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Pure NiSe nanoparticles were successfully produced using an adapted thermal treatment
technique and an alternate nitrogen flow. Throughout a range of calcination temperatures
of 500 °C—800 °C, a number of techniques were utilised in order to examine the optical,
structural and magnetic characteristics of the attained NiSe nanoparticles. Ultraviolet-
visible absorption spectrophotometry was employed to ascertain the optical characteris-
tics. These evidenced a reduction in the NiSe nanoparticle conduction band with elevated
calcination temperatures, i.e. from 3.58 eV to 3.37 eV at 500 °C and 800 °C, respectively. This
was attributed to a higher degree of attraction between the conduction electrons and the
metallic ions with rising particle dimensions, equating to a larger atom population
comprising the metal nanoparticles. This means that the findings can be applied to a wide
range of energy applications. The lack of impurities within the produced NiSe nano-
particles was verified utilising Fourier-transform infrared spectroscopy and energy
dispersive X-ray analysis. At calcination temperatures of > 500 °C, powder X-ray diffraction
demonstrated that the specimen, amorphous at room temperature, had undergone
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conversion into hexagonal crystalline nanostructures. Transmission electron microscopy
confirmed the evolution of size NiSe nanoparticles; mean particle dimensions increased
from 21 nm to 54 nm at calcination temperatures of 500 °C and 800 °C, respectively.

Electron spin resonance spectroscopy, used to identify the magnetic properties, supported
the presence of unpaired electrons.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

There has been considerable interest in the synthesis and
description of chalcogenides because of their noteworthy
characteristics and possible utility in nanotechnology [1-6].
The Pauli paramagnetic NiSe belongs to the class of transition
metal chalcogenides. It exhibits inferior metallic behaviour En
masse with band voids at 2.0 eV and within the 2.8—-3.6 eV
spectrum, in its polycrystalline and nano formats, respec-
tively [7]. As a result of electronic structure of nickel (3 d 4s?)
also the minimal electronegativity variation between nickel
and selenium, i.e. 1.9 and 2.4, respectively, NiSe has the ca-
pacity to engage to create complexes with diverse stoichi-
ometry [8,9].

In addition to NiSe, alternative semiconductors based on
nickel and selenide, such as NiSe,, and Nis;Se,, exist and have
been recorded for a variety of utilities [10,11]. The latter have
attractive electronic and magnetic traits, have been postu-
lated as Pt-free catalysts for the electrochemical synthesis of
hydrogen, and was employed for a range of purposes in the
materials science sectors, where a plethora of research has
been conducted over recent years [12—15]. Nickel sulphide
(0.4 eV) and nickel oxide (3.6—4.0 eV) have been mentioned as
suitable candidates for use in solar cells because of their band
gaps [16—18].

A contemporary study has described the single-phase and
morphologically governed manufacture of hierarchical X and
examined the catalytic properties of NiS nanosized with
respect to the drop of PNP-PAP [7]. Driven by the spectrum of
above uses of this type of semiconducting substance, the aim
of this study was to produce a semiconducting nanoform of
the NiSe material [19,20]. This has been formerly achieved
utilising a hydrothermal process. The shape and dimensions
of nickel selenium was governed via changing the Ni salt an-
tecedents, capping and dropping chemicals, respectively, the
temperature and the length of the reaction [7]. In the present
article, the emphasis is on the in-depth description of the
manufacture of the NiSe nanoparticles.

Overall, NiSe nanomaterials can be manufactured using a
variety of methods. Examples include chemical bath deposition
techniques [21], e.g. solvothermal [22—24] or in situ on gra-
phene [25], hydrothermal method [26,27], pulse potential elec-
trodeposition method [28], and electrodeposition method [29].
The various methods have their individual benefits and draw-
backs. During solution phase production, it is possible to govern
the particle size and the necessary shape. However, when using
some techniques, it is not possible to control the desired shape,
which can often give rise to particle clustering, as seen with
Ni;Se,; at times, the sample may also be impure [30,31].

