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Abstract: In recent years, metal oxide-based nanomaterials have gained
considerable attention due to their wide range of applications in the field of
catalysis, optoelectronics, and medicine. The current study is based upon the
modification of optical and electronic properties of Cu(ll) oxide (CuO)
nanoparticles via doping. The CuO nanoparticles have been prepared by a
simple hydrothermal route without using any template or surfactant. The
optoelectronic modification of nanoparticles was done by the addition of
dopants, i.e., 0%-5% nickel (Ni) and manganese (Mn). The powder X-rays
diffraction (XRD) studies showed the improve crystallinitiy and increase
particle size of CuO via doping. The field emission scanning electron
microscopy (FE-SEM) showed the cauliflower and cluster-like nanostructures.
The band-gap of Cu(ll) oxide nanoparticles was investigated by the diffused
reflectance spectroscopy (DRS). The photoluminescence (PL) measurements
showed the increase in the surface defects and oxygen vacancies via the
introduction of dopants. The presence of Ni and Mn in doped materials was
confirmed by X-ray photoelectron spectroscopy (XPS). Hall measurements
showed that the synthesised nanomaterials exhibit p-type conductivity. This
modification of optoelectronic properties of CuO could present novel strategies
leading to tailored metal oxide nanoparticles.

Keywords: copper oxides; metal oxides; optoelectronic properties; p-type;
conductivity; CuO; p-type; doping; nanostructures; nanoflowers.
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1 Introduction

Metal oxides semiconductors have a wide range of applications in the field of
optoelectronics, gas sensing devices, and catalysis (Basith et al., 2014). The transition
metals oxides nanomaterials (TMO) such as copper oxides (CuQ), iron oxide (FeO),
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nickel oxide (NiO), and zinc oxides (ZnO) possess unique physical and chemical
properties due to their small size, high surface area, which is different from their bulk
counterparts (Basith et al., 2014; Mageshwari et al., 2013). Amongst these TMO, the
CuO attained considerable attention in recent years due to its narrow bandgap and
favourable processing capabilities (Basith et al., 2014). The CuO nanomaterials are
widely used in photocatalysis, gas sensors, adsorbent, supercapacitors, as an electrode of
photocells, as well as in lithium-ion batteries (Basith et al., 2014; Dubal et al., 2013; Xu
et al., 2011; Colmenares et al., 2006; Almquist and Biswas, 2002; Chen et al., 2004;
Kiriakidou et al., 1999). Specifically in this class of materials, the mostly used form of
CuO is copper (1) oxide (Cuz0) (Pollack and Trivich, 1975; Tabuchi and Matsumura,
2002) and copper (II) oxide (CuO) (Chen et al., 2004; Tabuchi and Matsumura, 2002;
Chiang et al., 2012; Masudy-Panah et al., 2016).

The CuO is a p-type semiconductor with good electric conductivity (Nandy et al.,
2009), which arises from cationic vacancies present in the lattice that is generated during
the preparation of nanoparticles (Chauhan et al., 2006; Kikuchi and Tonooka, 2005). The
number of vacancies and hence conductivities vary depending upon the preparation
methods. However, using these methods control over specific stoichiometry is quite
challenging which leads to complication in final adjustment of the oxidation-reduction
route (Kikuchi and Tonooka, 2005). Therefore, to improve the electric and optical
properties of CuO the doping methods have been employed. The modification of
optoelectronic properties of CuO is strongly dependent on the nature of the dopant
employed (Ha et al., 2018). The variation in the optoelectronic properties of CuO
nanoparticles via doping with Zn, Pb, Al, and Fe has been reported by various groups
(Sonia et al., 2015; Bayansal et al., 2015; Basith et al., 2013). The other transition metals
that have been reported include Ni, Ag, Li, and Bi (Basith et al., 2014; Bayansal et al.,
2015; Chand et al., 2014; Huang et al., 2012; Dagdelen et al., 2012). The CuO
nanoparticles doped with Ni ions exhibit hexagonal crystal structure and show
ferromagnetic behaviour at room temperature (Basith et al., 2014). Similarly, Mn-doped
CuO nanoparticles have been reported by Rao et al. (2007). They reported that the
coexistence of Mn*2 and Mn*3 ions and the binary exchange mechanism are responsible
for the ferromagnetism in Mn-doped CuO nanoparticles. Jiang et al. (2016) report the
optical and photocatalytic properties of CuO affected by Mn doping. The chain
mechanism was developed by Zhao et al. (2008) to explain the ferromagnetism in
Mn-doped CuO nanoparticles. Furthermore, the CuO nanoparticles doped with Mn, Fe,
Co, and co-doped with neodymium (Nd) have also been reported in Basith et al. (2014),
Bayansal et al. (2015), Chand et al. (2014), Huang et al. (2012) and Dagdelen et al.
(2012).

