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ORIGINAL ARTICLE

Experimental Characterization, Computational
Investigation, and Structure-property—activity
Relationship Studies of Nickel Ferrite Nanostructures

Ali Ben Ahmed

University of Sfax, Faculty of Science of Sfax, Laboratory of Applied Physic, 3018 Sfax, Tunisia

Abstract

Intending to predict the multifunctionality of Nickel ferrite in several technological and medical fields, we have
prepared nickel ferrite nanostructure by coprecipitation method. X-ray Diffraction (XRD) is used to determine the
crystalline structure and phase composition of materials by analyzing the pattern of X-rays scattered by the atoms within
the material. Fourier Transform Infrared Spectroscopy (FTIR) provides information about a material's chemical bonds
and functional groups by analyzing how it absorbs infrared light at various wavelengths. Scanning Electron Microscopy
(SEM) offers high-resolution images of the material's surface morphology and texture by scanning it with a focused
beam of electrons. Transmission Electron Microscopy (TEM) provides detailed images at the atomic or nanometer scale,
allowing for the examination of the internal structure, crystallinity, and defects of a material. UV-visible spectroscopy
measures the absorbance of ultraviolet or visible light by a material, which can give insight into its electronic structure,
band gap, and optical properties. These analyses confirmed the formation of single-phase nickel ferrite nanoparticles in
the range 8—14 nm. The principal quantum chemical descriptors have been analyzed and discussed. Additionally, the
theoretical background of nickel ferrite was carved out using Density Functional Theory (DFT) by evaluating the
electronic structure through the Frontier Molecular Orbital, Molecular Electrostatic Potential, Milliken charge distri-
bution, Density of state spectrum, and nonlinear optical parameters embedded within the nickel ferrite molecule. Based
on all these results, nickel ferrite can be considered as a multifunctional material.

Keywords: Nanostructures, Nickel ferrite, Computational investigation, Chemical descriptors

1. Introduction

N anostructured materials exhibit remarkable
physical and chemical properties. These
properties make them an active field of scientific
research due to the variety of their applications in
biology, optics, and electronics [1—6]. Nickel ferrite
(NiFe;O,) crystals are one type of nanoparticle that
exhibits a variety of different unique phenomena.
Among all polymetallic oxides, Nano-sized nickel
ferrite has attractive properties. It has been regarded
as an excellent candidate in various applications
such as catalysis [7—9], sensor technology [10,11],
electromagnetic shielding [12—15], water treatment
[16—19], biomedical and biotechnology, [20—23].
Outstanding to their minor size and great surface

zone, nanomaterials have solid adsorption capac-
ities and reactivity [24—26], and big mobility in so-
lution [27—31]. Nanomaterials effectively remove
heavy metals, organic pollutants, inorganic anions,
and bacteria [32]. Recently, NiFe,O, nanoparticles
(NPs), with these remarkable physical and chemical
properties of those of free atoms or molecules, have
attracted attention for a wide range of potential
applications [33—37].

Several synthesis methods can be used for the
preparation of NiFe,O4 NPs, such as coprecipitation
[38], citrate precursors [39], mechanical alloys [40],
hydrothermal, sol-gel [41], sonochemical [42],
reverse micelle [43], and pulsed wire discharge [44].
In the literature, NiFe,O, is fully studied experi-
mentally for various applications but has never been
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considered as a nonlinear optical material. Also, in
the literature, there are no studies that deal with the
chemical reactivity of this molecule. With chemical
theory, we can extract more details about the
physical properties of materials that can steer the
experiment on the road to positive results.

Density Functional Theory (DFT) is a widely used
computational modeling method in quantum
chemistry and physics, applied to study the elec-
tronic structure of many-body systems, primarily
atoms, molecules, and condensed matter. It relies on
the idea that the properties of a system can be
described in terms of its electron density rather than
its many-electron wave function, which greatly
simplifies calculations [45—48]. DFT, and Time-
Dependent Density Functional Theory (TDDEFT)
which have been used intensively and proved an
efficient approach [49—51].