Nevertheless, the latter technique can be upscaled to generate
significant amounts of nanomaterial in a relative brief time
interval without the addition of reagents, e.g. solvents,
reducing agents or surfactant. In contrast, numerous reagents
are necessary for the thermal technique, which only enables
the synthesis of diminutive material amounts over a relatively
prolonged timescale. In the current study, NiSe nanoparticles
have been synthesised employing thermal treatment tech-
niques. Altering a number of manufacturing variables has
enabled the substance's particle dimensions to be regulated.
NiSe nanoparticles produced by varying techniques have been
determined to be markedly efficacious and stable with respect
to reduction reactions [32—35]. Many of these approaches have
produced particles of the desired dimension and structure.
However, drawbacks were noted, e.g., complex protocols, the
difficulties associated with eliminating impurities, and the
synthesis of noxious by-products that adversely impact the
environment. In order to surmount some of these issues, the
novel suggestion of heat treatment is postulated for the pro-
duction of NiSe nanoparticles.

The aim of this technique was to produce semiconductor
nanomaterials encompassing: metal ferrite nanoparticles, i.e.
CdSe [36], ZnFe,04, MnFe,04, ZnSe [37], and CoFe,04; metal
chromic nanoparticles, e.g. ZnCr,04 [38], CdO [39], (Cr203) x
(NiO) 1-x [40], Cassiterite [41], (ZnO) o5 (2r0,) o [42], and bi-
nary nickel and silver oxides [43].

To create metal nanoparticles, a thermal treatment
method that eliminated oxygen and nitrogen flow was used in
an aqueous solution containing both the metal precursor and
PVP during calcination. This was a straightforward process;
the lack of requirement for additional agents to be admixed
into the reactant reduced the expense, and also ensured that it
was pro-environmental, as no noxious or unnecessary by-
products were discarded into the drains.

Ultraviolet-visible (UV-vis) absorption spectrophotometry,
Fourier-transform infrared spectroscopy (FTIR), energy
dispersive X-ray analysis (EDX), powder X-ray diffraction
(XRD), transmission electron microscopy (TEM), and electron
spin resonance (ESR) spectroscopy were used to evaluate the
properties of the samples produced.

2. Materials and methods

The metal antecedent comprised nickel nitrate and selenium
powder reagents. PVP (MW = 29,000) and deionised water
were deployed as the capping agent and solvent, respectively.
All reagents were procured as analytical grade materials from
Sigma-Aldrich (St. Louis, MO, USA); they were utilised without
additional modification.
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1 gPVP and 50 mL deionised water were combined to make
up the PVP solution at ambient temperature. 0.5 mmol nickel
nitrate and 0.5 mmol selenium were admixed into the solu-
tion, which was agitated for 180 min in order to yield a ho-
mogeneous solution without any evident precipitation. The
solution has been decanted into a glass Petri plate and
warmed in an oven for 24 h at a temperature of 80 °C; this was
to allow any water to evaporate and to produce a solid cake;
this was subsequently pulverised in a pestle and mortar to
create a regular powder.

The powder was calcined in 100 °C increments between the
temperatures of 500 °C and 800 °C, initially for 180 min in
oxygen flow so as to degrade the organic compounds, and
then for 180 min in nitrogen gas flow in order to extract any
oxygen from the oxides prior to synthesising uncontaminated
NiSe nanoparticles. The two gases were permitted to flow
consecutively into the heat treatment chamber at similar flow
rates, i.e. 50 mL/min.

