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Abstract: This study focuses on two different techniques for preparation of nickel manganite
(NiMn2O4) system. One approach is conventional ceramic method, and the second is based on
replacing the ceramic route with green synthesis mediated by egg white. The goal of this strategy
is produce a single nanomagnetic phase of NiMn2O4 using a mostly simple one-step method with
specific characteristics as seen in the second route compared to the ceramic method. The as synthesized
system was characterized by using various techniques such as X-ray diffraction (XRD), scanning
electron micrographs (SEM), and Energy dispersive X-ray spectrometry (EDS). XRD, EDS and SEM
analyses confirm a successful synthesis of NiMn2O4 single phase with cubic spinel and sponge
crystal structures. The particles are polycrystalline in their nature and average crystallite size ranged
between 76 and 90 nm. Egg white assisted combustion method imparted amelioration in the system
crystallization, size of grain, distribution of cation and magnetic properties of the as prepared materials.
The magnetic mensuration suggested that the obtained nickel manganite shows ferromagnetism at
room temperature with an optimum value (3.56 emu/g) of saturation magnetization.

Keywords: NiMn2O4 system; TG/DTG; XRD; SEM; EDS and VSM

1. Introduction

Nowadays, the temperature measurement application based on nanosized materials attracts
the scientists’ attention due to their unique the physical and chemical properties. In other words,
temperature-sensitive nanomaterials present promising applications in various fields such as electronics,
biology and medicine because of their specific electrical and magnetic properties [1–4]. On the other
side, ceramic thermistor materials with a negative temperature coefficient (NTC) have been widely
used in various applications such as temperature sensing, system safety, automotive, control systems,
voltage management, speech volume limitation, ultra-high frequency monitoring equipment and very
low radiant power detection [5]. Nickel manganite (NiMn2O4), which exhibits a partly inverse cubic
spinel structure, is among these products.

NiMn2O4 spinel’s remarkable physical electrical and magnetic properties benefit in its ability to
distribute the cations among the available tetrahedral (A) and octahedral (B) sublattices. Several cation
configurations have been proposed in the literature for NiMn2O4 which appear to depend on the
conditions of synthesis [6–9]. Particular cations, depending on their oxidation state, may occupy
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either the A-sites or the B-sites or both, ionic radii and energetic preference, culminating in two
distinct sublattic A and B attached by oxygen ions. The presence of these sublattices includes
metals in different oxidation states may lead to long range magnetic and conducting interactions.
Indeed, NiMn2O4 has been synthesized in various forms such as powders, films, thick films and
single crystals [10–13]. However, NiMn2O4 ceramic thermistor material can be synthesized in the
miniaturized form using different fabrication techniques. Some of these techniques are solid-state
reaction, ball milling and sol-gel methods [14–18]. Unfortunately, almost all of these techniques need
long time, higher temperature [19–22].

Nickel manganite could also be produced by ceramic route via a solid state reaction between
oxides Ni and Mn [18]. The rate determining step in the diffusion of solid-solid interaction between
species Ni and Mn is their thermal migration through the thin manganite film which covers the
grain surfaces of reacting oxides Ni and Mn. This film serves as an energy barrier to prevent large
amount of manganite from developing. However, the promotion of this diffusion can be achieved by
various techniques such as doping, heat treatment, protracted heat treatment period and preparation
route [23–25].

However, the author found no reports in literature about egg white assisted green synthesis of
NiMn2O4 system. In addition, we have also employed this strategy recently in preparation of Mn3O4

NPs [26]. The present analysis was devoted for synthesis of NiMn2O4 by using both egg white assisted
combustion method and ceramic method. Characterization of the produced NiMn2O4 and magnetic
properties were also ascertained. The egg white assisted combustion method can be more controlled in
terms of structure, morphology, magnetization, and size distribution compared to the ceramic method
as will be seen.

