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Abstract: An entirely novel and creative technique was employed for producing magnetic Ni–NiO@C
nanocomposites, and it was based on the utilization different amounts of finely ground and fully
dried olive leaf powders. The resulting nanocomposites were identified and characterized by XRD,
FTIR, SEM, EDS, TEM, and Raman techniques. The magnetic and surface characteristics of the
composites, as it developed, were further evaluated using the Vibrating-Sample Magnetometer (VSM)
and Brunauer–Emmett–Teller (BET) techniques. The results confirmed the success of preparing a
Ni–NiO@C nanocomposites, each containing Ni and NiO in crystalline form. Through the morphol-
ogy of the resulting composites, determined on the basis of an SEM analysis, it became clear to us
that the particles were of a semi-spherical shape, with a clear grouping and a definition of their grain
boundaries. Comparably, a TEM investigation demonstrated that the composites had a core–shell
structure. The surface area of the investigated composites increases as the content of dried olive leaf
powders increases due to a significant increase in the total pore volume. These composites illustrated
low magnetism (4.874 and 8.648 emu/g) and coercivity (55.203 and 39.639 Oe) for a number of
reasons, which will be explained.

Keywords: Ni/NiO; nanocomposites; core–shell structures; Brunauer–Emmett–Teller surface;
vibrating-sample magnetometer

1. Introduction

When they are present in composites, the development of novel and distinctive quali-
ties raises the significance of elements or their oxides. Composite-based systems possess
multiple components and different properties and characteristics, in contrast with single-
component systems. The simultaneous existence of many components within the composite
frequently causes interactions between them. This coexistence additionally influences the
particle size and shape, leading to an influence on the chemical and physical characteristics
of the components. Therefore, multi-component systems have more comprehensive appli-
cations than single-component systems [1–4]. Multi-component-based magnetic systems
exhibit novel and unique properties depending on the size, structure, and composition of
the components.

Whenever an element and its oxide—such as nickel and nickel oxide—are incorpo-
rated, the composite’s structural, electrical, morphological, surface, and magnetic properties
are significantly altered. This is because the possibility of each the elements undergoing an
electronic transition arises, which increases flaws and exerts an impact on grain boundaries.

Nickel-based materials have gained significant attention recently because of their
use in a number of significant disciplines, such as hydrogen fuel cell electrodes, catalytic
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reactions, gas detection, super capacitors, smart windows, data storage, and spintronic
devices [5,6]. In addition, a wide range of applications of composites containing Ni and
NiO are due to thermal stability, magnetic behavior, and a combination between the ferro-
magnetic (FM) of Ni and the antiferromagnetic (AFM) of NiO as an AFM–FM exchange
coupling [1,7]. These technologies have been employed in a variety of disciplines, in-
cluding batteries powered by lithium ions, electro-catalysts for the process of hydrogen
evolution, and the electrochemical storage of energy [7,8]. Moreover, the unique properties
of the Ni/NiO nanocomposite rely on the correlation between composition, morphology,
crystalline phases, and the dimension of grains [9,10].

