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ble transformation of Cu
nanoparticles into high aspect ratio Cu oxide
nanowires in methanol†

Minkyu Kang,‡a Minjun Bae, ‡a Sumin Park,a Hwichan Hong,a Taehyun Yoo,a

Yonghwan Kim, a Myeongseok Jang, a Young-Seok Kim*b

and Yuanzhe Piao *ac

In this work, a facile synthetic route for the preparation of high aspect ratio Cu oxide nanowires is reported.

The preparation of the Cu oxide nanowires begins with the generation of pure Cu nanoparticles by inert gas

condensation (IGC) method, follows by dispersing the obtained nanoparticles in methanol with the aid of

ultrasonication. The mixture is stored at different temperature for the transformation from Cu

nanoparticle to Cu oxide nanowires. The influences of the kind of solution, the ratio of methanol to Cu

nanoparticle, dispersion time and temperature towards the generation of Cu oxide nanowires are studied

in detail. Scanning electron microscopy studies indicate that high aspect ratio Cu oxide nanowires with

diameter of a few tens of nanometers and length up to several tens of micrometers could be obtained

under proper conditions. The mechanism for the transformation of Cu nanoparticles to Cu oxide

nanowires is also investigated.
1. Introduction

One dimensional (1-D) nanoscale materials, such as nanotubes,
nanorods, nanobelts, and nanowires, have attracted much
research interest for their special morphologies, unique elec-
tronic states, chemical and physical properties compared to
their bulk size materials.1–6 Thanks to these properties, 1-D
nanomaterials are now widely used in many elds, such as
sensors,7 catalysts,8 optical devices,9 and transparent conduc-
tive lms.10

Among the various 1-D nanomaterials, Cu oxide nanowires
have been recently studied for various applications, such as
eld emission devices,11 gas sensors,12 biosensors,13 and solar
cells14 due to their unique physical and chemical properties,
including a high optical absorption coefficient, a lower band
gap energy, low toxicity and inexpensiveness.

Various synthetic routes for Cu oxide nanowires have been
reported such as solution-based synthesis,15 thermal oxidation
technique,16 and the electrochemical deposition approaches.17
duate School of Convergence Science and
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In addition, there are many studies on approaches to Cu
oxide nanowire synthesis for improved morphology and elec-
trical characteristics.18–25 Among these methods, the solution-
based synthesis is typically accomplished by mixing chemicals
with an aqueous solution.19,20 The advantage of the solution
base methods compared to other technique is the tunability of
the nanowires morphology by simply controlling experimental
conditions.25

But, the solution-based method is sensitive to synthesis
conditions and requires several additives.15 Therefore, there are
previous research results that spontaneously grow into a wire
using nanostructures as precursors.26,27

Ren et al. have demonstrated the transformation of ordered
mesoporous Cu/CuO into porous Cu2O nanowires in ethanol.
They reported that Cu in mesostructures was slowly oxidized by
ethanol to assemble Cu oxide nanoparticles, and which are self-
assembled into the porous nanowires.26

Ji et al. studied the spontaneous organization of Cu2O/CuO
core/shell nanowires in ethanol by the oxidation of Cu nano-
particles under ambient conditions. They demonstrated that
Cu2+ is supplied from Cu nanoparticles and combined with
OH� of ethanol to form Cu(OH)2, which loses water and Cu
oxide is formed by the loss of O2.27

Herein, we demonstrate a facile synthetic route for the prep-
aration of high aspect ratio Cu oxide nanowires using as-
generated Cu nanoparticles. The preparation of the Cu oxide
nanowires begins with the generation of pure Cu nanoparticles by
inert gas condensation (IGC) method (Fig. 1a),28 followed by
dispersing the obtained nanoparticles in methanol with the aid of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic diagram of inert gas condensationmethod for the
generation of Cu nanoparticles, (b) transformation from Cu nano-
particles to Cu oxide nanowires.
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View Article Online
ultrasonication (Fig. 1b). Previous studies have studied the growth
of nanowires with time,27 but the effect of other factors is required
to obtain the morphological uniformity. The optimal conditions
to obtain Cu oxide nanowires with uniform morphology were
studied by examining the effect of the type of solution, the Cu and
solution ratio, time, temperature, the inuence of the Cu
production method, and the effect of scale-up. Moreover, the
potential mechanism for the spontaneous transformation of Cu
nanoparticles to Cu oxide nanowires is also proposed.
2. Results and discussion
2.1 Structural characterization of Cu nanoparticles and Cu
oxide nanowires