2. Experimental

2.1. Preparation of Nickel Manganite System

Two samples have been prepared of combined Ni/Mn oxides. A first sample (S1) was prepared
through ceramic method by stirring equimolar amount of hexahydrate nickel nitrate and tetrahydrate
manganese nitrate. The solution obtained was first stirred at 60 ◦C to evaporate the water and maximize
the viscosity. The mixture was then heated to 120 ◦C, to establish a gel. The corresponding precursor
gel was calcined for 15 min in a furnace at 350 ◦C generating a black powder as a final product.
The reference point for the second sample synthesis procedure (S2) was the construction of an egg
white-based precursor from hexahydrate of nickel nitrate and tetrahydrate of manganese nitrate.
The reagents have been dissolved in water, given the stoichiometric ratio Mn/Ni = 2. Egg white (5 mL)
was applied to the mixture until it received a clear solution. The mixture obtained was first stirred
at 60 ◦C to evaporate the water and increase the viscosity. The solution was then heated to 120 ◦C,
to make a gel. The resulting precursor gel was calcined for 15 min in a furnace at 350 ◦C. When a
crucible temperature was achieved, a huge amount of foams were produced and spark appeared at
one corner spreading through the mass, producing a voluminous and fluffy substance in the container
containing more black powder. The heat treatment of the final black powders for the S1 and S2 samples
at 950 ◦C for 2 h resulted in preparation of the S3 and S4 samples, respectively. The chemicals used in
this study have been of analytical grade provided by Prolabo Company [27].

2.2. Characterization Techniques

A computerized Shimadzu thermal analyzer (TGA 60 Japan) (Shimadzu, Osaka, Osaka, Japan)
was used to perform thermogravimetery (TG) and differential derivative thermogravimetry analysis
(DTG) [28]. The specimens were examined under air at a flow rate of 30 mL min−1. Persistent weights
of the as-prepared samples (almost 48 mg) were used to avoid the peak shape and temperature
effect of sample weight. For this technique alumina (α-Al2O3) has been used as the reference source.
Heating rate was set at 10 ◦C min−1.
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A BRUKER D8 (Bruker, Karlsruhe, Karlsruhe, Germany) advance diffractometer (Germany) was
used to perform an X-ray data collection of the various mixed solids [29]. The patterns were recorded
at 40 kV with Cu Kα radiation (1.54056 Å) and 40 mA with a scanning speed of 2◦ min−1 in 2θ in the
range from 10◦ to 80◦. The crystallite size of NiMn2O4 present in the solids investigated was based on
an extension of the X-ray diffraction line and measured using Scherrer equation [30].

Where d is the average crystallite size of the material under examination, B is the Scherrer constant
(0.89), λ is the wavelength of the X-ray beam used, β is the full width half maximum of diffraction
(FWHM) and θ is the Bragg angle.

d =
Bλ

β cos θ
(1)

Perkin-Elmer Spectrophotometer (type 1430) was used to evaluate Fourier- transform infrared
spectrum (FTIR) of different solids [31]. From 4000 to 400 cm−1 the spectra for IR were recorded.
Two mg of each solid sample is combined with 200 mg of KBr grade vacuum-dried IR. The mixture
was distributed in a vibratory ball mill by grinding for 3 min and placed 13 mm in diameter in a
steel die, subjected to a pressure of 12 tonnes. The sample disks were mounted in the holder of the IR
spectrometer with double grating.

The JEOL JAX-840A electron micro-analyzer has captured scanning electron micrographs (SEM)
(JEOL, Akishima, Tokyo, Japan) [32]. The samples were dispersed in ethanol and then ultrasonically
treated to disperse single particles over a small carbon coated double stick tape piece over mount holder.

Energy dispersive X-ray spectrometry (EDS) was provided on the JEOL (JED- 2200 Series) electron
(JEOL, Akishima, Tokyo, Japan) microscope with a Delta kevex device attached [33]. The parameters
were as follows: 15 kV voltage acceleration, 100 s time accumulation, 8 mm width of window.
The composition of surface molars was calculated by the Asa technique, Zaf-correction, Gaussian
reconstruction. Vibrating sample magnetometer (VSM; 9600-1 LDJ, USA) (Weistron, West Hollywood,
Hollywood, USA) was used to investigate the magnetic properties of the examined solids in a max.
field of 20 kOe [34].

