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Nanoparticles doped with transition metal elements have attracted considerable interest due to their unique physical and
chemical properties, which can be finely tuned for diverse applications. This study looks at the structural and optical properties
of manganese (Mn)-doped copper oxide (CuO) nanoparticles. X-ray diffraction (XRD) and the Rietveld refinement analysis
revealed a well-monoclinic structure without a second phase, indicating successful doping without significant changes in the
CuO crystal lattice. The scanning electron microscope (SEM) images show that the pure and Mn-doped CuO nanoparticles
have a spherical-like morphology. The optical study shows notable alterations in the absorption spectra with Mn doping. The
correlation potential was calculated using the band structure and density of states (DOS) by employing the density functional
theory (DFT) method using the BURAI GUI of Quantum ESPRESSO. Remarkably, a significant enhancement in the optical
properties was observed with the Mn doping, indicating the successful tuning of the bandgap and the potential for creating
nanoscale optoelectronics materials. Such insights are valuable in understanding the underlying physics in order to guide

the functional nanomaterials’ design for various next-generation technological applications.

INTRODUCTION

Nanotechnology has emerged as a revolutionary
field with profound implications across various scienti-
fic disciplines and industrial sectors. For numerous se-
miconducting applications, including gas sensors, bio-
sensors, photodetectors, light emitters, non-volatile
storage devices, and magnetic storage devices [1-7],
nanoparticles, especially those based on copper oxide,
are desirable. Due to its responsiveness to a relatively
small magnetic field, CuO has found widespread use
in supercapacitors [8]. Copper oxide (CuO) is a p-type
semiconductor with a narrow bandgap of 1.2-1.9 eV
having antiferromagnetic properties [9]. Recent studies
have shown that the CuO photonic characteristics make
it a promising candidate for a room-temperature ferro-
magnetic material [10,11]. Doping CuO with transition
metal elements has garnered significant attention due
to its exceptional properties, which can be precisely
tailored for diverse applications. Transition metal-doped
wide bandgap semiconductors exhibit ferromagnetism at
room temperature, as discovered by Z. Yu et al. [12]. It is
a prime contender for low-cost photovoltaic applications
due to its narrow bandgap energy, low price, non-toxicity,
and high optical absorption coefficient [13]. Despite
contentious methods being proposed to explain the

magnetisation of nanoscale CuO, little is known about
it. For example, CuO nanoparticles with an unpaired
electron spin on their surface exhibit ferromagnetism at
room temperature, as reported by Elsharawy et al. [14].
According to studies by Gao et al. [15] and K. Tamizh et
al. [16], oxygen vacancies (Vo) at the interface or shell
may be responsible for the magnetic characteristics of
CuO nanoparticles.

Furthermore, numerous studies of transition metals
doped with CuO have shown that their chemical and
physical properties are affected. Nickel [17], iron [18],
magnesium [19], zinc [20], cobalt, manganese [21], and
other dopants have been found to influence the efficiency
of copper oxide nanostructures. Manganese is thought
to improve the nanostructures’ visible light absorption
by establishing an additional energy state within the
bandgap [22]. This is a transitional state for charged
particles travelling between bands. Even though many
studies on Mn-doped CuO nanostructures have already
been conducted, using DFT studies to combine the
theoretical and experimental efforts aimed at providing
a better understanding of the role of Mn-doping,
particularly of its band structure and density of the state
properties, more details still need to be investigated.
This study explores the multifaceted nature of Mn-doped
CuO nanoparticles by examining their structural and
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optical properties. By comprehensively understanding
the interplay between these properties, we can advance
the design and development of advanced nanomaterials
with tailored functionalities. Such advancements hold
immense promise in addressing the current technological
challenges while providing innovative solutions for the
future. In this context, we present a detailed analysis
of the synthesis process, characterisation techniques,
and experimental results obtained for Mn-doped CuO
nanoparticles. The findings of this investigation can
contribute significantly to the growing body of knowledge
in nanoscience and nanotechnology, ultimately driving
the realisation of cutting-edge applications that harness
the full potential of Mn-doped CuO nanoparticles.