Fig. 2a and b show low and relatively high magnication FE-
SEM images of pure Cu nanoparticles generated by the IGC
method. The average diameter of prepared Cu nanoparticles is
35 nm with narrow size distribution (Fig. 2c). The diffraction
patterns of Cu nanoparticles are shown in Fig. 2d. The XRD
pattern of Cu nanoparticles is exactly indexed to crystalline Cu
Fig. 2 Low (a) and relatively high (b) magnification FE-SEM images,
size distribution (c), and XRD pattern (d) of the generated Cu
nanoparticles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
peak (Cubic, Joint Committee on Powder Diffraction Standards
(JCPDS) No. 85-1326).

The generated Cu nanoparticles were dispersed in methanol
with the aid of ultrasonication without any additives. The ultra-
sonication of nanoparticles is very effective to decompose large
agglomerates containing weakly bound atomic and molecular
clusters.29 The dispersed mixture was observed for change over
time (Fig. 3a). Immediately aer ultrasonication, the Cu nano-
particles are dispersed in themethanol, and aer a few hours, the
nanoparticles start to settle down. Aer 24 hours, the precipita-
tion of dark brown-color particles is observable.

The extended aging time (144 h) results in the continuous
growth of nanowires, and the blue particles suspended in the
methanol are clearly observable.

We measured the UV-visible absorption of samples at
different aging stages according to Fig. 3a. With the increase in
the aging time, a new peak at 329 nm appears, which can be
attributed to the formation of CuO nanowires (Fig. S1†). In
addition, the absorbance spectra between samples at 48 and
144 hours exhibit little difference, which can be attributed to
the negligible compositional changes of as-grown CuO nano-
wires between 48 and 144 hours. In other words, the conversion
of Cu nanoparticles to CuO nanowires with high aspect ratio
can be complete in 48 hours. The possible mechanism is
proposed in the section 2.8.

Further increase in the aging time results in the formation of
nanowires with ultrahigh aspect ratios, as conrmed by FE-SEM
images (Fig. 3b–f). Cu oxide nanowires with diameter of a few
tens of nanometers and length up to several tens of microme-
ters could be obtained under proper conditions.

As a result of statistical analysis of FE-SEM image, the
diameter distribution was conrmed by measuring the diam-
eter for 100 points in the FE-SEM image as shown in Fig. 3e. We
performed a statistical analysis of the diameter of CuO nano-
wires for precise morphological description by using JMP so-
ware (Fig. S2†). The average diameter of CuO nanowires is
calculated to be 30.2 nmwith the standard deviation of 6.18 nm.
The minimum and maximum diameters of CuO nanowires are
17.8 and 46.8 nm, respectively. Given the proportions of each
group based on the diameter, we can conclude that the
morphology of as-prepared CuO nanowires is uniform.

Since no precursor particles were found aer 144 h, we
assume that all nanoparticles contributed to the transformation
into nanowires. It was conrmed that the volume increased as
precipitate nanoparticles are transferred into nanowires.
2.2 Inuence of utilized solvent on nanoparticle morphology