3. Results and Discussion

3.1. Thermal Analysis

TG and DTG curves of mixture of nickel and manganese nitrates, (S1), and TG of this mixture
treated with 5 mL egg weight, (S2), are shown in Figure 1. Investigation of TG and DTG curves,
Figure 1a,b, for the S1 sample revealed that: (i) the thermal treatment of the S1 sample resulted in
dehydration, decomposition and solid state reaction processes which finish at about 1000 ◦C. (ii) Nickel
nitrate hydrate dehydration as well as manganese nitrate hydrate occurs at room temperature but the
path of dehydration is different in both cases. In case of the S1 sample, the dehydration of both nickel
and manganese nitrates goes through three well-separated stages with subsequent release of both
moisture and hydration water [35]. These stages confirmed by DTG peaks in the ranges of 50–120 ◦C,
121–152 ◦C and 153–251 ◦C with weight loss of 10.27%, 7.34% and 14.42%, respectively. (iii) The
decomposition of anhydrous Ni and Mn nitrates obtained from hydrated nitrates is one-stage process
occurring between 252 ◦C and 332 ◦C with a weight loss of 15.69% [35]. This observation confirms
by a sharp endothermic peak maximized at 290 ◦C as shown in Figure 1b. This weight loss may be
attributed to the decomposition of anhydrous mixed nitrates in order to manufacture the resulting
oxides with release of nitrogen oxides indicating the completion of nitrate group’s decomposition.
The final product for decomposition mixed hydrated nitrates is mixture of MnO2 and NiO. (iv) Slightly
decrease of the sample mass was observed in the range from 333 ◦C to 1000 ◦C with a weight loss of
6.43%. This may be due to solid –solid interaction between the produced NiO and MnO2 yielding
NiMn2O4 solid along the following reaction:

NiO + 2MnO2↔ NiMn2O4 + 0.5O2 (2)
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TG curve, Figure 1c, for the S2 sample displays two stages containing different processes. This curve
can be discussed as following: (i) the first step in this curve was observed in the range from 50 ◦C to
399 ◦C with losing weight 3%. This weight loss could be attributed to complete removal of moisture.
Bearing in mind that the S2 sample was prepared via egg white assisted combustion method following
by heating at 350 ◦C for 15 min, this sample has been exposed to both dehydration and decomposition
processes with subsequent release of the crystallization water and nitrogen oxides due to presence
of egg white as fuel. Based on the results of thermal analysis for the S1 sample, the S2 sample may
contain mixture of NiO and MnO2 crystals. (2) The second step in TG curve of S2 sample starts from
450 ◦C to 1000 ◦C with a weight loss of 6.18% which agrees, approximately, with the theoretical value
(6.43%) and confirms the complete conversion of NiO and MnO2 to NiMn2O4.
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3.2. Phase Formation and Structural Analysis

Determination of phase formation and different structural parameters of the as prepared materials
carried out by using XRD technique. XRD patterns for the S1, S2, S3 and S4 samples are shown
graphically in Figure 2. Enquiry of this figure revealed that: (i) The S1 sample is amorphous depending
on the absence of any specified peak in its XRD pattern. (ii) Complementing the S2, S3 and S4 of
XRD patterns with the data recorded in the reports (PDF No. 07-0230), (PDF No. 87-0712) and
(PDF No. 71-0850) reveals that the prepared sample is crystalline and that the prevailing diffraction
lines correspond to the lattices MnO, Ni and NiMn2O4, respectively. (iii) In case of the S2 sample,
the addition of egg white as fuel resulted in crystallization the constituents of the mixed solids
leading to formation of MnO, Ni and NiMn2O4 phases. In other words, the presence in egg white
led to reduction of some nickel and manganese species with subsequent formation of Ni and MnO,
respectively. Consequently, the S2 sample consisted entirely of MnO (major phase) and NiMn2O4

