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A B S T R A C T

In this study, we present a fast and facile self-resistive heating method to fabricate copper oxide
(CuO) nanowires using copper (Cu) substrates. The effect of growth temperature and time were
thoroughly investigated through both experiment and simulations. X-ray diffraction (XRD) and
Raman spectroscopy confirmed the successful formation of highly crystalline CuO phase. Scan-
ning electron microscopy (SEM) images demonstrated that the nanowires were uniform in size
and at high density, indicating an efficient synthesis process. Additional analyses were con-
ducted to further elucidate a thermodynamic mechanism of the growth of CuO nanowires. Our
broad experimental and simulation data on synthesis parameters provides a detailed view on the
growth of the nanowires and explains the efficient growth of aligned CuO nanowires synthesized
by resistive heating method.

1. Introduction

Cupric oxide (CuO) has garnered significant scientific research interest due to its unique properties and broad potential applica-
tions in various scientific fields [1,2]. CuO is a p-type semiconductor with monoclinic structure and a narrow bandgap ranging from
1.2 to 2.1 eV [3,4], making it an ideal material for numerous applications such as photocatalysis [5,6], gas and glucose sensors [7,8],
optoelectronics [9,10], and field-effect transistors (FETs) [11,12], etc. Notably, CuO also exhibits complex magnetic phases and plays
a crucial role in the foundation of several high-temperature superconductors [13,14].

One-dimensional (1D) nanostructures of CuO, including nanowires [15,16], nanorods [17], and nanofibers [18], have been syn-
thesized using various methods such as hydrothermal techniques [19], chemical methods [20], electrospinning [21], and thermal oxi-
dation [22]. Among these, the direct thermal oxidation of copper metal has attracted much attention due to its simplicity, efficiency,
cost-effectiveness, and scalability [23]. This method is highlight among other thanks to not only facile experimental set up but also
higher crystallinity and better uniformity of the nanoproducts. However, the major drawback of traditional thermal oxidation method
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Fig. 1. Diagram of the reaction chamber.

Table 1
Simulation parameters for simulation of heat transfer in copper material.
Material Electrical conductivity [S/m] Heat capacity [J/(kg.K)] Relative permittivity Density [kg/m3] Thermal conductivity [W/(m.K)]

Copper 5.96 × 107 385 1 8960 400

is the use of high-power-consuming equipment to maintain high temperature in the growth chamber. This not only increases operat-
ing costs but also necessitates complex and bulky machinery, hindering rapid production less efficient due to thermal inertia. Resis-
tive heating was reported as an alternative approach for preparation of 1D nanostructures of metal oxides that can address these
shortcomings of the traditional thermal oxidation method [24–27]. Despite its potential, the synthesis of CuO nanowires using self-
resistive heating remains understudied, with a need for more research on how synthesis parameters control the resulting morphology
and structure of the nanoproduct.

In this paper, we performed a comprehensive study for synthesizing CuO nanowires by self-resistive heating. By applying an elec-
tric current to generate heat directly within the material, we achieve superior temperature control, faster growth kinetics and a sim-
plified process. By focusing heat only on a specific area of the sample, resistive heating produces nanostructures with more uniform
size, shape, higher density, improving quality, all while significantly reducing energy consumption and production cost. The effect of
main parameters including annealing current and reaction time were thoroughly investigated through both experiment and simula-
tions to further elucidate a thermodynamic mechanism of the growth of CuO nanowires. The results help to explain the efficient
growth of aligned CuO nanowires synthesized by resistive heating method.

Various characterization techniques such as Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Ra-
man spectroscopy, and X-ray Diffraction (XRD), Selected Area Electron Diffraction (SAED), have been employed to better understand
the formation, growth processes, and unique properties of these nanostructures. Additionally, simulation was also performed to opti-
mize the fabrication process as well as better understand the growth mechanism. Self-resistive heating opens new avenues for the ef-
fective and efficient application and scalable production of metal oxide nanomaterials.

2. Experimental procedure

Cu (99.99 %) wires (diameter of 0.25 mm and a length of 90 mm) were ultra sonic treated in a dilute 25 % HCl solution for
10 min followed by rinsing thoroughly with acetone and ethanol. Finally, the wires were dried using a nitrogen spraygun. Subse-
quently, the Cu wires were attached to copper electrodes for resistive heating experiment. A Kikusui Pas10 DC-power supply was uti-
lized to control the current in the samples. The synthesis process was conducted in air ambient. The diagram of the experiment set up
is shown in Fig. 1.

