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ABSTRACT

The influence of rapid cooling on the morphology and structures of CuO nanostructures
synthesized via oxidation process was investigated. Two suggested approaches were used in this
study. First and second oxidation approaches of Cu foil were conducted with single zone tube
furnace and muffle furnace respectively. The copper oxide product was characterized with X-
ray diffraction (XRD), scanning electron microscope (SEM), Fourier transform —infrared
spectrometer (FTIR), ultra violate- visible (UV-VIS) spectrophotometer. XRD patterns showed
that there are two copper oxide phases of Cu,O and CuO always coexists and their intensity
proportion varying with oxidation temperatures. These results were confirmed by SEM and
FTIR analysis. High energy band gap about 3.6eV was calculated at different temperatures for
copper oxide nanostructure.
Keywords: thermal oxidation; copper oxide; rapid cooling; crystal structure; nanostructure
materials

INTRODUCTION

opper Oxide is a p-type semiconductor oxide that is being widely studied due to its

interesting properties and applications. Cupric oxide (CuO) having a band gap of 1.21-

1.51 eV and monoclinic crystal structure and cuprous oxide (Cu,0) having a band gap of
approximately 2.0 eV and a cubic crystal structure [1].Its high optical absorption coefficient in
the visible range and reasonably good electrical properties constitute important advantages and
render Cu,O as the most interesting phase of copper oxides [2]. Copper oxides nanostructures
have been synthesized by using various methods like: chemical spray pyrolysis [3] ,DC
sputtering [4] ,thermal oxidation [5]; electro deposition [6]; chemical deposition [7]; wet
chemical [8]; spraying [9]; chemical vapor deposition [10]; plasma evaporation [11]; reactive
sputtering [12]; and molecular beam epitaxy [13]. However, all these methods either require
high temperatures, sophisticated instrumentation, inert atmosphere, or long reaction time.
Among these methods, thermal oxidations of Cu metal in air represent low cost method, long
time and moderate temperature. The formation of cupric oxide nanowires (CuO NW’s) by direct
thermal oxidation of metals has been recently given considerable attention due to its simplicity
and large-scale growth capability [5]. Oxide NWs prepared by thermal oxidation exhibit higher
crystallinity and high aspect ratios compared to those prepared via solution-based routes [5, 14].
The thermal oxidation technique can be used to fabricate nanowires that are low cost and high
quality. A growth condition can be controlled with difference temperature and time. In most of
these studies, a mixture of phases of Cu, CuO and Cu,O is generally obtained and this is one of
the nagging problems for non-utilizing Cu,O as a semiconductor. Pure Cu,O films can be
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obtained by oxidation of copper layers within a range of temperatures followed by annealing for
a small period of time [14].In the present work, new approaches were presented to investigate
the influence of rapid cooling on copper oxide nanostructures synthesized via thermal oxidation
of copper foil. Where copper sheets oxidized in static air at different temperatures followed by
rapid cooling to produces copper oxide nanostructure. Structure, morphology, composition of
these films were determined with X-rays diffraction (XRD), scanning electron microscope
(SEM) and Fourier transform infrared (FTIR) spectroscopy in transmitted mode respectively.
The optical properties of the thin films were also studied with UV-Visible spectrophotometer.

Experimental

Sheet of commercial grade copper foil was cut into pieces with equal sizes of
25mmx10mmx0.1mm. These were subsequently washed with detergent solution, demonized
water, and then sonicated with acetone and ethanol for 15 minute each, rinsed with deionized
water and dried with stream of nitrogen gas. Two oxidation approaches of oxidation
experiments were conducted at two different furnaces. First oxidation approach was conducted
in homemade single zone tube furnace with open sides quartz tube(3cm diameter,100cm long)
working at heating rate of 40°C/minutes at air. The cleaned of copper foils were loaded on
alumina boat and inserted into the middle of the quartz tube. The foils were heated to
temperatures of 500°C, 550°C and 650°C in air for 1h.After oxidation reaction by heating, the
copper plate was immediately taken out from the furnace and cooled down in air in order tocool
down rapidly to room temperature. Second oxidation approach was conducted in programmable
muffle furnace (Nabertherm, Germany) working at heating rate of 20°C/minutes.

