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ABSTRACT

CuO is a well-known monoclinic structure with unique properties that is extensively
investigated for sensor, energy storage, and optoelectronic applications. In this work, the
CuO nanostructure was synthesized through facile precipitation by mixing the aqueous
copper (1l) sulfate pentahydrate with sodium hydroxide. The as-synthesized CuO was
characterized by scanning electron microscopy (SEM), X-ray diffractometry (XRD), Fourier
transform infrared spectroscopy (FTIR) and UV-visible spectroscopy. A homogeneous
growth of a narrow, fine coral-like fibrous morphology was observed on CuO under SEM
imaging. The FTIR spectra reveal the existence of some dominant sharp bands in the lower
wavenumber region that represent the Cu-O bonds. The high solubility of CuO in water
confirms the formation of particles with nanoscale dimensions. CuO exhibits a strong
optical absorption peak at 510 nm, and the band gap determined by Tauc's relation is 2.11
eV. CuO is capable of inducing photocatalytic degradation on R6G dye solutions under low-
intensity UVC irradiation, which can serve as a future photocatalyst for wastewater
treatment.

Keywords: CuO nanostructure; dropwise precipitation; optical properties, R6G dyes,
photocatalytic degradation

1. INTRODUCTION

Recently, metal oxide nanostructured materials with dimensions less than 100 nm have
acquired tremendous concern and research interest from the scientific community because of
their outstanding physical and chemical properties in many invaluable scientific and
technological applications. Impressively, tenorite p-type copper oxide (CuO) semiconductors
with a monoclinic phase have emerged as one of the most promising transition metal oxides due
to their narrow optical band gap in the range of 1.20-1.80 eV. This band gap is tunable by
modifying the morphology and size of the nanostructure [1-4]. In addition, CuO also has the
advantages of high structural stability, intense optical absorption, eco-friendliness,
harmlessness, low cost, and natural abundance accompanied by superior optical, thermal, and
electrical properties, which is broadly utilized in superconductors, sensors, detectors,
optoelectronic and energy storage devices, heterogeneous catalysis, water purification, and
other biomedical applications. Henceforward, it has become increasingly important to fabricate
a superior CuO nanostructure by applying suitable synthesis methods, which can contribute to
improved structural morphology and optical properties [5-8].
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Previously, several physical and chemical synthesis techniques have been used to formulate
various forms of CuO morphologies (nanocubes, nanotubes, nanoparticles, nanospheres,
nanoflakes, nanosheets, and nanorods), such as hydrothermal, green-mediated, sol-gel,
sonication, spray pyrolysis, precipitation, and microwave-assisted irradiation methods [9-13].
However, there still exists the synthetic methods with high production costs, low product yield,
and even low crystallinity. Facile precipitation is well established as one of the most efficacious,
inexpensive, rapid, and environment-friendly wet chemical techniques. Beneficially, this
technique needs only a low reaction temperature to accurately modify the size and structure,
which is also applicable for mass production [13-15]. In this work, the CuO nanostructures were
synthesized via a precipitation method by mixing the aqueous copper (II) sulfate pentahydrate
with sodium hydroxide. The crystalline structure, functional groups, optical properties, and
surface morphology of CuO samples were characterized by XRD, FTIR, SEM, and UV-Vis
spectrophotometry. Subsequently, the photocatalytic degradation activity of these materials
was further evaluated towards R6G dye solution under UV light irradiation, which has not yet
been reported by other researchers. By referring to previously reported works [2, 4, 7, 16, 17],
researchers mainly focused on the photocatalytic performance of CuO under visible light.
Alternatively, low-power, high-energy UV light at a cost comparable to visible light, as
conducted in this study, could be considered for photocatalytic applications in the near future.