EXPERIMENTAL METHODS

Pure CuO nanoparticles (NPs) were produced
using a sol-gel method. In 20 mL of methanol, 5 g of
Cu (NOs;),5H,0 was dissolved. To aid in the gel forma-
tion, the solution was mixed and appropriately dissol-
ved for 1 hour before being stored for 2 days and then
dried in an oven at 200 °C for two hours. After that,
the dried powders were calcined at 500 °C for 10 min
using a microwave sintering system with a heating and
cooling rate of 50 degrees per minute. Then the same
procedure was used for CuO: Mn, except 0.2 wt. % of
Mn(NO,),,H,0 was added as a dopant. To examine the
differences between the pure and Mn-doped CuO NPs,
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Figure 1. Rietveld refinement profile of the XRD data of the
fabricated nanoparticles.

a powder XRD (X-ray diffractometer) was used. A selec-
tive area electron diffraction (SAED) analysis and high-
resolution transmission electron microscopy (TEM,
JEM-2100F) were used to determine the d-spacing of the
Mn-doped CuO nanoparticles. Field Emission Scanning
Electron Microscopy (FE-SEM) (JSM7600F) validated
the structure and composition of both the pure and
Mn-doped CuO NP. BURAI software was employed
to design the band structure and density of state for the
Mn-doped CuO sample.

RESULTS AND DISCUSSION

The structure and crystallite size of the pure and
doped CuO samples were examined using XRD mea-
surements. The pure and Mn-doped CuO powder diffrac-
tograms are shown in Figure 1 over the 20° to 70° range.
Nine diffraction peaks were found for the pure and
Mn-doped CuO samples matching with the standard
JCPDS No0.048-1548 of the CuO crystal well [23]. The
recorded diffractogram demonstrates that the monoclinic
phase with a space group of C2/c was effectively created
in the investigated samples. The lack of additional peaks
and the observation of the usual peaks of monoclinic
CuO indicate that the synthesised material developed in
a single phase. Interestingly, the diffraction peaks of the
Mn?* doped CuO samples and pure CuO samples seemed
to be identical, suggesting that the Mn?* dopant ions,
which have a comparable ionic radius (0.074 nm) to the
host ion Cu®" (0.073 nm), did not influence the phase
and texture of the parent material [24]. Unlike intersti-
tial sites, dopant ions occupy a lattice site, eliminating
the possibility of second-phase growth in the material.
Furthermore, the diffraction peaks of the Mn-doped CuO
are stronger and narrower than those of the pure CuO,
showing that Mn-doping increases the crystallinity while
decreasing the crystallite size [25]. When the tiny host
ion Cu®" is replaced with the significant dopant Mn*"
ion, the d-spacing changes, resulting in substantial peaks
shifting in the doped CuO, both samples had extreme-
ly crisp diffraction peaks, indicating that the materials
were created with high crystallinity. By evaluating the
diffraction peaks of both prepared materials, the grain
size (QG), dislocation density (and % crystallinity) could
be calculated using the relationships mentioned in Equa-
tions 1, 2, and 3, respectively [26-28], and the obtained
parameters are reported in Table 1.

Table 1. Crystallographic properties of the pure and Mn-doped CuO samples measured at room temperature and estimated from

the XRD data analysis.
Sample 2theta FWHM dy Dp Crystallinity Dislocation
P ) ) (nm) (nm) (%) density
CuO 36.545 0.211637 2.456742 41.31 73.17 0.0028
CuO : Mn 36.347 0.250641 2.512601 34.86 74.58 0.0033
380 Ceramics — Silikaty 67 (3) 379-386 (2023)
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As revealed by the structural refinement, the pure
and Mn-doped CuO samples crystallise in the mono-
clinic C2/c space group, as shown in Figure 2a. Cu*" is
linked to four equivalent O* atoms in a square co-pla-
nar shape. Two shorter (1.95746 A) and two longer
(1.95478 A) Cu—O bond lengths exist. O* is bound to
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four comparable Cu** atoms to form an OCu, tetrahedra
mixture with shared edges and corners. One of the most
important results of the X-ray crystallography is a three-
dimensional Fourier map, which is made by analysing
the X-ray diffraction data. This Fourier map shows how
the electrons are spread out in the CuO crystal. It is a very
important part of figuring out the atomic structure of the
material being studied. If we know the electron density
map, we can figure out how the atoms are arranged in
the crystal structure in three dimensions. This process is
necessary to understand the crystal structure and learn
about the features and behaviour of the material. Figure
2a shows how the data from the structure refinement
can be used with the G Fourier software to make a 3D
Fourier map for the electron density. An electron density
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Figure 2. Crystal structures of the Mn-doped CuO crystal (a), 3D Fourier map for the electron density (b), and their 2D contour

