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In this study, CuO and Cug.92Mno.02F€0.060 Nanosheets were synthesized via
the hydrothermal method. X-ray diffraction (XRD) was employed to
characterize the structural features of the samples, while field-emission
scanning electron microscopy (FESEM), elemental mapping (Map), and energy-
dispersive X-ray spectroscopy (EDS) were used to investigate their surface
morphology. The magnetic properties of the samples were examined using a
vibrating sample magnetometer (VSM).

The results of quantitative and qualitative analyses revealed that both samples
grew in nanosheet form and exhibited a monoclinic structure with the C2/c
space group. Magnetic measurements indicated that pure CuO exhibits
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Structural Properties,
paramagnetic behavior,

ferromagnetic properties
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paramagnetic behavior, whereas the Mn- and Fe-doped compound
CUo.92Mno.02Fe0.060 demonstrates ferromagnetic properties.

Introduction

In recent years, the study of materials with nanoscale
structures has attracted considerable attention from
researchers. The simultaneous combination of
semiconducting and magnetic properties in
semiconductor oxides makes them highly efficient
candidates for processes such as dye degradation [1].
Among this class of metal oxides, copper oxide (CuO)
nanoparticles have gained particular importance due to
their non-toxicity and low production cost. At the
nanoscale, CuO is a p-type semiconductor with a
monoclinic  crystal structure, exhibiting diverse
applications in fields such as antimicrobial agents, lithium-
ion batteries, and solar cells [2].

Doping CuO with transition metals, particularly iron
(Fe), induces significant modifications in its magnetic,
electrical, and optical properties [3]. To date, various
methods have been developed for the synthesis of
nanostructured semiconductor oxides, including
microwave-assisted synthesis, hydrothermal methods,
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sputtering, electrochemical deposition,
processing, and co-precipitation [4].

In the present study, the hydrothermal method was
employed to synthesize the samples. The crystal structure
of the synthesized compounds was examined using X-ray
diffraction (XRD). In addition, their morphology was
analyzed by field-emission scanning electron microscopy
(FESEM), elemental mapping, and energy-dispersive X-ray
spectroscopy (EDS). The magnetic properties were
further investigated using a vibrating sample
magnetometer (VSM).

sol—gel

Experimental Work

A. Preparation

For the hydrothermal synthesis of CuO (abbreviated as
CO) and Cuo.92Mno.02Fe0.060 (abbreviated as CM2F60),
copper (ll) nitrate trihydrate [Cu (NOs),-3H,0], iron (lll)
nitrate nonahydrate [Fe (NOs)s-9H,0], and manganese (ll)
nitrate tetrahydrate [Mn(NOs),-4H,0] were used as
precursors. The precursors were dissolved in 40 mL of
deionized water according to the calculated
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stoichiometric ratios, and the resulting solution was
stirred at room temperature for 20 minutes using a
magnetic stirrer.

Subsequently, potassium hydroxide (KOH) solution
was gradually added to the initial solution until a final
concentration of 0.5 M was achieved. The mixture was
stirred magnetically for an additional 6 hours and then
transferred to an autoclave. The hydrothermal process
was carried out at 160 °C for 3 hours.

After removal from the autoclave, the precipitate was
washed several times with deionized water. To ensure
neutral pH, the washing process was repeated using
centrifugation. Finally, the product was dried at 80 °C for
6 hours, yielding black CuO and Cup.s2Mne.02F€0.060
powders.

Results and Discussion

A. X-ray Diffraction (XRD)

The crystal structures of the samples, as determined by
X-ray diffraction, are shown in Fig. 1. For the CuO sample,
a monoclinic structure with space group C2/c (reference
code: 00-048-1548) was obtained. The
CUo.92Mno.02Fe0.060 sample exhibited the same structure.
Since the ionic radii of Fe and Mn are smaller than that of
Cu, these ions readily substituted Cu ions within the CuO
crystal lattice without altering its monoclinic structure.

The XRD patterns of the samples display two major

peaks corresponding to the (111) and (—111) planes. The
CuO sample is single-phase and free of impurities, as
shown in the figure.
The refinement results are presented in Fig. 2, and the
corresponding  crystallographic  parameters  are
summarized in Table 1. To obtain lattice constants (a, b,
and c), B angle, and unit cell volume (V) of all the samples,
the FullProf software was used. The refinement results
are presented in Fig. 2, and the corresponding
crystallographic parameters are summarized in Table 1.
As one can infer, the network constant, B angle and V of
the CuO sample are in an acceptable agreement with the
standard monoclinic structure of the CuO (a = 4.6883 A, b
=3.4229 A, c=5.1319 A, B =99.50600, and V = 81.22 A3).
Generally, these results indicate a reasonable agreement
between the experimental and the theoretical data.
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Fig. 1: X-ray diffraction (XRD) patterns of the samples.
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Table 1: Lattice parameters, unit cell volume, and goodness-of- (C) CM2F60
fit (GOF).
Sample co CM2F60
Space group C2/c C2/c
structure Monoclinic Monoclinic
a(A?) 4.6730 4.6829 A
- Tl
b(A°) 3.4140 3.4177 @ =
= 6
c(A°) 5.1240 5.1300 S
a 90 90 S 5
B 99.496 99.498 = * H
‘ [ [1
Y 90 90 100 nm EHT = 10.00 kV %o 20 30 40 50 60
Wp= 54mm D(nm)
GOF 1.24 1.67
V (A3) 80.6262 80.9768

