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Copper chalcogenides such as Cu,_,Se, acknowledged as efficient
CO, reduction catalysts, do not represent the active phases but
rather are precursors or pre-catalysts as they undergo significant
transformations under reaction conditions. In this work we have
tailored the initial structure of Cu,_,Se to steer structural evolution
under catalytic conditions and facilitate the generation of the
active phases. As-prepared Cu,_,Se hanowires were reconstructed
through H,O, and electrochemical treatments, yielding distinct
pre-catalysts. Their electrochemical reduction was found to be an
effective strategy to enhance the formation of active metallic Cu
nanoparticles. Chemical pretreatment with H,O, further acceler-
ates this process by inducing a structural loosening and partial oxi-
dation of the Cu,_,Se phase. Supported by in situ Raman spec-
troscopy, quasi-in situ X-ray diffraction, X-ray absorption fine
structure spectroscopy and high-angle annular dark-field scanning
transmission electron microscopy analysis, it is suggested that
structural transformation is a common feature of many copper-
based catalysts during CO, electroreduction. The as-prepared
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Cu,_,Se nanowires, with diameters of about 300 nm, exhibit a 23%
methanol selectivity and a low CO, selectivity of only 4% at —1.4 V
versus the reversible hydrogen electrode. In contrast, 50-90 nm
Cu,0 cubes obtained after H,O, oxidation and electro-activation
treatments, also acting as pre-catalysts, have a CO selectivity up to
82%. Density functional theory computations demonstrate lower
binding energy of reaction intermediates, including *CO, on metal-
lic Cu (110) than on Cu,Se (220), which may account for the
enhanced CO production of the electro-activated catalyst. Our
work sheds light on the dependence of the catalytic performance
of copper selenide on its initial restructuration and provides gui-
dance for the development of efficient and selective CO, conver-
sion catalysts.

Introduction

The process of CO, electroreduction using Cu catalysts™ has
garnered tremendous attention, because Cu demonstrates
remarkable activity for the production of high-valued products
such as alcohols. However, obtaining a specific product with
high selectivity remains a challenge.> Several strategies are
being followed to improve the efficiency and selectivity of the
electrochemical CO, reduction reaction (CO,RR) on copper cat-
alysts, such as morphology control,®> surface modification,*
oxide-derived copper,® single Cu atoms,® and alloying.”
Alloying Cu with other metals can enhance the selectivity of
CO,RR toward different products by modulating the catalyst’s
electronic structure and thereby the adsorption of reaction
intermediates.®

Similarly, combining copper with non-metallic elements to
form copper chalcogenides, such as Cu,_,Se, has gained
attention.’™" The presence of selenium atoms modulates the
electronic structure, in particular the Cu d-band center. This
alters the adsorption behavior of reaction intermediates and
thereby the catalyst’s specificity and effectiveness. Recent
studies on copper selenide catalysts demonstrated significant
enhancements in CO, electroreduction towards methanol and
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ethanol.'’ Optimizing the composition and structure of
copper selenide by potassium or vanadium doping,">"* or by
creating selenium vacancies,"*"* also has proven effective to
increase its selectivity and efficiency for ethanol.

While excellent results were reported using copper chalco-
genides for CO,RR, the identification of the active states
remain incomplete.'®>* This is largely due to the structural
reconstruction under CO,RR conditions that occurs even in
Cu-based catalysts with well-defined nanostructures.”*** In
particular, most active sites on the surface of metal com-
pounds experience irreversible reconstruction induced by
electro-derived reduction or oxidation processes, which criti-
cally affects product selectivity.>>>°

Recent operando and in situ method developments provide
powerful non-destructive tools to probe the active sites and
structural changes in Cu-based electrocatalysts under reaction
conditions. Grazing incident X-ray diffraction reveals that CuO
nanoplate catalysts are transformed into a mixture of metallic
copper and Cu,O after a single minute of electrochemical
reduction at —0.6 Vgyp.>” An in situ Raman study has shown
that typical Cu,O peaks (~620 cm™') disappear below —0.2
Vrug versus the reversible hydrogen electrode (RHE),5 indicat-
ing a reduction of surface Cu' to metallic Cu.
Thermodynamically, CuO, phases should be removed under
CO,RR conditions along with the active Cu’* species.”®
However, the underlying reason for the existence of dynamical
Cu®" species remains to be uncovered.?* More recently an oper-
ando analytical and four-dimensional electrochemical liquid-
cell scanning transmission electron microscopy (STEM) inves-
tigation has shown that a Cu nanoparticle ensemble evolves
into metallic Cu nanograins during electrolysis, before com-
plete oxidation to single-crystal Cu,O nanocubes following
post-electrolysis air exposure.”> Similarly, Yoon et al. demon-
strated that Cul, formed via iodide pre-treatment, transforms
into filament-like metallic Cu nanostructures under cathodic
potentials in an iodide-free KHCO; electrolyte. When the
applied bias was removed and the system returned to open
circuit potential, partial re-oxidation occurred, resulting in the
re-formation of Cu’-based Cul and Cu,O particles.*® These
studies enhance understanding about the intricate character-
istics of active Cu sites for CO,RR. It also triggers the question
whether post-electrolysis complete oxidation to single-crystal
Cu,0 nanocubes is a common phenomenon for Cu-based
materials.

