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Engineering Morphological Features and Surface Steps in Ultrathick Penta-Twinned

Copper Nanowires

Andrea Conte,? Sabrina Antonello,? Marco Baron,? Sara Bonacchi, ** and Alessandro Aliprandi®*

Controlling and foreseeing copper nanostructure properties remains an open challenge in the field of nanoscience. Here, we elucidate the role of glycine as
templating agents to synthetize ultrathick copper nanowires (CUNWSs) with a precise control over their morphology and crystal structure. Comprehensive
characterization was carried out by using orthogonal technique analysis such as SEM, HR-TEM, AFM, XRD, and electrochemistry that enable us to gain a
complete insight into both the bulk and the surface properties of the CUNWs. In particular, the synthesized CUNWs exhibited a wide range of diameters, from
65 nm to more than 400 nm, and well-defined exposed surfaces composed of (100) and (110) crystal facets. This precise control over the physicochemical
properties of CUNWs could potentially impact different fields of nanotechnologies ranging from renewable energy to high-speed electronics.

Introduction

Copper nanowires (CuNWs), with their high surface area to volume
ratio and large aspect ratio, exhibit excellent electrical,®3
electrocatalytic,*%7 and mechanical properties.®® These properties
rise CUNWs as highly promising building blocks for assembling next-
generation functional materials for advanced electronic and
electrochemical devices.’%!1 Recent studies have exploited the
intrinsic advantages of CuNWs to optimize self-standing three-
dimensional  (3D) porous electrodes in  flow-through
configurations,®!2 thereby combining the copper’s intrinsic catalytic
properties for critical energy conversion processes,*!314 within a
support-free electrode fabrication. Furthermore, CUNWs have also
recently gained attention in cuproptosis-based cancer therapy,!16
as smart provider of intracellular copper ions, able to disrupt
mitochondrial metabolism and lead to selective cancer cell death.®
Given the significant technological implications of this nanomaterial,
achieving precise control—through synthetic protocols—over the
atomic-scale structure of these nanowires is crucial for engineering
their surface facets and aspect ratios. Crystal surface defectiveness
seems indeed to play a key role in enhancing the Cu’s catalytic
efficiency and selectivity by providing active sites, altering the
electronic structure and the nano-environment, enabling them to
promote highly specific electroactivated reaction pathways.
Examples can be found in the electrochemical conversion of CO, in
valuable feedstocks,>7:17:18 in CO oxidation,® O, evolution reaction2®
and NOs" reduction reaction.?! In bio-application as well, defective Cu
surfaces such as grain boundaries, dislocations, and surface steps,
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appear to facilitate the oxidation and dissolution of Cu into ions that
ultimately act as anticancer agents.'® Among the various proposed
CuNWSs synthesis approaches, contemplating physical and
electrochemical methods, hydrothermal synthesis, which relies on
the controlled reduction of Cu(ll) complexes in surfactant-containing
aqueous media, offers several advantages in terms of reduced cost,
scalability, and environmental sustainability. In a recent work we
demonstrated how, through a design of experiments (DOE)
approach, to disclose the relationship between key synthetic
parameters and the structural characteristics of the nanowires.”
Post-synthesis techniques such as electrochemical pulses® and
chemical etching can be successively exploited to modify CUNWs by
introducing steps, and defectiveness on the surface, nevertheless
achieving a precisely engineered nanostructures through synthesis
alone remains an open challenge.2%23

Herein, we demonstrate the significant role of glycine, employed as
synthetic additive, in modulating growth, controlling diameter
distribution, and systematically tuning the ratio of surface facets and
steps on the CuNWSs. Our findings show that by controlling
straightforward, scalable, and solution-based synthetic protocols, we
can tailor the crystalline quality, surface morphology, and structural
defectiveness of thick penta-twinned CuNWs. A combination of
techniques, including SEM, XRD, HR-TEM, and AFM along with cyclic
voltammetry measurements, allowed us to completely characterize
the crystal structure of our CUNWSs and to gain valuable information
about their surface crystal motifs.