The present study is conducted to modify the optoelectronic properties of CuO
nanoparticles for future applications. With this motivation, the Ni (1%-5%) and Mn
(1%-5%) doped CuO nanoparticles were synthesised by the hydrothermal method. The
optical properties were investigated by photoluminescence (PL) and ultraviolet-visible
spectroscopy (UV-Vis). The electrical properties were examined using four-probe and
hall measurements. The crystal structure, morphology, and stoichiometry of nanoparticles
were explored using X-ray diffraction (XRD), scanning electron microscopy (SEM), and
X-ray photoelectron spectroscopy (XPS), respectively.
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2 Materials and methods

2.1 Synthesis of pure and doped CuO nanoparticles

The CuO nanoparticles were synthesised by using modified hydrothermal methods
(Wang et al., 2015). The precursor solutions were prepared by dissolving metal salts in
distilled water. Briefly, the solution was prepared by mixing 50 mL of 0.1 M NaOH and
40 mL of 0.4 M Cu(CH3COO), with constant agitation. The doping was done by adding a
suitable amount of NiCl,.6H,0, (in the case of Ni-doped CuQ), and (MnCl,.6H,0 in the
case of Mn-doped CuO) to the above solution. The hydrothermal treatment was done by
transferring the above solution in the autoclave having Teflon lining. The suspension was
heated in an oven at 5°C per minute at 110°C for 2 hours. After 2 hours the black product
was separated by centrifugation and washed many times using de-ionised water and
ethanol. The synthesised CuO nanoparticles were then dried at 90°C for 12 hours in a
vacuum oven (Wang et al., 2015). The schematic representation of the synthesis of CuO
nanoparticles is shown in Figure 1.

Figure 1 Schematic representation of the synthesis of CuO nanoparticles (see online version
for colours)
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The flame atomic absorption spectrophotometric (FAAS) studies were used to find
percent contents of doped elements (Perkin Elmer Analyst 400) (Balcerzak, 2002). The
powder XRD was done using 3040/60-X-Pert Pro having Cu Kol as a radiation source.
The morphological studies of prepared nanoparticles were done using FE-SEM,
TESCAN, Czech Republic. The prepared nanomaterials were further characterised by the
and UV-Vis diffused reflectance spectrophotometer (Perkin Elmer Lambda 35). XPS
measurements were performed under high vacuum conditions using Omicron system.
The monochromatised Al Ka X-ray source (1,486.7 eV) with Argus hemispherical
electron spectrometer with 128 channels MCP detectors was used. For the PL decay
measurements, the excitation of the sample was made at 306 nm with a pulsed LED
excitation source coupled to FT-300 spectrometer, PicoQuant, Germany. The instrument
works on the principle of the time-correlated single-photon counting (TCSPC) technique.
The hall measurements were conducted using Keithley source metre (2,450) by applying
the magnetic field of 0.58 T perpendicularly to the sample plane.