The electrolyte has a role in the restructuring behavior of
copper-based catalysts during CO, electroreduction. In conven-
tional aqueous electrolytes, Cu-based catalysts such as Cu,O
typically undergo rapid and complete reduction to metallic
Cu® under CO, reduction potentials.>* In contrast, intermedi-
ate oxidation states like Cu’ can be stable in an ionic liquid,
thus suppressing the reduction kinetics. Such stabilization
effect has been reported in prior studies, where Cu,_,Se nano-
wires retained their structure in an ionic liquid electrolyte,
even after CO, reduction,***? although several studies have
shown that some as-prepared catalysts are not the actual reac-
tive but rather their precursors or

species, pre-
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catalysts.>* Modification of their initial structure may influence
the formation and availability of the actual reactive species.

In this work, we investigate the restructuring process of
Cu,_,Se with the aim to enhance understanding about the
active sites and ultimately control the product selectivity. To
this end, the restructuring of as prepared Cu,_,Se nanowires
was induced through hydrogen peroxide (H,O,) chemical acti-
vation and electro-activation. The H,0, pre-treatment facili-
tates oxidation and loosening of the Cu,_,Se framework,
enhancing its susceptibility to electrochemical activation."" We
utilize an ionic liquid electrolyte to stabilize Cu" intermediates
and suppress reduction kinetics. By integrating in situ with
quasi-in situ spectroscopic characterization, we demonstrate
that Cu,_,Se dynamically restructures to highly active metallic
Cu under CO,RR conditions. Cu,O monocrystals, ranging in
size from 50 to 90 nm, obtained by the activation processes
were also found to function as pre-catalysts rather than being
the actual active species. While the as-prepared Cu,_,Se nano-
wires favour methanol production, the restructured Cu,O
monocrystals mixed with Cu,_,Se exhibit an 82% faradaic
efficiency (FE) for CO at —1.4 Vgyg.

Results and discussion
Synthesis and characterization of Cu,_,Se pre-catalysts

Cu,_,Se catalysts were synthesized by a water evaporation-
induced self-assembly method, applying the procedure
described in ref. 35. Those as-prepared Cu,_,Se nanowires
(AP-CuSe) were subsequently restructured using two distinct
methodologies. As shown in Scheme 1, the first method
entails direct electro-activation, where Cu,_,Se was directly
exposed to reductive (—1.6 Vgyg) electrochemical conditions
(EA-CuSe). The second method is a sequential approach, start-
ing with a chemical oxidative activation using hydrogen per-
oxide for 2 minutes (CA-CuSe), followed by electro-activation
(EA-CA-CuSe). This approach results in four distinct and repro-
ducible materials and allows to assess the impact of an initial
superficial oxidative chemical treatment on the electro-
chemical reconstruction of Cu,_,Se nanowires.

The four different materials were extensively characterized
by electron microscopy. The Field Emission Scanning Electron
Microscopy (FE-SEM) image of AP-CuSe presented in the ESI
(Fig. S2aft), shows bundles of one-dimensional Cu,_,Se nano-

EA-CuSe

Electro-activation

AP-CuSe

H,0, etching

CA-CuSe o EA-CA-CuSe
Electro-activation

Scheme 1 Schematic overview of the relation between the four CuSe-
based catalyst materials studied in this work.

This journal is © The Royal Society of Chemistry 2025
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wires with lengths of several micrometers and diameters of
100-500 nm. These 1D nanostructures have a relatively smooth
surface. On the other hand, the CA-CuSe wires treated with
H,O0, for varying durations (10 s, 2 min, and 10 min) have a
rough, flocculent surface. Fig. S2b-df show that their rough
surface structure develops further upon longer H,O, treat-
ment. High Angle Annular Dark Field (HAADF) STEM, Energy
Dispersive X-ray Spectroscopy (EDS) and Electron Energy Loss
Spectroscopy (EELS) characterization provides deeper insights
into the morphology, structure, and composition of the indi-
vidual nanowires. Fig. 1a shows that the AP-CuSe nanowire
bundles have a porous nature and are comprised of thin
loosely-packed nanowires with few nanosheets located at their
edges (Fig. S3a and S3b in the ESIf). EELS of the thin
nanosheets confirms their mixed chemical composition of Cu
and Se (Fig. S8at). The interatomic distances measured from
high resolution HAADF STEM images and the corresponding
Fast Fourier Transform pattern (FFT) (Fig. 1e) are in agreement
with the cubic structure (space group: Fm3m) of Cu,_,Se.>

The rough flocculent surface of CA-CuSe (Fig. 1b) consists
of thin low-crystalline wrinkled sheets as highlighted by the
high magnification HAADF STEM images (Fig. 1f). The thin
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outer surface is rich in copper and oxygen but depleted in sel-
enium as observed in the EDS elemental mapping (Fig. 1i) and
the atomic ratios in the line profile analysis along the nano-
wire cross section (Fig. 1j). These observations suggest that the
hydrogen peroxide treatment has led to the formation of a thin
superficial copper oxide layer.