During the manufacturing process, the composition of Ni–NiO hetero-structures, the
formation of crystals, and the perfection of the hetero-structures are modified as well
as controlled [1]. Numerous methods are used to create Ni–NiO composites, such as
chemical-based precipitation, sol–gel, hydrothermal process growth, solvothermal syn-
thesis, microemulsion, solid-state chemical degradation, ball milling, the organometallic
approach, and magnetron plasma [11–14]. Some authors have indicated the preparation
of Ni–NiO composites by first preparing a nickel metal through the urea-assisted auto-
combustion method, then oxidizing some of the metallic nickel through calcination at
temperatures of 600 and 1000 ◦C for 2 h to ultimately obtain the intended composites [15].
However, Ni–NiO composites have been obtained by the thermally induced oxidation of
metallic green compacts at temperatures between 300 and 450 ◦C and further sintering [16].
Anisotropic heterogeneous Ni–NiO nanoparticles with controlled compositions are grown
using a high-power pulsed hollow cathode process [17]. These approaches are not available
without a protracted amount of time required for their interaction with individuals as well
as the completion of numerous tasks that drain resources, harm the environment, and con-
sume significant amounts of time and energy. Hence, the pursuit of a vital, environmentally
friendly path that leads to a reduction in environmental pollution and the consumption of
time, effort, and energy is paramount. The combustion process, which had several benefits,
including speed, cost effectiveness, and low temperature requirements, was successful
in achieving this goal [18]. In this regard, Deraz referred to the preparation of a Ni–NiO
system using a glycine-assisted combustion method [19]. Ni–NiO nanocomposite was
obtained using the dried leaves of Corchorus olitorius assisted combustion method, Deraz
created this method, which he dubbed the “incandescent combustion method” for prepar-
ing different solid’s nanoparticles [1]. In this method, the co-presence of Ni and NiO is
partially protected by some graphitic layers. Moreover, extracts from diverse plant compo-
nents, including the leaves, stems, roots, shoots, flowers, bark, and seeds, serve as fuels
in the combustion process to create a variety of environmentally friendly nanoparticles,
including silver, gold, and magnetite [20]. The majority of the authors in this field indicated
that these fuels serve as reducing and regulating agents for bio-reduction reactions in the
creation of various nanoparticles using the combustion method [1,21]. Contrarily, carbon
nanocomposite products containing metal nanoparticles such as copper and cobalt, as
well as nickel or its oxides, are an excellent substitute for use in a wide range of appli-
cations involving magnetic resonance tomography and biomedicine, electrode materials
over super capacitors, heterogeneous catalysts for petrochemical processes, and dispersed
radiation-absorbing media [22]. A core/shell structure of Ni–NiO, encapsulated in carbon
nanospheres (CNS) and coated with few- and multi-layered graphene (FLG and MLG) was
prepared using the chemical vapor deposition (CVD) method [23]. Carbon atoms were first
placed on the Ni particle surface, which initiated the process. Additionally, CNS was grown
for 30 min at 950 ◦C, while FLG and MLG were synthesized on CNS surfaces for 30 and
50 min, respectively, at 1050 ◦C. These composites were used as reinforcing nanofillers in
the polymer matrix to improve the mechanical and thermal properties of the polypropylene
matrix. The importance of the Ni–NiO composite is clear to us from the process above,
which demonstrates how the Ni–NiO composite increases in the presence of carbon to
obtain a Ni–NiO/C composite. To obtain this composite, it was necessary to search for an
easy, simple, and inexpensive method, such as the one we discuss in this manuscript.
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In this investigation, dehydrated leaves of olive were used to create a Ni–NiO/C
nanocomposite. XRD, FTIR, SEM-EDS, TEM, and Raman approaches were further used to
characterize and identify the examined composite. The composite’s surface and magnetic
properties were developed during the final phases.

2. Materials and Methods
2.1. The Extraction of Chemicals and Plant Material

The Sigma-Aldrich Company provided the chemical substance, which was nickel (II)
nitrate hexahydrate with the linear formula Ni (NO3)26H2O. This analytical grade reagent
was used immediately, without any additional purification. Freshly harvested olive leaves
were obtained from an adjoining farm.

2.2. Preparation Method
2.2.1. Preparation of Leaf Powder

Fresh olive leaves were first gathered and cleaned with tap water before being rinsed
once more with distilled water to remove any remaining contaminants. The young leaves
were then chopped into little pieces and allowed to air dry for a full week. Finely crushed
leaves that were dried were employed for the production of leaf powder.

2.2.2. Preparation of the Ni–NiO/C Composites

Two samples in the amounts of 0.25 and 0.5 g of the dried olive leaves were combined
with 2.91 g of a nickel nitrate precursor solution to generate the S1 and S2 samples. The
mixture was concentrated in a Pyrex beaker (100 mL) on a hot plate at 350 degrees Celsius
for twenty-five minutes. As it became warmer, the crystal water begun vaporization. Once
a beaker reached 350 ◦C, a considerable amount of foam formed; an explosion flashed in
one of the edges, spread through the mass with incandescent combustion, and generated a
voluminous and fluffy product in the container.

