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Copper oxide nanowires (CuO NWs) were synthesized by thermally oxidizing copper foils at various heating rates. It has been
shown that both monoclinic CuO and cubic Cu2O phases were grown on the copper surface with NWdiameters of almost 200 nm
for all samples. While NWs were shown to be dense for low heating rates, they end up being broken for quick heating. (e
underlying growth mechanism was described basing on a detailed comprehensive study, and the effect of the heating rate was
explained by considering the thermal shock effect and in-plane tensile stresses on curved surfaces. (is study contributes to the
research for suitable methods for the use of recyclable metals in technological applications. In particular, copper oxide NWs were
deposited, for the first time, on FTO/glass substrates, and the optical characterization revealed that this method is a promising way
to improve the surface contact for solar cells and catalytic applications.

1. Introduction

Cupric oxide (CuO) and cuprous oxide (Cu2O) are p-type
semiconductors with a band gap of 1.2 and 2 eV, respec-
tively. (eir electrical and optical properties make them very
useful as interesting constituents in photovoltaic applica-
tions [1–3], gas and liquid sensors [4, 5], electron stable
source in optoelectronic devices [6, 7], and organic catalysts
[8, 9].

CuO nanowires (NWs) have been intensively synthe-
sized and studied over the course of the last few years
[10–15].(eir large surface area makes them very interesting
for the abovementioned applications. In fact, the large
surface contact in a p-n junction leads to a significant
generation of excitons, which enhances the photocurrent in
the solar cell and partially overcomes the phenomenon of
recombination due to the limited scattering length of
electron-hole pairs near the depletion region. Similarly, the
gas sensing gets favored on NWs because of the large surface
area [16, 17]. (e sharp tips of the CuO NWs lead to a large
electrical field at its boundaries. (is justifies its uses as an
electron source in optoelectronic devices.

CuO NWs can be synthesized by several methods [18],
including chemical routes [19–22], direct plasma oxidation
[23, 24], and thermal oxidation of copper substrates
[10–15, 25]. (e latter is a pragmatic method.

2. Thermal Oxidation of Copper Substrates

Heating directly leads to synthesize copper oxide NWs on
the surface of a copper substrate, either as a foil [10–15], a
wire [10], a grid [10], a thin film [25], or nanoparticles [26].
(is method is carried out at high temperature, typically
between 400°C and 700°C, in air or in other static or flowing
atmosphere (pure O2, a mixture of O2 and Ar gases, and so
on).

(e pioneer synthesis of CuO NWs by the thermal
oxidation method was performed by Jiang et al. on different
substrates during 4 hours [10]. (e observed length was up
to 15 μm, and the NW diameter was found to be 100, 50, and
30 nm for the heating temperature of 400, 500, and 600°C,
respectively. Later, Xu et al. also synthesized CuO NWs by
heating copper foils [11]. (eir results concerning the length
and the diameters were comparable to that found by Jiang
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et al. [10] with remarkably high NWs density for the heating
temperature of 500 and 600°C.

(e morphological properties of CuO NWs (diameter,
length, density) have been shown to depend on the heating
temperature [27, 28], the treatment time [28], and the
substrate nature [10]. However, to the best of our knowledge,
no study has been devoted to the heating rate effect.

In this paper, CuO NWs have been synthesized by
thermal oxidation at 550°C for 4 hours in air.(e effect of the
heating rate was studied down to 1°C/min. Physical expla-
nations are given based on the underlying growth mecha-
nism. As application, CuO NWs were deposited on a copper
thin film for using in solar cells and catalytic applications.

3. Experimental

Each recyclable copper foil (intended for public uses) is with
a thickness of 0.3mm. It was ultrasonically cleaned for
10min in ethanol, 10min in acetone, and 10min in distilled
water and, then, heated in air using a Nabertherm box
furnace for 4 hours. Copper oxide NWs could be grown by
heating at a temperature between 400 and 700°C [10, 11]. In
the present investigation, all substrates were heated at 550°C.
However, the heating rate took various values.