The structural properties of the obtained material were characterized using a Panalytical Empyrean powder X-ray diffractometer
with Cu-Kα radiation (λ = 1.54056 Å). The morphology and elemental composition of the samples were analyzed using a Nova Nano
SEM 450 scanning electron microscope. The morphology as well as the crystallinity of individual CuO nanowires was examined with
a high-resolution transmission electron microscope (JEM 2100, Joel). Raman spectra of the samples were obtained on a LabRaman
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Fig. 2. (a) 3D temperature distribution on Cu wire annealed with a current of 8 A, (b) simulation of temperature along Cu wire at currents of 5, 6, 7, 8 and 9 A; (c) simu-
lation of dependance of temperature on Cu wire upon time after applying current (d) image of a Cu wire during self-resistive heating.

Fig. 3. X-ray diffraction patterns of CuO nanowires fabricated in 1 h with current of 6 A, 7 A, and 8 A.
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Fig. 4. SEM images of CuO nanowires fabricated at different currents: (a) 6 A, (b) 7 A, (c) 8 A.

800 spectrometer using a 632.8 nm excitation wavelength. Simulation of the growth conditions of the nanowires was performed by fi-
nite domain time difference method using COMSOL Multiphysics simulation software.

3. Results and discussion

In a resistive heating process, heat is generated by the interaction between charged particles and the crystal lattice of the material.
The amount of heat that can be released during resistive heating, depends on the material's properties, such as density, electrical con-
ductivity, and specific heat capacity. Controlling the amount of heat, or the growth temperature on the sample is critical to the forma-
tion of CuO nanowires. Hence, simulation of the temperature on the samples during growth process was performed using COMSOL
Multiphysics simulation software.

A 90 mm long copper wire with a diameter of 0.25 mm placed between two electrodes is considered to closely reproduce the prac-
tical experiment conditions. The calculation is based on the equation of heat transfer in solids.
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Fig. 5. Raman spectra of CuO nanowires fabricated at different currents.

(1)

where, T is the absolute temperature; ρ is the density; is the specific heat capacity at constant stress; Q represents additional
heat sources. In the experiment setup, the addition heat source is the resistive heating due to electrical current, given by:

(2)

The electric current density J was set to the identical value used in experiment. Table 1 lists the thermodynamic properties of pure
copper used in the simulation.

The simulation of the temperature distribution on the copper substrates using finite-difference time domain method given in Fig.
2b shows that the peak temperature monotonically increases as raising heating current. The estimated temperatures at the center area
of the sample during heating process are 324 °C, 411 °C, 493 °C, 569 °C, and 639 °C corresponding to the current of 5 A, 6 A, 7A, 8 A,
and 9 A. The simulation data suggest that an uniform temperature was achieved in a region of about 20 mm length in the center of the
substrate. Previous studies have suggested that the best oxidation temperature for growing CuO nanowires is between 400 °C and
600 °C [28,29]. Hence, the simulation results help to target the appropriate current intensity to achieve designed temperatures for the
optimal thermal oxidation growth of CuO nanostructures.

Notably, the temperature simulation also indicates that it takes only about 10 s to reach peak temperature for all the heating cur-
rents, demonstrating the efficiency of the resistive heating method. Furthermore, Joule heating exhibits clear advantages compared to
other thermal oxidation methods in term of saving energy and cost while minimizing environmental impact. Following the simula-
tion, the experiments were conducted at the identical condition with heating currents of 6 A, 7 A, and 8 A.

XRD patterns of CuO nanowire samples fabricated with heating current of 6, 7, and 8 A in 1 h are shown in Fig. 3. The XRD pattern
of the sample fabricated with current of 6 A shows only peaks at 43.2° and 50.3° corresponding to copper [30,31]. This can be under-
stood that the CuO phase, if any, is too little to be detectable by XRD technique. When the current is increased to 7 A, clear trace of
CuO and Cu2O phase was observed. This result suggests that 7 A is the critical heating current to initiate the oxidation process. When
further increasing current to 8 A, the intensity of the diffraction peaks corresponding to copper oxide phases increases significantly
while diffraction peaks from Cu phases diminished. This implies the formation of a thick CuO and Cu2O layers on the substrate that
prevent X-rays signal from the Cu underneath layer. The X-ray diffraction pattern shows distinct Bragg reflections of CuO at 35.4°,
38.7°, 48.7°, and 66.1°, corresponding to the crystal planes (002), ,(111), , (022), and (220) in agreement with the stan-
dard JCPDS card 45–0937 of CuO [10,32–34]. The estimated lattice parameters are a = 4.684 Å, b = 3.425 Å, c = 5.125 Å,
and β = 99.549, consistent with the values reported in the literature for CuO materials [35].