A range of methods were utilised to examine the attained
NiSe nanoparticles. The optical characteristics of the prepared
samples have been investigated using a UV-vis spectropho-
tometer (Shimadzu model UV-3600, Shimadzu, Tokyo, Japan);
this was conducted at ambient temperature through the
200—800 nm spectrum. FTIR spectrometry (Perkin Elmer
model 1650, Perkin Elmer, Waltham, MA, USA) was used to
document the infrared spectrum, i.e. 280 — 4000 cm™?, in order
to survey the capping agent extraction following calcination.
The specimen's elemental constituents were determined by
EDX (model Jeol Jsm 7600, Jeol, Tokyo, Japan) following calci-
nation at 600 °C. These results were combined with those from
FTIR in order to depict the generation of pure crystalline NiSe
nanoparticles over a range of calcination temperatures. The
crystal configuration of the nanoparticles was inspected using
XRD (Shimadzu model 6000, Shimadzu, Tokyo, Japan); the X-

ray source, CuKa (0.154 nm), was utilised at room temperature
in order to create diffraction patterns from the crystalline
specimens within the 26 range of 10—80°. TEM (model Hitachi
H-7100 TEM, Hitachi, Tokyo, Japan) enabled visualisation of
the shape, dimensions, and dimension distribution within the
nanoparticle population; the accelerating voltage employed
was 500 kV. The sample was procured by placing a dried
aliquot of NiSe nanoparticle powder dispersed in deionised
water onto copper grids. Finally, ESR spectroscopy (JEOL-JES-
FA200, JEOL, Japan) was utilised to identify the magnetic
properties of the nanoparticles at room temperature.

3. Results and discussion

3.1.  Thermal analysis

Thermogravimetric analysis (TGA) was used for the thermal
analysis of the metallic nitrate; a differential gravimetric
technique (DTG) was employed for the thermal analysis of the
PVP [44]. This facilitated the recognition of the superior tem-
perature during calcination. The TG-DTA curves for the pro-
duced material that contained PVP (MW 29,000 g/ml)
metallic nitrate prior to calcination are illustrated in Fig. 1.
After calcination, two separate weight reductions were
depicted by the TGA curve. Initially, a weight attrition of
approximately 16% was documented between the tempera-
tures of 70 °C and 290 °C; this was attributed to water evapo-
ration. The second weight decrease of approximately 84%,
was recorded between the temperatures of 290 °C and 462 °C;
this was ascribed to the breakdown of inorganic and organic
substances from the nitrate salts and PVP, which gave rise to
the generation of the stable NiSe material. A three-phase
weight decrease was evidenced by the DTG curve. The first
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Fig. 1 — Heat rate of 10 °C/min was used to generate thermogravimetric (TG) and thermogravimetric derivative (DTG) curves

for PVP/Nise.
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phase was typical of moisture being caught within the sample
and occurred at temperatures under 110 °C. A modest peak
appeared at 362 °C, which was ascribed to the degradation of
NOx compounds. Most of the PVP content of the sample
degraded during the third phase, at 432 °C, the temperature of
the greatest weight reduction. Minimal weight attrition was
noted at 496 °C, potentially owing to the full conversion of the
residual PVP into carbonaceous substances. At temperatures
above 496 °C, no additional weight reduction was seen as any
carbonaceous material had been eradicated from the sample
between the temperatures of 432 °C and 496 °C. Following
TGA, the black colouration altered to a crystalline pale grey,
which implied the generation of NiSe nanoparticles contain-
ing minimal impurities.

