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We have investigated the effects of grain size and orientation of copper substrates for the growth of cupric oxide nanowires by
thermal oxidation method. Long, less-roughness, high-density, and aligned cupric oxide nanowires have been synthesized by
heating (200) oriented copper foils with small grain size in air gas. Long and aligned nanowires of diameter around 80 nm can
only be formed within a short temperature range from 400 to 700◦C. On the other hand, uniform, smooth-surface, and aligned
nanowires were not formed in the case of larger crystallite size of copper foils with (111) and (200) orientation. Smaller grain size
of copper foil with (200) orientation is favorable for the growth of highly aligned, smooth surface, and larger-diameter nanowires
by thermal oxidation method.

1. Introduction

Nanostructured materials have attracted much scientific
attention due to their interesting size-dependent chemical
and physical properties and potential technological ap-
plications. One-dimensional (1D) nanostructures such as
nanowires, nanobelts, nanorods, and nanotubes have be-
come the focus of intensive research as a result of their
unique properties and potential usages [1]. Nanowires and
nanorods of various semiconductor materials including Si,
Ge, GaN, ZnO, and so forth, have been the focus of intense
studies in the past years. Different approaches, such as vapor-
liquid-solid [2], vapor-solid [1], and template-mediated [3]
growth methods, have been used for the preparation of 1D
nanostructures of semiconducting materials.

Cupric oxide (CuO) with a known band gap of 1.2 eV
has an interesting monoclinic crystal structure belonging to
the Mott insulator material class whose electronic structure
cannot be described by conventional band theory [4]. There
has been increasing interest in developing 1D nanostructures
of CuO for device applications such as gas sensor [5, 6],
magnetic storage media [7], catalysts [8–10], and field emit-
ters [11]. During the last couple of years, 1D nanowires,
nanorods, nanowhiskers, and nanosheets of CuO have been

synthesized by various growth techniques such as thermal
decomposition of CuC2O4 precursors [12], hydrothermal
decomposition route [13], self-catalytic growth processes
[14], and so forth. Important factors in synthesizing 1D
nanostructure are control of composition, size, and crys-
tallinity. Moreover, from the point of view of studying funda-
mental properties of nanowires as well as their applications,
the method of preparation of the 1D nanostructures should
be simple for producing bulk quantities and amenable to
control diameter and length. In comparison to complex
chemical methods, thermal annealing or thermal oxidation
of copper foil is a simple, convenient, and fast method
for synthesizing CuO nanowires. This method is becoming
an increasingly attractive method for synthesizing nanos-
tructures. Many studies on synthesizing CuO nanowires by
thermal annealing of the copper foils in oxygen atmosphere
have been reported up to now [15–26]. However, recent
studies on CuO nanowires have focused on the influence
of growth time, temperature, and oxidative environment on
the growth rate, size distribution, and a real density of CuO
nanowires [11, 22]. It has been shown that the growth time
can be used to control nanowire length distribution [11],
the growth temperature can be used to control the nanowire
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diameter distribution, and the O2 and H2O partial pressures
strongly affect areal density of nanowires [22]. The surface
condition of the copper substrate was also shown to affect
growth of nanowires significantly [14, 16]. But, the growth
of long, high-density, and aligned cupric oxide nanowires has
rarely been reported in the literature. It is due to the fact that
the effects of copper substrates on the structure of cupric
oxide nanowires have not studied until now. According
to previous investigations, it seems very difficult to grow
uniform and aligned vertical cupric oxide nanowires from
pure metal thin films just by thermal oxidation, and very
few approaches have been reported about this matter. In this
study, we report a simple process for growing high-density,
uniform, and vertically aligned cupric oxide nanowires by
thermal oxidation. We have investigated the effects of the
grain size, orientation of grains, and surface roughness of
substrates for the growth of cupric oxide nanowires.

2. Experimental Procedure

In order to investigate the effect of grain size and orientation
of copper substrates for cupric oxide nanowire formation
during thermal oxidation, four copper foils (purchased from
Nilaco Co. Ltd.) were used as substrates. Foils were cut into
standard sizes of 1 cm × 1 cm. The substrates were washed
by dilute hydrochloric acid to remove the native oxide
layer and adsorbed impurities followed by cleaning with
acetone, methanol, and deionized water under an ultrasonic
bath for 5 min and, finally, dried by N2 flow. The cleaned
samples were placed in a quartz boat. The quartz boat was
positioned in the center of a quartz tube, and the quartz tube
was mounted in the middle of a horizontal tube furnace.
The air humidity is unstable in ambient air; it may be
affect the growth of nanowires, so we use stability cylinder
air. The cylinder air was firstly introduced into the quartz
tube at a flow rate of 1 L/min for 20 min to remove the
ambient air from the system, and then it was adjusted to
0.5 L/min for oxidation of copper foils. The tube furnace
was heated to the set-point temperature (300, 400, 500, and
600◦C at atmospheric pressure). After reaching the set-point
temperature, the air gas flow was stopped and the N2 gas
flow was employed at a rate of 1 L/min. The film was allowed
to cool naturally to room temperature to prevent the thin
film from cracking by thermal stress and further oxidation
by atmospheric air (arise due to rapid cooling). The substrate
was pulled out of the furnace for further analysis.

