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Abstract: Copper nanostructures are promising catalysts for
the electrochemical reduction of CO2 because of their unique
ability to produce a large proportion of multi-carbon products.
Despite great progress, the selectivity and stability of such
catalysts still need to be substantially improved. Here, we
demonstrate that controlling the surface oxidation of Cu
nanowires (CuNWs) can greatly improve their C2+ selectivity
and stability. Specifically, we achieve a faradaic efficiency as
high as 57.7 and 52.0% for ethylene when the CuNWs are
oxidized by the O2 from air and aqueous H2O2, respectively,
and both of them show hydrogen selectivity below 12%. The
high yields of C2+ products can be mainly attributed to the
increase in surface roughness and the generation of defects and
cavities during the electrochemical reduction of the oxide layer.
Our results also indicate that the formation of a relatively thick,
smooth oxide sheath can improve the catalytic stability by
mitigating the fragmentation issue.

Introduction

The large amount of CO2 produced from transportation
and industry has raised increasing concerns in recent years
because of the major environmental burdens from this gas

and the necessary increase in mitigation investment.[1,2] In
addition to photosynthesis, another promising route is to
electrochemically convert CO2 to chemical compounds for
use as fuels or feedstock. Typically, a variety of products are
generated in this process, with the most common ones being
CO and formate. Compared to C1 species, multi-carbon (C2+)
products such as ethylene and ethanol are more desirable
considering their higher values, larger energy densities, and
broader applications. Despite the remarkable progress, it
remains a grand challenge to electrocatalytically promote C@
C coupling and thereby achieve high selectivity toward C2+

products during the CO2 reduction reaction (CO2RR).[1–3]

Among all the metals under consideration for CO2RR, Cu
easily stands out for its ability to produce a substantial
amount of oxygenates and hydrocarbons. However, for those
catalysts based on pure Cu (e.g., Cu foils), they tend to suffer
from a number of shortcomings, including low selectivity,
poor competition with the hydrogen evolution reaction
(HER), high overpotential, and compromised stability. To
address these issues, the Cu nanostructures have been
engineered in multiple ways, such as control of their shapes
and thus surface structures,[4–7] doping with other metals or
non-metals,[8–10] and complete or partial oxidation of Cu.[11–13]

When switching to Cu dendrites with a rough, defective
surface, for example, a faradaic efficiency (FE) as high as
57% was achieved for ethylene at a potential more negative
than @1.4 VRHE (RHE: reversible hydrogen electrode) in
0.1 M aqueous KBr. The excellent performance was attrib-
uted to the presence of high-index facets.[5] In another study,
star-shaped Cu decahedra featuring a penta-twinned structure
were demonstrated with a good selectivity of 52.4% toward
ethylene at @1.0 VRHE in 0.1 M aqueous KHCO3. The tensile
surface strain caused by the twin boundaries and the induced
surface defects were proposed as a main contribution to the
high C2+ yields.[6]

By partially oxidizing Cu nanostructures or directly using
nanostructures made of CuxO, improvement in catalytic
performance was also achieved, including the observations
of lower overpotentials and higher selectivity toward C2+

products. The improvement was typically ascribed to an
increase in surface roughness and thus a higher density of
surface defects, induced changes to the local pH, and the
possible existence of residual CuI species that might serve as
active sites.[1] In one study, it was reported that when Cu2O
nanoparticles were used as catalysts, a high selectivity
approaching 60% was achieved for ethylene after 6 h of
electrolysis at @1.1 VRHE in 0.1 M aqueous KHCO3. The
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20-nm Cu2O particles were gradually broken down into 2–
4 nm particles under the negative potential, leading to an
increase in the selectivity toward ethylene that finally reached
60%. The compact arrangement of small particles and the
high density of grain boundaries among them were believed
to be responsible for the high yield of C2+ products because
the defective structures helped promote C@C coupling.[11] In
another report, plasma-activated Cu nanocubes with an
oxygen content of 30% (in terms of atomic percentage)
showed a higher FE toward ethylene (up to 45% at@1.0 VRHE

in 0.1 M aqueous KHCO3) relative to those with lower oxygen
contents. The key parameters were believed to be the defects
induced by plasma oxidation and the surface/subsurface
oxygen species, both capable of enhancing the binding of
CO to the Cu surface.[13]