3.2.  The formation of NiSe nanoparticles

A schematic depicting the pathway of NiSe nanoparticle
generation by the thermal treatment technique is shown in
Fig. 2. There is a vigorous engagement between the capping
agent, PVP and the ions (NiSe) via ionic bonding between the
Ni ions and the amide part, through the PVP chain's oxygen.
The PVP's amide residue gave rise to steric and electrostatic
stability within the Ni and Se. Ni*, Se™ and NO3 ions and the
PVP amide group are present within the aqueous solution.
Prior to the drying stage, the Ni* ions could begin to accept
electrons that were free within the solution to generate an Ni
metal atom, i.e., the nucleation process. During the drying
period, at a temperature > 80 °C (Fig. 1), water evaporation
commenced and PVP degradation began, thus decreasing the
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length of the polymer chains capping the Ni and Se atoms, and
Ni* ions. The CO, CO,, H, and NO, were formed during the
calcination at temperatures between 500 °C and 800 °C when
PVP was exposed to oxygen. The NiSe particles commenced
their evolution when more diminutive NiSe nanoparticles
clustered to form particles of increased dimensions once the
PVP was eliminated. Simultaneously, after the oxygen-
enriched calcination, Ni—O nanoparticles were able to
become established. Subsequently, nitrogen gas was utilised
during calcination in order to remove oxygen from potential
Ni—O nanoparticles, thus facilitating the production of pure
NiSe NPs [45].

3.2.1. UV-—Vis study

Analysis of the effect of the spectrum of calcination temper-
atures on the NiSe nanoparticles was performed using UV-Vis.
Fig. 3 illustrates the diffuse reflectance spectral data of the
individual samples, which were examined between 200 and
800 nm at ambient temperature. During the generation of the
ionic compound, NiSe (Ni*" Se?"), the outer electrons are
made complete, i.e. from 4p* to 4p°® electrons, by the receipt of
Ni's 4s? electrons. During the configuration of ionic solid NiSe
semiconductor nanoparticles, the semiconductor character-
istic of the nanomaterials stems from electron translocation
between the valence band, i.e. 5s of Ni or 4p° of Se, and the
vacant conduction band [46].

Within the specimens, a single band was shown within the
visualised regions, with peaks located at 385 nm and 439 nm,
attributed to the existence of Ni** species. The increase in this
outlier implies augmented particle dimensions for surface

Se? Niz*, NO;-

Drying at 80°C

S T

Se? Ni2* |
2NO,-,

\/\/
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Fig. 2 — NiSe nanoparticles formed through the interactions between PVP, Se and Ni ions.
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Fig. 3 — The diffuse reflectance spectra of NiSe
nanoparticles formed at various calcination temperatures
(a) 400, (b) 500, (c) 600, (d) 700, and (e) 800 °C.

NiSe nanoparticles calcination
temperatures.

The data from Fig. 3 were employed for computing the
absorption coefficient, in accordance with the Kubelka-Munk

(KM) formula [47,48]:

following a rise in

F(R™) = a/s = (1 — R®)/2R

where o and S indicate the absorption and scattering co-
efficients, respectively, and F (R.,) represents the KM function.
The latter can be utilised in lieu of « in the diffused reflection
spectra data in order to estimate the optical adsorption edge
energy. A plot of F(R.)E against E appeared linear close to the
edge for direct allowed transition (n = 1/2). For each specimen,
the point where the line crossed the abscissa (F(R.)E = 0)
indicated the value of the optical absorption edge energy.
For the individual specimens undergoing calcination at
varying temperatures, the optimal band gap data were
computed utilising the reflectance spectra data and the KM
formula [49]:

(F(Rw). hv)? = (A(hv-Eg))

where F(R.,) is the Kubelka-Munk function as before, hv in-
dicates the incident photon energy, A is a constant dependent
on the probability of transition likelihood and diffuse reflec-
tance, R, and R, is the diffuse reflectance which is obtained
from Re = Rsample/Rstandard-

A plot of (F(R.). hv)? against hv is depicted in Fig. 4. The
linear spectra on the plot have been elongated towards the hv
axis in order to compute the ideal NiSe nanoparticle band gap
values over a range of temperatures of calcination.

