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Abstract
Objectives: To find how annealing temperature affected the morphological,
structural, and magnetic properties of nickel oxide (NiO) nanofibers (NFs). Also
to establish a link between magnetic characteristics and the vacancy defects
generated by particle size effects. Methods: Cost-effective electrospinning
method is used to fabricate NiO NFs by using Nickel nitrate hexahydrate
Nickel (II) nitrate as a precursor and polyvinylpyrrolidone (PVP) as a polymer.
Annealing of precursor NFs helps it to transform to NiO NFs. Scanning
Electron Microscope (SEM) and X-ray diffraction (XRD) are used to study
the morphological and structural properties of NiO NFs. We inspected
elemental composition andmolecular interactions with an X-ray photoelectron
spectrometer (XPS) and Raman spectra. Vibrating sample magnetometer
(VSM) measurements probe the magnetic properties. Findings: Changing the
annealing temperature allows us to tune the particle size. The average NF
diameter was reduced with annealing from 173±30 nm for as-spun NFs to
110±13 nm for 800◦C annealed NiO NFs. With a rise in annealing temperature
from 400◦C to 800◦C, the particle diameter increased from 9.16 nm to 27 nm.
We observed field-dependent magnetization for NiO NFs annealed at 400◦C,
i.e. ferromagnetic (FM)with susceptibility of 0.3341 at lowermagnetic fields and
antiferromagnetic (AF) with susceptibility of 0.0096 at higher applied magnetic
fields. With the rise in annealing temperature, the magnetization reduced. As
shown in XPS studies, we estimated the variation in Ni vacancies and oxygen
concentration with annealing temperature may be the reason for a change in
the magnetic properties of NiO NFs, because of its particle size variation with
annealing. Novelty: From the experimental results, we inferred a probable
cause for the FM properties in the AF material. Because of their anomalous
magnetic property, i.e. field-dependent magnetization, we can use NiO NFs
annealed at 400◦C as a material for spintronic switching devices.
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1 Introduction
The quantum confinement effect and high surface-to-volume ratio made nanomateri-
als used in a wide range of applications compared to bulk materials. One-dimensional
nanofibers (NFs) are significant among nanomaterials because of their continuity
in particle arrangement, which helps signal transmission faster than nanoparticles. We
use NFs for data storage and transfer (1), gas sensors (2), supercapacitors (3), and elec-
trochromic devices (4). Template synthesis, self-assembly, drawing, hydrothermal, and
electrospinning are some processes used to make one-dimensional NFs. Electrospin-
ning is used to make 2D NiO NFs because of its cost-effectiveness and simplicity. Many
parameters control the diameter of the nanofiber, the viscosity of the polymer solution,
the voltage between the tip and the collector, the diameter of the metal needle, and the
distance between the cathode and anode (5). This study kept all the above parameters
constant for NF fabrication, except for changing the annealing temperature to tune the
nanofiber diameter and particle size (6).

NiO is a p-type oxidewithmost defects andhole contributing species beingNi vacan-
cies. NiO nanomaterials found applications in resistive switching (7), supercapacitors (8),
and gas sensors (2). Spin valves and magnetic random access memory use nanostruc-
tured AF materials. NiO has gained much interest as an AF insulator material for spin-
tronic devices, which uses spin currents instead of charge currents in electrical devices,
resulting in lower energy dissipation (9). NiO’s high Neel temperature (TN = 523 K) per-
mits it to operate in the AF state at temperatures exceeding room temperature. Spin
fluctuations have mediated spin current transmission in NiO. They employed this fea-
ture in spintronic memory and logic applications because, unlike FM materials, the
external magnetic field does not produce significant variations in spin-wave excitation
in NiO. The reduced particle size and Ni vacancies caused anomalous magnetic prop-
erties. The surface defect structure determines the magnetic enhancement in nanos-
tructured NiO. Magnetoresistance (MR), the resistance change caused by a magnetic
field, is significant for data storage, spin-valve devices, and other spintronic devices.
The spin-electron scattering is reduced by the parallel alignment of FM moments along
the magnetic field, resulting in a decrease in system resistance, known as negative MR.
Tunneling magnetoresistance (TMR) is observed in FM nanoparticles placed in a non-
conductingmatrix. In TMR, electrical tunneling occurs between two FM layers through
thin insulating layers.The FM moments’ relative alignment affects how an electron tun-
nels. For parallel alignments of FMmoments, the tunneling current is large, whereas, for
antiparallel alignments, it is small. Because of its surface-dependent characteristics and
field-dependent magnetization, TMR is observed in nanostructured NiO (7).