Results and Discussion

CuNWs were prepared by employing aqueous hydrothermal
synthesis using CuCl, - 2H,0 as copper source, a mild and green
reductive agent like glucose, 1-octadecylamine (ODA) and glycine as
templating agents. In particular, Zhang et al. have demonstrated that
ODA plays a crucial role in promoting the anisotropic growth of Cu
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seed crystals by selectively binding to the (100) facet while leaving
the (111) facet exposed.?*

This arrangement leads to the formation of a five-fold twinned
structure with five (100) side surfaces aligned along the <110>
direction. Kevin et al. have shown that glycine can be used as additive
in the synthesis to modulate the diameter of CUNWs between 55 to
150 nm.?* To shed light on the growth mechanisms, we put forward
the reported literature procedure®® by varying the type of capping
agent as well as the amounts of glucose and glycine. In particular, we
used 2 equivalents of glucose and x = 0, 2, 3, 6, 9 equivalents of
glycine with respect to CuCl, (we denoted CUNWs@X to identify a
particular type of CUNWs in the series) to carry out the synthesis at
125 °C for 18 h. This method allowed the preparation of a family of
NWs tuned in diameter and aspect ratio. Representative scanning
electron microscopy (SEM) images of the so-prepared CuNWs are
shown in Fig. 1, and Fig. S1. These images show that increasing the
quantity of glycine, while keeping the other reagents fixed, led to an
increase in the average diameter of the NWs and a wider
polydispersity of the diameter distribution (See Fig. S2 for histogram
of diameter distribution). Within our synthetic procedure, the
diameter of the CuNWs was tuned up to (400 £ 110) nm, reaching
85% in vyield, being competitive with the oxalate-based approach
recently reported by Kim et al. where nanowires of 500 nm has been
reported.?® Interestingly, we inferred a linear correlation (Egn. 1)
between glycine equivalents and NW diameter (R? = 0.95, Root-
(MSE) = 0.81, p-value of model = 0.005), which provide a practical
guidance for production of tailored NWs. Residual plot is reported in
Fig. S3.

@ (nm) = (65.4+8.3) +(35.6 +4.9)- {glycine} (Egn. 1)
Where @ represents the average diameter of CUNWSs, and {glycine}
the equivalents of glycine with respect to Cu salt employed during
the synthesis.2® Our protocol allowed us to obtain CuUNWs with a yield
between 65% and 85%. (See Table S1). The SEM images collected
allowed us to clearly identify the five twinned prismatic
monocrystalline structure of the wires as shown in Fig. 1F. The
boundaries between the five crystal seeds that form the penta-
twinned CuNW are well defined, demonstrating the excellent
templating properties of the reagents used.

To qualitatively assess the evolution of the hydrothermal synthesis
and the effect on CuNWs of the presence of glycine, we monitored
the reaction by observing the color changes over time for the
synthesis of CUNWs@0 and CuNWs@9, as illustrated in Fig. S4.
Notably, at the beginning of the reaction, significant differences were
observed in terms of color between CUNWs@0 and CuNWs@9.
Specifically, the reaction mixture for CUNWs@O initially appeared
light blue after 10 minutes, rapidly transitioned to white, and shortly
thereafter turned light brown. Conversely, in the presence of 9
equivalents of glycine, the reaction mixture exhibited an intense
electric blue color (due to ligand to metal charge transfer),?’” which
progressively deepened before gradually transitioning to dark green,
indicating the initial formation of Cu seeds. Ultimately, both reaction
mixtures became visually similar, adopting a brownish-red
coloration. This observation suggests that the reduction of Cu?* in
the presence of glycine may occur primarily through the Cu(Gly).
complex (characterized by its distinct electric blue color),22-3% indeed,
when glycinate is in excess over Cu in solution, Cu?* glycinate can be
reduced to Cu* glycinate with a standard reduction potential of
-0.167 V (vs SHE).28 This cuprous species might be oxidized back to
Cu?* glycinate by oxygen in solution and is then available for further
oxidation of the CuNWs surface growing. This process has the

2 | J. Name., 2012, 00, 1-3

potential to enhance copper dissolution and is well-known, as
autocatalytic corrosion.?83! In contrast, witlmutoglyzdnes Tehel daat
cations form a complex with octadecylamine (ODA), specifically
Cu(ODA),.2*32 Additionally, it was observed that seed formation,
indicated by the appearance of the light brown color, occurred more
rapidly in the absence of glycine. This may indicate that glycine likely
stabilizes the Cu?* cations, thus shifting their reduction potential
towards more negative values, therefore making more difficult the
reduction of Cu?*.