As applications, CuO NWs were deposited on a copper
thin film. (e latter was prepared by the electrodeposition
method on an FTO-coated glass substrate using standard
three electrodes. We used an FTO substrate of 0.8×1.5 cm as
a working electrode (WE), a platinum mesh was used as a
counter electrode (CE), and a saturated calomel electrode
(SCE) as a reference electrode. (e thin films were deposited
from an aqueous solution containing 0.4M copper sulphate
(CuSO4·5H2O) and 3M lactic acid. (e pH of the bath
solution was adjusted to 5 by sodium hydroxide (NaOH)
maintained at 60°C, and Cu films were deposited within the
potentiostatic mode by imposing a voltage of V � 0.4V/SCE
during 800 s. (e thickness of the Cu thin film is 0.6 μm
measured using the Michelson interferometer. NWs grown
on Cu films on FTO were synthesized by thermal oxidation
at 500°C for 4 hours in air at a step of 2°C/min.

X-Ray Diffractions (DRX) were performed using a
Bruker D8 Advanced Diffractometer. Scanning electron
microscopy and energy dispersive X-ray microanalysis were
carried out on a VEGA3 TESCAN. Optical transmittance
data were taken using a Shimadzu UV-PC spectropho-
tometer in the 200–3200 nm range.

4. Results and Discussion

For the heating rates of 1, 2, 5, and 10°C/min, representative
SEM images of the obtained samples are displayed in Fig-
ure 1. All surfaces were covered by NWs with comparable
diameter, which is found to be almost 200 nm. Also, we
noticed that the NWs’ density is stable and, then, decreases
by increasing the heating rate (Table 1). However, some
regions exhibit less dense NWs islands. Figure 2-left shows
this observation for the heating rate of 5°C/min using an-
other scale. (e uncovered surface was found to increase
with increasing heating rate. (us, the formation of dense

NWs needs to use a slow heating. To further confirm this
assumption, another copper substrate was heated at the rate
of 15°C/min. (e SEM image of the so obtained sample is
shown in Figure 2-right. By quick heating, the NWs were
destructed. In fact, some of them were displayed with a
noteworthy fragility. To explain the effect of the heating rate
on the CuO NWs growth, a comprehensive study on the
underlying mechanism was required.

Two mechanisms have been commonly described to
explain the growth of NWs in the gas phase: Vapor-Liquid-
Solid (VLS) [29] and Vapor-Solid (VS) [30]. (e VLS is
excluded because no NW was terminated by spherical
particle, and the VS mechanism is also excluded for two
reasons: First, no CuO was observed to depose around the
sample, and second, the growth of CuO NWs occurs at a
temperature much lower than the melting points (1232°C for
Cu2O and 1326°C for CuO). In a previous study, the vapor
pressure of CuO has been observed to be just
1.15×10−4mm·Hg at 800°C [31, 32].

(e most probable mechanism is the stress-induced
diffusion. (is process has been previously supported by
experimental observations [33, 34] and explained by Li et al.
[35] as follows: (a) formation of monoclinic crystal nuclei
with a pointed rhombic prism shape and (b) growth of CuO
NWs on a continuous CuO scale because of the short-circuit
diffusion of copper ions trough grain surfaces. (is expla-
nation was also supported by the experimental data, and it
used the theory of crystallography (TOC) [36]. However, the
starting reactive was Cu2O instead of copper. In the present
case, the stress-induced diffusion of Cu2+ ions is believed to
be valid, including the thermal and compressive stresses.(e
growth of CuO NWs on a copper substrate can be described
by considering the following process. At the beginning,
copper is oxidized following the reaction

2Cu +
1
2
O2 ⇄ Cu2O (1)

During the next step, Cu2O served as a precursor to
CuO. Indeed, the chemisorbed oxygen attracts an electron
from the Cu2O lattice, and then, fully ionized oxygen reacts
with a Cu2+ ion according the reaction:

1
2
O2 ⇄ CuO + 2h+

+ VCu( 􏼁
2− (2)

(e emerging holes (2h+) and copper ion vacancy
(having a positive charge of +2e and a negative charge of −2e,
respectively) are attracted by a molecular Cu2O to form a
CuO molecule as follows:

Cu2O + 2h+
+ VCu( 􏼁

2− ⇄ CuO (3)

We believe that both the Cu2O cubic lattice and CuO
monoclinic lattice coexist in the thin film. (is was con-
firmed by performing the XRD displayed in Figure 3. (e
reaction (3) is known to be very slow. However, it results in a
significant effect on the final composition and shape of the
oxide. Indeed, the precipitation of monoclinic crystal nuclei
exhibits pointed ends in the critical nucleus according to the
TOC [36]. As the electric field is strong at the points, charges
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Table 1: NWs density estimated by the SEM images and crystallite size calculated using the Scherrer equation for various heating rates.