3 Results and discussion

3.1 Structural characterisation

Figure 2(a) demonstrated the XRD pattern of as-prepared CuO nanoparticles with and
without Ni doping. The pronounced peaks at 26 values of 32.15, 35.55, 38.73, 48.76,
53.41, 61.57, 66.22, 68.14, 72.41, and 75.02 are corresponding to the (110), (-111),
(111), (-202), (202), (-113), (113), (220), and (311) planes, respectively (Khan et al.,
2013). The presence of these diffraction peaks and their sharpness confirmed the
formation of the single monoclinic phase of CuO nanoparticles (JCPDS card
No. 05-0661) (Khan et al., 2013; Igbal et al., 2017). Furthermore, the absence of
diffraction patterns of Ni, NiO, and Cu;O confirms the phase purity of synthesised
nanomaterials. In the case of Ni-doped CuO, the peak position remains almost the same
as that of pure CuO nanoparticles. This is because of the approximately same sizes of
Cu*2 (0.73 A) and Ni*2 (0.69 A) ions, and exchange of these ions results in the no
observable distortion in the lattice parameter of CuO (Meneses et al., 2008). The crystal
structure of CuO nanoparticles is shown in Figure 2(b).

The Debye-Scherrer equation (Marczenko et al., 1980; Bashir et al., 2019; Bashir
et al., 2020a, 2020b) is used to check the variation of crystallite size of nanomaterial with
the dpoing (Titirici et al., 2006; Williamson and Smallman, 1956; Prabu et al., 2017;
Shkir and AlFaify, 2017). The results are presented in Table 1. The results showed the
increase in the crystallite size from 20 to 54 nm after the introduction of Ni as a dopant.
This increase in the crystallite size might be due to the:

1 distortion in the crystal lattice of CuO after doing with the Ni ion

2 prevention of the direct contact between the particles due to the movement of Ni ion
at boundaries of grains

3 or due to the smaller ionic radii of Ni*2 (0.69 A) as compared to Cu*2 (0.73 A) (Shkir
and AlFaify, 2017).

With the help of the XRD pattern, various other structural parameters were also
calculated and listed in Table 1.
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Figure 2 (a) XRD pattern un-doped and doped nanomaterial, (b) A representation typical crystal
structure of pure CuO nanoparticle (see online version for colours)

(b)

Table 1 Crystallite size, lattice parameters, cell volume of synthesised nanoparticles

Lattice parameters Cell Weight %

Sample — -

Crystallite size (nm) a(A) b(A) c(A) volume of Ni
CuO 20.0 4.68 3.44 5.13 81.90 0
Ni-1% 23.0 4.68 3.44 5.13 81.88 1.02
Ni-2% 27.2 4.68 3.44 5.13 81.56 2.22
Ni-3% 315 4.68 3.43 5.13 81.41 2.98
Ni-4% 39.8 4.68 3.43 5.13 81.30 4.00
Ni-5% 422 4.68 3.43 5.13 81.22 5.15

Figures 3(a) and 3(b) demonstrate the diffraction results of synthesised CuO and without
and with Mn doping. The diffraction pattern is matching well with the JCPDS card
number 01-080-0076, corresponding to the monoclinic phase of CuO (Igbal et al., 2017).
Furthermore, the sharpness of the peaks depicted the highly crystalline nature of CuO
with and without doping. In the CuO system, a slight distortion in the crystal structure is
observed due to the substitution of Cu*2 by Mn*2 ions as seen from shifting of the
diffraction peak at 8 = 35.45° and 38.85° [Figure 3 (b)]. The shifting of peaks is already
reported in the literature which might be due to the formation of defects and oxygen
vacancies (Ha et al., 2018). The stronger peaks present at 8 = 35.45° and 38.85° showed
the preferred crystal planes of nanoparticles. No other peak related to impurities such as
Mn or hydroxide is observed in the diffraction pattern. It is observed that peak intensity is
increased with Mn doping and is maximum for the 5% Mn-doped CuO nanoparticles.
Table 2 showed the crystallite size of CuO nanoparticles with and without Mn
doping. The crystallite sizes range from 23.7 nm to 20.0 nm. Lattice distortion has been
induced by Mn doping and, resultant an increase in the crystallite size and lattice
parameters is observed. Due to greater ionic radii of Mn*2 (0.83 A) as compared to Cu*?
(0.73 A) the increase in crystallite size and ionic radii has been observed as already
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reported in Chandramohan et al. (2018). The other parameters such as cell volume and
unit cell lengths of synthesised nanoparticles are shown in Table 2.