In the present study, we aim to investigate the
physical properties of NiFe,O,4. Via the coprecipi-
tation method, the NiFe,O, NPs were prepared. The
nanoparticle characterization techniques used are
X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy, scanning electron microscope
(SEM), Transmission electron microscope (TEM),
and UV-visible absorption spectroscopy. The optical
properties, the Mulliken charge distribution, the
Frontier Molecular Orbitals (FMO), the global re-
activities descriptors, the density of state (DOS)
spectrum, the energy gap (AE), and Molecular
Electrostatic Potential (MEP) have been computed
by using DFT, and TDDFT methods.

2. Experimental method
2.1. Chemical synthesis

The precursors NiCl,.6H,O, FeCl;.6H,O, NaOH,
CH;3(CH»)115S04Na, glycerol, ethyl acetate, and trie-
thylamine were used for the elaboration of NiFe,O,
NPs. For 18 h, and at different temperatures of 45°C,
80°C, 100°C, 130°C and 150°C, we heating the
mixture. The black precursor was washed carefully.

2.2. Spectroscopic characterizations

The XRD patterns of the synthesis nano-powder
were recorded from 10° to 90°. By SEM and TEM,
the surface morphology and characteristics of the
material were analyzed. To examine functional
stretching and bending vibrations of the NiFe,O,4
nano-powder was analyzed by FTIR spectroscopy.
The UV-Visible absorption spectrum was recorded
in the range [200 — 1100] nm.

3. Computational method

The DFT, and TDDFT/B3LYP/6—-311 G(3df)
methods implemented in the Gaussian 09 package
[52], were used in a computational investigation.
The Gauss Sum software tool is used to visualize the
density of states (DOS) [53].

4. Results and discussions

4.1. Structure analysis

As can be seen in the XRD patterns of the NiFe,O,
powders (Fig. 1), all the intensity peaks could be
indexed to cubic crystal structure, and Fd-3m space
group.

The lattice parameter a = b = ¢ = 8.438 4, a vol-
ume of cell 600.784 /f3, and the ideal orientation of
the nanopowders is in the direction (311) as also
shown. The average crystallite size of NPs, is D =
8.517 nm. No impurity was observed in XRD pat-
terns, indicating the purity of prepared NiFe;Oy.
The most stable optimized geometry of the NiFe,O,
cluster is given in Fig. 2.

4.2. Vibrational spectroscopic analysis

The FTIR spectrum is shown in Fig. 3, and the
tentative assignment was inserted in Table 1. A
characteristic peak for the NiFe,O4 NPs, is shows
below 700 cm ! [54]. At 838 cm™! and 676 cm™!, a
characteristic peak is contributed by the bending
and stretching modes of Ni—O and Fe—O—Fe. Both
simulated spectrum (see Fig. 4) clearly shows the
various stretching, deformation, and bending fre-
quencies of functional material nickel ferrite. The
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Fig. 1. XRD pattern of NiFe,O, NPs.
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Fig. 3. Experimental FTIR spectrum of NiFe,O4 NPs.

vibrational frequencies are start from 70 cm™! to
1105cm™t. The four bands appeared at
1105 cm 1,836 cm™,789 cm™', and 717 cm™! are
considered to be highly characteristic frequencies
for nickel ferrite. In Fig. 4, the medium band
appeared in the frequency range 596 — 511 cm ™! are
assigned to nickel oxygen and iron oxygen stretch-
ing, while the low band appeared in the frequency
range 77 — 377 cm™! are assigned to the metal oxy-
gen vibration. All peak appeared in Figs. (3,4) are
assigned in Table 1.

4.3. Scanning Electron Microscopy analysis

The SEM image and the corresponding particle
size histogram of the NiFe,O, nano-powder are
presented in Fig. 5. The SEM image of prepared NPs
shows the sphere-shaped NPs agglomerated

together to give better surface area. The NPs size
was found to be 48.76 nm.