Some of the basic nanowire morphology is retained after
direct electrochemical reconstruction (EA-CuSe), as seen in
HAADF STEM and SEM images (Fig. 1c, S3e, S3f, and S47).
However, the interior of the nanowire exhibits a significant
degree of fragmentation into cube-like particles. High resolu-
tion HAADF STEM reveals its structural transformation into
Cu,0 nanocubes (space group: Pn3m)*’ and fragmented pieces
of Cu,_,Se, as confirmed by the interatomic distances
(Fig. S51) and the EDS elemental distribution maps (Fig. 1k
and S67).

Upon combination of chemical and electro-activation,
EA-CA-CuSe (Fig. 1d, S3g, and S3ht), Cu,_,Se exposed to the
ambient displays a structure similar to that of EA-CuSe but
with further fragmentation of the nanowires into single crystal-
line Cu,O nanocube aggregates, surrounded by small Cu,_,Se
particles as shown in Fig. 1g and h and confirmed by the

Fig.1 HAADF-STEM images of (a and e) AP-CuSe, (b and f) CA-CuSe, (c) EA-CuSe, (d, g and h) EA-CA-CuSe. FFT pattern insets in (e, g and h) show
the zone axis and the crystalline planes of the crystal structures in the green dashed squares. EDS elemental maps of (i) CA-CuSe, (k) EA-CuSe, and
(1) EA-CA-CusSe. (j) Line scan along the cross-section of the CA-CuSe nanowire in (i), which shows that Cu is preferentially present at the surface.

This journal is © The Royal Society of Chemistry 2025
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corresponding FFT and the EELS analysis (Fig. S8bt). We note
that the contrast variations in HAADF-STEM images arise
mainly from differences in atomic number and local thickness,
rather than from unequal beam penetration. The observed
morphological heterogeneity, including wire-like, sheet-like,
and blocky features, consistently appearing across different
areas of each sample reflects the diversity of Cu,_,Se structures
and their process-dependent restructuring. We conclude that
the original Cu,_,Se nanowire structure has post electro-acti-
vation (both EA-CuSe and EA-CA-CuSe) transformed into
50-90 nm single-crystal Cu,O nanocubes (cubic, Pn3m) sur-
rounded by Cu,_,Se nanoparticles. Analysis of the EDS maps
in Fig. 11 and S77 give an atomic Cu:Se ratio close to 9:1
(Table S1 in the ESIt), supporting the transformation of CuSe
into separate Cu- and Se-based phases, which are further
characterized below.

The crystalline structure and composition of the bulk
Cu,_,Se-based samples were characterized by X-ray diffraction
(XRD), summarized in Fig. 2a. XRD patterns of AP-CuSe and
CA-CuSe show diffraction peaks at 31.4°, 36.4°, 52.4°, 62.4°,
77.3° and 85.5°, which are ascribed to the (111), (200), (220),
(311), (400) and (331) crystal planes of Cu, y;Se (ICDD: 04-024-
2132), respectively and no impurity peaks are detected. The
relatively large width of the diffraction peaks confirms that the
CuSe nanowire bundles are made up of thin nanofibers with

View Article Online
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diameters of less than 10 nm, in line with previous work.*®
Although CA-CuSe features the same diffraction pattern as
AP-CuSe, all XRD peaks are notably shifted towards higher
angles. Using Bragg’s law, those shifts correspond to a lattice
contraction of about 3%, which can be attributed to the
migration of copper to the surface of the material,
accompanied by the creation of Cu vacancies in the CuSe
phase and the formation of a copper oxide phase. Similar
shifts of the diffraction peaks of copper selenide, corres-
ponding to lattice contraction, have been reported previously.*®
The formation of the copper oxide phase is confirmed by the
emergence of a peak at 45°, associated with the (111) plane of
CuO (ICDD: 04-006-4186). After electro-activation, all Cu,_,Se
and CuO peaks disappeared, while both EA-CuSe and
EA-CA-CuSe have narrow diffraction peaks at 49.8°, 73.1° and
88.6°, ascribed to the (200), (220), and (222) crystal planes of
Cu,O (ICDD: 00-005-0667). The absence of the Cu,O (111)
plane at 42.7° could indicate that crystal growth is restricted in
this direction, with a preference for other growth orientations.
Such suppression of the (111) plane and preferential growth
along the (200) direction has been observed before in thin
Cu,0 films.*® The Cu,O grain size in the EA-CA-CuSe sample,
calculated using Scherrer’s equation, is 90 nm, which agrees
with the size of the Cu,O cubic structures observed with
STEM.
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(a) XRD spectra of the different Cu,_,Se-based samples. XPS of AP-CuSe and CA-CuSe samples at the (b) Cu 2p and (c) Se 3d levels. (d) Cu