maps in the Mn-doped CuO crystal (c, d).
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diagram, also called an electron density map or plot,
is a picture of how the electrons in a crystal lattice are
spread out. It is often used in crystallography to see how
electrons are packed together and to study how they are
arranged around the atomic nuclei. In X-ray diffraction,
for example, the electron density map of CuO (Figure
2b) is an essential tool for figuring out how the crystal
is built in three dimensions. It is made by looking at the
diffraction pattern from X-ray crystallography studies
and figuring out what it means. Figures 2b and 2¢ show
the number of electrons by different colours or outline
lines. It is a valuable tool for figuring out how other
materials are put together and what their qualities are at
the atomic level.

For the diffraction pattern, the atomic structure
factor (F),,) is shown as [29-30]:

F =101 p, (3, 2) exp{2mi (hx + ky + I2)}dx dy dz (4)

The electron density is obtained using an inverse
Fourier transform based on the equation mentioned
above:

px,y2)= % Y F,, exp{2ni (hx+ky+1z)} (5)

Usually, areas with more electrons are shown in
yellow or thick contour lines, while areas with fewer
electrons are shown in lighter colours or with thinner
contour lines. This image shows how the atoms are
arranged and connected and if there are lone pairs or
areas with high electron concentrations in the crystal.
It can also show if a crystal structure has disorganised
areas around the molecule in the middle. We can note
that the electron density map shows how the electrons
are spread out on average in the crystal or molecule. It
does not show how the electrons are moving or where
they are going though.

Figure 3. HRTEM images of the Mn-doped CuO sample (a), heir SAED patterns (b), SEM images of the pure and Mn-doped CuO
nanoparticles (c, d).
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Figure 3a shows an image of the Mn-doped CuO
taken using a high-resolution transmission electron
microscope (HRTEM). This image reveals two different
interplanar distances related to the planes (101) and
(111). Figure 3b shows that CuO nanoparticles are poly-
crystalline based on their SAED patterns. In this way,
lattice fringes typical for CuO nanoparticles are demons-
trated. The surface morphology is examined by the
FE-SEM characterisation method. The surface morpho-
logy dynamically tunes the physical characteristics of
the produced materials. Figure 3c-d shows the FE-SEM
images of the pure and Mn-doped CuO nanoparticles at
the same magnification. They are perfectly controlled in
size, form, and internal structure. The Image j software
was used to calculate the average grain size of the pure
and Mn-doped CuO host lattice samples. After doping,
the average grain size decreased from roughly 46.24
to 40.76 nm. Furthermore, the FE-SEM images show
that the CuO nanoparticles with well-defined shapes
have some nanoparticle aggregation, which increases
in the doped samples compared to the pure ones. The
aggregation increases demonstrating that the Mn doping
significantly influences the morphological features.

The energy-dispersive X-ray (EDX) spectra and
elemental analysis of the pure and Mn-doped CuO na-
noparticles were determined using the X-ray energy-
dispersive spectroscopy (EDS) connected to the field
emission scanning electron microscope. Only the exis-
tence of the elements copper and oxygen was verified.
The quality of the produced samples and the presence of
all the components are confirmed by the EDX profiles in
Figure 4a, b.

The UV/visible absorption spectra of the pure
and Mn-doped CuO lattice were measured in the
200-1100 nm wavelength range, as displayed in Figu-
re 5a. CuO materials with Mn doping and pure CuO
materials exhibit high absorbance, but the Mn-doped

CuO material also exhibits a redshift in the absorption
edge. This redshift indicates that the Mn-dopant is
responsible for reducing the bandgap by developing
a sub-energy level in the bandgap of the CuO host. The
decrease in the bandgap permits the Mn-doped sample
to absorb to a higher degree in the UV/visible spectrum.
The absorbance spectra enable us to estimate the optical
gap energy values using the Tauc formula [31,32].

(ahvy' = A (hv—E,) (©6)

where 4 is the absorbance, 4v is the photon energy, # is
a number that relies on the electronic transition nature
(n = 1/2 in our sample), and E, is the optical bandgap
energy. The Tauc plots for the pure and Mn-doped CuO
materials are displayed in Figure 5b.