A fallin the optical band gap was noted in conjunction with
increasing temperatures of calcination, i.e., from 3.54 eV to
3.37 eV at temperatures of 500 °C and 800 °C, respectively
(Fig. 4). This decline in the energy band gap with elevating PVP
can be attributed to the rise in particle dimension and rates of
crystallinity, as demonstrated by the XRD results. It is believed
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!;c"‘a; -’

L : o
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20 25 3.0 4.0 45 5.0

35
E (eV)
Fig. 4 — The band gaps of NiSe nanoparticles synthesized
at the different calcination temperatures, (a) 500, (b) 600, (c)
700, and (d) 800.

that with enlarging particle dimensions, the number of atoms
required for particle configuration becomes greater, which
then enhances the valence and conduction elections within
the particle ion centre [50]. The ultimate outcome is the
reduction in particle band gap.

The energy band gap values of the generated NiSe nano-
particles were demonstrated to drop with an increase in
calcination temperature (Fig. 4; Table 1). This change could be
ascribed to the NiSe particle dimensions. It may also be
explicated by alterations in the incompletely hidden valence
and conduction bands of the Ni** ion d-shell electrons [51].
The effect of the particle dimensions on the band gap should
be considered seriously. Owing to the rise in particle di-
mensions, the band configuration alters according to the
substance properties. Increasing nanoparticle size narrows
the band gap. Thus, at higher energy states, the s- and p-
electron conduction bands are safeguarded but remotely, and
at relatively big dimensions at a locus in greater proximity to
the Fermi level, but which appears to be quite remote from the
particle core. There is a notable nuclear potential of the con-
duction electrons; any modification encompassing allowed
quantum numbers will evidence a rise in absorption energy,
comparable to the energy of the conduction band.

3.3.  Phase composition analysis

The analysis of systems containing multiple elements can be
aided by FTIR spectroscopy, which generates results relating
to the phase composition of the substance as well as the na-
ture of the interactions between the various materials and

Table 1 — TEM, XRD and UV-Vis results of NiSe

nanoparticles at calcination temperatures.

T °C TEM nm XRD nm EgeV
500 21+4 19 3.58
600 BEERS 29 3.51
700 46 + 5 41 3.44
800 54 +4 49 3.37
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Fig. 5 — FTIR spectra of PVP and NiSe nanoparticles at: (a)
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(e) 800 °C in the range of 280—4500 cm ™",

polymers [52]. In the current work, FTIR was used to observe
the extraction of PVP and to estimate the level of impurities
within the NiSe nanoparticles generated throughout the range
of calcination temperatures. The wavelength spectrum uti-
lised was 280—4000 cm™%; this demonstrated the organic and
inorganic sample components at ambient temperature and
following calcination at temperatures ranging between 500 °C
and 800 °C.

The absorption peaks pertaining to PVP and the NiSe
nanoparticles are demonstrated in Fig. 5. Prior to calcination,

absorption peaks are seen at 3435 cm™?, i.e. N—H vibration,

2948 cm ™, i.e. C—H vibration and 1648 cm™?, i.e. —C=C vi-
bration covalent bond stretching (Fig. 5a). The absorption
peaks observed at 1428 cm™' indicate C—C in the ring, at
1277 cm ™!, C—N stretching, and at 1108 and 880 cm ™, C—C in
ring vibrations of covalent bonds. The C—O bond is indicated
by absorption at 876 cm™*. The vibration frequency of the
Ni—Se ionic bond cohorts is seen at 369 cm™* [53].

Fig. 5b depicts data from a sample that was calcined at
500 °C. Metallic bonds relating to Ni—Se could be gener-
ated under 403 cm™! although peaks remain evident
within the spectrum above 880 cm™*. Peaks at < 876 cm™*
pertain to the C—O bond vibrations, and arise from organic
and PVP interactions, thus indicating only partial eradi-
cation of PVP from the sample at this particular calcina-
tion temperature.

The FTIR spectrum data from specimens obtained at
calcination temperatures from 700 °C to 800 °C are illustrated
in Fig. 5¢, d and e. Two wide peaks are noted following calci-
nation at 800 °C at 863 and 393 cm %, which correspond to C—0O
stretching vibrations and the symmetrical stretching bonds of
Ni—Se, respectively; this pattern confirmed the presence of
PVP in the sample as well as the organic incomplete C—O
attachment. These findings imply that increasing the calci-
nation temperature results in a higher degree of purity in the
NiSe nanoparticles.