The crystal structure and phase composition were iden-
tified by X-ray diffraction (XRD, Rigaku RINT-2100) using
a 40 kV, 30 mA, Cu-Kα X-ray. A scanning step of degree of
0.02◦ was applied to record the XRD patterns in the 2θ range
of degree of 40–55◦. The morphology of the CuO nanowires
were characterized by scanning electron microscope (SEM,
Hitachi S-3000H) operated at 15 kV. Transmission electron
microscopy (TEM) and electron diffraction observation were
carried out using a JEOL JEM-4000 EXII.

3. Results

3.1. Effect of Crystallite Size. In order to know the crystal
structure and the corresponding grain size of copper foils,

X-ray diffraction was performed immediately after cleaning
the substrate. There were a set of Bragg peaks in the XRD that
could readily be indexed to the fcc structure of metal copper
(Fm3m, a = 3.615 Å, JCPDF no. 85-1326) (Figure 1). The
diffraction profiles of the copper foil A, C and B, D show
very distinctive features. In Figure 1 there are two peaks on
the copper foil A and C at 2θ = 50.50◦ and 2θ = 43.36◦

corresponding to (200) plane and (111) plane of copper
structures. Compared with the XRD pattern of the copper
foil A and C, only the peak at 2θ = 50.50◦ corresponding
to (200) reflection of the crystals in the sample B and D
appeared. Such a feature indicates that copper crystals in the
sample B and D are predominantly oriented with their a-axes
perpendicular to the support surface. The average grain size
can be calculated using the Scherrer equation [22]:

D = 0.9λ
W cos θ

, (1)

where λ is the X-ray wavelength, θ is the Bragg diffraction
angle, and W is the full width at half maximum (FWHM)
of the peak corresponding to θ. When calculated by using
the peak corresponding to the (200) plane of copper, the
resultant grain size in copper foil A is about 72.2 nm, in
copper foil B is about 35.6 nm, in copper foil C is about
64.5 nm, and in copper foil D are about 34.3 nm. The size
of the grain in the copper foil A and C is about two times
larger than that in the copper B and D. So the number of
grain in the copper foil B and D is larger than that in the
copper A and C. The properties of copper foil A, B, C, and D
are summarized in Table 1.

3.2. Effect of Oxidizing Temperature. Figure 2 shows SEM
images of surface morphologies after heating the copper foil
A, B, C, and D at 300◦C for 2 h in an air gas flow of 0.5 L/min.,
respectively. As can be seen, oxide grains are observed on four
substrates. Oxide grains on copper A and C are less compact
than the others on the copper B and D. The measured oxide
grain size on copper A and C are about 250 and 300 nm.
The grains on the copper foil B and D are denser, and the
size is about 160 and 170 nm, without nanowires on the
surface of the specimen. The oxide grains become larger as
temperature increases. The oxide grains formed on copper
foil B and D (smaller grain size) are much smaller than those
formed on copper foil A and C (larger grain size) at the early
stage of oxidation. It is due to a large number of nucleation
sites on the smaller grain size of copper foils. From the
morphology of the samples grown at 400◦C (Figure 3), it is
observed that nanowires formed at this temperature. High-
density, more uniform, and longer nanowires are formed on
copper foil B and D compared with copper foil A and C.
As the temperature was increased to 500◦C, a large amount
of nanowires formed on the copper B and D (Figures 4(B)
and 4(D)). It can be seen that long and uniform nanowires
are formed on the entire surface, and nanowires are mostly
vertical along the substrate surface. The average diameters of
nanowires on copper foil B and D are about 80 and 100 nm,
and average length of nanowires on the same substrates
are about 7 and 8 μm, respectively. Nevertheless, large-area
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Figure 1: XRD patterns of (A) copper foil A, (B) copper foil B, (C) copper foil C, and (D) copper foil D.