In an attempt to leverage the benefits arising from both
shape control and surface oxidation, here we synthesize Cu
nanowires (CuNWs) and then partially oxidize their surface
under two different conditions to generate Cu@CuxO core-
sheath nanostructures. When the oxide sheath is reduced to
elemental Cu, the increase in surface roughness and the
penta-twinned structure intrinsic to the nanowires are able to
work synergistically in promoting the generation of C2+

products during CO2RR. As a result, FEs as high as 57.7
and 52.0% for ethylene are obtained at @1.0 VRHE in 0.1 M
aqueous KHCO3 when the CuNWs oxidized by the O2 from
air (A-CuNWs) and aqueous H2O2 (H-CuNWs) serve as
catalysts, respectively. The high selectivity toward ethylene,
together with C2+ yields approaching 78.4 and 71.9%, is
among the highest when benchmarked against all the Cu-
based nanostructures reported in literature (Table S1). In
addition to the high selectivity, we also demonstrate that
a thick and smooth oxide sheath on the CuNWs can
substantially improve their catalytic stability, with H-CuNWs
showing a much better stability than A-CuNWs, due to the
mitigation of fragmentation and thus preservation of one-
dimensional (1D) morphology. This work represents the first
attempt to bring a tight control to the oxidation process of
CuNWs for the demonstration of its importance in determin-
ing the activity, selectivity, and stability of Cu catalysts toward
CO2RR.

Results and Discussion

The preparation of a catalyst typically involved two major
steps: synthesis of CuNWs in the presence of hexadecylamine
and glucose, followed by surface oxidation at room temper-
ature under different conditions. Figure S1 shows transmis-
sion electron microscopy (TEM) images of the as-prepared
CuNWs with an average diameter of 22.4: 4.2 nm and length
up to several micrometers. Based on our previous report, the
nanowires had a penta-twinned structure and their side
surface was covered by {100} facets.[14] After oxidization with
the O2 from air, the 1D morphology was retained while the
surface was roughened due to the formation of an oxide
sheath (Figure 1a,b). As shown in Figure 1b, lattice fringes
with a spacing of 0.21 nm, corresponding to {111} planes of
Cu, could be observed at the central region of the nanowire,

indicating the presence of metallic Cu in the core. The fringes
could hardly be observed when moving toward the surface of
the nanowire, along with a decrease in contrast, suggesting the
formation of oxides on the surface. At a few spots where
lattice fringes could be resolved, the spacing was measured to
be 0.25 nm, corresponding to the {111} planes of Cu2O. Taken
together, it can be concluded that the oxide sheath was
comprised of a mixture of both amorphous and crystalline
copper oxides. The presence of surface oxides was also
supported by the electron energy loss spectroscopy (EELS)
mapping data shown in Figure 1c, where a thin layer
containing oxygen could be resolved on the core made of
metallic Cu. Interestingly, in the dark-field scanning trans-
mission electron microscopy (DF-STEM) image, we observed
the formation of an oxide sheath with varying thickness at
different locations. Based on previous reports, it was demon-
strated that the formation of copper oxides on Cu(100) facets
followed an island-growth mode and it was found to be more
obvious under slow oxidation kinetics.[15, 16] Taken together,
the non-uniform oxidation occurring on the surface of
a CuNW was believed to be responsible for the formation
of a CuxO sheath with uneven thickness.