K-edge XANES. Fourier Transforms of (e) Cu K-edge and (f) Se K-edge k*-weighted EXAFS spectra.
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The effect of H,O, chemical activation on the surface was
investigated by X-ray photoelectron spectroscopy (XPS),
through comparison of Cu 2p (Fig. 2b), Se 3d (Fig. 2¢), and O
1s (Fig. S9t) valence states of AP-CuSe and CA-CuSe. In the
high-resolution Cu 2p spectra of the AP-CuSe, Cu 2p,,, and
2ps, peaks at 952.2 and 932.1 eV are attributed to Cu’ and the
shoulders at 954.3 and 934.1 eV to Cu®". In CA-CuSe, all Cu 2p
peaks shift to higher binding energies (maxima at 952.4 and
933.0 eV), indicating a general increase in the Cu oxidation
state. After H,O, treatment, the Cu®' to Cu’ ratio increases
from 0.38 to 0.90, in line with the presence of a CuO phase as
observed in the CA-CuSe XRD spectra. The O 1s spectrum of
the AP-CuSe nano wires has a Cu-O peak at 530.1 eV and that
of CA-CuSe can be deconvoluted in two peaks at approximately
529.4 and 531.3 eV, which can be attributed to Cu-O and Cu-
OH, respectively. The copper hydroxide likely originates from
the interaction between the catalyst and the aqueous solution.
The deconvoluted AP-CuSe Se 3d peaks at 54.0 and 55.0 eV
correspond to Se*” 3ds, and 3d,.,. Another peak located at
58.3 eV is assigned to SeO,, which is likely caused by oxidation
of the samples in air. In CA-CuSe, the shift of the Se 3ds/, and
3d;/, peaks (54.3 and 55.4 eV) to higher energies, implies an
increase in the Se oxidation state. The SeO, peak is now at 59.0
eV and much more intense, which is due to the oxidizing H,0,
treatment.

The Raman spectrum of AP-CuSe (Fig. S10t) shows a peak
at 259 cm™', which can be assigned to a Se-Se vibrational
mode in copper selenide.*’*> The absence of other peaks con-
firms the formation of a single Cu,_,Se phase. The CA-CuSe
sample has an additional peak at 241 cm™" that may be associ-
ated with intrinsic host lattice defects.*® These defects could
arise from superficial oxygen doping in Cu,_,Se or the for-
mation of SeO bonds.** This further suggests that Se on the
surface of the nanowires is oxidized following H,O, treatment.

X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) spectra, measured on
ambient-exposed samples at Cu and Se K-edges, allow to
further investigate the electronic and structural properties of
the CuSe catalysts before and after their activation. XANES
spectra at Cu and Se K-edges are presented in Fig. 2d and
Fig. S11,f respectively. XANES at Cu K-edge shows that
AP-CuSe and CA-CuSe feature similar profiles. The significant
structural and chemical transformation after electro-activation
(EA-CuSe and EA-CA-CuSe), results in a shift of the edge posi-
tion towards higher energy as well as the increase of the white
line intensity. The characteristic profile of Cu,_,Se seen for
AP-CuSe and CA-CuSe, transforms into profiles resembling a
mixture of Cu,O and CuO after electro-activation. The pre-edge
peak corresponding to the 1s — 4p transition in Cu,O that
appears at approximately 8981.7 eV in EA-CuSe indicates that
this sample contains a significant fraction of Cu,O, while
EA-CA-CuSe mainly consists of Cu®* oxide whose fraction
further increases when the latter treatment was prolonged to
30 min. The absence of the pre-edge located at around 8985.4
eV corresponding to the 1s — 4p transition in CuO, suggests
that amorphous CuO combined with a hydroxide-like phase

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

has formed in the EA-CA-CuSe sample. This is in line with the
Se K-edge XANES that also exhibits two very distinct profiles
for CA-CuSe on the one hand and EA-CuSe and EA-CA-CuSe on
the other hand. The blue shift in energy and the increase of
the white-line feature both indicate a significant oxidation of
the Se phase following the electro-activation. XANES at both
edges confirms the electro-activated transformation of a sig-
nificant fraction of the original copper selenide phase into
copper and selenium oxides.

