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The study focuses on the change in the optical band gap of the nickel and
cobalt-doped copper oxide nanoparticles and compares the same with pure
copper oxide nanoparticles. Four sets of pure and doped copper oxide
nanoparticles were prepared as pure copper oxide (CuO), Nickel doped copper
oxide (Ni/CuO), cobalt-doped copper oxide (Co/CuQ) and, nickel-cobalt co-
doped (Ni-Co/CuO NPs). All the nanoparticles were prepared with a simple co-
precipitation method. The samples were characterized with UV-visible
spectroscopy, photoluminescence  spectroscopy, and zeta potential
measurement. For the calculation of optical band gap, two methods were
followed, Tauc’s method wusing UV-visible absorption spectra and
photoluminescence emission. The band gap calculated with absorption spectra
was found to be lower than that calculated with emission spectra. From zeta
potential measurements, it was found that the copper oxide nanoparticles had
more stability when incorporated with nickel. The samples were tested for the
photocatalytic degradation of malachite green (MG). Increased band gap of
copper oxide nanoparticles offers potential improvement in the photocatalytic
activity of copper oxide nanoparticles.
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1. Introduction

Many studies have been carried out on metal oxide nanoparticles due to their diverse range
of potential applications in medical and environmental fields [1]. Titanium oxide
nanoparticles are the most used in various commercial fields. Among metal oxide
nanoparticles, copper oxide, and zinc oxide nanoparticles have a comparable competence
with titanium oxide nanoparticles in different fields of application [2]. With a narrow band
gap of 1.2 eV, CuO nanomaterials are a favorable candidate for many industrial and
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commercial applications.

With a manipulation in band gap, copper oxide nanomaterial can be used in a wide range of
applications. In solar energy conversion-based applications of nanoparticles, band gap
manipulation can have a large impact. For example, the use of copper oxide nanoparticles
can be highly beneficial for solar cell production [3], environmental remediation [2],
catalysis [4], photo-catalysis [5], water splitting [6] etc.

The band gap of any nanomaterial can be manipulated by changing some parameters in its
synthesis mechanism such as temperature, pH value, doping concentration, etc. [7], [8]. The
p-type semiconductor material CuO can also be manipulated into n-type by doping the
material with proper metal dopants [9]. The variation in doping concentration can change the
charge carrier mobility. This changes the optical properties of CuO NPs as well as the other
properties with higher amplitude [10], [11]. The incorporation of transition metals like cobalt
(Co), nickel (Ni), etc. in the crystal structure of host CuO, can vary the ionic radii and
valence state of CuO. This results in the generation of cation and anion vacancies in the CuO
lattice [12], [13], [14], [15].

Many research works have been conducted on the doping of CuO with alkali metals [16],
[17], lanthanide ions [18], transition metals [19], etc. Alkali metal-doped CuO NPs increase
the optical band gap with increased doping concentration [16]. Incorporating Na* ions in
CuO lattice creates copper vacancies due to charge variation [20]. In the present work,
changes in the optical band gap of CuO NPs have been studied with nickel and cobalt
incorporation.

2. Synthesis of pure and (Co, Ni)-doped CuO Nanostructures:

Materials Used: The main precursor of copper nanoparticles was the copper acetate
monohydrate [Cu (CO.CHs).. H20] (99% pure). Potassium hydroxide (KOH) was used as
the reducing agent. Polyethylene glycol (PEG)-400 was used as the capping and stabilizing
agent in the solution during reflux. All the chemicals were analytical-grade reagents that
were used without further purification. For doping of nickel and cobalt, nickel chloride
hexahydrate and cobalt acetate tetrahydrate were used respectively. For the photocatalytic
experiment, malachite green (MG) dye was used.

Experimental procedure: A one-molar solution of [Cu (CO,CHs).. H2O] was prepared using
de-ionized water. The solution was kept under constant stirring at 80°C temperature. A
previously prepared KOH solution of the same molar concentration was added drop wise to
the above solution. The pH level of the mixture was kept at 9. A distinct colour change from
blue to dark brown was noticed after sometime. A small amount of PEG-400 was added
dropwise to the mixture solution. For nickel and cobalt doping 2, 4, 6 mol% of nickel
chloride hexahydrate and cobalt acetate tetrahydrate were added in the above solution during
reflux. A homogenous mixture was formed. After 3.5 h of reflux, a black precipitate was
observed. This precipitate was filtered out and centrifuged with de-ionized water for several
times. Then it was kept in a hot air oven at 100°C overnight and finally calcinated at 400°C
in a muffle furnace for 3h. The final yield was a black powder. In this procedure, four sets of
nanoparticles were prepared as pure copper oxide (CuQ), nickel-doped copper oxide
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(Ni/CuO), cobalt-doped copper oxide (Co/CuO) and nickel, cobalt co-doped (Ni, Co/CuO).

Characterizations: The UV-visible absorption spectra of the samples were recorded using a
UV-Vis spectrophotometer (Model: 2600i, Shimadzu). Photoluminescence emission spectra
were collected from a photoluminescence spectrometer (Cary Eclipse Agilent). Zeta
potential measurements were carried out with the help of the Zetasizer Nano ZSP (ZEN
5600).