In the X-ray photoelectron spectroscopy (XPS) spectrum
recorded from A-CuNWs (Figure 1e), two peaks were

Figure 1. a) TEM and b) DF-STEM images of CuNWs covered by a thin,
non-uniform sheath of CuxO formed through oxidation by the O2 from
air (denoted A-CuNWs). c) EELS mapping, d) XRD pattern, and e) XPS
spectrum recorded from the same oxidized sample.
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resolved at 932.1 and 951.9 eV, which could be assigned to Cu0

or CuI 2p peaks. Additionally, we observed two peaks at 933.9
and 953.7 eV, together with satellite peaks around 941, 943,
and 962 eV, and all of them could be assigned to CuII 2p
peaks.[17] These results indicate that the oxide sheath was
made of a mix of Cu2O and CuO. In the X-ray diffraction
(XRD) pattern, however, no peaks of copper oxides were
observed (Figure 1d). We only resolved three peaks at 43.488,
50.588, and 74.288, corresponding to the diffraction from Cu-
(111), (200), and (220) planes. The absence of CuxO peaks in
the XRD pattern confirmed the dominance of amorphous
phase, in agreement with our conclusion drawn from STEM
imaging.

Different from the slow oxidation by the O2 from air,
CuNWs covered by a relatively thicker CuxO sheath (H-
CuNWs) were obtained when the sample was subjected to
oxidation by aqueous H2O2 (Figure 2a). The H-CuNWs had
a metallic Cu core with an average diameter of 18.5: 3.4 nm
and an oxide sheath of 6.9: 0.7 nm in thickness. As shown by
the DF-STEM image in Figure 2b, both the oxide layer and
the Cu core had smooth surfaces and this outcome can be
attributed to the fast oxidation kinetics. Multiple nucleation
sites for copper oxides were generated at the same time across

the surface of a nanowire, leading to the formation of an oxide
sheath uniform in thickness.[15] The existence of CuxO layer
was also verified by EELS mapping (Figure 2c). A higher
intensity of oxygen was observed relative to that of A-
CuNWs, consistent with the fact that H-CuNWs had a thicker
layer of oxides. In the DF-STEM image, the clearly resolved
lattice fringes in the core confirmed its composition as
metallic Cu, while nearly no fringes were observed in the
sheath. From the XRD pattern (Figure 2d), the intensity of
Cu0 was also the strongest, with three peaks positioned at
43.488, 50.588, and 74.288. In contrast, the peaks of both Cu2O and
CuO were very weak, with that at 28.988 corresponding to
Cu2O and those at 39.088, 47.088, and 48.088 to CuO. A plausible
reason for the weak intensity of copper oxides in the XRD
pattern can be ascribed to the dominance of amorphous
structure, which was further proven by nano-beam electron
diffraction (NBED). As shown in Figure S2, rings along with
irregularly distributed diffraction spots were observed in the
NBED patterns recorded from selected areas of the CuxO
sheath, revealing the amorphous phase containing randomly
oriented nanocrystallites. In contrast, discrete spots located at
nearly the same positions could be clearly observed in the
NBED patterns taken from the Cu core, with no accompanied
rings, demonstrating the continuity and crystalline structure
of the metallic core.[18] The composition of the surface oxides
was also analyzed using XPS (Figure 2e). Different from A-
CuNWs, the intensity of CuII accounted for the vast majority
and the peaks of Cu0 or CuI were barely detected, suggesting
that the surface of H-CuNWs was covered by a relatively
thick sheath made of CuO. In a typical process of Cu
oxidation, the metallic Cu was first oxidized to Cu2O, which
could be further converted to CuO in the presence of
adequate oxidants. The relatively high concentration of
H2O2 and its fast oxidation kinetics enabled the complete
oxidation of Cu, leading to the formation of a CuO-based
sheath.[19, 20]