2. MATERIALS AND METHODS

The starting materials used were copper (II) sulfate pentahydrate (CuS04+5H20) and sodium
hydroxide (NaOH), both procured from Merck Ltd. These raw materials were of analytical grade
and used directly without any special treatment. In the beginning, a solution of CuS04.5H,0 at a
concentration of 0.2 M was heated under vigorous stirring. When the solution temperature
reached 70 °C, 1.0 M NaOH was added dropwise to the solution until the formation of a brown
precipitate at the bottom of the solution, which indicates the formation of CuO at the recorded
pH of 12. The precipitate was collected through filtration after the solution was cooled to room
temperature. This precipitate was repeatedly washed with distilled water to remove the
unwanted impurities and further dried in the air for 6 hours. Finally, the powder was collected
and stored in a desiccator for further characterization.

The surface morphology of the as-synthesized CuO samples was characterized by a scanning
electron microscopy (SEM, Tescan Vega) at an accelerating voltage of 15 kV. The crystallinity
and structure of CuO nanostructures were analyzed from X-ray diffraction patterns obtained
from an X-ray diffractometer (Rigaku Miniflex II), where the scanning range was set between
20 = 10° — 80° with a CuKa radiation source (4 = 1.54059). The optical absorbance spectra
were recorded using a UV-visible spectrophotometer (Shimadzu, Japan). The photocatalytic
activity of CuO was investigated for the color degradation of R6G dye under UV light irradiation.
As a first step, a solution of R6G dye was prepared at a concentration of 5 ppm (5 mg/I).
Thereafter, 30 mg of CuO was added to 100 ml of dye solution, and the aqueous mixture was
stirred in the dark for 30 minutes to achieve an adsorption-desorption equilibrium state. Next,
this mixed solution was placed in an enclosed, dark box and emitted with UV light at various
time intervals, up to 180 minutes. A small amount of the solution under illumination was
collected every 20 minutes to allow the absorbance spectra to be recorded using the UV-Vis
spectrophotometer. The fading of dye color or decrease in dye concentration against time can
be monitored through a reduction in the absorbance peak intensity of the R6G dye centered at
526 nm.
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3. RESULTS AND DISCUSSION
3.1 Morphological Analysis

SEM analysis was performed to examine the surface morphology of the sample. Figures 1(a) and
1(b) exhibit the SEM micrographs of the CuO nanostructures at two different magnifications of
x10,000 and x15,000, respectively. As observed from the figure, the overall surface morphology
of the sample is uniform, whereas many small nanoparticles agglomerate to form a larger coral-
like nanostructure that acts as a solid base. Furthermore, we can see from the figure that many
fine fibers outgrow the surface of the aggregated nanoparticles. These fibers have very small
diameters ranging from 30 nm to 120 nm and lengths varying between 190 nm and 480 nm, as
measured by Image] software. The average diameter and length are calculated to be 70.66 nm
and 346 nm, respectively. Each fiber can be constructed from many small nanocrystallites
surrounded by grain boundaries [18-20]. The size distributions of the diameter and length of
the coral-like fibrous CuO nanostructure are displayed as the histograms in Figures 2(a) and
2(b), respectively. Normally, the smaller size obtained, especially in the nanosize domain, can
increase the surface area and grain boundaries, which in turn allows the material to serve as an
effective photocatalyst to stimulate the charge carrier transition between the valence and
conduction bands [21-23].

u 10.00 kx 13.8 pm 13.65mm 13.64 mm

30pA RESOLUTION 15keV 34 RESOLUTION 15keV

TESCAN VEGA NANOFIZIK, FSSM, UMT TESCAN VEGA NANOFIZIK, FSSM, UMT

Figure 1. SEM image of as-prepared coral-like CuO nanostructure with magnifications of (a) x10, 000

and x15, 000.
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Figure 2. Size distribution histograms of CuO for the: (a) diameter (b) length of coral-like fibrous
nanostructure.