Heating rate (°C/min) NWs density (×108 cm−2)
Crystallite size (nm)

CuO Cu2O
1 2.8 24.9 20
2 2.2 25.9 24.8
5 2.9 25.9 24.8
10 1.1 24.8 23

a

b
c

Figure 2: SEM images for the sample synthesized at 5°C/min (left)- a: dilute island; b: NWs finished being broken; and c: dense island; the
sample synthesized at 15°C/min (right). (e lack of homogeneity and the NWs breaking are caused by the thermal shock-induced in-plane
tensile stresses.

(a) (b)

(c) (d)

Figure 1: SEM images for CuO NWs obtained by thermal oxidation of copper foils at 550°C for 4 h (e heating rates are (a) 1°C/min; (b)
2°C/min; (c) 5°C/min; and (d) 10°C/min. While the diameter is almost the same in all samples, the NW density slightly decreases with
increasing the heating rate.
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are easily attracted to form an accumulating CuO layers on
the NW tip.

It is worth noticing that the amount of the Cu2O phase
decreases by decreasing the heating rate since the reaction 3
took its enough time to take place. Indeed, the corre-
sponding peaks in the XRD pattern are not as intense as
those of the CuO phase for the heating rate of 1°C/min. On
the other hand, the crystallite sizes calculated using the
Scherrer equation did not exhibit a significant change by
varying the heating rate (Table 1).

Given the abovementioned explanations, each NW was
expected to be formed of monoclinic CuO lattices and its
nucleation site may contain Cu2O cubic lattices. In fact, the
EDX microanalysis performed on the sample synthesized at
10°C/min showed that copper and oxygen percentages are
almost equal on the NW (spot 1 in Figure 4) indicating that
the NW is formed by the CuO lattice, whereas on the NW
base, the percentage of copper was shown to be more than
two times greater than that of oxygen (spot 2 in Figure 4),
which may be due to the existence of CuO, Cu2O, and Cu
lattices on the NW base.

To obtain NWs with high density, intense outward
diffusions are required. (erefore, continuous supply of
copper ions through grain boundaries has to be ensured.(e
nucleation of NWs islands is obtained when the underlying
layer is enough dense to overcome the nucleation barrier. By
considering heterogeneous nucleation of an oxide island on
the metal surface, this barrier is written as [37]

EN � f(θ)σ3
1

ΔGs + ΔGV( 􏼁
2, (4)

where f(θ) is a geometric function. σ is the surface energy of
the oxide, ΔGs is the energy due to the lattice mismatch
between the copper and its oxide, and ΔGV is the free energy
of the oxidation reaction. (e number of nucleation sites

increases with decreasing EN. On the other hand, ΔGV < 0,
ΔGs> 0, and |ΔGs|< |ΔGV|, so that the decrease of ΔGs re-
sults in increasing the denominator of equation (4). (is
results in decreasing EN. Hence, one method to enhance the
NWs density is to reduce ΔGs. (is can be achieved by
exerting bending stresses on the copper surface [38].
However, some regions of the treated samples were naturally
bent (in the initial form or by thermal shock during heating).
(is explains the appearance of dense and dilute NWs is-
lands. (e underlying mechanism is shown in Figure 5. By
heating a bent substrate, the in-plane tensile stresses result in
the reduction of the lattice mismatch between the copper
and the oxide lattices (ΔGs decreases) and the NWs density is
expected to increase. In our case, however, some NWs are
broken because of the small base, which reduces the NWs
density. It is worth noticing that the region b in Figure 5
shows compressive stresses. However, this does not result in
any change in the NWs density as compared with the unbent
region [38].

In the present study, some regions were naturally bent
and the in-plane tensile stresses make them covered by dense
NWs. On the contrary, NWs are less dense on the unbent
regions. For the sample heated at a rate of 15°C/min, quick
heating enhances curvature of some bent regions. (e in-
plane tensile stresses result in small oxide grain size and,
therefore, lead to form small nucleation sites, NWs on which
end up being broken. Hence, the grain size was expected to
be small for slow heating. To confirm this assumption, NWs
formed by the heating at 2°C/min were cleaned by acetone to
show its nucleation sites by the SEM (Figure 6(a)). Com-
pared with the nucleation sites of the sample synthesized at
15°C/min (Figure 6(b)), nucleation sites at slow heating are
more compact with lower porosity.