The as-generated Cu nanoparticles were dispersed in mild
solutions for use as metal ink and the changes in morphology
during aging time were studied. In previous studies,26,27 it is
possible to conrm the results of spontaneous self-organization
of nanowires when dispersed in ethanol. Fig. 4 shows FE-SEM
images of the samples obtained from (Fig. 4a and d) meth-
anol (Fig. 4b and e), ethanol, and (Fig. 4c and f) deionized (DI)
water. Cu nanoparticles was rst dispersed in each liquid with
a xed weight ratio of 1 : 100. Aer ultrasonication for 5 min,
RSC Adv., 2022, 12, 11526–11533 | 11527
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Fig. 3 (a) Photograph of the mixture sample captured at different times (from left to right: immediately after ultrasonication, kept at 60 �C for
24 h, 48 h, and 144 h after ultrasonication). Low (b–d) and relatively high (e and f) magnification FE-SEM images of the CuO nanowires after
keeping for 6 days. The weight ratio of Cu nanoparticles to methanol in the mixture is 1 : 2000.

Fig. 4 FE-SEM images of the samples obtained from (a and d)
methanol, (b and e) ethanol, and (c and f) DI water. Cu nanoparticles
was first dispersed in each liquid with a fixed weight ratio of 1 : 100.
After ultrasonication for 5 min, these samples were kept stable at room
temperature for 24 h.
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these samples were kept stable at room temperature for 24 h.
FE-SEM measurements conrmed that Cu nanoparticles in
methanol and ethanol are changed to nanowires, while the
sample in DI water shows no morphology change. Compared
11528 | RSC Adv., 2022, 12, 11526–11533
with the sample in ethanol, nanowires generated in methanol
show good straightness and high aspect ratio.

2.3 The effect of Cu nanoparticles/methanol weight ratio on
the growth of Cu oxide nanowires

Cu nanoparticles was rst dispersed in methanol with different
weight ratio. Aer ultrasonication for 5 minutes, these samples
were kept stable at room temperature for 24 hours. It is essential
to know the optimal weight ratio on the growth of Cu oxide
nanowires. Fig. 5 shows typical FE-SEM images of the samples
obtained from different Cu nanoparticles to methanol weight
ratio of 1 : 20, 1 : 50, 1 : 100, 1 : 500, 1 : 2000, and 1 : 5000
(Fig. 5a–f). The diameter of each sample (Fig. 5b–f) was 90, 74,
60, 38, and 20 nm, respectively. As shown in Fig. 5a and h, with
a high weight ratio of 1 : 20, nanoparticles failed to grow into
the nanowires. Fig. 5g presents the relationship between the
diameter of the generated nanowires and the weight ratio of Cu
nanoparticles to methanol. It was conrmed that a low weight
ratio of nanoparticle to methanol leads to a smaller diameter
with a high aspect ratio.

2.4 The effects of aging time and temperature on the
frequency of nanowires

Since the aging time and aging temperature also alter the
growth kinetics, we vary these factors to obtain a deeper
understanding of the growth mechanism (Fig. 6). No nanowires
were observed at low temperature of 4 �C aer 2 hours (Fig. 6a)
and the contents of nanowires grown from nanoparticles is only
12% even aer 48 hours. In contrast, the growth rate is
increased at higher temperature. When the growth was made at
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FE-SEM images of the samples obtained from different Cu
nanoparticles to methanol weight ratio of 1 : 20 (a), 1 : 50 (b), 1 : 100
(c), 1 : 500 (d), 1 : 2000 (e), and 1 : 5000 (f). Cu nanoparticles was first
dispersed in methanol with different weight ratio. After ultrasonication
for 5 min, these samples were kept stable at room temperature for 24
hours. The relationship between the diameter of the generated Cu
oxide nanowires and the weight ratio of Cu nanoparticles to methanol
(g). Low magnification FE-SEM image of the sample obtained weight
ratio of 1 : 20 (h).

Fig. 7 XRD characteristics of the Cu oxide Nanowires obtained under
aging temperatures of 4 �C, 25 �C and 60 �C. The aging time was fixed
for 48 h.
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60 �C, high-yield nanowires with aspect ratios between 30 and
1000 were obtained. Fig. 6p shows the frequency of nanowires at
different temperatures as a function of aging time. The results
indicate that the growth rate is strongly inuenced by the aging
time and temperature, and the transformation of nanoparticles
into nanowires at high temperature is accelerated.