2.3. Techniques

X-ray powder diffraction and scattering applications were performed employing a
platform from the special D8 diffractometer series to evaluate the structural properties of
various nanoparticles. The patterns were operated with Cu Kα rays at a voltage of 40 kV,
a current of 40 mA, and a scanning speed of 2◦/min. The average crystallite dimensions
(d), density of dislocations (δ), and stresses (ε) for the freshly prepared composition, which
includes nickel and nickel oxide, were calculated using Formulas (1)–(3), relying on the
Scherrer formula [21,24]:

d =
Bλ

βcos θ
(1)

δ =
1

d2 (2)

ε =
βcos θ

4
(3)

where B refers to the Scherrer factor (0.89), λ represents the wavelength of the employed
X-ray beams, θ indicates the Bragg angle, and β indicates the full width at half maximum
(FWHM) of the diffraction peak.

The Fourier-transmission (FTIR) infrared spectra of the investigated material were
collected employing a Perkin-Elmer 1430 Relative Recorded Infrared Spectrophotometer
(AS IS). A total of 200 mg of vacuum-dried IR-grade potassium bromide (KBr) was mixed
with each solid sample, which was individually divided into two milligrams. To measure
the FTIR spectra, a range of 4000–400 cm−1 was applied. After the mixture had been treated
in a vibrating ball mill for three minutes, it was dispersed using a steel die with a 13 mm



Crystals 2023, 13, 1497 4 of 16

diameter. The FTIR spectrophotometer’s double-grating spectrophotometer holder was
filled with identical discs.

The Raman spectroscopy results of the Ni–NiO/C samples were captured utilizing
the 20–100× lenses and i-RAMAN Plus, which is a high quantum efficiency CCD array
detector with deeper cooling, a high dynamic range, and a higher signal–noise ratio for up
to 30 min of integration time (B&W TEK, Newark, DE, USA).

In order to prepare the samples for quick ultrasonic processing, drops of the reaction
mixture were placed over carbon-coated copper grids, and the solvent was allowed to
evaporate. The samples were first immersed in ethanol. A JEOL model 1230 instruments
(Tokyo, Japan) running at an accelerating voltage of 120 kV was used to conduct TEM
measurement.

The JEOL JAX-840A SEM (Tokyo, Japan) captured electron microscopy images of the
solids as they were constructed. After being handled, the solid was rinsed in ethanol and
ultrasonically adjusted to scatter the individual particles across a thin piece of double-sided
carbon tape placed above mount holders.

A non-destructive analytical technique known as energy dispersive X-ray analysis
(EDS) is frequently utilized to obtain elemental information from solid materials. EDS was
carried out on a JEOL (JED-2200 Series) electron microscopy unit coupled with a Kevex
Delta system. The window width was set to 8 m, the accumulation time was 100 s, and the
accelerating voltage was set to 15 kV. Surface molar composition was established using the
Asa method, Zaf rectification, and Gauss estimation.

Using the Nova 2000 Quanta Chrome (commercial BET unit) at 350 ◦C, the particular
area of the surface (SBET), overall volume of pores (Vp), and average pore size (ŕ) of a
number of solids were calculated. Each sample was degassed for two hours at 200 ◦C prior
to conducting these experiments, under a decreased pressure of 10−5 Torr.

With a maximum applied field of 20 KOe, a magnetometer with a vibrating sample
(VSM; 9600-1 LDJ, Troy, MI, USA) was employed to evaluate the studied solid’s mag-
netism at room temperature. The saturation (Ms) and remanence (Mr) magnetizations, the
squarence (Mr/Ms), the coercivity (Hc), and the anisotropy (Ka) were all calculated from
the hysteresis loops that were acquired.