To compare the crystal structure of the bulk Cu with the morphology
of our wires, X-ray diffraction (XRD) was employed (Fig. 2A). For all
the CuNWSs samples, two main peaks were observed at 20 = 43.5°
and 50.6° corresponding to (111) and (200) crystal planes of face-
centered cubic Cu. The two signals have been exploited to
qualitatively investigate the aspect ratio of CuNWs as recently
reported by our group.” The parameter W, defined as 1(111)/1(200)
ratio intensity (integral of chosen peaks) is observed to decrease by
increasing of the CUNWSs’ diameter, as shown in Fig. 2B. Interesting,
thick CUNWs synthesized by using 9 equivalents of glycine exhibited
a very pronounced (200) facet while, for very thin and long CUNWs
we observed mainly (111) facet. The observed changes in XRD
intensity ratios are attributed to texture effects, including preferred
orientation. These effects become especially evident when
comparing CuNWs with very different characteristics. We calculated
for the thicker NWs the aspect ratio. The thicker NWs, CUNWs@9,
exhibit it an average length of (56.5 + 11.7) um and an average aspect
ratio of 141, which is competitive considering the large diameter (See
Table S2). The average length of the other samples was not reported
due to technical limitations: bends in the CUNWs made it difficult to
accurately measure their full length. However, we might roughly
estimate a minimum length of 100 um.

HR-TEM images provided us with complementary information to XRD
on the crystal nature of CuNWs. Fig. 2D-H show the HR-TEM images
for the thinner and the thicker CuNWs of the series (CUNWs@O,
CuNWs@9). No changes in the crystal growth direction, which
remained along the <110> direction, was observed when the aspect
ratio of CUNWs decreased by increasing the amount of glycine in the
synthesis protocol (see Fig. 2D and 2H).

The Selected Area Electron Diffraction (SAED) pattern displayed
bright spots representing the (220), (200), (111) planes in reciprocal
space (Table S3). The fringes have lattice spacings reported in Fig. 2E
and 2I. HR-TEM images also reveal the presence of a more
transparent surface coating that may be reasonably assigned to an
amorphous Cu,0/CuQO oxide layer (approximately 3 nm thick)
passivating the CuNWs (Fig. 2D and 2H) in agreement with prior
works.1133-37 The assighment of this thin amorphous layer to Cu
oxide is strongly supported by both our HR-TEM analysis and
extensive prior literature.133-37 Several studies have shown that Cu
nanowires and other nanostructured copper materials rapidly
develop a native oxide layer typically 1-5 nm thick when exposed to
ambient conditions.

This journal is © The Royal Society of Chemistry 20xx
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To gain further insight into the NWs surface morphology, AFM
measurements were performed for CUNWs@9 and CUNWs@0. The
roughness estimated by AFM of CUNWs@0 and CuUNWs@9 was 7 nm
and 17 nm respectively (area analyzed 50 nm x 50 nm of nanocrystal
surface) (Fig. 3A, 3B and S5, S6), indicating a strong relationship
between the surface properties and the CuNW'’s diameter. In
addition, the longitudinal profile of the surface (Fig. 4B, D), measured
along the length of CUNWs, reveals the presence of terraces ranging
from 2 to 5 nm in height, while measurements taken in the
perpendicular direction respect to the wire main axis show a smooth
surface pattern (Fig. 3(1) and 3(2)), thus highlighting that the steps
arise along the NWs's grow direction. Overall, our findings
corroborate the role of the glycine as additive reagent enabling to
tune the growth of CuNWSs diameters up to 400 nm, while

maintaining a well-determined crystal structure,_ and..nBang
roughness. DOI: 10.1039/D5TC01835H
To investigate how glycine affects the crystal facets structure of the
CuNWs surfaces, an electrochemical approach based on the different
affinity of OH- group for the distinctive Cu crystal facet orientations,
was employed.?238-41 Notably, CVs in alkali media were recently
investigated and reconsidered to be a valuable tool to study ideal
model surface such as low index Cu(100), Cu(110), Cu(111), single
crystals,*42 and even nanostructures based on Cu and Ag.*3