The effect of annealing on the morphological, magnetic, and structural properties
of electrospun NiO NFs was examined. Fine AF particles exhibit weak FM or
superparamagnetism (SPM), whereas bulk AF materials are magnetically compensated
and have no net magnetic moment in the zero applied magnetic field. FM above room
temperature in oxides with a cubic structure could make it easier to integrate spintronic
devices (10). FM behavior in nonmagnetic oxide nanoparticles, such as NiO (11). Madhu
et al. developed a model that connects the FM interaction to uncompensated surface
spins (USS) of O2- and Ni2+ vacancies (12). Using positron annihilation spectroscopy,
Zhi-Yuan Chen et al. examined the vacancy defects responsible for FM features in AF
NiO. He found a strong correlation between nickel vacancy defects and FM on the
grain surface (6). According to Yang et al., the oxygen vacancy on the surface of NiO
nanoparticles is the most critical factor in FM behavior. They stated that the interaction
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between the AF core atoms and the FM shell atoms causes increased coercivity (11). Daqiang Gao et al. proved the reduction
in FM at room temperature is due to variation of oxygen vacancies in copper oxide nanostructures (13). Based on previous
theoretical models, experimental observations, and our experimental findings, we believe cation (Ni2+, Ni3+) and anion (O2-)
vacancies play a crucial role in exhibiting FM properties in AF materials. We examined room temperature magnetic properties
to explain the origin of room temperature FM in NiO NFs.

2 Methodology
Analytical grade chemical reagents Nickel (II) nitrate, PVP with a molecular weight (MW) of ~130000, and methanol are
purchased from Sigma Aldrich of purity about 99.9% and used as received without further purification. PVP is dissolved in
13 ml of methanol for 2 hours with magnetic stirring. We added 2 ml of acetic acid to the solution while stirring. PVP is used
because of its high viscosity, which enables NFs formation. To make a homogenous precursor solution, 1 gram of Nickel (ll)
nitrate is added to the above solution and stirred for 2 hours. A Dispovan syringe is filled with the prepared sol-gel solution
and pumped at a 1 ml/hr flow rate using a syringe pump. We applied a potential difference of 15 kV between the tip of the
needle and the grounded aluminum collector using a high-voltage power source. We deposited the NFs on aluminum foil with
electrospinning, collected them from the aluminum collector, and dried them overnight in an oven at 60◦C. We annealed the
NFs at 400◦C, 600◦C, and 800◦C in an air atmosphere. To attain the temperatures, we use an electric furnace with a 3◦C/min
annealing rate, followed by a two-hour dwell period and 3◦C/min cooling to ambient temperature.

2.1 Material Characterization

We investigated the surface morphology of the NFs using the SEM (Carl Zeiss EVO-MA15). XRD patterns were acquired using
a GE Inspection Technologies X-Ray Diffraction System 3003 TT with Cu K radiation in the 20◦-80◦ range at a scan rate of
0.04◦s-1 to find out the crystal structure and particle size of annealed NiO NFs. We used an Argon-ion laser with a power of 20
mW to perform Raman studies with a Horiba Yvon LabRam confocal Raman microscope in a wavenumber range of 80-2000
cm-1 and an excitation wavelength of 488 nm. The material’s ionic states are determined using a Kratos AXIS ULTRA-165 X-
ray photoelectron spectrometer (XPS) with a monochromatic Al X-ray source. We examined the magnetic characteristics of
NiO NFs at 25◦C using a Cryogenic Limited vibrating sample magnetometer (5 T). We did all the characterizations at room
temperature.