3. Results
3.1. Structural Analysis

X-ray analysis was employed to determine the purity and degree of crystallinity in
an effort to establish the physical properties of the investigated composites. Figure 1
demonstrates the XRD patterns for the composite studied. This figure indicated that these
composites contain some crystalline phases that were identified using the Joint Committee
on Powder Diffraction File Standards (PDF). The examined composites’ XRD patterns
demonstrate that both nickel and nickel oxide phases are present in composites. The stated
values in PDF files Numbers 04-0850 and 04.0835 correspond closely with the cubic structure
and space group Fm3m associated with these phases, respectively. This is supported by the
observation that the main nickel oxide peaks occurred at 2θ = 37.23◦, 43.26◦, 62.86◦, 75.93◦,
and 79.36◦ for the S2 sample; while they occurred at 2θ = 37.14◦, 43.18◦, 62.78◦, 75.21◦,
and 79.27◦ for the S1 sample with planes (111), (200), (220), (311), and (222), respectively.
However, the most significant Ni-related peaks were identified at 2θ = 44.76◦, 51.75◦ and
79.10◦ for the S2 sample; while they were identified at 2θ = 44.35◦, 51.74◦, and 79◦ for
the S1 sample with planes (111), (200), and (220), respectively. This denotes an alteration
in the exact location of many peaks associated with the nickel and nickel oxide phases.
Furthermore, it was noted that a steep decline in the height peaks of NiO was countered
by an increase in those of Ni, providing further evidence of the phase transition event.
Regardless of the manner in which we use the dry the olive leaves and the existence of
traces of carbon, a combustion by-product that is not visible in the XRD pattern due to its
small quantity cannot be discarded.
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Figure 1. X-ray Diffraction of Ni–NiO@C composites where 1 is Ni and 2 is NiO.

Our ability to compute certain structural characteristics of the investigated composites,
such as the crystallite size (d), lattice constant (a), X-ray density (Dx), and unit cell volume
(V) of crystalline phases, is made possible by the results of X-ray experiments. Table 1 lists
the computed values for several structural parameters of the S1 and S2 samples. This table
shows that the “d, a, and V” values of NiO are greater than those of Ni. The dislocation δ,
strain ε, and X-ray density Dx values all displayed opposite behavior. When the amount of
olive leaves was increased, the values of d and Dx for both Ni and NiO increased slightly,
whereas the values of a, V, and d decreased.

Table 1. The crystalline Nickel and Nickel oxide phase’s structural features within the S1 as well as
S2 samples.

Parameters Nickel Oxide Nickel

S1 S2 S1 S2

d, nm 37 41 32 35
a, nm 0.4187 0.4180 0.3535 0.3534
V, nm3 7.340 7.301 4.417 4.412
Dx, g/cc 6.757 6.794 8.823 8.834
δ, Lines/nm2 7.30 × 10−4 5.95 × 10−4 9.76 × 10−4 8.16 × 10−4

ε 0.0026 0.00242 0.0030 0.0028

3.2. FTIR Analysis

FTIR spectra were conducted on the S1 and S2 samples to investigate the various
characteristic functional groups associated with these composites. Figure 2 demonstrates
the FTIR spectra of the prepared samples. This figure displays absorption bands between
4000 and 400 cm−1. It is obvious that there are some absorption bands located between 1000
and 400 cm−1, which belong to the metal-oxygen vibration mode [3]. A typical sharp band
appears at 418 cm−1. It is related to metal oxide stretching vibrations of the Ni–O bond.
Broad bands at 556, 660, and 1023–991 cm−1 correspond to the Ni-OH group [5]. The bands
located at 1107–1103, 1195, and 1368–1347 cm−1 indicate the existence of carbonates, while
the band at 2937 cm−1 corresponds to the C-H stretching mode [3]. The broad bands at
1665–1636 and 3383–3051 cm−1 belong to the stretching vibrations of O-H bonds, indicating
the presence of moisture generated during the preparation of the IR pellet [3]. We notice
that the intensity of the observed bands in the S2 sample is less than that in the S1 sample,
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with a severe decrease in the intensity of the band at 556 cm−1. However, there is a shift in
the positions of the bands. These findings may be due to a phase transition of some NiO to
Ni, and this is consistent with both XRD results and what is confirmed later.
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3.3. Raman Analysis

