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Abstract: CoO/Co3O4 nanoparticles (NPs) were synthesized by using a fresh egg white-assisted
combustion method which acts as a new approach for green synthesis of this composite. This method
was carried out by the direct heat of cobalt precursor with egg white at low temperature for very short
period. In fact, this route is a novel, cheap and appropriate technique yielding nanoparticle-based
materials. CoO/Co3O4 nanoparticles were characterized by examining the structure and identifying
the elements and determining the morphology via XRD, FTIR, SEM, EDS and TEM techniques. The
sample magnetic observations were measured through the use of a vibrating sample magnetometer
(VSM). The results of XRD, EDS, SEM and TEM confirmed the positive synthesis of the cubic
CoO/Co3O4 NPs with sponge crystals which proceed. For the as synthesized composite, 57.75
m2/g, 0.0148 cc/g and 10.31 nm were identified to be the SBET, Vp and , respectively. The cobalt
oxide particles in their nature were polycrystalline, and the crystallite sizes varied from 10 to 20 nm.
The magnetic measurement showed that the prepared nanocomposite displays room temperature
ferromagnetism with an optimum value, 3.45 emu/g, of saturation magnetization.
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1. Introduction

Solar energy is an important and vital source of energy because it is a renewable, inexpensive
and infinite energy source. It constitutes an attractive source of energy for electrical, thermal and
thermochemical applications [1]. In many countries of the world, solar energy may be absent for
long periods, so thermal storage of solar energy has become a necessity. Therefore, thermal energy
storage (TES) technologies were important and had a special place in the research process. More such
technologies are regarded into three categories, based on sensitive, latent and thermochemical heat
absorption and release [2]. Solar energy thermochemical storage systems (TCS) consist of reversible
chemical reactions which absorb the solar heat during an endothermal step and release it through an
exothermic reaction. TCS has the benefit of higher energy density stored (up to fifteen times greater
than sensitive and six times greater than latent TES) [3]. Nevertheless, the energy storage density is one
of the most significant factors of a TES system. CoO/Co3O4 redox pairs have great potential as materials
for high temperature solar energy storage [4]. For Mn2O3/Mn3O4, CuO/Cu2O and CoO/Co3O4 the
energy density was 202 kJ/kg, 811 kJ/kg and 844 kJ/kg, respectively [5].

Spinel Co3O4 as a p-type semiconductor with various nano structural forms such as nano rods,
nano sheets and ordered nano flowers has been synthesized [6–9]. Co3O4-based promising material

Processes 2020, 8, 844; doi:10.3390/pr8070844 www.mdpi.com/journal/processes

http://www.mdpi.com/journal/processes
http://www.mdpi.com
https://orcid.org/0000-0001-6999-2544
https://orcid.org/0000-0002-5383-5621
https://orcid.org/0000-0002-7351-813X
http://dx.doi.org/10.3390/pr8070844
http://www.mdpi.com/journal/processes
https://www.mdpi.com/2227-9717/8/7/844?type=check_update&version=2


Processes 2020, 8, 844 2 of 13

has been investigated with different applications such as catalysis processes, gas-sensing, solar energy
absorption, magneto-electronics and electro chromic devices [10–14]. It may appear at first glance that
the normal spinel structure of Co3O4 is closely related to that of the inverse spinel Fe3O4. Nonetheless,
compared to Fe3O4, Co3O4 exhibits strikingly different magnetic order. In particular, Co3O4 does not
exhibit ferrimagnetic ordering of the type demonstrated in Fe3O4 since Co3+ ions are in low spin S = 0
on octahedral B sites [15]. Alternatively, it demonstrates antiferromagnetic ordering on site A with
each Co2+ ion requiring four adjacent Co2+ ions with reverses spins [16].

Co3O4 and CoO particles are generated largely by a broad range of wet chemical techniques
such as spray-pyrolysis, freeze-drying, solubility-controlled synthesis, coprecipitation, combustion
synthesis and sol–gel, [17–23]. To date, an information concerning synthesis of cobalt oxides varies
with absence of studies on egg whites as fuel in preparation process of these oxides. In addition,
knowledge of the egg-white-assisted green synthesis of cobalt oxides powders is scant. For this reason,
the current work was confined to the synthesis of CoO/Co3O4 NPs by using egg white which had
not recently been reported in this reverence. Characterization and magnetic properties of the as
synthesized nanocomposite were also decided.

2. Experimental

2.1. Materials

Cobalt (II) nitrate hexahydrate with linear formula Co(NO3)2·6H2O was the only chemical material
and was supplied by Sigma-Aldrich Company. As this reagent was analytical grade, it was used
without further cleansing. The egg white was extracted from local hens’ fresh eggs.