Fourier transforms (FTs) before phase correction of Kk
weighted EXAFS at the Cu (Fig. 2e and S121) and Se K-edges
(Fig. 2f and S13) further confirm the drastic transformation of
Cu,_,Se, by segregation of copper and selenium atoms after
electro-activation that forms large fractions of separate oxide
phases after the samples are exposed to the ambient. The
main peak at around 2.3 A in FT at Cu K-edges of AP-CuSe and
CA-CuSe was fitted by 2.6 and 2.8 Se at 2.395 A, corresponding
to the Cu,_,Se phase, while the shoulder at 1.7 A was fitted by
contributions of 0.8 and 1.0 O at 1.92 and 1.93 A, respectively,
corresponding to a mixture of Cu,O, CuO and possibly Cu
(OH), (Table S2t). Using the copper oxygen coordination in
Cu,O (2 O at 1.85 A) and CuO (4 O at 1.95 A) as references, it is
found that AP-CuSe and CA-CuSe consist of ca. 26% and 32%
of oxide/hydroxide, respectively, while the rest of the samples
remain in the Cu,_, Se phase. Se K-edge analysis (Table S37)
confirms that CA-CuSe primarily consists of Cu,_,Se, as indi-
cated by two main FT peaks, which are fitted with 0.24 O at
1.66 A and 5.1 Se at 2.41 A, respectively. This composition
includes a minor fraction, approximately 8% (0.24/3), of SeO,,
in which Se is coordinated with three O atoms.

Electro-activation of the AP-CuSe and CA-CuSe samples
further transforms the CuSe phase into pure Cu and Se oxides
as confirmed by the fits of the Cu K-edge EXAFS, highlighting
a sharp increase of the O shells coordination to 2.1 and 2.5
atoms in EA-CuSe and EA-CA-CuSe samples and up to 3.7 O
when the electro-activation is prolonged. The concomitant
reduction of the Se shell coordination down to 2.0 in EA-CuSe
and EA-CA-CuSe and 0.6 after 30 min of EA-CA-CuSe electro-
activation is consistent with the segregation of Cu,_,Se into
separate Cu and Se oxides. EA-CuSe and EA-CA-CuSe have
similar fractions of copper oxide/hydroxide; 62% and 68%,
respectively, which increases up to 92% after prolonged
electro-activation of EA-CA-CuSe. Remarkably, a significant
fraction of 31% of Cu,O is still present in EA-CuSe, despite its
exposure to the ambient. In the latter sample, the original
Cu,_,Se cubic phase has been entirely transformed as even the
tiny remaining part of copper selenide corresponds to the
copper-poor CuSe hexagonal phase, characterized by shorter
Cu-Se distances of 2.29 A.*® These results are in line with the
analysis of Se K-edge EXAFS that highlights the presence of ca.
50% of SeO, (1.5-1.6 O at 1.66 A), complemented by a mixture
of Cu,_,Se (2.1-2.2 Se at 2.39-2.40 A) and CuSe (1.0-0.9 Se at
2.19 A) phases in EA-CuSe and EA-CA-CuSe.

The EXAFS results demonstrate, in good agreement with
those obtained with the other characterization techniques,
that the chemical and electrochemical treatments of Cu,_,Se
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nanowires produce highly distinctive materials through
various surface reconstruction processes. Chemical activation
of as-prepared samples induces the formation of a thin mostly
amorphous copper oxide/hydroxide layer at the surface of the
Cu,_, Se nanowires, while the electro-activation transforms the
material for a large part into SeO, (50% of Se) and copper
oxide/hydroxide (62% of Cu) including up to 31% of Cu,O in
the form of single-crystal Cu,O cubes (cubic, Pn3m)** with 50
to 90 nm sizes. These cubes are surrounded by smaller particu-
lates consisting of the remainder of the original Cu,_,Se as
well as a copper-poor CuSe phase. Combined CA and EA treat-
ment further completes the copper/selenium segregation
(mixture of 92% of CuO, and 8% Cu-poor CuSe) when the EA
treatment is prolonged to 30 min.

Electrochemical CO,RR performance

The electrochemical CO,RR performance was investigated in
an ionic liquid, namely 1-butyl-3-methylimidazolium tetra-
fluoroborate/acetonitrile/water electrolyte ([Bmim]PF,-
CH;CN-H,,0), which enhances CO, solubility compared to
aqueous solution. The different CuSe catalysts were dispersed
in a Nafion-acetone solution and drop-cast onto Toray carbon
paper (TGP-H-60), which served as the gas diffusion layer and
working electrode (see SEM images in Fig. S1471). All electro-
chemical measurements were conducted in a two-compart-
ment H-type cell separated by a Nafion 117 membrane.