3.2 Crystalline structure

XRD measurements were performed to determine the crystal structure of the studied material.
Figure 1 presents the XRD pattern visible in the 26 range for the present CuO nanostructures. As
shown in the figure, CuO is a single polycrystalline material without exhibiting any amorphous
characteristics. Furthermore, the peaks located at 32.46°, 35.62°, 38.63°, 48.85°, 53.61°, 58.19°,
61.39°, 66.33°, 68.20°, 72.40° and 75.08° correspond respectively to the following planes: (1 1
0),(002),(111),(-202),(020),(202),(-113),(-311),(220),(311) and (00 4), by
matching well with the JCPDS card no. 00-48-1548 for a monoclinic structure of the C2/c
symmetry space group. Gudipati et al. [16] and Pavithra et al. [17] also found the same CuO
structure as obtained in this study, whereby the techniques they each used were biogenically
and combustion synthesis, respectively. Moreover, sharp and dominant peaks with narrow
bandwidths can be observed at 20 = 35.50°, 35.65° and 38.63°, which implies that CuO has
relatively high crystallinity in the respective planes. No other peaks related to impurities or
other sub-compounds such as Cu (OH), and Cuz0 were traced through XRD, indicating a very
high phase purity of CuO [24-26].

(111)

Intensity (a.u.)

(020) (202)

20 30 40 50 60 70 80
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Figure 3. XRD pattern of CuO nanostructure.
3.3 Optical Properties

The optical absorption properties were characterized at room temperature by the UV-visible
spectrophotometer. Figure 4(a) displays the optical absorption spectra of the CuO
nanostructure in the 400-800 cm-! wavelength range. As can be seen from the figure, the CuO
demonstrates an intense absorption peak at 510 nm. Such a finding suggests that CuO, with its
very fine nanostructure, has improved hydrophilicity and hence allows this material to be
readily dissolved in water. Another possible reason for this phenomenon can be due to the
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presence of many O-H bonds that are attached to the surface of molecules, as evidenced by the
FTIR spectra analysis. Henceforward, the band gap is accessed according to Tauc’s formula as
follows [27-30]:

(ahv) = B(hv — E,)"/* M

where a denotes the optical absorption coefficient, h symbolizes Planck’s constant, v represents
the radiation frequency, B is a proportionality constant, E; stands for band gap energy and n
indicates the types of electronic transition. Herein, because CdS is a semiconductor material
with a direct band gap, n is assigned a value of 1/2 corresponding to this property. The plot of
(ahv)? against photon energy for the present CuO samples is displayed in Figure 5. To obtain
the band gap energy, a straight line is fitted to the linear portion of the curve in the higher
energy region, where the point that this line intersects at the photon energy axis denotes the
band gap value. By referring to the value indicated in the figure, the band gap determined for
CuOis 2.11 eV, a value larger than the literature band gap of bulk CuO, which lies between (1.2-
1.8) eV [31-35]. This result further suggests that photons with higher energy are required to
initiate the charge carrier transitions when comparing the CuO nanostructure with bulk CuO.
Advantageously, a larger band gap can reduce the recombination rate between electrons and
holes and further impoverish the effectiveness of photocatalytic reactions [37-39]. From the
work reported by Peng et al. [31], it was found that the widening of the band gap can be
achieved through the reduction of crystallite size.
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Figure 4. (a) UV-Vis optical absorption spectra and (b) (a«hv)2 versus photon energy of the CuO
sample.

3.4 Functional Groups

The FTIR spectra of CuO nanostructure that were recorded within the range of 4000-400 cm-!
are illustrated in Figure 5. The occurrence of functional groups in the investigated materials is
represented by the vibrational band positions in the spectrum. From the figure, it can be clearly
seen that a broad band is located around 3429 cm-!, indicating the hydroxyl (O-H) stretching
vibration due to the absorption of atmospheric water molecules on the sample surface [40, 41].
On the other hand, a sharp peak observed at 1742 cm-! is attributed to the H-O-H bending
vibration [42-44]. Meanwhile, a strong, sharp peak emerged at 2360 cm-! mainly corresponds to
the CO; molecules that attached to the surface of CuO nanostructures during synthesis [22]. In
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addition, the small peaks that are positioned at 1367 cm1, 1221 cm-t, 1113 cm! and 918 cm!
can be assigned to stretching vibrations of C-0, C-C, C=0 and C-H deformation, respectively [21,
23, 24]. Notably, some other sharp and prominent bands appeared ranging from 540 cm-! to
650 cm1, which reflects the Cu-O molecular bonding [11, 20, 21].