Figure 3 XRD pattern of Mn-doped CuO nanoparticles (b) Enlarged view of the peak at 38.85
and 35.55, variation of cell volume and particle size with metal contents (c) For the Ni
doped CuO (d) For Mn-doped CuO (see online version for colours)
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Table 2 Crystallite size, lattice parameters, cell volume of synthesised nanoparticles
Lattice parameters ight ©
sample __ p Cell Weight %
Crystallite size (nm) a(A) b(A) c(A) volume of Mn

CuO 20.5 4.68 3.43 5.13 81.91 0
Mn-1% 219 4.68 3.42 5.14 81.80 1.23
Mn-2% 225 4.68 3.42 5.14 81.36 1.82
Mn-3% 23.8 4.68 3.42 5.15 81.22 2.87
Mn-4% 25.1 4.68 3.43 5.15 80.11 3.90
Mn-5% 29.7 4.68 3.43 5.15 80.06 5.00

The lattice parameters obtained from the XRD pattern for Ni and Mn doped CuO
nanoparticles are shown in Tables 1 and 2. No systematic trend is observed for the
variation in the unit cell lengths of doped and un-doped nanoparticles. It might be due to



Influence of manganese and nickel doping on optical and electric properties 21

the complexity of the monoclinic crystal structure of CuO and anisotropic variation in the
crystal lattice. The variation of unit cell volume and crystallite size obtained from the
XRD pattern as a function of dopant concentration is shown in Figures 3(c) and 3(d).
From the figure, it is clear that unit cell volume and crystallite size vary with the dopant
concentration, thus confirming the incorporation of Ni and Mn ions within the CuO host
lattice.

The presence of dopants and oxidation states of metals in synthesised nanostructures
is confirmed by the XPS. The XPS spectrum of Ni-doped CuO (5% Ni) is shown in
Figures 4(a) and 4(c). The peaks for Cu, O, and Ni are observed, which confirms the
presence of dopants in the sample. The magnified XPS spectra for Cu2ps, and Cu2pi.,
are shown in Figure 4(a). The peak at 936.08 eV is corresponding to the Cu2ps, which
confirms the growth of CuO nanostructures. XPS spectrum shows the presence of two
strong satellite peaks. These peaks are characteristics peaks of Cu*2. It is possible to
distinguish between different oxidation states of Cu using these satellite features. The
Cu2pss, peak in Cu (Il) is shifted and is much wider as compared to Cu (I) oxide. Thus
the XPS spectra confirm that copper is present only in Cu*? state (Ha et al., 2018).

Figure 4(b) shows the XPS spectra of O1s. The broad and asymmetric peaks indicate
that there is more than one chemical form of oxygen existing in the sample. Two main
oxygen peaks are observed in the spectra. The peak at 528.96 eV is corresponding to the
lattice oxygen (Cu-O bond), and it makes the primary contribution to the spectrum. The
other peak that appeared at 532.88 eV is corresponding to the chemisorbed surface
hydroxyl oxygen (O-H bond) (Ha et al., 2018). Figure 4(c) showed the XPS spectrum of
Ni2ps and Ni2pi2. The peak at 855.56 eV is corresponding to the Ni2ps level, while
the peak at 851.81 eV is assigned to the Ni2pi,. These satellite peaks for Ni2ps;, and
Ni2p1/, confirmed the formation of NiO nanostructures (Ha et al., 2018).

The XPS septum of CuO doped with Mn*?2 is demonstrated in Figures 4(d) and 4(f).
Again, the peak appeared at 936.08 eV with two satellites corresponding to Cu2Ps;
confirm the presence of Cu*2 ions in the sample [Figure 4(d)]. The XPS spectrum for O1s
is shown in Figure 4(e). The two peaks were observed, i.e., at 529.08 eV and 533.26 eV,
corresponding to the Cu-O bond and surface adsorbed OH groups. The XPS spectra of
Mn2P are shown in Figure 4(f). The two peaks appeared at 644.21 eV and 651.98 eV.
These two peaks are corresponding to the Mn*2 ions. The absence of the peak at 638.7 eV
and 641.4 eV confirmed the absence of Mn metal and MnQO; in the synthesised
nanostructures. So, in synthesised nanomaterials, the Mn is present in a +2 oxidation
state.