200 nm
-

A
248 £57 nm

This journal is © The Royal Society of Chemistry 20xx

Fig 1. SEM images of CUNWs synthesized employing different quantities of glycine. A) 0 eq. B) 2 eq. C) 3 eq. D) 6 eq. E) 9 eq of glycine. F)
Detail of CUNWs@9 tail highlighting the penta-twinned nature of the CUNWSs. The average diameter of CUNWs is highlighted on the bottom
of each image.
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Fig. 2. A) XRD patterns of CUNWs synthesized with different quantities of glycine: 0 eq (green), 2 eq. (blue), 3 eq. (dark red), 6 eq.(red), 9 eq
(black). B) Plot of the dependence of average diameter of CUNWs (black dots) and of W (red dots) on the equivalents of glycine used in the
synthesis. Error bars for diameters in black and 95% confidence bands are in light blue. C) TEM image of CUNWs@0 D) HR-TEM image of
CuNWs@0. E) HR-TEM details of crystal lattice of CUNWs@O. F) SAED of single CUNWs@0. G) TEM image of CUNWs@9. H) HR-TEM image of
CuNWs@9. J) HR-TEM details of crystal lattice of CUNWs@9. J) SAED of single CUNWs@9.
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Fig. 3. A) AFM map of CUNWs@9 B) AFM map of CuNWs@0 (1) Longitudinal profile recorded for CUNWs@9 and CuNWs@0 type. (2)
Perpendicular profile respect to the growth direction recorded for CUNWs@9 and CUNWs@0 type.

Voltammetric patterns of CUNWSs-based electrodes immersed into a
NaOH electrolyte was investigated by considering two electron
processes at the surface. Specifically, electrosorption of OH" (Eqn. 2)
and electro-oxidation of OH" to O-adsorbed species on Cu (exemplify
in Egn. 3).

nCu+ OH =Cu,(OH)gqs + €~
Cun(OH)qqs + OH =Cup(0)qqs + H,0 + e~

(Egn. 2)
(Egn.3)

Fig. 4A shows the voltametric patterns of CuNWs in the anodic
region. The electro-oxidation of OH- onto the surface facets is
observed between +0.30 and +0.50 V vs RHE, and its results are
strongly affected by the selected inversion potential. Enlarging the
potential window further positive than +0.5 V, the oxidation of Cu
and the consequent reduction of Cu oxide (Cu,O formed at the
CuNWs electrode) in the backward reductive sweep interfere with
the detection of the (100), (110), and (111) planes’ signals. Therefore,
inverting the potential before the oxidation of the Cu guarantees to
obtain clear and defined peaks in the reduction segment.
Furthermore, the adsorption peak area can be reasonably correlated
with the relative proportion of exposed facets. Specifically, the
percentage of facets on the CuNWs’ surface was evaluated by
carrying out a deconvolution analysis of the baseline-corrected

This journal is © The Royal Society of Chemistry 20xx

voltametric peaks in the potential range from +0.35 to +0.44 V vs RHE
(Fig. 4). For each CuNWs, a broad peak located at about -0.1 V refers
to (100)-specific OH- adsorption was observed, confirming the
presence of this facet (terraces) in our CuNWs.”#* This process is
represented by Egn. 2. Furthermore, the presence of these (100)
crystal facets was also confirmed by analyzing the reversible sharp
peak at potential values ranging from +0.372 V to +0.376 V vs RHE,
which may be ascribed to O-adsorbed species that are generated
from OH- adsorbed as Eqn. 3. A further, broader peak at +0.41 V vs
RHE, was assigned to the (110) facets, which in the case of our
CuNWSs may be assigned to steps that create defectiveness on (100)-
type terrace.*04346 A semi-quantitative analysis of voltammograms
reveals that the (110) peak increases linearly with the glycine
concentration, so that becomes more pronounced with the
increasing of the CUNWs’ diameter, suggesting a higher number of
steps on the CuNWs surface, in agreement with AFM analysis.
Importantly, these electrochemical insights give complementary
information to those obtained from XRD analysis, which provides
information on the crystal structure of the bulk materials while
electrochemistry interrogates only the surface of CuNWs. For
CuNWs@0 the electrochemical analysis shows the relative
abundance of 63.4 % of (110)-type facet, whereas CuNWs@9
exhibits a relative amount of 85 % prevalence. Fig. 5 shows that
beyond a certain NWs diameter value, the relative amount of (110)
facet reaches a plateau and does not increase further.