3.5 Photocatalytic degradation on R6G dye

Subsequently, the resulting CuO was utilized as a photocatalyst to study the color bleaching
effect on R6G dye solution under UV illumination as a model pollutant for the remediation of
sewage. The change in the absorption spectrum against the irradiation time is illustrated in
Figure 6(a). As demonstrated in the figure, the dominant peak observed at 526 nm is due to the
absorbance of the R6G dye solution, and this peak gradually decreases with the prolongation of
UV irradiation time. A discernible reduction in the absorption peak intensity indicates that the
UV light has successfully stimulated the color fading of the aqueous R6G dye, where this dye has
been reported to have high photostability and is commonly used in the manufacturing of textiles
and optical filters in dye lasers [41]. Figure 6(b) depicts the plot of degradation percentage as a
function of irradiation time. From the result, it is found that the dye degradation percentage
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Figure 5. FTIR spectra of as-prepared coral-like fibrous CuO nanostructure.

rises with a longer UV exposure time. Initially, the degradation percentage increases gradually
over the first 60 minutes, which indicates that the dye photodecolorization takes place at a
slower rate. Thereafter, a steeper slope can be observed from the plot, which can be attributed
to a rapid dye degradation rate until the entire irradiation time is completed. This finding
indicates that the combination of UV and CuO is effective in stimulating the degradation of R6G
dye in an aqueous solution over a prolonged period of time. The relations of C/C, and In(C/C,)
versus the irradiation time are plotted as given in Figures 6(c) and 6(d), respectively. Hence, a
linear relationship can be observed from the fitted line to the experimental data, as indicated in
the plot of In(C/C,) versus irradiation time. This result validates that the photocatalytic
degradation activity of CuO towards R6G dye complies with the law of pseudo first-order
reaction kinetics given by Equation 2 [3, 8, 41]:
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In (CE) — —kt 2)

where C, represents the original aqueous dye concentration, C designates the dye
concentration at any time intervals of time, t and k is the 1st order kinetic rate constant. The rate
constant value obtained from the gradient of the fitted line is 1.3852 x 10~* min-! with a high
correlation coefficient value of R = 0.9283. The computed kinetic parameters prove that the
use of CuO nanostructures as photocatalysts can render active centers for the photobleaching of
R6G dyes since the dye decomposition is insignificant without the presence of catalysts. For
further explanation, the dye degradation effect is due to the generation and separation of
electron-hole pairs in the catalyst, which is caused by the absorption of sufficient UV photon
energy by the electrons to overcome the band gap barrier, and in turn transfer to a higher
energy level [16, 21]. In this study, when the CuO catalyst was irradiated with UV light, the
photon energy of this light was absorbed by the catalyst and resulted in the generation of
electron-hole pairs. The electron-hole pairs then reacted with O, and H0 to originate the free
radicals that consequently degraded the R6G dye molecules into non-toxic components [2, 3, 8,
21]. As reported by Harun et al. [45], the degradation efficiency can be enhanced by applying a
higher quantity of photocatalyst or increasing the UV light power [45-47].
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Figure 6. (a) Variation of absorption spectra of R6G under UV irradiation; (b) percentage of degradation
with irradiation time; (c) degradation curve of C/C, and (d) first-order kinetics fitting on
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In(C/C,) versus exposure time for R6G degradation.

5. CONCLUSION

In summary, CuO nanostructures were successfully formulated via dropwise precipitation by
mixing the copper (II) sulfate pentahydrate and sodium hydroxide in an aqueous solution. SEM
images reveal a formation of very fine coral-like fibrous nanostructures with small fiber
diameters determined as low as 30 nm. Several prominent peaks located in the low
wavenumber range in the FTIR spectra indicate the existence of Cu-O bonding. CuO shows a
major absorption peak at 510 nm and a band gap of 2.11 eV is determined from the Tauc’s
relation. CuO was also utilized as a photocatalyst to induce the degradation of R6G dye under
weak UV light, which can potentially serve as future wastewater treatment.
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