3.2 Morphological studies

The exact percentage of Ni and Mn in the doped CuO sample is measured using FAAS as
presented in Tables 1 and 2. The values obtained are well matching with the proposed
results. The SEM images of pure CuO nanoparticles are shown in Figures 5(a) and 5(d).
It is clear from images that pure CuO exhibited flower-like morphology. This
cauliflower-like morphology was also observed by Dubal et al. and Jianjian Shi et al.
(Zhao et al., 2008). The undoped CuO nanoparticles have aggregated together leading to
a bigger grain size similar to the cluster or flower-like appearance.
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Figure 4 The XPS spectrum of CuO with Ni*2 doping, (a) Cu2P, (b) O1s, (c) Ni 2P, XPS
spectrum of Mn*2 doped CuO, (c) Cu2Pz, (d) O1s, (e) Mn 2P/ (see online version
for colours)
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Figure 5 SEM images of pure CuO nanoparticles, (a) X = 20,000 (b) X = 40,000 (c) X = 80,000
(d) 160,000 (see online version for colours)

The SEM images of CuO nanoparticles doped with various concentration of Ni are
shown in Figures 6(a) and 6(c). With the increase in Ni concentration, the grain size also
increased as clear from figure. However, the flower-like appearance of nanoparticles
decreased with Ni concentration and that is because of the doping effect of Ni*2 ions in
the crystal lattice of CuO. With 5% Ni contents the morphology appeared like collapsed
clusters (Basith et al., 2014; Dubal et al., 2013).

Figure 6 SEM images of Ni doped CuO nanoparticles, (a) 1% Ni (b) 3% Ni (c) 5% Ni
(see online version for colours)

The SEM images for Mn-doped CuO nanoparticles are shown in Figures 7(a) and 7(f).
The results are similar as obtained for CuO doped with Ni*2 ions. The increase in grain
size is observed for various concentrations of Mn. However, the morphology changed
from a flower-like appearance to collapsed clusters. The presence of Mn*? ions at
interstitial points in CuO lattice is the main reason for the change in the morphology of
nanoparticles with doping (Dubal et al., 2013).

3.3 Optical properties

The variation in the optical properties of CuO via doping is analysed by DRS. The data
was recorded in the range of 200-1,100 nm. The absorption spectrum of CuO with and
without Ni*2/Mn*2 ions is presented in Figures 8(a) and 8(b). In the case of Ni/Mn-doped
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CuO the absorption intensity increased with the doping concentration. The optical band
gap energies were calculated by using relationship (a0 hv) = A(hv — Eg)" (Callister and
Rethwisch, 2011). In the case of Ni-doped CuO blue shift is observed in absorption
spectra of the synthesised nanoparticles. The calculated band gap energy for pure CuO
nanoparticles is equal to 1.26 eV. However, the band gap for doped CuO increased to
1.31eV, 1.34 eV, 1.36 eV for 1%, 3% and 5% Ni doping, respectively [Figure 8(c)].

Figure 7 SEM images of Mn doped CuO, (a)—(b) 1% Mn (c)—(d) 3% Mn (e)—(f) 5% Mn
(see online version for colours)

In the case of Mn-doped nanoparticles, the absorption edge is shifted towards the lower
wavelength. The calculated bandgap is 1.76 eV, 1.70 eV, 1.65 eV and 1.60 eV for pure,
1% Mn, 3% Mn and 5% Mn-doped nanoparticles, respectively [Figure 8(c)]. The
increased bandgap observed in this case can be attributed to a well-known effect that is
band tailing effect (Basith et al., 2014; Chand et al., 2014; Jayaprakash et al., 2015). The
calculated band-gap energies for CuO nanoparticles doped with Mn*2 are greater than the
pure CuO. This increase in band-gap is further supported by literature values (Basith
et al., 2014; Jayaprakash et al., 2015).