B. Surface Morphology
(c) CM2F60

FESEM images at a magnification of 100 nm along with
elemental mapping are shown in Fig. 3. The CuO
nanosheets clearly exhibit diverse dimensions. Upon the
incorporation of Fe, the morphology of the nanosheets in
the Cuo.92Mno.02Fe0.060 sample changes, becoming more
irregular and sharper in appearance.

The EDS results for the samples are summarized in
Table 2. These results confirm the absence of any
secondary phases in the samples. The additional Au peaks = B
observed in the spectra are attributed to the gold coating [; S ,' I ‘{ i b! Y : - '1'0' ) '1'2' : '1'4 'ke:,
applied to the nanosheets during the EDS analysis.

As an example, the elemental mapping analysis of the
CUo.92Mng.02F€0.060 sample is presented in Fig. 4. The
mapping results demonstrate a uniform distribution of Fe,
Mn, O, and Cu elements within the sample. This indicates
that the dopant elements are well incorporated into the
lattice, leading to the formation of a structure with
minimal lattice defects. The same conclusion also holds
for the CuO sample.
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Fig. 3: FESEM images and EDS spectra of the samples.
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Fig. 4: Elemental mapping images of the CM2F60 sample.

The thickness of the nanosheets in the samples was
measured using the DigiMizer software. The data were
plotted as a histogram and fitted with the following
exponential function [5] (see Appendix, Fig. 3):

In? (DEO)

202

f(D) = (= p)exp [——5,2%] (1)

By determining Do and o from the obtained plot, the
average nanosheet thickness <D> and the standard
deviation op were calculated using the following
equations and are listed in Table 2 [6]:

< D >= Dy exp (02/2) (2)

op =< D> [exp(c?) —1]'/2 (3)

Table 2: Average nanosheet thickness and atomic percentages
of elements in the samples.

Upon incorporation of Fe, the hysteresis curve of the
CUo.92Mno.02F€0.060 sample displays ferromagnetic
behavior [8]. The paramagnetic behavior of CuO is
attributed to superexchange interactions among the
lattice ions, whereas the ferromagnetic behavior
observed in  Cug.02Mnog.02F€0.060 arises from FCE
(ferromagnetic coupling exchange) interactions between
the ions and oxygen vacancies.
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sample co CM2F60
DFESEM =* o) 13.641+4.70 29.77413.60
O (Atomic %) 57.30 58.31
Cu (Atomic %) 42.70 39.45
Fe (Atomic %) - 1.55
Mn (Atomic %) - 0.69

C. Magnetic Properties

The room-temperature M—H hysteresis curves of the
samples, measured under a high magnetic field of +20
kQe, are shown in Fig. 5. The hysteresis curve of the CuO
sample exhibits typical paramagnetic behavior, a
characteristic previously reported for copper oxide [1, 7].

Magnetic field(Oe)

Fig. 5: Room-temperature M—H hysteresis curves of the
samples.

Conclusion

In this study, the effect of partial substitution of Fe and
Mn on the structure and properties of CuO nanosheets
was investigated. X-ray diffraction results revealed that
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the monoclinic structure of CuO remains unchanged in
the presence of Fe and Mn, and that Fe ions successfully
substitute Cu ions in the lattice. Rietveld analysis and
FESEM images confirmed that the samples are single-
phase, free of impurities, and that the elements are
uniformly distributed within the crystal lattice.

The incorporation of Fe altered the morphology of the
nanosheets, making them more irregular and sharper,
while the average nanosheet thickness was measured and
found to follow a predictable distribution. Magnetic
studies indicated that pure CuO exhibits paramagnetic
behavior, whereas Fe substitution induces ferromagnetic
behavior, attributed to ferromagnetic coupling exchange
(FCE) interactions between the ions and oxygen
vacancies.

Conflict of Interest

The author declares that there is no conflict of
interests regarding the publication of this manuscript. In
addition, the ethical issues, including plagiarism,
informed consent, misconduct, data fabrication and/or
falsification, double publication and/or submission, and
redundancy have been completely observed by the
authors.

Abbreviations

CuO Copper oxide

Mn Manganese

Fe Iron

XRD X-ray diffraction

FESEM Field-emission scanning electron
microscopy

EDS Energy-dispersive X-ray spectroscopy

Map Elemental mapping

VSM Vibrating sample magnetometer

co Cu0o

CM2F60 CUo.gzMno.ozFeo.oso

KOH Potassium hydroxide

a,b,andc lattice constants

o, B,andy lattice angles
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