(minor phase) with presence small amount of Ni phase. This indicates that the presence of egg white
stimulates the solid–solid interaction between the most species of nickel and manganese yielding
NiMn2O4 phase. (iv) The augmentation in the preparation temperature to 950 ◦C for 2 h as shown in
the S3 and S4 samples led to complete conversion of Ni and Mn species via solid state reaction between
them yielding NiMn2O4 with cubic spinel type structure. In addition, the peaks height of NiMn2O4 for
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the S4 sample is greater than that of the S3 sample depending upon the promotion effect of egg white
during the preparation process. In other words, the egg white assisted combustion method resulted in
enhancement of the crystallinity of NiMn2O4 solid compared to ceramic method. This will in turn be
reflected in an improvement in magnetic properties of NiMn2O4 solid.
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Figure 2. XRD patterns of S1, S2, S3 and S4 samples.

Depending on Rietveld analysis of X-ray powder diffraction data, the actions of calcination
temperature and fuel on the NiMn2O4 lattice structural parameters have been determined and tabled
in Table 1 [36]. This table shows the values of, crystallite size (d), lattice constant (a), X-ray density (Dx),
distance between reacting ions (LA and LB), ionic radius (rA, rB) and bond lengths (A–O and B–O) at
tetrahedral (A) and octahedral (B) NiMn2O4 spinel sites. However, the rise in calcination temperature
to 950 ◦C led to an increase in d values, a, LA, LB, rA, rB, A–O and B–O of NiMn2O4 lattice as shown
in the S2 and S4 samples. Opposite result was observed in the value of Dx. Specific behaviors were
found while comparing the samples from S3 and S4. In other words, the treatment with egg white at
950 ◦C led to an improvement in the values of previous structural parameters, except for the value of
Dx. This confirms that preparing the NiMn2O4 solid with the help of egg white is much better than
preparing it in a ceramic route.

Table 1. Lattice parameters of NiMn2O4 Phase.

Parameters
Sample

S2 S3 S4

d, (nm) 50 76 90
a, (nm) 0.8351 0.8357 0.8381
V, (nm3) 0.5824 0.5874 0.5887
Dx, g/cm3 5.303 5.258 5.246
LA (nm) 0.3616 0.3626 0.3629
LB (nm) 0.2951 0.2960 0.2962
A-O (nm) 0.1909 0.1915 0.1916
B-O (nm) 0.2155 0.2161 0.2162
rA (nm) 0.0598 0.0595 0.0596
rB (nm) 0.0835 0.0841 0.0842
I222/I440 0.625 0.819 0.875

3.3. FTIR Analysis

FTIR analysis of the S1, S2, S3 and S4 samples was shown in Figure 3. Study of the figure revealed:
(i) Spectra of these samples display different bands located at 3438–3436, 1642–1636, 1034–1022,
602–596 and 451–444 cm−1. These bands enabled us to identify of functional group and structure
elucidation for the investigated samples. (ii) The observed broad bands assigned to the mixed oxides
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at 3438–3436 cm−1 and 1642–1636 cm−1 may be attributed to the stretching and bending vibration of
OH group for H2O [37]. However, the bands which appeared in the 1034–1022 cm−1 range may be
correlated with the chemisorption’s of O2− on the sample surface during the cooling process: [38–40].
(iii) The spectra show sharp bands at 602–596 cm−1 and 451–444 cm−1. These bands are corresponded
to the spinel structure of NiMn2O4 [41]. It is known that the characteristic bands of single and/or mixed
oxides in the region of 4000 and 400 cm−1 are usually assigned to the vibration of metallic ions in the
crystal lattice [41]. The spinel materials, however, are known to have two fundamental IR active modes
in the vibration spectrum, which are high frequency bands around 600 cm−1 at the tetrahedral (A) site
and low frequency bands around 400 cm−1 at octahedral (B) sites [42]. (iv)The divalent octahedral metal
ion and oxygen ion complexes are suggested by the presence of the shoulder band at 513 cm−1 [43].
This shoulder band may be due to the presence of Ni2+ ions at B-site in this study [44,45]. (v) Slightly
change in the position and intensity peaks of IR bands especially the characteristic bands for the spinel
structure as shown in Table 2. This change is due to the difference in the preparation methods. Indeed,
the intensity bands of the S4 sample prepared by combustion method are greater than that of the S3
sample prepared by ceramic method.
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Table 2. Characteristic infrared frequencies of the as prepared materials.