The polarization-induced vibrations of the S1 and S2 samples are precisely described by
Raman spectroscopy. Figure 3 displays the S1 and S2 samples’ recorded room-temperature
Raman spectra in the 4000–50 cm−1 region. Since there is no polarizability change, Ni
face-centered cubic (FCC) metal essentially exhibits a single-atom primitive unit cell and
does not show any bands in the Raman spectra of the S1 and S2 samples. This observation
could be attributed to the interaction between the electric field of the monochromatic light
and the dipole moment within the material [25,26]. On the other hand, the Raman spectra
of the synthesized composites show five bands related to the cubic NiO structure. These
bands were observed at 209, 370, 544, 696, and 1070 cm−1. The Raman bands of NiO
below 600 cm−1 are generally owing to first-order phonon scattering, and the bands above
600 cm−1 are due to second-order scattering [27]. The Raman band at 370 cm−1 corresponds
to one-phonon (1P) transverse optical (TO) and surface optical (SO), while the band at
544 cm−1 corresponds to (1P) longitudinal optical (LO) of NiO vibrational modes [28,29].
Moreover, The Raman bands at 696 and 1070 cm−1 correspond to two-phonon (2P) 2TO
and 2LO of NiO vibrational modes, respectively [4,5]. The bands at 103 and 209 cm−1

that were found in the Raman spectra of the S1 and S2 samples could be attributed to the
zone-boundary phonon mode [30]. The existence of LO and SO modes can be attributed
to the disorder induced by surface imperfectness and the parity breaking defects in NiO,
which arise due to nickel vacancy concentration [28,29]. The S1 sample’s recorded Raman
bands have a higher intensity compared to the S2 sample’s, confirming that the S1 sample
holds more NiO than the S2 sample contains. This finding is consistent with FTIR and
XRD results. Although the presence of carbon has been confirmed through FTIR and will
be confirmed through EDS as well, Raman spectra do not contain bands, indicating the
possibility of the presence of highly amorphous carbon.
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3.4. Morphology and Elemental Analyses

The morphological and elemental examination of the investigated composites, illus-
trated in Figure 4, was evaluated using SEM and EDS techniques. Figure 4a,b provides an
easy-to-understand representation of a structure that appeared to represent a network with
voids of irregular shapes. This network’s structure appears to be composed of particle clus-
ters that are separated by holes of different sizes. From the above-mentioned description,
it can be said that the preparation method used led to polyhedron structures consisting
of various particles. The particles are strongly agglomerated, leading to a range of levels.
These particles have differently shaped and nano-sized semi-spherical, oval, and cuboidal
particles.

Figure 4c,d shows the composite’s EDS pattern. This figure illustrates the presence
of the signal-defining elements of nickel (Ni), carbon (C), and oxygen (O) in the prepared
composites. The percentages of C, O, and Ni elements were found to be (6.12 and 13.88),
(13.78 and 35.06), and (80.09 and 51.05) wt%, respectively, indicating the formation of
Ni–NiO@C composites inside the S1 and S2, respectively.

Further details on the morphological characteristics of the S1 and S2 samples were
discovered using TEM examinations, as shown in Figure 5. The images in this figure
include TEM and high-resolution TEM (RTEM) images, Fast Fourier transform (FFT) and
inverse Fast Fourier transform (IFFT) data, selected area electron diffraction (SAED) results,
and histograms of the crystallite size statistical distribution (HCSD) of the resulting samples.
Figure 5a,b shows the TEM and HRTEM images of S1 and S2 samples, respectively. TEM
images revealed that Ni cores (dark segments) were clearly encrusted in the layers of the
NiO structure (gray segments), which were coated by a carbon layer (white segments).
These images support the core–double shell structures of Ni-NiO@C.
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The HRTEM images of S1 and S2 samples display a few clear lattice fringes with plenty
of disorder. The HRTEM images of these samples showed that their nanoparticles (Ni and
NiO) were highly crystalline. According to earlier XRD studies, this shows a significant
level of lattice flaws. By contrast, it was discovered that the Ni core and NiO shell were
connected at the local level through an atom-level interface. However, the interplanar
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spacing of 0.204 and 0.241 nm, which particularly correspond to the (111) plane of Ni and
the (111) plane of NiO, respectively, confirms the continuous transition or coherent bonding
of the two phases (Ni and NiO). It is possible to attribute the interaction between NiO
or Ni and the carbonaceous material to the presence of epoxide and hydroxide groups
on the carbon surface, which produce active reaction sites [1]. The construction of HCSD
based on TEM pictures, which provide deeper tools than SEM images, was required to
provide insight into the particle size of the composite grains. The average particle size of
the S1 and S2 composites is shown in Figure 5c to be 13 and 21 nm, respectively. FFT and
IFFT were utilized to process the high-resolution images of the S1 and S2 samples in order
to see the defective lattice in the composites as they were created. Figure 5d,e displays
the IFFT and FFT patterns for the S1 and S2 samples, respectively. The coexistence of Ni
and NiO crystallites is confirmed by FFT patterns, which demonstrate that the interplanar
spacing of 0.204 and 0.154 nm corresponds to the (111) plane of Ni and the (220) plane of
NiO, respectively. This is consistent with what is shown in Figure 5b for the S1 and S2
samples with regard to the interplanar spacing mentioned previously. IFFT patterns show
uncompleted planes and areas of dislocation. A detailed microstructure analysis using
IFFT confirms the presence of defects and dislocations in the as-prepared samples. These
findings are consistent with the XRD results in Table 1. The dislocations and microstrains
could be attributed to the investigated preparation method and the coexistence of Ni and
NiO phases.