One might estimate the optical band gap value for
a particular sample by extending the linear section of
the sample’s Tauc plot to the x-axis. According to the
calculations, the computed bandgap energies for the pure
and Mn-doped CuO material are 2.11 eV and 1,80 eV,
respectively. Our Mn-doped CuO material is expected
to absorb the maximum light quantity and generate
reduced bandgap energy. When the Mn-doped the CuO,
the Mn introduces additional energy levels within the
band structure. The specific effect on the bandgap energy
depends on the concentration of the Mn atoms and their
arrangement in the lattice. There are several possible
reasons behind the tuning in the bandgap energy of CuO
after Mn doping; the Mn atoms can introduce impurity
states in the band structure, which create new energy
levels within the bandgap. These impurity states can
act as intermediate energy levels for electrons, allowing
them to transition between the valence and conduction
bands with lower energy. This effectively reduces the
bandgap energy, as shown in Figure 5b, consistent with
literature reports [33-35].

Figure 4. EDX spectra of: a) the pure, b) Mn-doped CuO nanoparticles.
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It is important to mention that the DFT calculations
are widely used to understand the electronic and struc-
tural properties of materials at the quantum level. This
analysis may provide valuable insights into the mecha-
nisms responsible for the changes in the electronic
structure upon the Mn doping in CuO, which can be
crucial for understanding the material’s behaviour and
potential applications. However, it is essential to corro-
borate these theoretical findings with experimental data
to validate the accuracy and reliability of the DFT-ba-
sed predictions. Comparing the theoretical results with
the experimental measurements will provide a com-
prehensive understanding of the material’s properties
and pave the way for further investigations and appli-
cations in the future. We have provided a detailed
analysis of the theoretical results obtained from the DFT
calculations and structural refinement for the Mn-doped
CuO. Based on the information we mentioned in the
structural analysis, it is evident that the Mn 3d states play
a significant role in influencing the electronic structure
and bandgap of the material. Let’s summarise the key
points from analysis: Mn 3d State Contributions: (i)
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The presence of Mn 3d states in the electronic structure
of Mn-doped CuO substantially impacts the valence
band region. This contribution is likely responsible for
altering the material’s electronic properties. (ii) Active
Transitions: The transitions involving the Mn 3d states
in the Mn?" ions are likely to be actively participating
in the electronic processes within the material. These
transitions can lead to changes in the band structure and
bandgap. (iii) sp-d Exchange Interactions: The strong
exchange interactions between the band electrons and
the localised ‘d’ electrons of the Mn*" dopant play a cru-
cial role in modifying the electronic properties. These
interactions can influence the band structure and bandgap.
(iv) Hybridization with O 2p States: The position of the
Mn 3d states above the valence band maxima (VBM)
causes them to hybridise with the O 2p states. This
hybridisation effect results in the pulling up of the VBM,
which decreases the bandgap after the Mn doping. The
combined effect of the factors mentioned above results
in the observed decrease in the bandgap of the Mn-doped
CuO compared to the pure case.
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Figure 5. UV-spectra (a) and Tauc plot (b) of the pure and Mn-doped CuO lattice and the band structure and density of the state

diagrams for the Mn-doped CuO crystal (c, d).
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CONCLUSION

In conclusion, this study investigated Mn-doped
CuO nanoparticles’ structural and optical properties. The
results showed that the Mn-doped CuO nanoparticles
had a well-monoclinic structure without a second phase,
indicating successful doping without any significant
changes in the CuO crystal lattice. The optical study
revealed notable alterations in the absorption spectra
with the Mn doping. The density functional theory
(DFT) method was employed to calculate the correlation
potential using the band structure and density of states
(DOS). Remarkably, a significant enhancement in the
optical absorption in the visible region was observed
with the Mn doping, indicating the successful intro-
duction of transition metal dopants and the potential
for creating nanoscale optoelectronic materials. These
findings demonstrate the potential for tuning the physical
and chemical properties of CuO nanoparticles through
transition metal doping, which could have important
implications for various technological applications,
including data storage, catalysis, and photovoltaics
devices. Further research is needed to fully understand
the underlying physics and guide the design of functional
nanomaterials for these applications.
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