at the anodization stage is
reduced to a 5 nm metallic Cu NP network during the CO,RR.
This is supported by the dynamic transformation of catalyti-
cally inactive single Cu atoms®® into C, active-metal nano-
particles. Based on previous works, it is our hypothesis that
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these porous Cu NP networks efficiently trap CO, and CO,RR
gaseous intermediates in between of NNs*° or inside their
porous structure,®® resulting in an increase of the number of
available active sites but also of the local CO concentration.®*
In addition, C-C coupling is proposed to be more favourable in
these NN strucures.”” Our results suggest that a catalyst surface
with a high metallic character is needed to allow the formation
of C,, molecules. This would also agree with the demonstrated
NN tip-induced amplified electric field attracting more
hydrated K" cations as shown for CO electroreduction.®* A high
density of NNs featuring similar inner structures is likely the
most important parameter controlling the C,, production.

Utilization of thin film electrodes in scaled-up CO, electro-
lyzers can be envisaged as the anodization process can be
ideally applied to the fabrication of gas diffusion electrodes
(GDEs) with larger surface areas and higher gas permeation.
As zero-gap electrolyzers typically operate with concentrated
KOH electrolyte, the initial anodization of the Cu thin films by
applying an oxidative current density prior to the CO,RR
would conveniently produce high density NN surfaces.
However, testing the long-term performance of these catalysts
under industrial conditions would be required for their future
application. According to Yu et al.,°® the continuous agglom-
eration of metallic NPs that may occur during prolonged oper-
ation could lower the C,. selectivity of the copper catalysts,
leading to their deactivation. Improving the existing electrode
configuration by adding an additional layer of a different
metal to produce a tandem catalyst®* is also a promising strat-
egy to fully utilize the potential of NNs.

4. Conclusions

In conclusion, the influence of E,, and cxon anodization para-
meters on tailoring the density and length of Cu(OH),/CuO
NNs grown on sputtered Cu films was investigated. Their
CO,RR performance in terms of C,, : C; ratio measured in a
H-cell surpassed that of bare Cus,,, with AN-(0.75, 1) ratio fea-
turing a nearly 20-fold increase relative to that of the bare film
at a fixed potential of —1.0 Vgyg. Our results showed that a
high SRF and NN density is required to reach a high C,H, (or
C,+) selectivity. More importantly, post-reaction-microscopy
and XAFS investigations highlight that the NNs consist of a
very small porous 3D network with metallic Cu NPs. The high
density of NNs with a similar inner porous structure trait is
likely to increase their C,, selectivity. Based on our compre-
hensive study, we present a relationship between the NN fea-
tures and their inner structure on the selectivity of the CO,RR,
providing a better understanding of the nanostructuring
process of copper thin film electrocatalysts.
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