Fig. 4 illustrates SEM images of CuO nanowire samples heated at different currents. The results demonstrate the obvious impact of
annealing current on the morphology of the obtained CuO nanowires. SEM image of the sample synthesized at 6 A in Fig. 4a clearly
shows that the substrates undergo transformation in surface morphology. Formation of porous and uneven structures, along with the
presence of tiny sparse nanowires at early stage was observed. When the current is increased to 7 A, the obtained CuO nanowires be-
come bigger and longer (Fig. 4b). However, it can be seen that the growth of nanowires is still not complete at this condition. The
CuO nanowires likely exhibit uniform growth in size and shape when annealing current is set at 8 A.

Raman spectra at room temperature of CuO nanowires are shown in Fig. 5. Previous studies have shown that the space group of
copper oxide has 12 optical phonon active modes and these modes satisfy . Among them, Ag and Bg
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Fig. 6. SEM images of CuO nanowires fabricated with current of 8 A and in different heating times: (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h, (e) 5 h, (f) 7 h.
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Fig. 7. (a) XRD patterns of CuO nanowires fabricated at 8A in different annealing time from 1 to 7 h and (b) FWHM and grain size as a function of annealing time esti-
mated for (002) peak.

modes are Raman active [36,37]. The CuO nanowire sample fabricated at 6 A exhibits characterized Raman signals at 295 cm−1

and a small peak at 344 cm−1 corresponding to the Ag and Bg vibration modes of CuO, respectively [37,38]. In addition to CuO,
the presence of the Cu2O phase in CuO sample prepared at 6 A is reflected by the presence of features at 148 and 217 cm−1 [39].
The noticeable intensity of these modes can be attributed to the relative larger size of Cu2O grains that formed in the first stage of
oxidation [40]. At higher heating current of 7 A and 8 A, Raman peaks of Cu2O diminished. This is in agreement with the struc-
ture transformation shown by XRD measurement discussed above. The investigation with XRD and Raman suggested that heating
current of 8 A offers nanoproducts of better crystal quality. It should also be noted that higher current leads to breaking samples
during oxidation due to overheating.

The crystal growth process of CuO nanowires was further explored by studying the time-dependent nanocrystals growth during
annealing process. Therefore, heating current was fixed at 8 A while heating time was increased from 1 to 7 h to observe the effect on
structure and morphology of the nanoproducts. SEM images of the CuO nanowires formed at different annealing time are presented in
Fig. 6(a)–(f). At short annealing time of 1, 2 or 3 h, nanowires were formed at relatively low density (Fig. 6a–c). As the heating time
increased to 4 h, the CuO nanowires grew significantly longer, reaching several tens of micrometers in length, and their density in-
creased markedly. This suggests that the heating time plays a key role in the formation and growth of CuO nanowires.

After 5 h of heating, nanowires are formed at highest density as can be seen in Fig. 6e. Further increasing heating time resulted in
no notable change in morphology of the nanowires, including diameter, length, and density. This can be understood by the growth
mechanism via diffusion of Cu atoms as discussed later.

The effect of heating time on the lattice parameters was analyzed using XRD measurements. Fig. 7a shows the XRD patterns of
CuO nanowires fabricated at 8A in different annealing times from 1 to 7 h. All diffraction peaks are indexed to CuO (JCPDS card
45–0937) [41]. The crystal size was evaluated by using Scherrer's equation:

(1)
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Fig. 8. Raman spectra of CuO nanowires fabricated in different annealing times from 1 h to 7 h.