2.5 Crystal structure and morphology according to
temperature

The structural characteristic and phase purity of the generated
Cu oxide nanowires were evaluated by the XRD analysis. Fig. 7
Fig. 6 FE-SEM images of Cu oxide Nanowires obtained with different agin
were kept as aging temperatures of 4 �C, (f) to (j) at 25 �C, and (k) to (o)
temperature. The weight ratio of Cu nanoparticles to methanol in the m

© 2022 The Author(s). Published by the Royal Society of Chemistry
shows the XRD characteristics of the Cu oxide nanowires ob-
tained under aging temperatures of 4 �C, 25 �C and 60 �C. The
aging time was xed for 48 h (corresponding to Fig. 6e, j and o,
respectively). Cu (111), (200), and (220) are the only three peaks
from pure Cu, which corresponds to Fig. 2d. The result indi-
cates that the particles grown at 4 �C remains the initial crys-
talline structure. When the aging temperature was raised to
25 �C, Cu2O peaks (corresponding to 110, 111, 200, 211, 220,
and 311) appear, suggesting the successful formation of the
Cu2O nanowires. The CuO phase appears at 60 �C.

Through XRD analysis of the nanowires with different aging
temperatures, we can determine that Cu oxide nanowire has
a different crystalline structure depending on the aging
temperature. As the aging temperature increases, the Cu phase
transforms into the Cu2O phase, and nally into the CuO phase
with a preferred orientation of (�111) at 60 �C.30

The lattice structure of nanowires was further conrmed by
annular bright-eld scanning transmission electronmicroscopy
(ABF-STEM) (Fig. 8). The measured nanowires were those grown
at 25 �C for 48 hours, which is corresponding to a Fig. 6j sample.
g times of 2, 6, 12, 24 and 48 h from left to right. Samples from (a) to (e)
at 60 �C. (p) Frequency of nanowires as a function of aging time and
ixture is 1 : 2000.

RSC Adv., 2022, 12, 11526–11533 | 11529
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The investigation of TEM images shows that a single nanowire
has a diameter up to 50 nm. The internal structure of nanowires
is that crystallites with a size of 5–7 nm are randomly arranged
in an amorphous matrix.20 The crystallites which have a lattice
spacing of 0.269 nm and 0.291 nm were randomly oriented in
the nanowire. The selected area electron diffraction (SAED)
pattern contains multiple sharp diffraction spots and ring
patterns as shown in Fig. 8d. These can be matched as (110),
(111), (200), (221), (220), and (311) reections in experimental
and simulated SAED pattern compared to polycrystalline
Cu2O.20
Fig. 9 Photographs of the mixture samples captured immediately
after ultrasonication (a), after aging at 60 �C for 48 h (b). FE-SEM
images of the samples obtained immediately after ultrasonication (c),
low (d) and relatively high (e) images after aging at 60 �C for 48 h. The
weight ratio of Cu nanoparticles to methanol in the mixtures were all
fixed to 1 : 1000.
2.6 The results of scale-up transformation of Cu
nanoparticles into nanowires

The preparation of Cu oxide nanowires in large quantities can
be useful in various applications, such as secondary batteries,31

electrocatalysts,32 thermal transfer medium33 and so on.
Therefore, the potential scalability of Cu nanowires is evaluated
by increasing the volume of the synthesis. Fig. 9 shows photo-
graphs of the mixture samples for scale-up synthesis captured
immediately aer ultrasonication (Fig. 9a) and aer aging at
60 �C for 48 h (Fig. 9b). FE-SEM image of the sample obtained
immediately aer ultrasonication is shown as Fig. 9c. Fig. 9d
and e show low and relatively high magnication FE-SEM
images of the sample obtained aer aging at 60 �C for 48 h.
The weight ratio of Cu nanoparticles to methanol in these
mixtures were all xed to 1 : 1000. The increased volume of
methanol solution and Cu nanoparticles had nearly no effects
on morphologies of the generated nanowires, suggesting that
the process shown here could be scale-up transformation of Cu
nanoparticles into nanowires.
Fig. 8 (a) ABF-TEM image of Fig. 6(j), (b) and (c) crystal lattice spacing,
(d) comparison of experimental and simulated SAED patterns of Cu2O
nanowires.