4.4. Transmission Electron Microscopy analysis

The TEM image of the NiFe,O, nano-powder and
the corresponding particle size histogram are shown
in Fig. 6. The average particle size identified by the
TEM image was found to be 14 nm.

4.5. Milliken charge distribution

The Mulliken atomic charge distribution, shown in
Fig. 7, is related to the chemical bonds present in the
optimized compound. This distribution quantifies
how the electronic structure charges under atomic
displacement. It affects dipole moment, polariz-
ability, electronic structure, and more properties of
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Table 1. Observed and calculated frequencies (em™ of NiFe,Oy.

Experimental DFT Assignments
IR Raman
3309 - - N—H stretching
2921 - - C—H stretching
2216 - - C=C stretching
1538 - - N-—O stretching
1403 - - C—H bending
1130 - - C—N stretching
- 1105 1105 Fe—O stretching
838 836 836 Ni—O in plan bending
— 789 789 (O—Ni—O) deformation
676 717 717 (Fe—O—Fe) asymmetric
stretching
- 596 596 (O—Fe—0) deformation
— 538 538 (O—Ni—0) symmetric
stretching
— 511 511 (O—Ni—O) asymmetric
stretching
— — 377 (Fe—O—Fe) twisting
— — 278 (Fe—O—Fe) scissoring
- - 250 (Fe—O—Fe) symmetric
stretching
— — 222 (Ni—O—Fe) deformation
- - 208 Fe—O in plan bending
- - 929 (Fe—O—Fe) deformation
- - 77 Fe—O out of plan bending
2
S (@ IR
z (b) Raman
2
2
=
1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400

Wavenumber (cm™)

Fig. 4. Simulated IR (a) and Raman (b) spectra of NiFe,Oy.

molecular systems [55]. The total charge of the
NiFe,O, cluster is zero, meaning it is neutral as a
whole. The oxygen atoms are -electronegative,
meaning they tend to attract electrons. As a result,
the electron density is delocalized over the oxygen
atoms. Both iron (Fe) and nickel (Ni) atoms exhibit
positive charges, indicating a loss of electron density.
However, the atoms that are directly attached to
oxygen atoms tend to have even more positive
charges, due to the strong electron-withdrawing

effect of the oxygen atoms [56,57]. The variation in
charge distribution within the cluster reflects the
differences in how the metal atoms interact with the
surrounding oxygen atoms.

4.6. Molecular electrostatic potential

The MEP (Fig. 8) analysis provides information
on the electrophilic and nucleophilic reactivities.
Fig. 8 illustrates the reactive sites of the iron, nickel,
and oxygen atoms in the NiFe,O, cluster, high-
lighting the regions susceptible to various chemical
attacks. The electrophilic region is predominantly
concentrated on the oxygen atom, whereas the
nucleophilic region is associated with the iron and
nickel atoms that are bonded to oxygen. The pres-
ence of a positive region extending over the iron
and nickel atoms suggests a potential site for elec-
trophilic attack.

4.7. Linear and nonlinear optical properties

4.7.1. UV-visible spectra

The UV-visible spectroscopy results for NiFe,O,
NPs in Fig. 9(a and b) indicate both experimental
and computed outcomes, showing how the material
interacts with light. The absence of absorption
bands in the visible region suggests that NiFe,Oy is
transparent to visible light, making it ideal for
photonic and optical applications. This implies that
the NPs have a high potential for use in devices
where minimal light absorption is essential, such as
in optical filters or transparent coatings. Moreover,
the interaction of NiFe,O, NPs with light at a spe-
cific wavelength might correspond to absorption in
the UV range, which could suggest possible appli-
cations in UV filtering or sensing technologies. The
material's behavior can also be leveraged for
advanced optical devices where controlled interac-
tion with light is critical [58—60].