Functional Groups Wavelengths, cm−1 Intensity, %

OHstret. 3438–3436 94.76–84.47
OHbend. 1642–1636 94.10–73.19

Chemisorbed O2− 1034–1022 94.10–72.31
M-Otet. 602–596 51.90–13.13
M-Ooct. 451–444 52.9–11.70

These results enabled us to investigate the cation distribution of the as synthesized spinel nickel
manganite. Indeed, NiMn2O4 lattice have partially inverse spinel structure depending upon presence
of Ni2+ ions at B-site and Mn3+ ions at A-site and B-site [44,45]. It can be suggested that this structure
for the NiMn2O4 lattice can be obeyed the following formula:

(Mn3+)tet[Ni2+Mn3+]octO4 (3)

But, various factors such as preparation method brought about different changes in distribution
of these cations between the mentioned sites with subsequent appearance of various valances of
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previous ions. Consequently, various authors found that NiMn2O4 lattice may be existence in random
spinel structure with presence of both nickel and manganese ions in A- site and B-site. In this study,
the calcination temperature and preparation method resulted in a portion of the Ni2+ cations migrate
from octahedral to tetragonal interstices of cubic spinel structure. This migration will lead to presence
of synergetic effect with subsequent appearance of both Mn2+ and Mn4+ ions as following:

Ni2+ + Mn3+
↔ Ni3+ + Mn2+ (4)

Ni3+ + Mn3+
↔ Ni2+ + Mn4+ (5)

The Mn2+ cations therefore switch to the tetrahedral sites to compensate for the Ni2+ vacancies.
Furthermore, the Mn2+ ions have a strong tendency to occupy A -sites while Ni2+ and Mn3+

occupy the B site preferentially [44,45]. Taking part account that some Ni2+ ions already present in
A-site, we can be speculated the cation distribution in NiMn2O4 lattice as following:

(Nix2+Mny
2+)tet[Ni1−x

2+Mn1−y
3+Mny

4+]octO4 (6)

In addition, the samples (S3 and S4) XRD patterns calcined at 950 ◦C showed distortion in the cubic
spinel structure that is known from the peaks observed at (2 2 0) and (4 4 0) reflective planes. In addition,
these planes’ intensities are more responsive to the cations on tetrahedral and octahedral sites,
respectively [46]. The maximum increase in the intensity of (2 2 0) and (4 4 0) planes for the S4 sample
attained 37.8% and 28%, respectively. This having found confirms that the egg white presence increased
the migration of the Mn2+ cations to the tetrahedral sites to compensate for the Ni2+ vacancies.

3.4. Surface Morphology and Compositional Analysis

Effects of the calcination temperature and egg white as fuel on the morphological characteristics of
Ni-Mn mixed oxides were determined and shown in Figure 4a–d. Figure 4a represents the S1 sample
heated at 350 ◦C for 15 min. As shown in this figure, eutectic crystal Ni-Mn nitrates was gray milky
substance that looked like smooth block. Based on the photos, we could make the assumption that
Ni and Mn oxides were well dispersed in eutectic crystal with some wrinkles and folds containing
spherical particles. The SEM photograph (Figure 4b) of the S2 sample shows spongy fragile like
structure containing pores and voids. Figure 4a,b shows well dispersed and homogeneous distributed
particles in both eutectic crystals and spongy structure with no chemical reaction.