2.2. Preparation Route

One sample of cobalt oxides was synthesized by mixing a detected weight of cobalt nitrate (2.91
g) with 5 mL of egg white, followed by continuous stirring at 80 ◦C in a Pyrex beaker that puted
on hotplate to evaporate the water crystals, subsequently maximizing the viscosity of the resulting
precursor sol as shown in Figure 1a. This sol was then heated at 120 ◦C to establish a gel (Figure 1b).
The corresponding precursor gel was calcined for 15 min in a furnace at 350 ◦C, and then sparks
appeared at one corner as shown in Figure 1c. These sparks spread across the entire prepared block,
generating a good deal of foam which finishes by a black superfine massive powder (Figure 1d). Thus,
the egg-white-assisted combustion method led to formation of a voluminous and flabby material
containing porous cobalt oxides composite with a carbonaceous byproduct.

2.3. Characterization Techniques

A BRUKER D8 advance diffractometer (Bruker, Karlsruhe, Karlsruhe, Germany) used to measure
the various mixed solids using an X-ray. The patterns were measured at 40 kV with Cu Kα radiation
and 40 mA, with a scanning speed of 2◦ min−1 in 2θ. The crystallite sizes of Co3O4 and CoO were
defined by a broadening of the X-ray diffraction line using Scherer equation [24].

d = Bλ/βcosθ (1)

where d is the examined process’s average crystallite thickness, B is the Scherrer constant (0.89), λ is
the X-ray wavelength, β is the diffraction’s full-width half limit (FWHM) and θ is the Bragg angle.



Processes 2020, 8, 844 3 of 13
Processes 2020, 8, x FOR PEER REVIEW 3 of 13 

 

 

  
(a) (b) 

  

(c) (d) 
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Figure 1. Process flowchart for fabricating the as-prepared sample: (a) precursor sol; (b) precursor gel;
(c) flaming gel and (d) combusted product.

PerkinElmer Spectrophotometer (type 1430, Liantrisant, CF72 8YW, United Kingdom) was used
to determine the Fourier-transform infrared spectrum (FTIR) of different solids. At wavelength from
4000 to 400 cm−1 the spectra for IR were collected. Two mg of each solid sample were mixed with 200
mg of Potassium Bromide (KBr) grade vacuum-dried IR. Dispersed by grinding in a vibratory ball mill
for 3 min, the mixture was inserted in a steel die 13 mm in diameter and exposed to a 12-ton strain.
The sample discs were inserted in the double grating IR spectrometer holder.

A JEOL JAX-840A scanning electron microanalyzer (SEM) and JEOL Model 1230 (JEOL, Akishima,
Tokyo, Japan) transmittance electron microanalyzer (TEM) captured the scanning and transmittance
electron micrographs of the as-prepared solid, respectively. At first, the solid was washed in ethanol,
and then ultrasonically adjusted to disperse individual particles over a small piece double-stick carbon
tape putted over mount holders.

Energy dispersive X-ray analysis (EDS) was recorded on JEOL (JED-2200 Series) electron
microscope with a Delta Kevex system attached (JEOL, Akishima, Tokyo, Japan).. The variables
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were as follows: 15 kV voltage acceleration, 100 s time accumulation, 8 µm width of window. The
structure of surface molars was calculated by the Asa method, ZAF-correction, Gaussian extrapolation.

The surface properties of numerous solid catalysts—namely that surface basic area (SBET), total
volume of pore (Vp) and mean radius of pore ( )—were calculated from isotherms measured at 77 K
using a Nova 2000, Quanta Chrome (commercial BET unit, Boynton Beach, FL 33426. USA). Before
undertaking these measurements, each sample was degassed for 2 h at 200 ◦C under a reduced pressure
of 10−5 Torr,.

The magnetic features of the examined solids were measured in an optimum applied field of ±2000
Oe at ambient temperature using a vibrating sample magnetometer (VSM; Lake Shore Model 7410,
Weistron, West Hollywood, Hollywood, Los Angeles, CA, USA). A hysteresis loop acquired resulted in
saturation magnetization (Ms), remanence magnetization (Mr), coercivity (Hc) and squareness (Mr/Ms)
being calculated. The magnetic field was measured in the hysteresis loop with a relative error smaller
than 0.0001%.