and high density CuO nanowires can also grow from the
copper A and C substrates under an air gas flow as shown
in Figures 4(A) and 4(C). The as-prepared nanowires on the
copper foil A and C were not well vertically aligned along the
substrate surface with the lengths of about 4 and 5 μm and
the diameter of about 50 and 62 nm. It is desirable to grow
large-area, uniform, and vertically aligned CuO nanowires
along the copper substrate surface for the applications in field
emission emitters [23] and realization of nanosized CuO/Al-
based energetic materials [24]. At 600◦C, a high-density and
uniform nanowires formed on copper foil B and D as shown
in Figures 5(B) and 5(D). However, these nanowires are
longer than those nanowires on copper foil A and C, with
the length ranging from 5 to 15 μm and the diameter about
180 nm as shown in Figure 5. A large amount of nanowires of
low density were observed on copper foil A and C prepared at
600◦C with the length of 3 to 6 μm and the diameter from 100
to 400 nm. We can conclude that the grain size and crystal
orientation of copper foil have a great effect on the growth of
nanowires. The smaller grain size with (200) oriented copper
foil is favourable for the growth of nanowires.

Table 1: Properties of four copper foils. The grain size and orienta-
tion of copper foils were characterized by XRD measurement.

Grain size (nm) Orientation of copper foils

Copper foil A 72.2 (111) and (200) orientation

Copper foil B 35.6 (200) orientation

Copper foil C 64.5 (111) and (200) orientation

Copper foil D 34.3 (200) orientation

3.3. Cross-Sectional Characterization of CuO Nanowire Sam-
ples. Figure 6 shows the SEM images of the cross sections
of oxidized the copper foil A and B at 500◦C for 2 h. In
order to measure the oxide layer thickness, an oxide flake
was carefully removed from a copper substrate. When copper
foil is oxidized, at first the major product is Cu2O, and it
is expected that CuO is formed through a second step of
oxidation of Cu2O [15, 27]. In this case, Cu2O serves as a
precursor to CuO. The outmost layer is always of CuO if
the oxide consists of both Cu2O and CuO. In this bilayer
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Figure 2: SEM images of copper foil (A) A, (B) B, (C) C, and (D) oxidized at 300◦C for 2 h in an air gas flow of 0.5 L/min.

oxide, fractional thickness of outmost layer mainly depends
on annealing temperature. In the Figure 6(A), the oxide layer
is divided into the bottom layer of Cu2O and the outermost
layer of CuO [28]. By EDX measurement, the CuO layer was
found about 0.9 μm thick and Cu2O layer about 4.2 μm for
copper foil A. For copper foil B, the outermost CuO layer
is thicker than that of foil A which is about 1.8 μm thick
(Figure 6(B)). The bottom Cu2O layer is evidently thicker
(about 5.8 μm). The total thickness of the layer on the copper
substrate B is about 7.6 μm, which is thicker than that of
copper foil A (about 5.1 μm). The thicker oxide layer on the
copper foil B is due to the higher oxidation rate. In principle,
the copper ions and oxygen ions can diffuse across the scales
much faster along the grain boundaries than through the
bulk. The high oxidation rate of copper foil B would be due
to the smaller grain size, resulting in faster overall rates of
scale growth.

3.4. TEM Characterization of CuO Nanowires. We fur-
ther characterized the size, structure, and crystal of these
nanowires using TEM and selected area diffraction (SAD)
pattern. The selected sample was prepared at 500◦C for
2 h. Figures 7 and 8 display TEM diffraction patterns of an
individual nanowire of the copper foil A and B oxidized at
500◦C for 2 h. In Figure 8(A), it is observed that the nanowire
of the copper foil B has wire-like shape of very smooth
surface with the diameter of about 70 nm. In comparison
with the nanowires of foil B, the surface of nanowire of
copper foil A has roughness and diameter of about 45 nm
(Figure 7(A)). Larger diameter of nanowire (in Figure 8(A))

is observed for copper foil B compared to Cu foil A
(Figure 7(A)), which may be due to larger number of grain
boundaries of the copper foil B. Figure 7(B) shows a TEM
diffraction pattern of an individual nanowire from copper
foil A. It would be typically observed when the electron
beam was focused on an individual nanowire along the
[001] direction. The double diffraction is due to the twin
plane within a nanowire. Figure 8(B) also shows a TEM
diffraction pattern of an individual nanowire from copper
foil B prepared at 500◦C. Similarly, the double diffraction
is caused by the twin plane within the nanowire, each
set diffraction spot is a single crystal and corresponds to
monoclinic structure of CuO with the lattice constants, a =
0.469 nm, b = 0.343 nm, c = 0.513 nm, and β = 99.55◦.