Figure 5f shows the SAED pattern of the S1 and S2 samples, respectively. This pattern
confirms that Ni–NiO/C particles are polycrystalline. The continuous rings in these
patterns with large light spots indicate the heterogeneous size of these nanoparticles. These
findings strongly confirm the success of preparing Ni–NiO/C nanocomposites using a safe
and environmentally friendly combustion method.

3.5. Surface Properties

As shown in Figure 6a, the N2-adsorption/desorption isotherms at 77 K was em-
ployed for estimating the surface characteristics of the composites under investigation.
By examining the isotherm drawn in this figure, it was found that they belong to type II
with a type H3 hysteresis loop according to universally recognized authorities on chemical
nomenclature and terminology (IUPAC) classifications. In particular, the surface properties—
namely SBET, Vp, and
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, and the C-constant values of the S1 and S2 samples are listed in
Table 2. It is interesting to note that this isotherm’s characteristics show that the composite
as formed is micro- and mesoporous as a result of capillary condensation beginning at
P/Po = 0.45. The shape of the isotherm with a jump in the adsorption process at high relative
pressure (P/Po = 0.85–0.93) is shown in Figure 6a, which confirms the condensation process
in interparticle voids. These voids were observed in the SEM images of the composites
studied. However, the presence of micropores led to a jump in the adsorption process at low
relative pressure (P/Po = 0.025). The investigated composites have a larger hysteresis loop
area, showing multilayer desorption from solid pore walls. Furthermore, the H3 hysteresis
loop’s form reveals slit-like pores or plate-like particles. Due to a reduction in their total
pore capacity, as indicated in Table 2, the composites produced generally had a low surface
area. However, increasing the amount of olive leaves caused the overall pore volume to
rise, which in turn caused the surface area to rise, as was seen in the S2 sample. In order to
describe the pore size distribution for the composite as it has been made, non-local density
functional theory (NLDFT) needed to be used to adsorb nitrogen into pores. Histograms of
the porosity or pore size distribution for these samples are shown in Figure 6b. According to
the pores observed with one model distribution, the majority of the pores in the composite
are microporous and range in size from 0.6 to 0.8 nm.
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S1 4.3572 7.66 0.00397 0.4764 2.073
S2 14.259 3.276 0.0344 9.638 6.141

3.6. Magnetic Properties

The magnetization of the as-prepared composites (S1 and S2) can be observed in
Figure 7, as it was determined at room temperature in a ±20 KOe magnetic field. By
having an S-shaped magnetization curve at a local temperature, the investigated com-
posites demonstrate ferromagnetic behavior. The magnetic parameters—namely, Ms, Mr,
Mr/Ms, and Hc—of the as-prepared composites are presented in Table 3. However, the
values of magnetization and coercivity enabled us to calculate the anisotropy constant
(Ka = HcMs/0.98) for this composite [31]. The composite had small values for Ms, Mr,
Mr/Ms, and Hc. Comparable results were observed while the Ni/NiO composite was
developed, using Corchorus olitorius leaves [1]. However, the magnetic parameter values
of the S2 sample (Ms, Mr, Mr/Ms, Hc, and Ka) were higher than those of the S1 sample.
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Table 3. Magnetic properties of the S1 and S2 samples.