3. Results

3.1. XRD Study

The XRD pattern of the as-synthesized CoO/Co3O4 NPs is shown in Figure 2. The XRD trajectory
demonstrates nanocomposite formation, which contained CoO and Co3O4. A series of diffraction
peaks at degree 2θ = 31.19, 36.75, 38.25, 44.73, 55.47, 59.36, 65.37, 73.48, 76.67 and 77.7 characteristic to
indexing planes (220), (311), (222), (400), (422), (511), (440), (620), (533) and (622), respectively. These
planes agree with the values reported for Co3O4 NPs (PDF file No. 78-1970) [25]. In addition, these
diffraction peaks can be indexed as typical cubic spinel structure for Co3O4 (Major phase). Another
series of diffraction peaks at degree 2θ = 36.37, 42.24, 61.28, 73.39 and 77.24 characteristic to indexing
planes (111), (200), (220), (311) and (222), respectively. These planes agree with the values reported
for CoO NPs (PDF file No. 71-1187) [26]. However, these diffraction peaks can be indexed as typical
cubic structure for CoO NPs. No other phases were observed in the XRD patterns. Moreover, in this
study, one cannot ignore presence of a carbonaceous byproduct as impurities depended upon using
egg white in the preparation method. This expectation will be confirmed in SEM and EDS sections.
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Figure 2. XRD pattern of CoO/Co3O4 nanoparticles.

Thus, the XRD result displays the formation of CoO/Co3O4 nanocomposite. Indeed, most of the
peaks present in XRD pattern belong to Co3O4 phase with fraction of cubic CoO. The height of the
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diffraction peaks of Co3O4 (311) and CoO (200) planes can be used for calculation of the relative content
or the calculated fraction (F) of CoO crystallites in the porous CoO/Co3O4 nanocomposite depending
upon the following relation:

F = Icubic/Itotal (2)

where Icubic is the count of I(200) of cubic CoO phase and Itotal is the sum of the counts of I(311) and
I(200) for Co3O4 and CoO phases, respectively. The fraction of cubic CoO phase present in porous
CoO/Co3O4 nanocomposite was found to be 32%. Depending on the calculations with fullprof program
for Rietveld analysis (structure profile refinement) of X-ray powder diffraction data, the values of the
crystallite size (d), X-ray density (D), unit cell volume (V), lattice constants (a) and dislocation density
(ρd) are tabulated in Table 1 [27].

Table 1. Structural properties of the as-synthesized cobalt oxides.

Properties Values

Co3O4 CoO

Crystal structure Cubic Cubic
Lattice constant (a), nm 0.8093 0.4267

Unit cell volume (V), nm3 0.5300 0.7770
Density (D), g/cm3 5.95 6.1

Dislocation density (ρd), nm−2 4.444 × 10−3 6.944 × 10−3

Crystallite size (d), nm 15 12

The Miller indices, d spacing and the values of 2θ for the crystalline phases which present in the
as-synthesized cobalt oxides are listed in Table 2.

Table 2. Miller indices, d spacing and the values of 2θ for the crystalline phases (cobalt oxides) in the
as-synthesized solid.

h k l d spacing Å 2θ (Obs.) Deg. 2θ (Cal.) Deg. Differences Phases

1 1 1 4.676 18.977 18.9935 −0.0165 Co3O4
0 2 2 2.860 31.267 31.2608 0.0062 Co3O4
1 1 1 2.463 36.47 36.4723 −0.0023 CoO
1 1 3 2.463 36.841 36.8346 0.0064 Co3O4
2 2 2 2.335 38.543 38.5356 0.0074 Co3O4
0 0 2 2.133 42.37 42.3656 0.0044 CoO
0 0 4 2.022 44.804 44.7954 0.0086 Co3O4
3 1 3 1.857 49.046 49.0665 −0.0205 Co3O4
2 2 4 1.651 55.647 55.6365 0.0105 Co3O4
1 1 5 1.557 59.348 59.3364 0.0116 Co3O4
0 2 2 1.508 61.47 61.4634 0.0066 CoO
0 4 4 1.430 65.225 65.2124 0.0126 Co3O4
1 3 5 1.367 68.618 68.604 0.014 Co3O4
2 4 4 1.348 69.731 69.7167 0.0143 Co3O4
1 1 3 1.286 73.63 73.6285 0.0015 CoO
2 0 6 1.279 74.109 74.0934 0.0156 Co3O4

3.2. FTIR Analysis

A spectrum FTIR of the as-prepared sample was shown in Figure 3. Examination of this figure
indicated that: (i) this sample’s spectra shows different bands at 3415, 1650, 1163, 643, 572 and 513 cm−1.
These bands enabled us to identify of functional group and structure elucidation for the investigated
samples; (ii) the observed wide bands belonging to the mixed oxides at 3415 cm−1 and 1650 cm−1

were due to the stretching and bending vibration of H2O group OH [28]. However, the 1163 cm−1