In addition, the calcination of the synthesized samples at 950 ◦C for 2 h brought about clearly
modifications in their morphological features namely, size, shape, crystallization, structure and
arrangement of grains as shown Figure 4c,d. Coexistence of nickel and manganese oxides together at
high temperature stimulates the solid –solid interaction between them yielding cubic spinel nickel
manganite particles with polyhedron structure. In Figure 5, there were histograms for particle size
distribution of the as S1, S2, S3 and S4 samples based on SEM micrographs [47]. This figure shows
that the average size ranged between 35 and 160 nm for different prepared materials. This indicates
that the preparation of the sample by egg white assisted combustion method was enhanced the grain
growth process. This result coincides with XRD measurement which indicates that the crystallite size
of S4 crystals is greater than that of S3 crystals. The chemical composition of the samples as prepared
could be further established by an EDS analysis that was attached to the SEM. For the S4 analysis,
the representative EDS spectrum indicates that the mixed oxides consisted entirely of elements Ni,
Mn and O as shown in Figure 6.
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3.5. Magnetic Studies

VSM magnetometer has indeed been analyses the magnetic properties of the S3 and S4 samples. The
observed curves of the hysteresis loop (M–H) of these samples are shown in Figure 7. Table 3 shows the
relative magnetic properties for these samples, such as saturation magnetization (Ms), coercive field (Hc),
retentivity (Mr/Ms), squareness ratio (Mr/Ms), anisotropic constant (Ka), and magnetic moment (µm).
Inspection of this table revealed that: (i) the investigated materials display room temperature
ferromagnetism (RTFM) behavior. The oxygen vacancies and size effect play an important role in
introducing ferromagnetic of NiMn2O4 solid [48,49]. The egg white treatment followed by heating at
950 ◦C improves the sample crystallinity, increases the grain size, and decreases the number of spin
suspension bonds on the surface, which lead to an increase in the net spin moment and Ms. (ii) For the
S4 sample the values of Ms, Mr, µm and Ka were higher than for the S3 sample. Opposite behavior was
noted in Mr and Mr/Ms values. This indicates that the method of combustion assisted by egg white
enhances the magnetic properties of solid NiMn2O4 compared to that prepared by ceramic method.Crystals 2020, 10, x FOR PEER REVIEW 10 of 13 
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Table 3. The magnetic properties (Ms, Mr, Mr/Ms, Ka and Hc) of the S3 and S4 samples.

Samples Ms (emu/g) Mr (emu/g) Mr/Ms (emu/g) Hc (Oe) µm
Anisotropy Constant (Ka)

J/m3

S3 0.2986 5.57 × 10−3 18.66 × 10−3 215.16 0.0124 65.56
S4 3.5588 12.57 × 10−3 3.53 × 10−3 23.04 0.1482 83.69

However, the Zener double exchange effect (ZDE) cannot be ignored in improving the magnetic
properties of NiMn2O4 solid through super interaction between ions of the same element in different
valence states and distributed randomly over crystallographically equivalent lattice sites [48,49].
In addition, the existence of the Mnn+1/Mnn+ redox couple located in the semi-conductor spinel
B-sites was considered the responsible factor of the controlled-valence conduction mechanism [50].
In particular, the contribution of super-exchange interaction between Mn3+–O2−–Mn4+ (B–B interaction)
is suggested to be more pronounced in the case of the S4 sample. Opposite behavior was observed for
super exchange interaction between Mn3+–O2−–Ni2+ (A–B interaction) because Mn2+ was increased
through the partial reduction of Mn3+ by increasing the calcination temperature via egg white assisted
combustion method. Thus, as the ratio of Mn4+/Mn3+ increases, as the value of Ms, Mr, µm and Ka

increases as shown in the S4 sample.

4. Conclusions

For the first time: egg white assisted combustion route resulted in formation of NiMn2O4 solid
with a good room temperature ferromagnetism behavior. In this study, the comparison between the
preparation methods of NiMn2O4 solid was in favor of the combustion method at the expense of the
ceramic method. From XRD results, the as synthesized material at 950 ◦C consisted entirely of NiMn2O4

NPs as a single phase with cubic spinel structure. The aspects and morphology of the prepared samples
were characterized using techniques such as FTIR, EDS and SEM. In the future, this green process for
synthesizing from of NiMn2O4 nanoparticles may also be applied to the manufacture of other metal
oxides of industrial significance.
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