In addition to microscopy evidence, the presence of oxide
layer also agreed with the ultraviolet-visible (UV-vis) spectra
(Figure S3). Due to the localized surface plasma resonance
(LSPR) property, Cu nanostructures exhibit absorption in the
visible region, and the peak position is highly sensitive to the
oxidation state of Cu on the surface because of the change in
dielectric constant.[21] For the freshly prepared CuNWs, A-
CuNWs, and H-CuNWs, we obtained peaks located at 564,
568, and 568 nm, respectively. Compared to the as-obtained
CuNWs, the peaks of both A-CuNWs and H-CuNWs were
slightly red-shifted and the shift could be attributed to the
surface oxidation of Cu nanostructures.[22,23]

We then compared the selectivity and activity of the
CuNWs with different surface oxidation toward CO2RR in
the potential range of @0.8 to @1.2 VRHE in 0.1 M aqueous
KHCO3 (Figure 3, with details provided in the Supporting
Information). Multiple products were detected, including CO,
CH4, ethylene, and ethanol, and we paid special attention to
the C2+ species, in particular, ethylene. For A-CuNWs, a FE
approaching 57.7% was obtained at @1.03 VRHE for ethylene,
together with a total efficiency reaching 78.4% for C2+

products. These values were among the highest selectivity
for CO2RR in a KHCO3 solution, even compelling when

Figure 2. a) TEM and b) DF-STEM images of CuNWs covered by
a smooth, relatively thick (ca. 6 nm) sheath of CuxO formed through
oxidation by aqueous H2O2 (denoted H-CuNWs). c) EELS mapping,
d) XRD pattern, and e) XPS spectrum recorded from the same oxidized
sample.
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compared to the performance measured in a flow cell
containing a strong alkaline electrolyte (Figure 3a and
Table S1). Compared with the high yield of C2+ products at
@1.03 VRHE, the production of CO and CH4 only accounted
for 0.65 and 1.9%, respectively. The FE of H2 was as low as
8.5%, indicating the effective suppression of HER. Normal-
ized by geometric area, a total current density of
34.0 mAcm@2 was achieved along with the high selectivity
toward ethylene, whose partial current density reached
19.6 mAcm@2 (Figure 3c,d). When normalized to the mass
of catalyst, we obtained a mass activity of 384.1 mAmg@1 for
the selective production of ethylene (Figure S4). The high
current density and mass activity of A-CuNWs demonstrate
their prominent performance in electrochemical CO2RR.[11]

In comparison with A-CuNWs, H-CuNWs with a thicker
oxide sheath and smoother surface showed a slightly lower FE
toward ethylene: 52.0% at @1.02 VRHE (Figure 3b). The total
yield for C2+ products reached 71.9% while the proportion of
H2 was at 11.4%, together with low yields for both CO and
CH4 (2.0 and 6.1%, respectively). At@1.02 VRHE, a geometric
current density of 24.1 mAcm@2 was achieved for all the
products, with a partial current density of 12.5 mAcm@2 for
ethylene (Figure 3c,d). Although slightly lower than A-
CuNWs, a mass activity approaching 246.2 mAmg@1 was
obtained for ethylene production when H-CuNWs served as
the catalyst (Figure S4). When normalized to the electro-
chemically active surface area (ECSA), we obtained partial
current densities as high as 4.1 and 3.5 mAcm@2 toward
ethylene for A-CuNWs and H-CuNWs, respectively, demon-
strating their outstanding performance in CO2RR (Figure S5
and S6, the current densities of comparable catalysts can be
found in Table S1). It should be noted that the high
(approaching 30 mAcm@2) geometric current densities ach-
ieved by CuNWs could be attributed to the involvement of 3D
mass transport, which raised the limitation of current
density.[24]

To look into the mechanism underlying the high selectiv-
ity and activity of CuNW-based catalysts and the reason why
they behaved differently, we characterized the structures of
both catalysts after 1 h of electrolysis at @1.02 VRHE. As
shown in Figure 4a, fragmentation was observed for A-
CuNWs, where small pseudo-spherical nanoparticles and
nanorods resulted from disintegration of nanowires could be
found in the TEM image. For the nanowires whose 1D
structure was preserved, their surface became fairly rough. A
close examination of the nanowire illustrated the existence of
large holes and cavities on the surface, which could be
attributed to the reduction of surface oxides (Figure 4b). As
shown by the bright-field STEM (BF-STEM) image in
Figure 4c, the lattice spacing of 0.21 and 0.18 nm could be
assigned to the {111} and {200} planes of Cu, respectively,