3 Results and Discussion

3.1 Morphological Analysis

We probed the diameter and size distribution of electrospun NiO NFs using SEM. Figure 1depicts the surface morphological
deformation ofNiONFs as a function of annealing temperature. By using ImageJ software, we calculated the nanofiber diameter
of about 50 fibers at different positions and averaged them to get the average nanofiber diameter. As-spun NFs have a smooth
surface with an average diameter of 173±30 nm, as seen in Figure 1 (a). The smoothness of as-spun fiber is because of the
polymer. As the annealing temperature rises, NFs becomes rough. Figure 1 (b) to (d) show how NFs deformed as the annealing
temperature increased from 400◦C to 800◦C. Because of polymer evaporation and particle densification, the diameter of
nanofibers decreases with annealing (14). For 400◦C, 600◦C, and 800◦C annealed NiONFs, the average fiber diameter is 143±24
nm, 120±20 nm, and 110±13 nm, respectively.

3.2 Structural composition of XRD patterns

The XRD peak pattern of annealed NiO NFs is shown in Figure 2 . The crystalline phase for NiO with Face-Centered Cubic
(FCC) lattice structure is established by the diffraction peaks matching to reflection planes (111), (200), (220), (311), and (222)
at 2θ values of 37.2◦, 43.2◦, 62.8◦, 75.3◦, and 79.3◦, which agree with JCPDS card number 47-1049. We assign the Fm3m space
group to all identified peaks in XRD patterns. We used the Debye-Scherrer formula with a spherical particle assumption and
a shape factor K value of 0.9 to determine the size of NiO NFs crystallites. We observed sharp peaks with increasing intensity
as the annealing temperature increased, showing an increase in crystallite size growth because of particle agglomeration. There
was no evidence of a phase change with annealing. Depending on the average of first three prominent peaks of XRD spectra,
average crystallite size for NiO NFs annealed at 400◦C, 600◦C, and 800◦C were 9.16 nm, 22.93 nm, and 27 nm, respectively (14).

As crystalline size grows, the lattice parameter decreases, owing to a rise in annealing temperature because they discovered
a relationship between grain surface relaxation and crystalline size. Micro-strain, a structural parameter for structure-property
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Fig 1. SEM images of (a) As-spun NFs; NiO NFs annealed at (b) 400◦C (c) 600◦C (d) 800◦C.

Fig 2. XRD spectra of NiO NFs annealed at 400◦C, 600◦C, and 800◦C.

correlation, displays the quantity of lattice defects in a sample (15). Micro-strain in metal oxides occurs in nanostructured
transitions because of lattice defects, such as cation/anion vacancies, which change the materials’ physical properties. Samples
annealed at 400◦C, 600◦C, and 800◦C have lattice strain values of 0.0092, 0.0036, and 0.0031. Grain size does not grow linearly
with annealing temperature because the flow of atoms/ions across the grain barrier is size-dependent. Surface energy is higher
in smaller grain sizes, allowing more atom diffusion. The surface energy and diffusion probability both decrease after reaching
critical size. Larger grains were generated at the expense of smaller ones. Because we found no additional impurity peaks, XRD
shows the purity of the produced NiO NFs (16).

3.3 Elemental Composition by XPS Analysis

We investigated the oxidation states and elemental composition of NiO NFs using XPS. The deconvolution of Gaussian curves
was used to fit the XPS spectral peaks of Ni 2p. We consider Ni 2p3/2 as it is more intense than Ni 2p1/2. In the Ni 2p3/2 and
O 1s regions, Figure 3 demonstrates how the cumulative fitted data matched the experimental data. The XPS peak locations
were calibrated using 284.6 eV adventitious carbon. We show the peak positions and regions under the curves for comparing
nickel and oxygen oxidation states in Tables 1 and 2. The main peak at binding energy 853.7 eV is because of Ni2+ vacancies
at the core hole location in the 2p3/2region. The following configuration represents 2p53d9L (2p and L represent the core hole
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Fig 3. XPS spectra of Ni 2p and O 1s states for NiO NFs annealed at 400◦C, 600◦C and 800◦C.

and hole in ligand band, respectively) the main peak. Weak splitting at 855.5 eV is because of Ni 2p53d9 state is due to Ni3+
ionic states. The satellite peak of 2p3/2at 7 eV from the main Ni peak, is due to 3d10L2 states. The oxygen banding effects caused
the satellite peak to have a larger width. In Ni 2p3/2, hybridization between Ni 3d and O 2p is vital in producing the main and
satellite peaks. Ni3+ concentration in the NiO determines the defects, which are compensated by cation vacancies or excess
oxygen.