11530 | RSC Adv., 2022, 12, 11526–11533
2.7 Test of using Cu nanoparticles prepared polyol method
for the generation of Cu nanowires

In case of Cu particles generated by the IGC method, it was
veried through experiments that Cu nanoparticles were
successfully transformed into high aspect ratio Cu oxide
nanowires in methanol within a short time. However, the IGC
method requires a lot of energy for evaporation and expensive
equipment is required to mass-produce nanoparticles.

Since Cu particles could also be made by solution based
chemical method, we also prepared Cu nanoparticles by polyol
synthetic method and tested the possibility of using these
particles as precursor for the synthesis of Cu nanowires.

Fig. 10 summarize the experimental results of using Cu
particles made by the polyol method.34 Fig. 10a shows the FE-
SEM image of as-prepared Cu particles with average diameter
of 1.5 mm obtained by polyol process. Typical FE-SEM images
(Fig. 10b and c) show that even aer a long growth period 144 h,
only low aspect ratio Cu oxide nanowires are generated. Fig. 10d
is a TEM image of the nanowires with a diameter of 50 nm or
less. In general, particles made by solution based chemical
process is not easy to get pure Cu phase due to easy oxidation of
Cu. Additionally, the removal of the surfactant aer preparation
of nanoparticles by solution based chemical synthesis is time
consuming.

The experimental result show that pure Cu nanoparticles
with clean surface obtained by IGC method is more suitable for
the preparation of high aspect ratio Cu oxide nanowires, and
that the morphology varies according to the particle surface
condition.
2.8 The growth and transformation mechanism

There are several studies on the growth and transformation
mechanism.26,27 In this work, pure Cu nanoparticles prepared by
IGCmethod were used as precursor material. With IGCmethod,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) FE-SEM image of big sized Cu particles obtained by polyol
process. Low (b) and relatively highmagnification (c) FE-SEM images of
Cu oxide nanowires obtained by using the big sized Cu particles. (d)
TEM image of the nanowires. The weight ratio of big sized Cu particles
to methanol in the mixture was fixed to 1 : 2000. After ultrasonication
for 5 min, the sample was kept stable at 60 �C for 144 h.

Fig. 11 Schematic diagram for the transformation of Cu nanoparticles
into high aspect ratio Cu oxide nanowires (inset is typical SEM image of
the generated Cu oxide nanowires).
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thermally evaporated Cu rapidly condenses into nanoparticles
in which the status is thermodynamically unstable.

These conditions will create many defects on the particle
surface and constitute an unstable lattice structure.35 Aer
dispersing Cu nanoparticles into methanol, the mixture of Cu
and methanol was brownish-black in color. And ultrasonication
for particle dispersion amplies the unstable surface state.36

Possible transformation mechanism of the Cu to Cu oxide
can be described as following.

Cu � 2e� / Cu2+ (1)

Cu2+ + 2OH� / Cu(OH)2 (solid) (2)

4Cu(OH)2 (solid) / 2Cu2O (solid) + 4H2O + O2 (3)

2Cu2O (solid) + O2 / 4CuO (solid) (4)

Cu nanoparticles with unstable surface are all ionized into
Cu2+ and combined with OH� in methanol to form Cu(OH)2.
During the aging process in thermal conditions, Cu(OH)2 loses
H2O molecules and Cu oxide is gradually formed by the release
of O2.27,37

Cu nanoparticles gradually dissolved in the methanol solu-
tion, and CuO nanowires are simultaneously formed as the
reaction progresses (Fig. 11).