As reference, polycrystalline Cu foil was tested under identi-
cal conditions at —1.4 Vgyg (Fig. S15t). The Cu foil reference
exhibited a current density of around —2 mA cm™> and pro-
duced 89.3% H,, 8.1% HCOOH, and only 1.5% CO, indicating
a modest CO, reduction activity in the ionic liquid electrolyte.
In contrast, AP-CuSe treated for 2 minutes with H,O, exhibited
a relatively high current density in the Linear Sweep
Voltammetry (LSV) measurements after achieving material
stabilization (see Fig. S16 in the ESI{), making it a suitable
candidate for further study. Current densities of the as-pre-
pared and activated CuSe materials ranged from 1 to 36 mA
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em™? depending on the applied potentials.
Chronoamperometry measurements of the four samples at
different potentials shows that the activity of CA-CuSe
decreases over time (Fig. S17t), which may be due to a rapid
transformation of this catalyst under CO,RR conditions. It is
worth noting that at potentials of —1.2 Vgye and lower, the
current densities of EA-CA-CuSe and EA-CuSe samples increase
over time, which may be attributed to a higher conductivity
caused by the formation of metallic Cu at the surface.

The current density increases with the applied potential
and is peaking for EA-CA-CuSe (36.7 mA cm™> at —1.5 Vgyg),
which is 9.7 and 4.3 times that of AP-CuSe (3.8 mA cm?) and
CA-CuSe (8.4 mA cm?), respectively. EA-CA-CuSe exhibits also
the highest partial current density for CO (Fig. 3a). Fig. 3b
shows the FE of CH3;OH over the four catalysts, while Fig. 3c
gives the FE of all products. AP-CuSe exhibits the highest
selectivity towards methanol production, with values exceeding
22% in the -1.3 to —1.5 Vgyg potential range, while
EA-CA-CuSe and CA-CuSe reach a maximum for methanol at
—1.2 Vgyg, with values of 9.1% and 11.1%, respectively. The
higher methanol selectivity of AP-CuSe indicates that untreated
Cu,_,Se nanowires favour methanol production. On the other
hand, EA-CA-CuSe yields the highest CO selectivity in a wide
potential window with a maximum FEgo of 82.1% + 2.0% at
—1.4 Vyyg.

Structure-reactivity relationship

To gain insight into the Cu,_,Se reconstruction mechanism
and the reaction pathways under CO,RR conditions, quasi
in situ XRD patterns of the EA-CA pre-catalyst were measured
immediately after electro-activation (Fig. 4a). The broad
shoulder visible around 50.6° corresponds to the (111) plane
of metallic copper, while the peak at 49.5° can be assigned to
the (200) plane of Cu,O (Cu'"), confirming the reduction and
segregation of Cu®" from the original Cu,_,Se phase into Se-
free reduced Cu phases. This provides strong evidence for the
existence of Cu nanoparticles in the reduced phase. According
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Fig. 3 Variation with the applied potential of (a) total current density and CO partial current density, (b) FE of CH3zOH and (c) FE of all products for
AP-CuSe, CA-CuSe, EA-CuSe, and EA-CA-CuSe. The error bar on FEco for EA-CA-CuSe at —1.4 VRHE is the standard deviation of triplicate measure-
ments. For other samples and bias voltages only single measurements were performed.
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OCP (red symbols). The size of the symbol represents the error bar. (d)
Ex situ Raman spectra of CA-CuSe and EA-CA-CuSe.

to Scherrer’s equation, the Cu,O nanocrystallites formed after
electrochemical activation exhibited an average size of approxi-
mately 14.3 + 0.3 nm, representing a 20% increase compared
to the metallic copper nanoparticles (11.9 + 0.5 nm). This
measured size increase corresponds well with theoretical value
of 18%, indicating that Cu,O likely forms through the oxi-
dation of these metallic Cu nanoparticles.

The presence of Cu metal nanocrystallites under electroacti-
vation conditions is further supported by operando and ex situ
Raman spectra recorded for EA-CA-CuSe under —1.6 Vgyg
(Fig. 4b and d) that shows a drastic reduction of the Cu-Se
bond signal with time, indicating degradation of the Cu,_,Se
phase and the build-up of pure metallic copper. The metallic
phase is re-oxidized to Cu'" as soon as the potential is
returned to open circuit potential (OCP) as indicated by the
increase of the Cu,O signal in line with the results of the quasi
in situ XRD analysis. Under the very negative potential, Cu is
thus reduced and segregates from the original Cu,_,Se phase
into metallic copper nanoparticles, while Se-rich copper sele-
nide and pure Se oxide phases are formed. More specifically,
the intensity of the Raman peak of CA-CuSe decreases rapidly
once —1.6 Vgyg is applied and disappears after 1 minute
(Fig. 4c¢).