Characterization

The crystalline structure of the product was confirmed by using x-ray diffraction. This analysis
was done with Shimadzu XRD — 6000/Japan, diffractometer equipped with Cu K, radiation (A=
1.5406A) employing a scanning rate of and 26 ranges from 20°- 60°. The morphology of the
product was observed with scanning electron microscope - SEM (Tescan Vega Il- Cheek). The
FTIR transmissionspectrum in the range of 400-4000 cm™was recorded using Shimadzu —
ARAffinity-1/ Japan. The optical transmittance of the CuO was measured using
spectrophotometer (UV-visible-2450 spectrophotometer, Shimadzu).

Results and Discussion:
First oxidation approach (Tube Furnace)

SEM morphology analysis

The morphology of copper foil oxidized in static air at various temperatures of 550°C, 600°Cand
650°C for one hour using tube furnace was investigated by SEM. The oxidation results are
shown in Fig.1. Figure 1a show the small amount of CuO nanowires grown at 550°C, which is
confirmed by XRD in Fig. 2a. Different morphology at temperature 600°C is shown in Fig. 1b.
It can be observed that the shapes of these crystals are rounded with large size. These round
shape crystals can be attributed to the melting process effect. It was seen from the present work
that heating and rapid cooling process leads to produce mainly Cu,O phase mixed with small
amount of CuO. The oxidation of copper foil at 600 °C shows a continuous and homogeneous
granular surface as observed in Fig.1b.While for copper foil oxidized at 650°C showed dense
and semi spherical structures with grain size increases with increasing oxidation temperature as
shown in Fig. 1c. This result is in a good agreement with XRD results presented in Fig.2b.
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Figure (1).SEM images of Cu foil oxidized in static air at (a) 550°C, (b) 600°C and (c)
650°C for 1hin air.

XRD structural analysis

Figure 2 shows the XRD pattern of copper oxide produced by thermal oxidation at different
temperatures (550°C and 650°C) followed by rapid cooling of oxidized copper sheets. The
material was scanned in the range of 20° — 60°. The XRD pattern in Fig.2a represent the
oxidation temperature at 550°C shows the presence of peaks at 29.66°, 35.66, 36.52°, 38.79°,
and 42.38°. Another peaks with small intensities near to 20 = 35.66° and 38.79° which match
reflections from the (002) and (111) planes for CuO respectively, while the other peaks at
29.66°, 36.52° and 42.38° are belongs to (110), (111) and (200) planes of Cu,O respectively.
The pattern in Fig. 2b represent the oxidation at temperature of 650°C is quite similar to the one
in Fig.1a but the peak of Cu,O (200) disappear due to the high temperature conversion. These
are in good agreement with the standards of the joint committee on powder diffraction standards
JCPDS card #05-667 for Cu,O and Card # 05-661 for CuO. No traces of Cu metal and any other
impurities were detected. This means that the copper foil was converted subsequently toCu,0,
CuO layers and then to CuO nanowires at these oxidation temperatures. The conversion is
reported to take place at temperatures above 400 °C [15].Thermal oxidation followed by rapid
cooling produces almost Cu,O (111) with very small amount of CuO phase.
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Figure (2).XRD pattern of copper foil oxidized in air at 550°C (a) and 650°C (b)for 1h.

The lattice parameter for Cu,O strongest reflection (111) was calculated from the relation [16]:
d = a, / (h?+k*I%)"2 [for cubic structure] (1)

The d-values (inter-planer spacing) was calculated from Bragg's law, and a, is the lattice
parameter. The calculated lattice parameters of Cu,O (111) products are shown in Table 1.The
crystallite size was calculated by the x-ray line broadening method using the Scherrer formula
[17]:

L=KX\/B Cosd )

Where L is the crystallite size (or particle size) to be calculated, k is the Scherrer constant, A
=1.5406A is the wave length of radiation used Cu k,, B is calculated from full width half
maximum (FWHM) for the strongest diffraction peak, and 6 is the diffraction angle of the
concerned diffraction peak. Assuming that k = 0.9 which corresponds to spherical crystallites.
The particle size of Cu,O was calculated using Scherrer formula for the strongest peak at(111)
reflection plane for both XRD pattern shown in Fig. 2. The calculated crystallite size of Cu,O
(111) product are shown in Table 1. The average values of the crystallite size of copper oxide
were calculated within around 39 nm as the oxidation temperature increased from 550°C to
650°C.The average crystal size value gives an indication that the copper oxide prepared is Nano
crystalline in nature.