The growth mechanism of Cu nanoparticles into CuO nano-
wires can be explained by surface energies associated with the
crystal structure. The XRD pattern of CuO nanowires shown in
Fig. 7 exhibits the dominance of (111) and (�111) diffraction
peaks of CuO nanowires, indicating the largest exposure of (111)
and (�111) crystal facets.38 According to the previous study, the
surface energies of (111) and (�111) crystallographic planes of
CuO are the lowest under ambient conditions, which can result
in the preferential nucleation on these specic facets.39 In other
words, the growth ratemay be accelerated along (111) and (�111)
© 2022 The Author(s). Published by the Royal Society of Chemistry
directions due to lower surface energies, resulting in the aniso-
tropic growth on these facets to form nanowires.27

The growth step of Cu oxide nanowires can be explained with
metastable phase of Cu(OH)2 used as a precursor. It is consid-
ered that methanol and Cu(OH)2 molecules surround the Cu
ions and act as a template to grow in the axial direction.23 In
addition, the layered molecular structure of Cu(OH)2 helps the
one-dimensional growth.37 At this point, methanol and Cu(OH)2
can interact with molecular structure through adsorption and
desorption to act as a capping agent for the resulting nanowires.
It kinetically controls the growth rate in different directions.40

Although there is no clear evidence for the capping action of
methanol, it is possible that the greater the amount of meth-
anol, the more prominent steric effects and intensive adsorp-
tion selectivity.24
3. Conclusions

In conclusion, we proposed a facile synthetic route for the
preparation of high aspect ratio Cu oxide nanowires. The
approach shown in this work is suitable for scale-up synthesis.
The as-prepared Cu oxide nanowires show a high aspect ratio
and the diameter of the nanowires could be easily controlled by
manipulating the aging temperature, aging time and ratio of Cu
nanoparticles to methanol. The potential mechanism for the
transformation of Cu nanoparticles to Cu oxide nanowires is
also proposed. This method is expected to be extended to
prepare other nanostructured materials.
4. Experimental

This facile synthetic route can be divided into two major steps:
(1) the generation of monodispersed pure Cu nanoparticles by
inert gas condensation (IGC) method and (2) follows by
dispersing the obtained nanoparticles in methanol with the aid
of ultrasonication to convert spherical particles into nanowires.
4.1 Preparation of Cu nanoparticles

Pure Cu nanoparticles were generated by IGC technology (KVT-
D665, Korea Vacuum Tech., Ltd) in Fig. 1a shown with
RSC Adv., 2022, 12, 11526–11533 | 11531
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schematic diagram IGCmethod.28 Cu (shot, 2–8 mm, 99.9995%,
Sigma-Aldrich) and high purity argon gas (99.999%) were used
for generation. The process for IGC consists of Cu evaporation
inside the chamber that is evacuated to a high vacuum of about
10�6 Torr (1 Torr ¼ 133 Pa). Then the chamber was backlled
with argon gas to 0.5 Torr. Aer evaporation of Cu (evaporation
rates: 0.125 g min�1), condensed particles are scraped from the
cold nger in an argon gas atmosphere to prevent oxidation.
4.2 Synthesis of Cu oxide nanowires

Cu oxide nanowires were synthesized from the obtained pure
Cu nanoparticles and methanol (99.9%, Sigma-Aldrich). The
pure Cu nanoparticles are dispersed in methanol with the aid of
ultrasonication (VC 750, Sonic & Materials INC.) for 5 minutes.
This was done in an argon lled glove box to prevent oxidation
of the Cu nanoparticle surface. The mixture is sealed and stored
at different aging condition for the transformation from Cu
nanoparticle to Cu oxide nanowires.
4.3 Characterization

The nanowire morphologies and structure were characterized
by eld emission scanning electron microscopy (FE-SEM, JEOL,
JSM7000F) and transmission electron microscope (TEM, JEOL,
JEM-3010). The crystalline phase of the nanowires was obtained
via XRD in 20–80� scans (BRUKER AXS, D8 FOCUS) using Cu K-
a radiation (l ¼ 1.5406 nm). UV spectrum was investigated by
PerkinElmer Lambda 35 UV/VIS spectrometer.
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