3.4.  Elemental composition analysis

EDX spectroscopy was performed in order to identify the
elemental constituents of the nanoparticle specimens
generated by the thermal treatment approach. The results
range for the NiSe nanoparticles through a calcination

cps/eV

b Se

0 5 10 15

R AR e B o R Ra R o Ea R B AARSEREaEmEZEES
20 25 30 35 keV

Fig. 6 — The EDX spectrum of the NiSe nanoparticles calcined at 700 °C.


https://doi.org/10.1016/j.jmrt.2022.04.152
https://doi.org/10.1016/j.jmrt.2022.04.152

4924

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;18:4918—-4929

temperature at 700 °C is depicted in Fig. 6. The relevant peaks
indicate the NiSe elements within the sample. The docu-
mented NiSe anatomic proportions were 100.0%, indicative
of the lack of impurities within the ultimate material. As a
result, EDX results confirmed that pure NiSe nanoparticles
were effectively produced by an utilised thermal treatment
technique.

3.5. Structural analysis

Fig. 7 shows the structural properties of the samples exam-
ined with XRD before and after calcination. No diffraction
peaks were observed on XRD in the sample at ambient tem-
perature, i.e. prior to calcination, which only contained PVP
and NiSe and was dried for 24 h at a temperature of 80 C. This
indicates that the substance is amorphous, consisting of PVP,
Ni, and Se ions; no crystalline composites have been observed
prior to calcination.

In the samples that were calcined at temperatures > 500 °C,
configuration of crystalline NiSe nanoparticles was confirmed
by the presence of diffraction peaks, with the following
reflection planes present: (110), (101), (021), (102), (201), (103),

20000

(201), (202) and (104). At 26 = 32.5°, a high-intensity peak cor-
responds to the crystal reflection plane with Miller indices of
(110), which affirms the existence of NiSe nanoparticles with a
hexagonal architecture in the specimens from the varying
temperatures of calcination. These data are comparable with
the standard phase documented in the XRD reference data-
base, i.e. Reference code: 98-009-0267 for hexagonal NiSe
crystals [54].

The XRD results show that increasing the calcination
temperature causes higher and narrow diffraction peaks,
indicating increased particle dimensions (Table 1). The crys-
tallite dimensions within the specimens varied between 19
and 49 nm; these were computed utilising the Scherer formula
from the full width at the half maximum (FWHM) peak
widening of the maximum intensity peak (110) on the XRD
plots [55—59]:

D(nm)=(k2)/(Bcos0) (1)

where D represents the dimension of the crystalline (nm); k
reflects the shape factor, which for sphere particles equals
0.94; B refers to the FWHM measured in radians; A is the X-ray
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Fig. 7 — XRD patterns for NiSe nanoparticles calcined at: (a) ambient temperature, (b) 500 °C, (c) 600 °C, (d) 700 °C, and (e)

800 °C.
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wavelength of Cu Ka = 0.154 nm; and 6 represents the Bragg
angle.

3.6.  TEM images analysis

The primary objective of the TEM was to examine the
morphological and mean dimension distribution of the NiSe
nanoparticles. The morphology of the NiSe nanoparticles was
practically spherical, with homogeneity in shape and dimen-
sional distribution for all the samples that underwent calci-
nation at the various temperatures, as determined by TEM
imaging. All of the TEM images are presented on a single scale
of 100 nm (Fig. 8).

The mean particle dimensions for the respective calcina-
tion temperatures were: 21 nm, 500 °C; 33 nm, 600 °C; 46 nm,
700 °C; and 54 nm, 800 °C. These results were consistent with
those obtained from XRD and confirm the increased particle
size as the calcination temperature was raised [60—62].