5. Application: Synthesis of CuO NWs on FTO/
Glass Substrates

As application, we deposited CuONWs on copper thin films
deposited by the electrodeposition method on an FTO-
coated glass substrate. (e underlying aim is to obtain
transparent films for using in solar cells and catalytic ap-
plications. In fact, by obtaining NWs array, the surface
contact at the solar cell junction or between the reactors and
the catalyst (thin film) increases, and thus, the efficiency is
expected to increase in both cases.

As shown in Figure 7(a), the obtained phase is for copper
oxide. On the other hand, the SEM images (Figure 7(c))
show that CuO NWs were obtained on the deposited copper
film. (e EDX analysis (Figure 7(d)) revealed that the ox-
ygen percentage is 55.4%, while that of copper is 41.8%,
which corresponds to the CuO compound.(e transmission
spectra of the films are depicted in Figure 7(b). Average
transmittance in the visible spectrum was lower than 1%
with the band gap (Eg) values calculated from the extrap-
olation of linear line portion of the plot of (αh])2 versus (h])
as shown in the Figure 7(b). (e band gap value of CuO
nanowires was found to be about 1.21 eV. (e absorption
coefficient (α) is calculated using the following relation:

0

+ 10°C/min
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Figure 3: XRD pattern of the four samples obtained by the heating
rates 1, 2, 5, and 10°C/min. Both copper oxides have been observed
to appear by thermal oxidation of copper foils at 550°C for 4 h.
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a b c

Figure 5: Effect of the bending stresses on the NWs density. Arrows indicate the corresponding stresses. In-plan tensile stresses on the top
surface of the bent region (region a) result in the growth of dense NWs. On the contrary, the unbent region (region c) is covered by less dense
NWs because of the grain size.
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Figure 4: EDX analysis for the sample obtained by heating at 10°C/min. Spot 1: the NW contains the CuO lattice. Spot 2: the nucleation site
base may contain CuO, Cu2O, and Cu lattices.
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Figure 6: SEM image of nucleation sites for the samples synthesized at (a) 2°C/min after cleaning NWs by acetone and (b) 15°C/min. (e
slow heating results in more compact nucleation sites with low porosity.
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α �
ln(1/T)

d
, (5)

where α is the absorption coefficient, T is the transmittance,
and d is the film’s thickness. (e absorption was slightly
better for the film, and prepared data are shown in

Figure 7(b). It is noted that the synthesized NWs exhibit a
high absorbance, which indicates that the synthesized
compound is a good candidate for solar cells and catalytic
applications, and this high absorption is one of the prop-
erties that explain the interest in thin films in the field of
photovoltaic conversion.
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Figure 7: Data for the CuONWs deposited on a thin copper film. (a) XRD patterns, (b) transmittance and absorbance data, (c) SEM images
with a photo of a sample in the inset, and (d) EDX analysis for the sample obtained on the thin copper film.
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6. Conclusions

For involvement in solar cells and catalytic activities ap-
plications, copper oxide NWs have been successfully syn-
thesized by thermal oxidation of copper foils. Experimental
data showed that the Vapor-Solid mechanism and the
Vapor-Liquid-Solid mechanism are excluded, and the CuO
nucleation was found to show a diffusion-controlled be-
havior. (e formation of the CuO monoclinic phase leads to
a pointed rhombic prism base for NWs nucleation.

Local bending is enhanced by thermal shock, which
increases by increasing the heating rate and results in an
increasing in the in-plane tensile stresses, which reduces the
size of nucleation sites, and, hereby, enhances the NWs
density. However, thick sites are needed to have rigid NWs
and avoid their breaking. (is study may have a broader
impact for using recyclable metals in some technological
devices.

As application, CuO NWs were successfully deposited
on a copper thin film electrodeposited on an FTO/glass
substrate. Structural and optical characterizations revealed
that the thermal oxidation is a suitable way to obtain a large
contact surface and, consequently, improve the efficiency of
the device.
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