3. Results and discussion:
UV-Vis Absorption Spectroscopy:

UV-Vis absorption spectra of pure and doped copper oxide nanoparticles are shown in Fig.
1. Recent literature shows that the UV-Vis absorption peak of various transition metal doped
copper oxide nanoparticles is around 350 nm [21]. It was seen that, with doping the
absorption peak position changes. The undoped copper oxide sample had an absorption
maximum at 349 nm. After nickel doping and cobalt doping in CuO samples, the absorption
peaks red-shifted to 373 nm and 390 nm respectively. From this observation, it can be
concluded that the particle size of the samples increases after nickel and cobalt
incorporation. Interestingly, nickel and cobalt co-doping exceptionally produced a blue shift
in the absorption maxima. This signifies the smaller particle size.

The corresponding band gap of the samples is shown in Fig 2. The band gap of the samples
was calculated with Tauc’s method using the UV-Visible absorption values. The optical
band gap of the samples was found as 1.6 eV, 1.69 eV, 1.49 eV, and 1.31 eV for pure CuO,
Ni/Cu0, Co/Cu0, and Ni, Co/CuO respectively.
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Figure 1: UV-Vis absorption spectra of (a)CuO, (b)Ni/CuO, (c)Co/CuO NPs and (d)
Ni,Co/CuO NPs
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Figure 2: Optical band gap measured by Tauc’s method for (a) CuO NPs, (b)Ni/CuO NPs,
(c)Co/CuO NPs and (d) Ni,Co/CuO NPs

Photoluminescence spectroscopy:

PL analysis was performed for all four undoped and doped CuO NPs at different excitation
levels. The variation in PL spectra of all chemically synthesized copper oxide nanoparticles
is shown in Fig. 3 and Fig. 4. For the excitation wavelength at 350 nm, all samples of CuO
NPs show three prominent emission peaks around 462 nm, 487 nm, and 566 nm. With nickel
doping a minor blue shift is observed and with cobalt doping a minor red shit is observed
near the peak at 462 nm. This may be due to the variation of the size of the particles after
doping. However, two prominent emission peaks are observed at 546 nm and 573 nm for
excitation at 430 nm. CuO nanomaterials show fluorescence emission around 450 nm and
530 nm corresponding to blue and green emissions respectively [22], [23]. The peak around
450 nm usually appears due to the artifacts while the other peak around 530 nm occurs due
to the presence of singly ionized oxygen vacancy [24], [25]. In this experiment, the shift of
the emission peak may signify the production of more oxygen vacancy in the doped CuO
samples.
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Figure 3: PL spectra of the samples with excitation at (a) 350 nm, and (b) 430 nm.

Table 1: Calculation of band gap with UV-Vis absorption spectra and photoluminescence

spectra
Sample Band gap from UV-Vis | Band gap from PL Emission spectra (eV)
Absorption spectra (eV) Excitation at 350 nm Excitation at 430 nm
CuO 1.6 2.19 2.16
Co/CuO 2.36 221 2.27
Ni/CuO 2.55 2.54 2.47
Co, Ni/CuO 2.86 2.68 2.59

Zeta Potential Measurement:

The stability of the nanoparticles is studied with zeta potential. The results of zeta potential
measurements of all the samples are shown in Fig.4. The samples show higher stability with
greater zeta potential value. This happens due to the coulomb repulsion between the particles
[26]. The obtained zeta potentials the shown in Table 2. The CuO nanoparticle surface has a
net negative charge, likely due to the presence of hydroxyl (-OH) groups, oxygen vacancies,
etc. The negative zeta potential of CuO NPs may enhance their catalytic activity [27].

The nickel-doped copper oxide nanoparticles have higher stability in suspension than the
other samples as it has more negative zeta potential.

Results
Results
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Results

Results
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Figure 4: Zeta potential measurement result of (a) CuO NPs, (b) Ni/CuO NPs, (c) Co/CuO
NPs and (d) Ni, Co/CuO NPs

Table 2: Zeta potential values of the nanoparticles

Sl. No. Sample Zeta Potential (mV)

1 CuO -26.5

2 Ni/CuO -40.8

3 Co/Cu0 -34.3

4 Ni, Co/CuO -35.3
Photocatalytic activity:

In order to check the photocatalytic activity of the samples, degradation of malachite green
dye in presence of the synthesized nanoparticles was studied. About 5 mg of the synthesized
samples was mixed with 1 ppm of MG dye solution. The mixture was kept under a visible
light source under vigorous stirring. Four samples were collected in 30-minutes intervals and
studied with UV-visible spectroscopy. The UV-visible absorption spectra during the
degradation process are shown in Fig. 5. As Ni/CuO NPs had greater suspension stability
than the other nanoparticles, this was used as a photocatalyst for the dye degradation test.
Chemically synthesized Ni/CuO NPs effectively degraded the dye by 62.5 % in 90 min.
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Figure 5: UV-visible absorption spectra of MG dye during photocatalytic degradation with
Ni/CuO NPs as photocatalyst
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4, Conclusion:

Four different sets of copper oxide nanoparticles were successfully prepared with the co-
precipitation method. The optical band gap of all the nanoparticles was calculated with UV-
visible absorption spectra and photoluminescence emission spectra. From both techniques,
the band gap of all the samples was found in the semiconductor range. However, the result
obtained with absorption spectra was more likely to be acceptable as per the literature. The
band gap calculated from emission spectra was almost the same for all the nanoparticles.
Nickel-doped copper oxide nanoparticles were more promising for semiconductor-based
applications such as photocatalysis.
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