Table (1) The calculated lattice parameter a,(A) and crystallite size L (nm) for Cu,O and

CuO.
Present work Standard Data
Oxidation 20° daiy (A) Phase a(A) FWHM® | L(nm)
temp.(°C) (plane) Cu,0 : JCDPS File
36.50 2.45956 Cu,O 4.26008 0.26480 36 # 05-0667
27 (111)
550 4238 | 2.13095 Cu,0 42619 | 025750 42 and
24 (200)
36.51 2.45869 Cu,O 4.25857 0.22550 38 CuO : JCDPS File #
650 61 (111) 05-0661.
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FTIR Analysis

In order to record infrared pattern, the copper oxide product was removed from the foil by
scraping. The scraped material was grinded to a fine powder using small mortar. The grinded
oxide powder was mixed with KBr powder then a pellet was prepared for FTIR test. Typical
FTIR transmission spectrum of copper oxide annealed at 650°C.only is shown in Fig. 3. This
spectrum show strong peak at 621cm™ corresponding to the vibrational mode of CuO in Cu,O
phase. In addition, weak absorption peaks at 427 cm™ and 420 cm™ are related to the vibrational
modes in Cu-O phase. These results are in agreement with XRD results previously discussed
(Fig.2b). Another peak at 3452 cm™ is due to O-H stretching bond as a result of water through
washing process. Our results are in a good agreement with other workers results [18, 19].
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Figure (3) FTIR transmission spectrum of copper oxide thermally annealed at 650°C for 1h.

Second oxidation approaches (Muffle Furnace)
SEM morphology analysis

The morphologies of as synthesized CuO products were observed by scanning electron
microscope (SEM) as explained in Figs.(4, 5, and6) at various magnifications. Fig.4 shows
SEM images for CuO NWS synthesized by oxidation of Cu foil in static air at 550°C for 1h,
followed by rapid cooling. There are long CuO nanowires with estimated length and diameter of
about 20um and 100nm respectively. Other small nanowires starts to grow at different area as
shown in Figures 4b,4c, and4d. The circle in Fig.4a represents a magnified area as presented in
Figs, 4b, 4c, and4d. The length of CuO wires could grow longer if the oxidation time set for
longer. The presence of CuO nanowires was confirmed by XRD analysis shown in Fig. 7a.
Another oxidation process was carried out at temperatures of 600°C and 650°C for 1h in static
air as shown from SEM in Figs.5 and 6 respectively. Mixed phases of Cu,O and CuO phases are
found in Fig.5 and Fig.6 as confirmed by XRD analysis. Different morphology of the crystal
can be seen in Fig.5which is attributed to CuO crystal deformation to CuO nanowires as clearly
shown as protrudes on the crystals referred by circles in Figbc and Fig.5d. The average size of
these crystals are in the range of 200-400nm. It is indicated that the CuO nanowires on top most
layer is just starts to grow from these crystals at this temperature. Nano crystals of CuO are
growing at top most layers at higher temperature of 650°C as shown in Fig. 6. The shape is look
like pyramid Nano crystals with average size of 100-300nm. These sizes of the crystals are quite
small compared with micrometer sizes of the crystals obtained previously using tube furnace
oxidation approach. So, it could be concluded that the scanning electron microscope results for
both processes of Cu foil oxidation shows different results. This may be due to the accurate and
controllable heating process with the programmable muffle furnace.
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Figure (4) SEM images at various magnifications for CuO NWs grown by oxidation of Cu
foil in static air at 550°C for 1h, followed by rapid cooling

Figure (5) SEM images for copper oxide crystals synthesized by oxidation of Cu foil in
static air at 600°C for 1h, followed by rapid cooling. (Crystal size = 100-300nm).
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Figure (6) SEM images at various magnifications for copper oxide crystals synthesized by
oxidation of Cu foil in static air at 650°C for 1h, followed by rapid cooling.(Crystal size
100-300nm).