Table 1.Ni2p3/2peak fitted data for 400◦C, 600◦C, and 800◦C NiO NFs.

Sample
Peak position (eV) Area under curve FWHM (eV)
Ni2+ Ni3+ Satellite peak Ni2+ Ni3+ Satellite peak Ni2+ Ni3+ Satellite peak

400◦C 853.7 855.5 861.0 10420.6 18377.3 22325.7 0.98 2.3 4.3
600◦C 853.5 855.3 860.5 9220.1 8810.4 12226.8 1.64 2.3 4.2
800◦C 853.9 855.7 861.0 7638.4 9810.8 11951.3 1.33 2.3 4.1

Table 2.O 1s peak fitted data for 400◦C, 600◦C, and 800◦CNiO NFs.

Sample
Peak position (eV) Area under curve FWHM (eV)
O2- O (def) O2- O (def) O2- O (def)

400◦C 529.343 531.179 10099.62 6335.638 1 1.527
600◦C 529.151 530.962 5679.18 6968.438 1.008 2.183
800◦C 529.471 531.625 6079.495 8114.788 0.88 2.264

Themain peak in theO 1S XPS spectra is O2- at 529.6 eV, whereas the satellite peak at 531.39 eV could be because of defective
oxygen (O def) atoms near nickel vacancies (17). From Tables 1 and 2 , we showed that oxygen deficiencies and nickel vacancies
decrease as the annealing temperature rises. The origin of the emissions from the mainline and satellites may be determined
by theoretical modeling of the NiO structure employing all inter-atomic wave function mixing and coupling/recoupling of
angularmomentumcontributions.The1.8 eVpeak and the 7 eVpeak at higher binding energies from themain peak ofNi2+ may
be because of non-local screening and are intrinsic properties of NiO, according to Ni7O36 model simulations (18).
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3.4 Raman spectra

Fig 4. Raman spectra of NiO NFs annealed at 400◦C, 600◦C, and 800◦C.

Figure 4 shows the Raman spectra, which validates the NiO vibrational stretching peak positions. I order scattering produces
peaks less than 600 cm-1, while II order scattering produces peaks over 600 cm-1. The 1P and 2P bands are similar in nanoscale
and bulkNiO.The first-order transverse (1TO) and longitudinal optical (1LO)modes have peaks at 357 cm-1 and 546 cm-1. One
phonon excitations are clearer in nano-sized NiO powders than in single crystals because of lattice and surface imperfections.
Because of the high surface-to-volume ratio, smaller crystallite sizes havemore surface defects.Non-stoichiometry in the oxygen
content causes the generation of 1P scattering peaks (19). The 2LO mode has a prominent peak at 1063 cm-1, while the second-
order 2TO mode has a prominent peak at 684 cm-1. The widening of vibrational peaks at low annealing temperatures could
be explained by additional lattice defects caused by NiO’s non-stoichiometry, which promote phonon vibrations. As crystalline
growth and particle size increase, the vibrational Raman peak widths narrow as the annealing temperature rises. The 2P bands
appear to have enlarged, but in bulk NiO, they have practically vanished (20). Due to bond breakage between surface vacancy
defects, a drop in AF spin correlation can explain the absence of 2M mode in Raman spectra in nano-sized NiO NFs (15).