J. Name., 2013, 00, 1-3 | 5
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Fig. 4. A) Cyclic voltammetry of CUNWs@3 recorded in 1M NaOH, in a three-electrode cell configuration under Ar saturated solution, inverting
at different stage the oxidation potential: +0.47 V (green), +0.52 V (magenta), +0.57 V (blue), +0.62 V (black). B) Cyclic voltammetries were
recorded in 1M NaOH, in a three-electrode cell configuration under Ar saturated solution and atmosphere. The black rectangle represents
the magnification region. C)-G) Zoom of CV for CUNWs@0 (C), CUNWs@2 (D), CUNWs@3 (E), CUNWs@6 (F), CUNWs@9 (G) in 1M NaOH. The
dotted curves represent the experiment CV’s signals, and the black curves the simulated one. The red and blue curves represent the
deconvoluted peaks of (100) and (110) peaks respectively. H) Representation of crystal step (110) on the (100) surface of CUNW. The dark Cu
elements are the first atomic layer of the surface, the lighter represents the second atomic layer, and the dark orange the possible
defectiveness.
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used in the synthesis protocol.

The fingerprint of (111) facets, was not clearly detected in any
CuNWs electrodes. A visual representation of CUNWSs surface crystal
facets is shown in Fig. 4H that represent the (100) extended surface
typical of CuNWs and the (110) steps along the CuNWSs' growth
direction. In this pictorial representation of CuNWSs’ surface, other
types of crystal arrangements have also been inserted for
exhaustiveness, such as vacancies and islands, which are not
excluded to be formed. Overall, the 3D plot in Fig. S7 exemplifies the
correlation between surface exposed facets, CUNWSs’ diameter, and
W, highlighting the intimate interconnection between morphology of
CuNWs, synthesis conditions, and surface crystallographic
orientations. In particular, since the growth of CuNWs occurs
throughout a dynamic deposition/dissolution equilibrium between
Cu ions and Cu® on the surface of the Cu (110) facet,*” our findings
confirm that the deposition of Cu ions might occur differently when
glycine is employed due to its different coordination modes.*¢-5*
Moreover, the observed increase of (110) steps over the (100) with
the increase of the CUNWSs’ thickness, may be also explained with the
relative stability of the glycine on (110) with respect to (100), as it
has been experimentally and theoretically observed in the past by
several groups (See Table $4).47:4850.53-55 Thjs, together with the
larger roughness detected by AFM, points to an overall picture
characterized by a larger defectiveness of the CuNWs (100) lateral
surfaces that electrochemical investigation identified as mostly
(110)-type steps. In particular, the (110) facets, being more open and
less densely packed with respect to (100), have higher surface
energy®® and are less likely to dominate the external surfaces.
Furthermore, steps, and edges involving unsaturated coordination
sites translate impart to the material higher absorption energy and,
most of the time, higher reactivity.

Conclusions

In summary, we synthesized and characterized a family of CUNWs
that exhibited native pronounced stepped surface that we ascribed
to glycine. Our study highlighted indeed that the competitive capping

This journal is © The Royal Society of Chemistry 20xx
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strength between ODA and glycine is the maini drivingoforde fos the
differences in the NWs’ morphology. The amine and carboxylic acid
groups of the glycine adsorb on the nascent Cu surfaces during the
growth, thus competitivity reducing the amount of ODA bonded onto
the CuNWs surface. On the other hand, the glycine's shorter carbon
chain compared to ODA limits its effectiveness as a capping agent,
leading to the formation of thicker CuNWs. Additionally, glycine's
carboxylic group forms salt with ODA's amine group, further
inhibiting ODA adsorption as glycine concentration increases. All
these phenomena lead to the formation of thicker, but shorter Cu
NWs as the glycine’s concentration increases as we demonstrated by
complementary approaches such as, XRD, HR-TEM, and cyclic
voltammetry. The action of glycine was not limited to modulating the
aspect ratio of the CUNWs, but also to modifying the CUNWSs’ surface
during the synthesis. Overall, our analysis demonstrates a correlation
between the amount of glycine employed in the synthesis and the
relative quantity of (100), and (110) facets, together with the aspect
ratio, thus shedding light on the subtleties of nanomaterial synthesis.
Moreover, a nanoscale surface roughness on the (100)-faceted Cu
nanowires was also revealed highlighting that CUNWSs surface is not
atomically flat but consists of a pattern of (110)-type steps. Our
findings bring potentially implications for technological applications
such as catalysis where the presence of surface vacancies,
dislocations, and grain boundaries, can significantly increase the
active surface area, thus lowering the activation energy required for
various electrochemical processes. Finally, this controlled synthetic
approach overcomes the limitations of traditional bulk copper
materials, which commonly suffer from inconsistent surface
preparation, labor-intensive polishing processes, and poor
reproducibility across different laboratories.