Restructure analysis

Figure 7 a ,b and c represents the XRD pattern and the corresponding SEM images (on left for
the three samples) of copper foil oxidized at 550°C, 600°C, and 650°C for 1h in muffle furnace
at static air respectively. There are always three mixed phases of Cu, Cu20, and CuO presents
in these XRD pattern. These phases are varies in quantity, it depends on the oxidation
temperature process.Fig.7a show the strong peak of Cu,O and small peaks of CuO .The copper
was converted into the Cu,O and CuO with nanowires at temperature of 550°C only. The peak
of CuO became strong at higher temperature of 600°C while the intensity of Cu,O peak is
decreased and became comparable as shown in Fig.7b.This indicating the transformation of
Cu,0 to CuO Nano crystals. Moreover, both phases are present as Nano crystals with higher
intensities dominated by Cu20 phase at temperature of 650°C as shown in Fig.7c. The XRD
analysis was confirmed that the pure Cu foil had partially transformed into the Cu20 and CuO
and contained CuO nanowires at 550°C only while at other temperatures there are two types' of
Nano crystals.

Intensity ( a.u )
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Figure(7).XRD pattern and the corresponding SEM image of copper foil thermally
oxidized in static air at 550°C (a), 600°C (b) and 650°C (c)for 1h followed by rapid cooling.

Optical properties

Figure 8 illustrates the UV-Visible transmittance spectra for copper oxide nanostructures in
the wavelength range of 190-1100 nm. It’s clear from this figure that the  optical
transmittance for all copper oxide samples are above 90% in the visible and NIR regions and
increases with increases wavelength. Also, the transmittance spectra exhibits an intense peak
centered at ~ 300 nm and another peak with lower intensity located at ~ 600 nm as shows. The
peak at ~ 300 nm is due to inter band transition of copper electron from deep level of valence
band while peak at ~ 600 nm is due to inter-band transition of copper electron from upper level
of valence band, which is also known as surface Plasmon resonance (SPR) peak. These are an
agreement results with previously reported elsewhere [18]. The optical band gap (Eg) of a
semiconductor is related to the optical absorption coefficient (o) and the incident photon energy
(hv) by [21]:
(¢hv) = (Eg - hv)" ®)

Where: n depends on the kind of optical transition. Specifically, n is 1/2 and 2 when the
transition is directly and indirectly allowed, respectively. The optical band gap can be obtained
by plotting the optical absorption versus the photon energy and extrapolating the linear portion
of the curve to (ahv)® = 0. Figure 8 show the variation of (a hv)? vs. photon energy (hv) for
copper oxide nanostructure It’s clear from figure ,the optical gap of copper oxide nanostructure
for all oxidation temperatures ( 550°C, 600°C and 650°C) found to be 3.6eV which is higher as
compared to the bulk value of Cu,O =2.0 eV [1] . There is an agreement with the copper oxide
guantum dots results reported elsewhere [22,23]. It was reported that the band gap of
semiconductor materials will increase with the decrease in particle size, which leads to blue
shift in the direct band gap as a consequence of the quantum confinement effects [24]. Also the
shift of the exciton peak with particle size is attributed to quantum confinement due to induced
energy gap variation [25]. The spectral properties of semiconductor have been shown to vary
with quantization effects. The value of band gap energy (AE) varies with the radius of the
particles (d) [25]:

A=) G @
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Where AE (energy shift or optical gap shift) with the respect to bulk band gap (CuO) =1.21 eV
and Cu,0=2.0 eV) and d is the particle size, h the Planck's constant and (m,)* is the electron
reduced mass thus with a decrease in particle size, the energy of optical transmission increases.
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Figure(8).Optical properties calculation curves for copper oxide nanostructure as
prepared via thermal oxidation of Cu foil at 550°C (a) 600°C (b) and 650°C , followed by
rapid cooling.

CONCLUSION

In the present study, the two suggested oxidation approaches were studied with tube furnace
and muffle furnace given a different result. The study was proved that muffle furnace produces
acceptable results than tube furnace. This is attributed to the more precise temperature within
the muffle furnace. These results were confirmed by XRD, SEM and FTIR spectrum. The main
conclusion indicates that the thermal oxidation followed by rapid cooling lead to a mixed phases
of CuO and Cu,0O which is dominated by Nano crystals of Cu,O phase. In addition, UV-Visible
absorption spectra exhibits the optical gap of copper oxide nanostructure for all oxidation
temperatures found to be 3.6 eV.
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