Prior to calcination at a temperature of 500 °C, NiSe
nanoparticle nucleation had already occurred. Application
of heat during the thermal treatment triggered the libera-
tion of electrons from medium substances and led to the
generation of increased numbers of NiSe atoms. The heat
additionally caused PVP degradation, leading to a gradual
freeing of the capping property from the NiSe atoms and
particles, respectively. The latter have a tendency to cluster
to create NiSe nanoparticles of greater dimensions. The
higher calcination temperatures caused the more weakly
bonded PVP on the veneer of the particles to degrade as a
result of the Oswald ripening pathway, thus facilitating
clustering and the increased particle dimension.
Conversely, the repulsive force generated by the conduction
electrons that enclose the NiSe nanoparticles inhibited
additional clustering. The rising calcination temperature
caused an elevation in particle thermal vibration and
kinesis, which also suppressed particle amassment. The
clustering also leads to a rise in quantum dot particle size
with rising calcination temperatures.

600
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Fig. 9 — ESR spectra of NiSe nanoparticles at different
calcination temperatures of, (a) 500 °C, (b) 600 °C, (c) 700 °C,
and (de) 800 °C.

Table 2 — Magnetic parameters of NiSe nanoparticles
observed for ESR analysis.

Calcination temperature (°C) g- factor Hr (Oe)

500 1.750194 375.351

600 1.791216 366.755

700 1.808554 363.239

800 1.815391 361.871
3.7. Electron spin resonance analysis

Fig. 9 illustrates the ESR spectrum data relating to the samples
heated to calcination temperatures of 500 °C — 800 °C. There
was a sequence of broadly ranging and frequently arising
markers associated with the individual samples from the
specific temperatures owing to the presence of the NiSe
semiconductor nanoparticle unpaired conduction electrons.
There are two potential sources of the ESR signal, i.e. a para-
magnetic defect condition from inside the NiSe, or para-
magnetic sample contamination. These findings infer those
paramagnetic properties were present in the specimens.

A drop in resonant magnetic field intensity occurred with
rising temperature, i.e. from 375.351 G at 500 °C to 361.871 G
at 800 °C (Table 2). The g-factor parameters rose from
1.750194 to 1.815391 when the temperature was increased
from 500 °C to 800 °C (Table 2). These results infer that the
intrinsic magnetic field is enhanced owing to the increased
calcination temperatures, thus implying that the micro-
scopic magnetic exchanges are more frequent as the particle
dimensions enlarge. The g-factor can be computed utilising
the following formula [38]:

g = (hv)/(B-Hr)

where h, v and B indicate Planck's constant, the microwave
frequency and the Bohr magneton (9.274 x 1072* J T,
respectively; Hr represents the resonant magnetic field.

It can be assumed that the resonance magnetic field di-
minishes as the g-factor increases. Nevertheless, v is a con-
stant in ESR spectroscopy. Elevated g-factor values and
decreases in Hr, in keeping with the increased magnetisation
values, have been noted in previous studies on NiSe
nanoparticles.

4, Conclusion

NiSe nanoparticles were effectively manufactured using a
straightforward thermal treatment approach, requiring only
the components nickel nitrate, selenium, PVP and deionised
water. Using oxygen and nitrogen gas flows during calcination
facilitated the extraction of organic materials, leading to the
synthesis of pure crystalline NiSe nanoparticles. A decline in
conduction band energy was observed, from 3.54 eV to 3.37 eV
at calcination temperatures of 500 °C and 800 °C, respectively;
this was attributed to the increased particle dimensions
generating higher attraction forces between the conduction
electrons and metal ions. The benefits of this thermal treat-
ment approach include its simplicity and the fact that it was
pro-environmental, with no noxious or undesired by-products
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requiring disposal. This indicates that the products can be
applied to a broad variety of energy applications.
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