Fig. 9. (a) Bright-field TEM image of a single CuO nanowire (b) The corresponding SAED pattern.

where D is the crystallite size, λ is the X-ray wavelength (1.54056 Å for Cu-Kα radiation), β is the full width at half maximum
(FWHM) of the diffraction peak, and θ is the Bragg angle. The FWHM and crystallite size of CuO nanowires estimated for (002) peak
as a function of annealing time are shown in Fig. 7b. The results indicate that the crystalline size slightly increased in the first 3 h and
then remains almost unchanged for longer heating time.

The Raman spectra of CuO nanowires fabricated at 8 A in different annealing time only show the presence of the CuO phase
demonstrated by characteristic peaks at 295 cm−1 and 344 cm−1 (Fig. 8) [37]. There is not much difference in the peak positions as
well as intensity of the four samples. Thus, it was again shown by Raman spectroscopy that the structure of CuO nanoproducts re-
mained unchanged at all different annealing time.

Fig. 9a displays a bright-field TEM image of a single CuO nanowire fabricated at a current of 8 A in 5 h. Fig. 9b shows the cor-
responding SAED pattern. The TEM image evidences a smooth and clean surface, cylindrical shape, and a diameter of 65 nm. The
lattice planes obtained from the corresponding SAED pattern (Fig. 9B) are consistent with the single-phase monoclinic crystal
structure of CuO [42].

The cross-sectional SEM image of nanowires fabricated at 8A in 5 h is shown in Fig. 10. The formation of three distinct layers on
the substrate is clearly seen. The surface layer consists of long CuO nanowires with length of several tens of micrometers. The under-
neath layer from surface is a layer with a thickness of approximately 6–8 μm, consisted of small grain. The bottom layer is composed
of larger grain with grain size of several micrometers.

The EDS spectra obtained from the top layer (a), the intermediate layer (b), and the bottom layer (c) of the oxide are shown in Fig.
11 (a), (b), and (c), respectively. The results indicate that the elemental ratio of Cu to O of the bottom layer is much different from
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Fig. 10. Cross-sectional SEM image of CuO nanowire sample prepared at 8 A in 5h.

that of the other two layers on top. It is evident that the elemental ratio of Cu to O in layer (a) is approximately 2:1 while this ratio is
almost 1: 1 for the other two layers.

Fig. 12 shows the photoluminescence (PL) spectrum of CuO nanowires prepared at 8 A in 5h with excitation wavelength of
325 nm. The PL spectrum shows a strong luminescence peak at about 420 nm and a broad peak at about 560 nm. The violet lumines-
cence band around 420 nm (2.95 eV) is consistent with the reported near band edge emission of CuO materials [43]. Meanwhile, the
broad emission at 560 nm can be assigned to defect related transition or surface state. Although subject to some debate, this green
emission is widely believed to originate from oxygen vacancies, which are more prominent in nanomaterials with a high surface-to-
volume ratio [44,45].

In order to study the composition of the CuO nanowires, X-ray photoelectron spectroscopy (XPS) was performed on the sample
prepared on at 8 A in 5 h. Fig. 13 shows the XPS analysis of the Cu 2p region. High resolution Cu 2p spectrum can be resolved into two
notable peaks. The first peak is located at approximately 934 eV, corresponding to Cu 2p3/2. The other peak centers at 953.6 eV and
can be assigned to Cu 2p1/2. These peak centers are in good agreement with data reported for Cu 2p in CuO [46,47]. The Cu2+ oxida-
tion state of CuO is further confirmed by the characteristic shake-up satellites peak around 961.6 and 962.8 eV. The deconvoluted
spectra also show trace of copper from substrate demonstrated by weak characteristic peaks of metallic copper at 932.7 and 952.4 eV.
In addition, a broad shake-up satellite peaks are also observed at 941.5 eV and 943.9 eV [47,48]. The broad satellite peaks occur due
to the presence of multiple oxidation states of copper (Cu2+, Cu1+) resulted from the formation of different layers during the growth
of nanowires as discussed.

Our previous study has proposed that the diffusion of Cu ions through grain boundaries is the primary mechanism explaining the
growth of CuO nanowire structures during the oxidation of the Cu substrate [15,49]. In this research, we also believe that the growth
mechanism of CuO nanowires fabricated using the Joule heating method is attributed to diffusion of Cu ions. It is noted that the
nanowires prepared by resistive heating are likely formed at higher density compared with traditional heating method using horizon-
tal furnace. We believed that in the resistive heating process, two effects are in charged for the high yield formation of aligned CuO
nanowires. Firstly, heat is generated effectively in the local region of the copper wires used as substrates when an electric current is
applied. Secondly, the electromigration effect, which involves the diffusion of metal atoms under high current density in the direction
of electron flow also supports the growth rate and efficiency of the oxidation process [50]. The development of CuO nanowires is il-
lustrated schematically in Fig. 14.