The optical absorption spectrum of NiFe,O, film
measured at room temperature (see Fig. 9(a)) dis-
plays several distinct bands, indicating the presence
of multiple electronic transitions. The first observed
absorption band Ay =543 nm (2.28 eV) corresponds
to an electronic transition from the HOMO (highest
occupied molecular orbital) to the LUMO (lowest
unoccupied molecular orbital). The second observed
absorption band A, = 426 nm (2.91 V) is associated
with a charge transfer from the 4s? atomic state in Fe
to 2p* atomic state in O. The third observed ab-
sorption band A3 =320 nm (3.87 eV) is related to a
charge transfer from the 4s* atomic state in Ni to 2p*
atomic state in O. The fourth observed absorption
band 14 =252nm (4.92¢eV) is attributed to a
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Fig. 6. TEM image and corresponding particle size histogram of NiFe;O4 NPs.

conjugate charge transfer involving all three con-
stituent atoms (Ni, Fe, and O).

According to the computational result (see
Fig. 9(b)), the simulated spectrum predicts two

Fe

T T T T
-1.0 -0.5 0.0 0.5 1.0 15

Charge (e)

Fig. 7. Atomic charge distribution in computed geometry of NiFe;Oy.

intense transitions. The first absorption band
centered at 322 nm ( 3.85 ¢V) matches the observed
A3 = 320 nm. The second observed absorption band
centered at 402 nm (3.08 ¢V) matches A, = 426 nm.
Additionally, the band at 2.56 eV (computed) aligns
with the experimentally observed A; = 543 nm,
confirming it as an electronic transition from the

-2.822 -2 [ T DN >822 -2

Fig. 8. MEP plot of NiFe;Oy.
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Fig. 9. The experimental (a) and simulated (b) UV-Visible absorption spectra of NiFe,Oy.

HOMO to the LUMO. The Fe—O bond angle plays a
significant role in shaping the electronic structure of
the NiFe;O, cluster. Although DFT-calculated bond
lengths differ from experimental values, their effect
is neglected in this analysis. In summary, the
experimental optical absorption bands are well-
aligned with the simulated spectrum, and the elec-
tronic transitions are primarily due to charge
transfer processes involving the Ni, Fe, and O
atoms.

4.7.2. DOS spectrum and optical band gap analysis
This section provides insight into both the
experimental and theoretical analysis of the
bandgap energy of NiFe,O,; which is crucial for
understanding its optical and electrical properties.
The optical bandgap is measured experimentally to
be E; =245 ¢V using the Tauc formula, which is
consistent with the values for bulk NiFe,O,. This
agreement indicates the reliability of the experi-
mental technique. According to the DOS spectrum,
a computational approach estimates the bandgap as
2.56 eV, which is very close to the experimental
value. The small difference between experimental
and computational bandgaps is attributed to the fact
that the computational simulation is performed in
the gas phase, without considering the neighboring
atom effects that are present in the actual material.
The HOMO (Highest Occupied Molecular Orbital)
is slightly delocalized in oxygen atoms but shows a
greater influence on the iron (Fe) atoms. The LUMO
(Lowest Unoccupied Molecular Orbital) is primarily
delocalized on the nickel (Ni) atoms (see Fig. 10).
The comparison between experimental and theo-
retical data shows close agreement, and the dis-
cussion of HOMO/LUMO highlights the roles of
different atoms in influencing the electronic struc-
ture and stability of NiFe;O,. This understanding is

fundamental to optimizing the material's properties
for specific applications [61—64].