XRD and STEM analyses conducted after exposure to
ambient conditions reveal that the Cu,O phase in the electro-
activated material appears as large (50-90 nm) single-crystal
cubes in EA and EA-CA-CuSe. This suggests that their for-
mation results from the migration and agglomeration of
numerous smaller nanoparticles, specifically 11.9 nm metallic

This journal is © The Royal Society of Chemistry 2025
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Cu and/or 14.3 nm Cu,O. Such agglomeration has been
reported earlier in similar nanoparticle systems.*>*
Additionally, surface oxidation of remaining metallic Cu could
further contribute to gradual particle growth, even at OCP,
driven by the residual oxidative species in solution.*”

A recent operando STEM work hypothesized that catalyti-
cally active metallic copper nanograins form through the
agglomeration of smaller Cu metal nanoparticles upon nega-
tive potentials.” The grain boundaries between the Cu nano-
particles serve as active sites for the formation of C; and C,
products from CO,RR. The porous structure and high reactivity
of these nanograins would explain their fast transformation
into Cu,O cubes upon exposure to the ambient. Since the
transformation of nanosized Cu into larger ordered Cu,O
nanocubes following exposure to ambient conditions is struc-
turally irreversible, we hypothesize that transient Cu metal
nanograins formed under CO,RR activation—due to the segre-
gation of Cu from the Cu,_,Se phase—serve as the active sites
responsible for the enhanced methanol selectivity in the
AP-CuSe catalyst. Moreover, in this study 11.9 nm Cu metal
nanoparticles are expected to produce mostly C; products,’
which is in line with the current results.

According to the characterization results from quasi-XRD
and operando Raman spectroscopy, the high CO selectivity of
EA-CA-CuSe may originate from the reduction of the large
Cu,0 nanocubes formed by electro-activation.

Under CO,RR conditions, these nanocubes form metallic sur-
faces that favor CO production. This observation aligns with docu-
mented research,’”® which describes the Cu,0 nanocubes
undergo a multi-step reconstruction, developing rough surfaces,
transitioning into hollow shells, and aggregating into mixed Cu/
Cu oxide nanoparticles. It has been shown that Cu,O nanocubes
with sizes around 80 nm—comparable to the sizes observed in
this study—achieve higher CO selectivity than larger particles,
such as 170 nm and 390 nm cubes, supporting the importance of
the particle size in optimizing CO formation.*’

Upon treatment and exposure to the ambient, all samples
contain a significant amount of copper oxide, highlighting
Cu,_,Se degradation and the various degrees of segregation of
Cu and Se phases into pure CuO, and SeO, with a remaining
small Cu,_,Se fraction.

AP-CuSe that comprises 13% Cu,O and 13% CuO and 74%
of Cu,_,Se, exhibits methanol and CO selectivities of 23% and
4%, respectively at —1.4 Vgyg. Upon oxidation with H,0,,
CA-CuSe is obtained, which contains 14% Cu,0, 18% CuO and
68% of Cu,_,Se demonstrates a significant shift in product
selectivity towards CO (FEgo of 47%). The electrochemically
activated EA-CuSe, with a much higher oxide content (68%
Cu,0), yields a CO selectivity of 36% at —1.4 Vgug.
Remarkably, the fourth material, EA-CA-CuSe, which under-
went both peroxide oxidation and electro-activation, increasing
the Cu,O content to 92%, achieves the highest CO selectivity of
82% at the same potential. Across all derivatives, the selectivity
for methanol decreased after any activation treatment of the
original Cu,_,Se, accompanied by a shift in catalytic behaviour
favouring CO production.
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Density functional theory calculations

To enhance our insight in the CO,RR selectivity of the
different Cu,_,Se-derived catalyst materials, density functional
theory calculations were performed on two model systems:
Cu,Se (220) and Cu (110), whose starting structures were based
on ref. 11 and 50, respectively. The selection of the Cu (110)
surface is driven by its previously reported high activity in CO,
reduction® and its efficient C-O splitting capabilities,* which
are relevant for CO formation. Both the Cu (110) and the
Cu,Se (220) structures were reoptimized by keeping the posi-
tions of the bottom atomic layer fixed, a commonly used
method for slab models. Reaction free energies were calculated
at —1 V and without voltage applied. More details of the com-
putational methodology are provided in the ESL{ The Cu,Se
(220) slab is a proxy for the AP-CuSe sample because of its
intense (220) diffraction peak (Fig. 2a) and the Cu (110) slab is
a proxy for the reduced electro-activated catalysts (EA-CuSe and
EA-CA-CuSe) under reaction conditions. Structural relaxation
of the models with a fixed bottom layer indicated that Cu (110)
underwent relatively small geometrical changes, while the
surface atoms of Cu,Se (220) significantly reorganized. This,
combined with the known preference of the material for non-
stoichiometric compositions, is characteristic of its structural
flexibility that may lead to significant instability under
reaction.