Experimental section

Reagents

All manipulations were carried out in the air using standard
laboratory equipment. All the reagents and the solvents were
obtained from commercial suppliers and used as received without
further purification. Copper dichloride dihydrated (CuCl, - 2H,0, >
99.0% from Merck), 1-octadecyl amine (ODA, 90%, from Merck),
glucose (>99.5%, from Merck), glycine (>99%, from Merck), NaOH
(>99.0 %, from Merck), isopropanol (>99.8%, from Merck), water
(MilliQ, 18.2 MQ) were used.

CuNWs Synthesis

The CuNWs syntheses were performed in a 500 mL flask, closed by a
screw cap. A thermostatic oil bath was employed to heat the reaction
mixture. Typically, 0.400 g of CuCl, - 2H,0 and 2.529 g of 1-
octadecylamine (ODA) were added to 200 mL of water. The mixture
was mixed and sonicated for 40 minutes at 40 °C. Afterward, two
equivalents of glucose with respect to CuCl, - 2H,0 were added to
the reaction flask, and if needed x equivalent of glycine, mixed, and
heated for 18 h at 125 °C, without stirring the solution. The reaction
flask was cooled at room temperature. A red-brownish slurry was
formed. Dark red CuNWs precipitated and accumulated at the
bottom of the reaction flask. The product was centrifuged at 4000
rpm for 5 minutes using 100 mL of deionized water. This procedure
was repeated ten times. Further ten centrifugations were carried out
using 50 mL of absolute ethanol solvent for each wash. The obtained
CuNWs were stored at 20 °C in absolute isopropanol under an argon-
saturated atmosphere. All synthesis experiments were performed at
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least twice, and measurements (e.g., SEM, and electrochemical
analyses) were conducted on at least two independently prepared
samples for each condition.

X-Ray diffraction. Film XRD measurements were conducted using a
Bruker D8 Advance diffractometer, fitted with a LYNXEYE detector in
1D mode (Department of Chemical Sciences, University of Padova).
Diffraction data were acquired by exposing powder samples to Cu-
Kal,2 X-ray radiation. X-rays were generated from a Cu anode
supplied with 40 kV and a current of 40 mA. The data were collected
over the 30-100° 26 range with a step size of 0.025° 26 and a nominal
time per step of 0.20 s. Fixed divergence slits of 0.50° were used
together with Soller slits with an aperture of 2.34°.

Scanning Electron Microscopy (SEM). SEM was performed with a
Zeiss Sigma HD microscope, equipped with a Schottky FEG source,
one detector for backscattered electrons and two detectors for
secondary electrons (InLens and Everhart Thornley). The microscope
is coupled to an EDX detector (from Oxford Instruments, x-act
PentaFET Precision) for X-rays microanalysis, working in energy
dispersive mode. A low accelerating voltage (5 kV) was used to
accurately delineate fine surface features and to avoid conductive
coatings that can deleteriously modify surface morphology.

High Resolution Transmission Electron Microscopy (HR-TEM)
Measurements were carried out employing a JEOL JEM-F200 S/TEM
working at 200 kV equipped with a Cold Field Emission Gun.

Atomic Force Microscopy (AFM). Topographic analysis was
performed by using an Agilent 5500 SPM atomic force microscope in
intermittent contact mode equipped with a Mikromasch HQ:
XSC11/AL BS probe characterized by a tip of radius of curvature <10
nm, mean force constant 7 N / m and frequency 133 kHz. The images
were acquired at ambient temperature and data were processed
using Gwyddion software.

Electrochemical characterizations. Cyclic voltammetries were
recorded employing a three-electrodes cell configuration. Reference
electrode (RE) was Hg/HgO (1M NaOH). The counter electrode (CE)
was a platinum wire. The working electrode was a glassy carbon plate
(10 mm x 15 mm) on which CuNWs were drop-casted. Cyclic
voltammetries were carried out in 1 M NaOH solution. Every
experiment was conducted in argon saturated solution.
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