Parameters Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe) Ka (erg/cm3)

S1 4.8744 1.229 0.2521 55.203 6.1129
S2 8.648 1.290 0.1492 39.639 349.79

4. Discussion

Nickel-based materials have gained great importance due to their catalytic, magnetic,
and biological properties. Nickel nanoparticles can be produced by various methods such
as these: Sol-gel, microemulsion, polyol, hydrazine-based reduction, laser ablation, and
ultrasound-based reduction [31–35]. Despite the reality that the fabrication of magnetic
metallic nickel nanostructure materials is economical and solely requires basic equip-
ment, these procedures are challenging because of their oxidation and instability. This
prompted the researchers to focus their efforts on finding ways to produce metallic nickel
that would simultaneously prevent oxidation and retain stability. Indeed, pure metallic
nickel nanoparticles and Ni/NiO nanocomposites have been obtained using the glycine-
mediated combustion method [18]. In addition, a Ni/NiO nanocomposite has also been
prepared using the dried leaves of a Corchorus olitorius-assisted combustion route [1].
It demonstrates that the dry plant part-based combustion approach has been recognized
as a potential technique for creating metallic nanoparticles [1]. The procedures for the
formation of metallic nickel material using the dry olive leaf-assisted combustion method
can be discussed as follows:

(i) The dry olive leaf powder acts as a biomaterial. Due to the presence of hydroxyl
groups (OH) found in the phenols present in dry leaves, it holds and traps the bulk
of nickel ions produced by the breakdown of nickel nitrate (Equation (4)) with the
development of an organic–inorganic complex.

(ii) The reduction of metallic salt (nickel nitrate) can be achieved by bioreduction-based
biomolecules such as alkaloids, flavonoids, saponins, steroids, tannins, and other
nutritional compounds [36].
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(iii) The reduction, stabilization, and prevention of the oxidation of Ni nanoparticles are
realized through carbon (Equation (5)), which is a protective agent of Ni, with the
liberation of carbon dioxide (Equation (6)).

Ni(NO3)3·6H2O = NiO + 2NO + 6H2O + 0.5O2 (4)

NiO + C = Ni + CO (5)

CO + 0.5O2 = CO2 (6)

In other words, a fast decomposition of the precursors in the presence of biofuel
(dry olive leaf powder) brought about the formation of a Ni/NiO nanocomposite with
subsequent carbon formation. The olive leaf-mediated combustion route enhances a more
reductive atmosphere, leading to an increase in Ni content [1]. Indeed, XRD analysis
confirms the formation of crystalline Ni and NiO phases. EDS measurement indicates that
the composites contain 6.12–13.88 wt% carbon elements. However, in FTIR analysis, four
bands located at 418, 556, 660, and 1023–991 cm−1 are due to the metal–oxygen vibration
mode. In addition, Raman spectra of the as-prepared composites confirm the presence of
the NiO phase. Similar investigations were observed with different systems, indicating
the role of carbon [36–38]. In such investigations, it was presupposed that the reduction of
the ions that resulted from the breakdown of the precursor would lead to the creation of
metallic nickel, which would subsequently be shielded by graphite.