Figure 3. a,b) Faradaic efficiencies of the catalysts based on A-CuNWs
and H-CuNWs, respectively. c) Total and d) partial current densities
toward ethylene for the same types of catalysts in 0.1 M KHCO3. The
current densities were normalized to the geometric area.

Figure 4. a) TEM, b,c) BF-STEM images, and d) XPS spectrum of A-CuNWs after 1 h of electrolysis. e) TEM, f,g) BF-STEM images, and h) XPS
spectrum of H-CuNWs after 1 h of electrolysis. A potential of @1.02 VRHE was applied for all measurements. The images in (c) and (g) were taken
from the regions marked by boxes in (b) and (f), respectively. The Cu nanoparticles formed during electrolysis are marked by red circles in (a).
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confirming that the majority of surface CuxO was reduced to
metallic Cu. The conversion of oxide sheath was also revealed
by XPS. Compared to the relatively strong peaks of copper
oxides in the as-prepared A-CuNWs (Figure 1e), no satellite
peaks were observed for the same sample after 1 h of
electrolysis (Figure 4d), confirming the reduction of CuII to
Cu0 or CuI. Considering the larger lattice spacing of copper
oxides and possible surface reconstruction, voids would be
generated for the formation of cavities on the surface when
CuxO was reduced to metallic Cu.[25] The non-uniform
thickness of oxide layer caused by the slow oxidation kinetics
of O2 from air resulted in the formation of voids with different
sizes and thus the presence of deep cavities, increasing the
chance of breaking up the nanowires. In addition to the
reduction of copper oxides, detachment of small nanoparti-
cles from the CuNWs during electrolysis might also facilitate
their fragmentation.[26] It was reported that the adsorption of
either H or CO, intermediates in HER and CO2RR, on the
surface of Cu nanocubes would lead to degradation to the
shapes when a low potential was applied. An increased
number of pinholes on the surface and a decrease in the size
of Cu nanocubes were observed, along with an increased
number of nanoparticles emerging around the cubes.[27] This
was similar to what we observed on A-CuNWs.

In contrast to the A-CuNWs, the 1D morphology of the
H-CuNWs was largely retained during electrolysis. As shown
in Figure 4e, we found nearly no fragment around the
nanowires, let alone their disintegration. Compared with the
smooth surface of H-CuNWs before electrolysis, the surface
roughness was increased after being held at @1.02 VRHE for
1 h (Figure 2a). As shown by the BF-STEM image in
Figure 4 f, small, shallow voids were formed on the surface.
The magnified, atomic-resolution image revealed the pres-
ence of metallic Cu on the surface, where the lattice spacing of
0.21 and 0.18 nm could be indexed to the Cu {111} and {100}
planes (Figure 4g). Some copper oxides were also observed
outside the metallic Cu core, but they were highly possible to
be generated during the preparation of sample for STEM
imaging. Similar to the A-CuNWs, the XPS peaks of CuO
disappeared after electrolysis, confirming the reduction of
CuII to Cu0 or CuI (Figure 4h). To further verify the oxidation
state of Cu on the surface, we measured the Auger Cu LMM
spectra of the nanowires before and after electrolysis (Fig-
ure S7). The samples were protected by Ar throughout the
transfer process. Before electrolysis, the surface oxides of
both types of nanowires were mainly composed of CuO, as
revealed by the peaks located at 568.9 eV. After 1 h of
electrolysis, we observed both Cu0 and CuI peaks located at
568.0 and 569.8 eV, respectively, suggesting the presence of
CuI ions in the catalysts. It is worth pointing out that the
retention of CuI species during electrolysis was also observed
in recent studies involving both ex situ and in situ tech-
niques.[10, 12,13,27–29]