3.5 Magnetic Properties

Annealed NiO NFs’ magnetization (M) vs. the magnetic field (H) hysteresis loops are shown in Figure 5 . The M vs. H loops for
the 400◦C, 600◦C, and 800◦C NiO NFs are combined in Figure 5 (a) to compare magnetizations visually. The hysteresis loop
for 400◦C NiO NFs has an ’S’ shape, as shown in Figure 5 (b), with no magnetization saturation even at 40 kOe magnetic fields.
NiO NFs annealed at 400◦C, have two potential phases, with the core-shell structure exhibiting AF-FM magnetic behavior. The
exponential magnetization rise at low appliedmagnetic fields because of FMnature and non-saturatingmagnetization at higher
applied fields implies an AF phase. This shows the field-varying magnetization for 400◦C annealed samples. At 40 kOe, the NiO
NFs annealed at 400◦C, 600◦C, and 800◦C have magnetization values of 1.123, 0.261, and 0.352 emu/g. The susceptibility (χ),
remanence, and coercive field values of the annealed NiO NFs are given in Table 3. The non-saturation of the magnetization in
high magnetic fields confirms the AF behavior of NiO NFs annealed at 600◦C and 800◦C, as illustrated in Figure 5 (c) and (d).

An oxygen ion mediates the interaction between two nearby Ni2+ ions via super-exchange interaction, i.e., Ni2+-O2--Ni2+ is
responsible for AF nature in bulk NiO (15). Suppose oxygen is missing from the surface when the particle size is lowered to the
nanoscale in that case, the exchange relationship between two nearby Ni ions is broken, and the interaction is diminished. The
super-exchange interaction is sensitive to bond angles and bond lengths, which vary on the surface as particle size decreases (10).
The bulk NiO double sub-lattice transforms into many sub-lattice states with the decrease in particle size (21). The number of
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Fig 5. Room temperature M-H loops for NiO NFs annealed at (a) different temperatures (b) 400◦C (c) 600◦C (d) 800◦C. (Insets: magnified
images at low magnetic field.)

uncompensated spins on the surface relative to the core of the particle increases, causing the netmoments of the particle to align
in the presence of weak magnetic fields (10). The magnetic moment changes because USS is affected by particle size and crystal
structure (21). According to Rinaldi-Montes, the AF can be broken when the size of bulk material is reduced below a certain
threshold (22). This conclusion as supported by the disappearance of the 2M mode in Raman spectra for nanostructured (15).
The linear increase in coercivity values is caused by the asymmetry between USS and compensated spins at the core (6). All
the above parameters contribute to dominant FM nature in NiO NFs annealed at 400◦C. Non-stoichiometry in NiO at low
annealing temperatures is because of surface defects and oxidation of Ni2+ to Ni3+. Increasing the annealing temperature
reduced magnetic properties because of the increase in stoichiometry and grain growth (23). An oxygen-rich condition is
identified in 800◦C annealed NiO NFs than 600◦C annealed NiO NFs, consistent with XPS research findings. This is the reason
for the increased magnetization of 800◦C annealed NiO NFs compared to 600◦C annealed NiO NFs (6), consistent with VSM
studies.Under oxygen-rich conditions, the primary defect in NiO is Ni vacancies, which can change the magnetic properties
of NiO depending on the vacancy’s ionization state (16). As the annealing temperature rises from 400◦C to 800◦C, the defect
recovery process remains consistent. Because of the decrease in ionic defects, FM reduces and AF increases with the increase
in annealing temperature.

Table 3.Magnetization values for 400◦C, 600◦C and 800◦CNiO NFs.
Sample Susceptibility (χ) Remanence (emu/g) Coercive field (kOe)
400◦C 0.3341 (FM), 0.0096 (AF) 0.095 0.0907
600◦C 0.0062 (AF) 0.007 0.407
800◦C 0.0085 (AF) 0.015 0.975

4 Conclusions
Particle size inNiONFs is tuned by varying annealing temperature, as shown in XRDparticle size calculations. Uncompensated
spins on surface and particle size effects influence the magnetic behavior of NiO NFs. We observe anomalous magnetic
behavior in NiO NFs annealed at 400◦C. With the increase in annealing temperature, the finite particle size effects and
vacancy deficiencies are reduced. As a result, the FM nature of NiO NFs annealed at 600◦C and 800◦C decreases, while the AF
nature increases. We found a relationship between surface vacancy concentration and magnetization with varying annealing
temperature. Because of the field-dependent magnetic characteristics of NiO NFs annealed at 400◦C, we can use them as a
material in various spintronic device applications.
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