The computed reaction paths are consistent with those pre-
sented in literature.""”® The CO, reduction pathways towards
CO and methanol under an applied bias of —1 Vyyg are pre-
sented in Fig. 5. In the applied computational hydrogen elec-
trode model,> the effect of the cell voltage is taken into
account after the quantum chemical computations. It down-
shifts the free energy, proportionally to the number of elec-
trons needed to reach each intermediate. Methanol, which is
the thermodynamically favoured product for both catalysts
without applied cell voltage (Fig. S18 and S19t), is even more
favoured at —1 Vgryg. CO desorption is endergonic, but CO
hydrogenation is exergonic due to the applied voltage, making
methanol formation thermodynamically more favoured.
However, the selectivity towards different products on each

IN4 INS IN6
0
2 U=V
*= Cu(110)

IN1:*COOH  H,0

Reaction free energy (eV)

4 | 2700+ H0 —— *=Cu,Se(220)
IN3: *CHO + H,0
IN4: *CH,0 + H,0

6 | IN5:*CH,0 + H,0
IN6: *CH;0H + H,0 7.08 *+ CH,0H + H,0

CH;0H

Fig. 5 Computed reaction CO,RR pathways on Cu,Se (220) and Cu (110)
slab models to CO and methanol with an applied cell voltage of —1 V.
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catalyst is influenced strongly by the reaction kinetics. It has
been shown that the CO binding energy is an important
descriptor for the product selectivity.>*

A notable difference between the computed reaction paths
of the two model catalysts is the free energy change for CO de-
sorption. On the Cu (110) surface, the desorption free energy
is 1.0 eV, compared 1.5 eV for the Cu,Se (220) surface (in com-
putational hydrogen electrode the desorption free energy is
independent of the applied bias). This can be attributed to the
presence of less stable intermediates (except IN5) on the pure
copper surface. Since CO desorption is irreversible, the easier
desorption observed on the Cu surface implies a higher CO
formation rate, consistent with the experimental results on
both EA-Cu and EA-CA-CuSe.

However, it is important to note that oxide-derived copper
possesses a highly complex structure. In fact, the catalysts
studied here are chemically complex systems, and the simple
models do not explain the non-monotonous potential-depen-
dence of the product ratios shown in Fig. 3. Nevertheless,
these simplified models allow for a qualitative assessment of
the impact of distinct local chemical environments on CO
binding and product selectivity. In this sense, the DFT results
support the experimental observation that CO formation is
favored on Cu-rich surfaces. Detailed reaction mechanism
studies that lead to different products are currently the subject
of intensive research. On the other hand, we noted that the
detailed structure of our model system has a minimal impact
on the energetics of the reaction, suggesting that the primary
factor influencing the reaction is the local chemical environ-
ment at the reaction site, and the main factor to qualitatively
understand the reactivity is the difference of the CO binding
free-energies on the Cu (110) and Cu,Se (220).

Conclusions

We showed that Cu,_,Se, which is undergoing major restruc-
turing under CO,RR conditions, behaves rather as a pre-cata-
lyst and developed a facile reconstruction strategy to transform
it into active phases with tailored selectivity. Without H,O,
pre-treatment, direct in situ electroreduction of Cu,_,Se nano-
wires produces a small amount of metallic Cu nanoparticles,
which reoxidize into Cu,O nanocubes upon returning to open
circuit, yielding a mixture of Cu,_,Se nanowires and Cu,O
cubes. In contrast, H,O, pretreatment causes significant
surface oxidation and nanowire fragmentation, destabilizing
the as prepared material and resulting in the creation of metal-
lic Cu nanoparticles during electroreduction. Those are largely
converted to Cu,O nanocubes after reaction. The resulting
catalyst material consists mainly of Cu,O nanocubes and
residual Cu,_,Se nanoparticles, while the nanowire mor-
phology is nearly lost. In situ and ex situ characterizations
confirm that dynamic restructuring of Cu,_,Se involves Cu seg-
regation from the selenide matrix.

A clear structure-selectivity relationship of copper-based
catalysts was found. The as-prepared Cu,_,Se (AP-CuSe), which

This journal is © The Royal Society of Chemistry 2025
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dynamically transforms into Cu nanograins during CO,RR,
exhibits 23% methanol selectivity at —1.4 Vgyg. In contrast,
the H,0,-etched and electrochemically activated catalyst
(EA-CA-CuSe), initially composed of Cu,O nanocubes, achieves
82% CO selectivity at a partial current density of 27.7 mA
ecm ™2 These findings not only corroborate previous obser-
vations on structural evolution in pure Cu catalysts but also
extend them to Cu-Se systems, offering deeper insights into
active phase formation.

Our results demonstrate that controlled pre-treatment and
activation of Cu,_,Se pre-catalysts can steer the formation of
desirable active sites, thereby guiding the rational design of
efficient and selective copper-based electrocatalysts for CO,
electroreduction and potentially other electrochemical
transformations.
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