Based on TEM and STEM imaging, the high yields of C2+

products for CuNWs covered with an oxide sheath can be
mainly attributed to their increased surface roughness.[5, 25, 30,31]

As previously reported, roughening the surface of Cu
catalysts would lead to the generation of a greater density
of defective sites, which can enhance the adsorption of C1

intermediates and thus improve the catalystQs selectivity
toward C2+ products.[30] In addition to surface roughness,
several other factors, including the presence of twin defects
and 1D morphology of the nanowires, may also be in-
volved.[6, 32] Based on simulations from previous reports, the
twin boundaries and tensile surface strain, together with
stacking faults arising from a stress release mechanism, could
enhance the adsorption of CO on Cu surface and increase CO
coverage density, which in turn facilitated the C@C coupling
and formation of C2+ products.[6] As such, the high yields of
C2+ species may also benefit from the penta-twinned structure
of the CuNWs. Moreover, the small diameter of the nano-
wires and their 1D morphology also enlarged the specific
surface area and improved the mass transport in electro-
catalysis, contributing to a high mass activity.[33,34] As a com-
parison, when H2O2-oxidized Cu nanoparticles were used as
the catalyst, a FE of 41.8% toward ethylene was obtained at
@1.05 VRHE, together with a geometric partial current density
of 6.8 mAcm@2 (Figure S8). The inferior selectivity and lower
current density of the nanoparticles further demonstrate the
importance of both the 1Dmorphology and twinned structure
of the nanowires in improving mass transport and facilitating
C@C coupling.[34]

Comparing the shape evolution of two types of CuNWs
during CO2RR, we proposed that the higher C2+ selectivity of
A-CuNWs relative to that of H-CuNWs could be ascribed to
their even greater surface roughness. As confirmed by the
TEM and STEM images in Figure 4b,f, deeper cavities were
observed on A-CuNWs, and they were reported to help trap
the C1 and even C2 intermediates and thus facilitate C@C
coupling.[35, 36] Besides, the greater extent of roughness also
revealed the potential existence of a higher abundance of
high-index facets and defective sites on the surface of A-
CuNWs, which had been proven to promote the formation of
C2+ products.[7, 25] In addition to selectivity, the greater surface
roughness also contributed to a larger specific surface area
and thus higher mass activity of A-CuNWs compared to H-
CuNWs. As shown in Figure S5 and Table S2, double-layer
capacitances of different types of nanowires were measured,
correlating their activities with surface areas. A capacitance of
140 mFcm@2 was obtained for A-CuNWs, which was 40%
greater than that of H-CuNWs, consistent with the higher
mass activity of A-CuNWs. When using pristine CuNWs as
a reference, both A-CuNWs and H-CuNWs exhibited larger
capacitances (with a factor of 3.0 and 2.2, respectively),
revealing their increase in surface roughness arising from the
presence and subsequent reduction of surface oxides. We also
tried to measure the CO2RR performance of pristine CuNWs
as soon as they were prepared, with an effort to avoid
significant oxidation like in the case of A-CuNWs. Compared
with the surface-oxidized nanowires, pristine CuNWs showed
a relatively lower C2+ selectivity (66.0%) at @1.07 VRHE

owing to the absence of extensive surface oxidation and thus
the lower surface roughness (Figure S9).