In the initial stage, the Joule heating process generates thermal expansion within the crystal lattice. This process creates a temper-
ature gradient from the core of the copper wire substrate to the outer surface, significantly impacting the diffusion of copper atoms
[51]. As the temperature rises, copper atom diffusion accelerates, promoting faster electromigration. The rapid diffusion of copper
atoms through grain boundaries and along the crystal lattice to the surface, combined with the counter-diffusion of oxygen atoms,
leads to the formation of a Cu2O layer. As heating time increases, this layer thickens and eventually transforms into CuO on the sur-
face. In parallel, the presence of an electric field enhances the growth of CuO nanowires, accelerating the growth rate and resulting in
longer nanowire lengths.

Subsequently, copper atoms continue to diffuse from the copper substrate to the copper oxide layers, resulting in the formation of
CuO nanowires. Due to the difference in structure between CuO and Cu2O, stresses are induced and accumulated at the interfaces of
adjacent layer of Cu/Cu2O and CuO. The generated compressive stress drives the outward diffusion of copper atoms through grain
boundaries, providing a continuous supply of Cu ions for the growth of CuO nanowires. CuO grains serve as the structural templates
for CuO nanowires nucleation. As increasing reaction time, CuO nanowires grow on the surface of the substrate. The driving force for
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Fig. 11. EDS spectra of (a) top surface of CuO nanowire, (b) CuO layer, (c) Cu2O layer.

copper diffusion is the applied current density during the heating process. If the applied current is low, it results in low thermal oxida-
tion temperature and insufficient compressive stress to promote the growth of CuO nanowire structures. Instead, deformed Cu2O par-
ticles form on the substrate surface to relieve the minor compressive stress. At higher heating currents, copper atoms diffuse through
grain boundaries much more rapidly than through the crystal lattice. The efficient growth of CuO nanowires observed in this study
can also be explained by a diffusion process of the oxygen inside the metal that is accelerated by electromigration at high electrical
currents employed. Furthermore, even at optimal heating current values, the density and growth of CuO nanowires vary over time.
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Fig. 12. Photoluminescence spectrum of CuO nanowires sample prepared at 8 A in 5h.

Fig. 13. XPS spectrum of CuO nanowire sample prepared at 8 A in 5 h.

This indicates that sufficient time is needed for stress to accumulate to the critical point for CuO nanowire growth. This explained the
low density of nanowires obtained at low current or short annealing time as observed. As oxidation time increases and the copper ox-
ide layers thicken, the development of CuO nanowires is restricted because it is more challenging for Cu atoms to diffuse a long dis-
tance to the tips of the CuO nanowires. At the same time, the continuous growth of CuO layer just beneath the nanowires tends to
merge the root of the nanowires, which appears as a reduction in the length and density of the CuO nanowire substrates for prolonged
heating.

4. Conclusion

We present a detailed study of the growth of CuO nanowires using a simple and rapid self-resistive heating method applied to cop-
per substrates under ambient air conditions. Our results demonstrate the influence of the applied current and heating time on the
structural and morphological characteristics of the CuO nanowires. At optimum condition, where the samples were heated by a cur-
rent of 8 A in 5h, densely packed CuO nanowires of uniform size and shape were obtained. The growth mechanism involves the diffu-
sion of copper atoms across grain boundaries and the inward-diffusion of oxygen from the environment. Both diffusion processes are
accelerated by Joule heating. In addition, the electromigration effect plays an important role in the diffusion of copper atoms at high

11



UN
CO

RR
EC

TE
D

PR
OO

F

V.T. Pham et al. Micro and Nanostructures xxx (xxxx) 208563

Fig. 14. Schematic diagram of (a) the cross-sectional view of the oxidation of the sample at the first stage, and (b) illustration of the growth of CuO nanowires at the sec-
ond stage.

current densities, which further enhances the nanowire formation process. These findings provide valuable insights into the fabrica-
tion and growth mechanism of CuO nanowires, highlighting the efficiency and potential of the self-resistive heating method for pro-
ducing high-quality nanostructures.
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