4. Discussion

The formation of nanowires occurs when two layers of
copper oxides are gradually formed by oxidation of copper
[15, 26–28]. We examine our results based on mechanisms
of nanowire growth reported in the literature. Goņalves et
al. suggested that CuO nanowires growth occurs via grain
boundary diffusion of copper ions through the Cu2O layer
and the oxygen ions through the outmost CuO layer [25].
Xu et al. also suggested that nanowire growth is via grain
boundary diffusion [26]. This idea shares similarities with
the model proposed recently for Fe2O3 nanowire formation
[29]. However, Park et al. and Shao et al. reported that
the mechanism of nanowires growing in this case is due
to the relaxation of compressive stress [27, 28]. Here, we
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Figure 3: SEM images of copper foil (A) A, (B) B, (C) C, and (D) oxidized at 400◦C for 2 h in an air gas flow of 0.5 L/min.

believe that the growth of nanowire occurs to reduce the
stress generated during oxidation of copper by the grain
boundary diffusion process [20]. Now, we shall discuss how
the proposed model can be explained by our obtained results.
Long, high-density and aligned cupric oxide nanowires
observed in Figures 3, 4, 5(B), and 5(D) can be attributed to
grain boundary and the crystal direction with the effective
relaxation of compressive stress. It is well known that the
initial oxidation rate of a metal at intermediate temperatures
(300–600◦C for copper) is too rapid to be attributed solely
to lattice diffusion of the various ionic species in its oxide
film [30]. The oxidation of copper at low temperatures is
dominated by grain boundaries. The smaller grain size and
the higher grain boundary energy can play an important
role in increasing the effective diffusion coefficient of copper
ions and oxygen in smaller crystallite size at intermediate
temperatures as a result of grain boundary diffusion [31].
Oxidization of Cu foil to Cu2O and Cu2O to CuO leads
to a compressive stress on the interface due to volume and
structural change. The compressive stress drives outward
diffusion of copper cations along grain boundaries, resulting
in CuO nanowire growth on CuO grains [27]. Therefore, a
high density of nanowires is observed in Figures 3, 4, 5(B),
and 5(D) compared to Figures 3, 4, 5(A), and 5(C) as the
large numbers of grain boundaries increase the relaxation
of the compressive stresses at the CuO and Cu2O layer
interface. The oriented direction is favorable to the diffusion
of copper cations along grain boundaries in the copper film.
It may affect the surface of nanowire. The TEM images
presented in Figure 8 indicate a large diameter of nanowire

and smooth-surface nanowire formed on copper foil B. This
is also attributed to the relaxation of compressive stress
by effective grain boundary diffusion. Depending on the
oxidation temperature, the diffusion of the atoms or ions
may take place within the lattice, through grain boundaries
in the oxide layer. As a result nanowire density decreases as
temperature increases, as seen in the sequence of SEM images
of Figure 5. The oxide grains become larger as temperature
increases in our experiment. Although we have tried to
raise the heating temperature to 800◦C, large oxide grains
are observed, but no nanowires appeared on the surface
of substrate. When the temperature is higher than 800◦C,
copper oxidation is dominated by lattice diffusion of copper
ions; the influence of grain boundary diffusion would finally
become small compared to lattice diffusion. This explains
the absence of nanowires for oxidations at 800◦C. The
relative importance of grain boundary transport through
a scale depends on the grain size of the oxide and on
temperature and tends to become negligible at sufficiently
high temperatures [32]. By heating the copper foil with the
smaller grain size with (200) oriented in an air gas flow,
the large numbers of grain boundaries are favorable to the
relaxation of compress stress, resulting in the growth of high-
density and smooth-surface nanowires.

5. Conclusion

High-density, smooth-surface, and aligned cupric oxide
nanowires have been synthesized by heating copper foils
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Figure 4: SEM images of copper foil (A) A, (B) B, (C) C, and (D) oxidized at 500◦C for 2 h in an air gas flow of 0.5 L/min.
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Figure 5: SEM images of copper foil (A) A, (B) B, (C) C, and (D) oxidized at 600◦C for 2 h in an air gas flow of 0.5 L/min.
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Figure 6: SEM images of the cross section of nanowires on (A) the copper foil A and (B) B. The nanowires were synthesized at 500◦C for
2 h.
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Figure 7: (A) TEM images and (B) SAD pattern of a single CuO
nanowire of copper foil A prepared at 500◦C for 2 h in air gas flow
of 0.5 L/min.

with the smaller grain size and (200) oriented in an air
gas flow. On the other hand, uniform, smooth-surface, and
aligned nanowires cannot be obtained by heating copper foils
with the larger grain size and two crystal orientations. The
difference is attributed to the faster relaxation of compress
stress by outward diffusion of copper ions and inward
diffusion of oxygen along the grain boundaries (both in
the metal and in the layer for the smaller grain size of
copper substrate). The small grain size of the copper foil B
and C is favorable to the growth of nanowires due to the
larger number of grain boundaries. Aligned cupric oxide and
smooth-surface nanowires could be produced by heating the
(200) oriented copper foil.
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