The PL is a very useful tool to determine band-gap energy and to check the purity of
nanomaterials as, semiconductor oxide’s emission is affected by many factors s,
including the morphology of particle, concentration, and size of dopant. The
representative PL plots of CuO with and without (3%) Mn*2/Ni*? ions are represented in
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Figure 8(d). The representative sample showed green colour emission peaks at 530 nm in
the visible region of the spectrum. This PL peak is not due to the band-gap emission but
can be attributed to the defects and oxygen vacancies present in the synthesised
nanoparticles (Ramya et al., 2016). These defects sites and oxygen vacancies increase
with the doping. These generally act as intrinsic defects and results in the generation of a
new energy gap between the valance and conduction gap of CuO nanostructures. It is
clear from the graphs that PL intensity [Figure 8(d)] is gradually increased from pure
CuO to Mn and Ni-doped CuO, corresponding to the increased surface defects, oxygen
vacancies, and more availability of photogenerated charge carriers in the prepared
materials (Basith et al., 2014; Kannaki et al., 2016).

Figure 8 (a) UV-Vis of CuO with and without Ni*2 ions (b) UV-Vis of CuO with and without
Mn*2 ions (c) Variation of bandgap in case of Ni/Mn-doped CuO (d) PL spectrum of
representative samples (see online version for colours)

3.4 Electrical properties

The electric properties of pure and doped CuO nanostructures are accessed using Hall
measurements. The measurement is done using the Vander Pauw configuration at room
temperature. The data showed that the Hall coefficient is greater than zero for pure and
doped samples, which indicates that all samples exhibited p-type conductivity. The
resistivity for various samples is demonstrated in Table 3. The data showed that the
values of electric resistivity vary slightly with the various concentration of Ni and Mn. In
general, the value of resistivity decreased with the introduction of dopant. The increase in
conductivity is due to the increase in the surface defects and Cu vacancies with the
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dopant concentration. As already reported in the literature that the increase in electric
conductivity of CuO film is due to the development of more Cu vacancies (Ogwu et al.,
2007; Drobny and Pulfrey, 1979).

Table 3 Variation of resistivity of CuO with Ni/Mn doping

Sample Resistivity (Ohm cm) Sample Resistivity (Ohm cm)
CuO 1.93E4 CuO 1.88E4
Ni-1% 1.67E3 Mn-1% 1.78E3
Ni-3% 1.26E2 Mn-3% 1.47E2
Ni-5% 1.18E2 Mn-5% 1.20E2

The variation of carrier concentration and mobility with various concentrations of Mn/Ni
is shown in Figures 9(a) and 9(b). From Figure 9 it is clear that the carrier concentration
and carrier mobility increase with doping in both cases. In the case of Ni doping the
carrier, concentration is increased from 1E15 to 4E15 per cm3. However, the mobility
increased from 10 to 23 cm?V-!S-1. Similar results have been obtained in the case of
Mn-doped CuO nanoparticles [Figure 9(a)]. One possible reason for the increase in
carrier concentration in both cases is due to the increase in the Cu vacancies with doping.
The improvement in the mobility might be due to the improved crystallinity of CuO
nanostructures with Ni and Mn doping as already reported in Gopalakrishna et al. (2013),
Jundale et al. (2012), Gongalves et al. (2009) and Shen et al. (2015).

Figure 9 Carrier concentration and carrier mobility in case of (a) pure and Ni doped samples and
(b) pure and Mn doped samples (see online version for colours)
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4  Conclusions

The hydrothermal method was used to synthesise CuO nanoparticles and it was proved to
be a successful way of obtaining pure and doped nanoparticles. These nanoparticles were
characterised by different techniques such as XRD, UV-Vise and PL, XPS, and SEM
analysis. Newly synthesised nanoparticles have larger surface areas and their light
absorption ability has been extended to the visible region which can enhance their
photocatalytic activity as depicted through PL and UV-Vis spectroscopic studies. Cupric
oxide has gained importance because of its usage in optoelectronics and electronic
devices, gas sensors, nanofluids, high-temperature superconductors, magnetic storage
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devices, and catalysts. It is expected that the nanoparticles being synthesised may offer
some exciting opportunities for potential applications in solar cells, catalysis, and
high-temperature superconductors.
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