The stability of the CuNW-based catalysts was then
measured at @1.02 VRHE, corresponding to the highest
ethylene selectivity. For A-CuNWs, the FE of ethylene
gradually decreased as the reaction time was extended, along
with an increase in the yields of H2 and CH4 (Figure 5a),
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which could be mainly attributed to the severe fragmentation
of A-CuNWs during the measurement. It has been suggested
by many reports that the selectivity of Cu catalysts is highly
related to the particle size.[37,38] When the particle size of Cu
decreased, below 5 nm in particular, a dramatic increase in
activity and selectivity toward HER was observed, which can
be ascribed to the increased proportion of atoms located at
edges and corners. Those atoms have relatively low coordi-
nation numbers and can serve as strong binding sites for H
and CO, limiting their diffusion on surface and further
reaction to generate C2+ products. Under this circumstance,
HER was greatly facilitated due to the improved adsorption
of protons on Cu surface while the production of C2+ species
was suppressed.[38] Along with the decrease in selectivity
toward ethylene, an increase in the total current density by
about 40% was also observed after 22 h (Figure 5b), con-
firming the fragmentation of A-CuNWs and further enlarge-
ment in specific surface area.

When H-CuNWs served as the catalyst, the selectivity
toward ethylene showed nearly no decay after 22 h, indicating
its superb stability (Figure 5c). In the meantime, the current
density of H-CuNWs also stayed relatively constant during
the measurement, with an increase less than 5 mAcm@2 (or
20%) (Figure 5d). To understand the enhanced stability,
TEM imaging was conducted on both types of CuNWs after
5 h of electrolysis and the results are shown in Figure S10. In
the case of A-CuNWs, broken nanowires and Cu nano-
particles, either separated from or attached to the nanowires,
were observed (Figure S10a–c). As for H-CuNWs, very few of
them were fragmented (Figure S10d–f). Regarding the differ-
ence in morphology, we proposed that the different oxidation
pathways and the resultant structures of oxide layers were
responsible for the difference in stability. The non-uniform
oxidation and the resultant deep cavities led to easier
disintegration of nanowires, as mentioned previously, result-
ing in the poor stability of A-CuNWs. In contrast, for H-

CuNWs covered by a thicker and smoother CuxO layer, the
metallic Cu core was well protected during the CO2RR.
Though the surface oxides were reduced during catalysis, no
large voids were developed on surface and the continuity of
the nanowires was well preserved. The preservation of 1D
morphology and suppression of fragmentation by introducing
a thick, smooth oxide sheath contributed to an improved
stability for H-CuNWs.[39] However, it should be pointed out
that although higher durability was achieved for H-CuNWs,
they suffered slightly in terms of selectivity and activity when
compared to A-CuNWs. Besides, the increase in current
density as a function of time also revealed that the fragmen-
tation could be effectively retarded for H-CuNWs, but not
completely eliminated. At the moment, it remains a major
challenge to design catalysts with both good stability and high
selectivity and activity. Addition of supports to stabilize
catalysts or covering the surface of a catalyst with proper
ligands to prevent surface reconstruction might be promising
directions in further research.[40]

Conclusion

In summary, we have demonstrated two effective CO2RR
catalysts based on CuNWs with their surface being partially
oxidized through different pathways. The A-CuNWs obtained
via oxidation by theO2 from air possessed a rough surface and
a thin oxide layer with non-uniform thickness, while the H-
CuNWs obtained by oxidation with aqueous H2O2 were
covered with a relatively thicker and smoother oxide sheath.
When applied to electrochemical CO2RR, both of them
exhibited high selectivity and activity toward C2+ species,
ethylene in particular. The greater extent of surface rough-
ness, the presence of more defective sites and deeper cavities
after reduction of non-uniform oxide sheath contributed to
a higher C2+ selectivity for A-CuNWs relative to H-CuNWs.
However, these features were also detrimental to the stability
of A-CuNWs due to their increased susceptibility to disinte-
gration during electrolysis. Protected by a thicker and
smoother CuxO layer, the fragmentation of nanowires was
effectively suppressed for H-CuNWs and nearly no decay in
ethylene selectivity was observed after 22 h, demonstrating
the improved catalytic stability. Taken together, this work
demonstrates that controlling surface oxidation offers an
effective strategy for improving both the C2+ selectivity and
stability of Cu-based catalysts. We believe the same strategy
should be extendible to other types of Cu nanostructures for
the rational development of effective catalysts toward
CO2RR.
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