4.7.3. The global reactivity descriptors

The global reactivity descriptors were calculated
for the study compound. All quantum chemical
parameters are listed in Table 2. The information
provided suggests that NiFe,O4 NPs exhibit several
key properties that could make them effective for
antibacterial applications. The ionization potential
(Ip=5.89¢V) and electronegativity (x =4.61) have
high values indicate a strong tendency of the
NiFe,O4 molecule to attract and hold onto electrons.
This is important in the context of antibacterial ac-
tivity because such properties can influence how the
NPs interact with bacterial cell membranes or
reactive species in the environment. The electro-
philicity index (w = 4.15) measures the ability of the
molecule to accept electrons, and a high value
means the molecule can act as an electrophile,
making it reactive toward nucleophilic biological
targets. This could contribute to its antibacterial
properties. The moderate band gap energy
(AEg_1 = 2.56 eV) suggests that NiFe,O, has a bal-
ance between being a good insulator and a semi-
conductor, which could enhance its interaction with
biological systems and possibly generate reactive
oxygen species (ROS), contributing to antibacterial
effects. The chemical hardness (7= 2.56 ¢V) and the
softness (0= 0.39¢eV) reflect the molecule's resis-
tance to deformation or polarization. Higher hard-
ness indicates that the molecule is stable, while
lower softness reflects the limited ease with which
the electron density can be redistributed. Together,
these properties suggest that NiFe,O4 has a stable
structure but also retains the ability to facilitate
charge transfer, which could promote biological
activity. The low softness (¢ = 0.39 eV) and negative
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Fig. 10. The FMO and DOS spectrum of NiFe;Oy.
chemical potential u (—4.61€eV) indicate that calculated optical parameters (see Table 3), the total

NiFe,0y is stable and has a low risk of being highly
toxic [65,66]. The combination of high stability,
efficient charge transfer, moderate toxicity, and dual
reactivity suggests that NiFe,O4 NPs could be highly
effective in antibacterial applications [67].

4.7.4. Nonlinear optical parameters

The material NiFe,O4 shows promising potential in
the field of optoelectronics due to its high degree of
hyperpolarizability, which is crucial for nonlinear
optical (NLO) applications [68—71]. According to the

Table 2. Global reactivities parameters of NiFe;Oy.

Parameters Values
EHOMO (eV) —5.89
Erumo (eV) -3.33
AE (eV) 256
Ip = — Enomo 5.89
Ex = — Erumo 3.33
_ _ Erumo + Eromo 461
_ Ewumo + Enomo _461
_— Erumo ; Enomo 256
1
o == 0.39
Ty
w=">L 4.15

3V
=

dipole moment is u,; = 4.2172 D, with the maximum
contribution of 3.9539 D along the u, direction, while
the values in other directions are moderate. The total
polarizability is atr = 9.095 x 10724 esu, with the di-
agonal components playing a significant role. The
average second hyperpolarizability is (y) 0.2366 x

Table 3. Dipole moment, static polarizability, and second hyper-
polarizability components of Nickel Ferrite.

Properties Parameters Values
Metot (D) My 3.9539
1y —1.4321
iy 0.3161
ot 4.2172
aor (X 1072 esu) . 10.029
ayy 8.341
o 8.915
oy 1.151
oy 0.010
Qyz 0.005
Otot 9.095
(y) (x 10730 esu) Ve 0.500
Tyyyy 0.172
Vizzz 0.037
Yrxyy 0.116
YVaoezz 0.085
Vyyzz 0.036
(7) 0.2366
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1073 esu, indicating a substantial nonlinear optical
response. These results suggest that NiFe,O, pos-
sesses strong nonlinear optical properties, making it a
viable candidate for optoelectronic and photonic ap-
plications, especially in devices requiring both linear
and nonlinear optical properties. By doping with
electron-rich elements, its potential could be further
enhanced for use in advanced NLO materials [72].

5. Conclusions

The NiFe,O4 NPs synthesized through the copre-
cipitation method demonstrate promising optical
properties for optoelectronic and photonic applica-
tions, as confirmed through both experimental and
theoretical investigations. The wide bandgap of
2.45 eV (with a computed value of 2.56 eV) indicates
good stability under visible light, enhancing the
material's potential for real-world applications. The
study further explores the spectroscopic properties
and global reactivity descriptors, revealing that
NiFe,O, exhibits dual characteristics, making it
highly versatile for various applications. The theo-
retical analysis suggests that bandgap, polarizability,
and hardness are key chemical descriptors that can
also help identify compounds with potential biolog-
ical activity. Thus, NiFe,O, NPs hold significant
promise in both technological and biological fields.
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