SEM images both demonstrate that the average particle size of the Ni–NiO@C com-
posite is larger than 100 nm, despite the fact that both Ni and NiO crystallite sizes are
remarkably small and less than 100 nm as shown in TEM photos. This discrepancy could
be explained by the creation of components with complicated geometries and distinctive,
highly adaptable microstructures. This can be discussed with the “shrinking core” as a
common model for the mechanism of the production of the Ni phase during the reduction
pathway [39–41]. According to this model, the chemical reaction zone moves frontally,
deep into the initial phase (NiO) [42–45]. Beginning with a full transformation of the outer
layer of the NiO particle into lesser oxides or the metal itself (Ni) as reaction products,
reduction takes place on the surface of the NiO particle. As a result, the inner core of the
original substance is encircled by one or more reaction product shells, forming a core–shell
with an increase in the size of the resulting particles. Therefore, the composite particles
appeared in a polyhedral form that included spherical, oval, and cubic particles of different
sizes, some of which exceeded the nanoscale. Depending on what is stated in the literature,
the difference in the size of the product and its departure from the nanoscale may be due
to the parallel surface defect dipole containing strong repulsive interactions, however
the valence reduction and unpaired electron orbital at the outer surface may be [46–50].
These interpretations are consistent with our results, as it was found that the strain and
dislocation of Ni are greater than those in NiO, which has a unit cell volume greater than
that of metallic nickel. However, it was found in Table 2 that the surface area of the formed
composite (S1) is small as a result of its relatively large grain size, which led to a noticeable
decrease in its total pore volume in the presence of ultra-microspores.

In fact, pure NiO nanoparticles often show antiferromagnetic (AFM) behavior, while Ni
nanoparticles display a ferromagnetic (FM) character [6]. Nevertheless, non-stoichiometric
NiO nanoparticles have paramagnetic behavior at room temperature due to surface disor-
der, which arises from the presence of Ni3+ ions in the NiO lattice [1]. However, the weak
ferromagnetic (FM) or superparamagnetic (SPM) behavior of NiO could be attributed to an
exchange interaction between two neighboring Ni2+ ions through an oxygen ion, leading
to a superexchange interaction. In the Ni/NiO system, the combination of ferromagnetic
(FM) and antiferromagnetic (FM and AFM) constituents resulted in a tuning of both MS
and HC [51]. In this study, the investigated composite had a Ms of 8.648 emu/g for the S2
sample—slightly higher than the same composite prepared by using Corchorus olitorius
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leaves (6.977 emu/g), which was similar to the magnetism of the S1 sample [1]. In addition,
the coexistence of ferro- and antiferromagnets (FM and AFM) due to the interface between
two magnetically different (Ni and NiO) phases resulted in the appearance of the exchange
bias (EB) effect [40]. It is clear that the squareness (Mr/Ms) is less than the value of 0.5,
indicating that the particles interact via magnetostatic interaction and the anisotropy in
the crystal lattice [52,53]. The composites (S1 and S2) investigated had moderate coercivity
(55.203 and 39.639 Oe, respectively) due to the presence of magnetocrystalline anisotropy,
shape anisotropy, and AFM-FM exchange coupling. In addition, the decreasing trend of the
anisotropic constant (Ka) value in the S1 sample indicated a decrease in the magnetostatic
energy of the composites and vice versa as shown in S2 sample [54]. These results indicate
the complexity of the ensuing magnetic characteristics of the Ni–NiO/C composites due to
the interaction of size, surface, and interface effects. Finally, Ni–NiO/C composites with a
room-temperature FM character (RTFM) can be utilized as soft electromagnetic materials
in the construction of transformers, cathode materials in batteries, and heterogeneous
catalysis [6].

5. Conclusions

Ni–NiO/C nanocomposites were successfully prepared by using the dry olive leaf
combustion method. The prepared composites were characterized using XRD, FTIR, Raman,
SEM-EDS, and TEM analyses. Surface and magnetic properties were investigated for
Ni–NiO/C composites. It was discovered that the constructed systems only contained
crystalline Ni and NiO phases and that there were absorption bands connected to carbon
groups as shown in FTIR analysis. The composites contained Ni, C, and O elements,
according to EDS analysis, and TEM and SEM examinations showed that the formation
particles exhibited a wide variety of sizes and shapes. Additionally, these findings revealed
that the investigated composites had a low surface area due to a decrease in the total
pore volume. It exhibited low magnetism and coercivity. Additionally, the composite’s
squareness was below 0.5, indicating that the interactions between the constituent parts
were caused by anisotropy in the crystal lattice and magnetostatic interaction.

These results are very encouraging, so further experiments in various applied sectors
are recommended.
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