band can be correlated during the cooling process to the chemisorption’s of O2- on the sample surface
particularly carbon surface; (iii) The spectra show a sharp 513-cm−1 band with two 643-cm−1 and 572
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cm−1 shoulder bands. These bands correspond to the Co3O4 spinel structure [29]. It is understood that
the characteristic bands of single and/or mixed oxides in the 1000 and 400 cm−1 ranges are usually
attributed to the vibration of metallic ions in the crystal lattice [29]. 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 [30]. The bands in the obtained spectrum at 513 and 643 cm−1 are correlated with
vibrations of both the Co3+ in an octahedral hole and the Co2+ in a tetrahedral hole in the spinel lattice,
respectively [31,32]. (iv) The divalent octahedral metal ion and oxygen ion complexes indicate the
presence of the shoulder band at 572 cm−1 [33]. In this analysis, the presence of some Co2+ ions at
B-site could be due to this shoulder band.
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3.3. Energy Dispersive X-ray Spectrometry (EDS) Analysis

In order to confirm the existence of cobalt oxides and also to analyze the chemical structure and
composition of the synthesized sample, EDS analysis was achieved. Illustration Figure 4 shows the
EDS sequence of nanoparticles as synthesized. The characteristic signals of the elements of cobalt (Co),
oxygen (O) and carbon (C) were calculated in Figure 4. Co: 76.7 wt percent, O: 20.2 wt percent and C:
3.1, respectively, were the weights percent of cobalt, oxygen and carbon measured from EDS. However,
the value about 0.512 and 0.25 keV corresponds to the binding energies of oxygen (O-Kα) and (C-Kα),
while the peaks at binding energies of 0.78, 6.92 and 7.68 keV correspond to CoL, CoKα and CoKβ,

respectively. This finding confirms that the as-prepared sample consisted entirely of mixed cobalt
oxides and with a carbonaceous byproduct.
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3.4. Morphologic Analysis

Scanning electron microscopic (SEM) analysis resulted in the surface morphology of the synthesized
CoO/Co3O4 nanoparticles. SEM images of the as-prepared nanoparticles with various magnifications
are illustrated from Figure 5a–e. A higher tendency of agglomeration of many particles was observed.
These agglomerations are gathered as sponge carrots. Such islands are like porous bodies with various
types of pores and voids. Growth of the island was clearly seen from the tightly packed structures.
Careful examination of SEM images indicates different contrast light of the as synthesized sample.
Indeed, high contrast light nanoparticles, cobalt oxides, are clearly seen supported on a lower contrast
darker porous material which is a carbonaceous byproduct. These features are also clearly visible in
the lower magnification images. In addition, Figure 5f, there is histogram for particle size distribution
of the as-prepared sample based on SEM micrographs [34]. This figure shows that the size of the
as-prepared material was ranged between 10 and 140 nm with average sized located at 90 nm. This
confirms formation of agglomerated particles in the as-prepared system.

Transmission electron microscopic (TEM) analysis has made a clear picture for morphologic
characteristics of the as synthesized sample as shown in Figure 6a. Indeed, TEM enables data to be
captured regarding the sample’s inner structure, where SEM provides data about the surface of the
analyzed object. However, this figure shows that the porous material (a carbonaceous byproduct
with low contrast light) is mixed with high contrast light CoO/Co3O4 nanoparticles. However, the
synthesized material had homogenous structures and sizes ranged in the nanometer scale. In addition,
Figure 6b, there is histogram for particle size distribution of the as-prepared sample based on TEM
micrograph [34]. This figure confirms that the size of particle was in the range from 10 to 20 nm. Finally,
these observations report the polycrystalline CoO/Co3O4 NPs and also are consistent with XRD and
EDS measurements.
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Figure 6. (a) TEM image of the as-prepared material and (b) its histogram for particle size distribution.

3.5. Surface Properties

Different surface properties were investigated from N2 adsorption isotherms conducted at 77 K,
namely SBET, Vp and , for a synthesized composite. The SBET, Vp and , values were 57.75 m2/g,
0.0148 cc/g and 10.31 nm, respectively, for the as synthesized sample. These results confirm that
the composite as-prepared is porous, with a powerful surface area depending upon presence of a
carbonaceous byproduct and nature of the preparation method.

3.6. Magnetic Properties

A vibrating sample magnetometer (VSM) measured the magnetic properties of the CoO/Co3O4

nanocrystals at room temperature. The magnetization plots (Ms) as a function of the applied magnetic
field (H) are shown in Figure 7. This figure indicates a period of hysteresis estimated at 300 K. Table 3
includes Ms, Mr, Hc and Mr/Ms values of the as synthesized sample. The Hc, Ms and Mr values were
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Table 3. Magnetic properties of the as-synthesized nanocomposite.

Properties Values

Saturation magnetization (Ms), emu/g 3.450

Remanent magnetization (Mr), emu/g 0.2734

Coercivity (Hc), Oe 85.032

Squareness (Mr/Ms) 79.242 × 10−3

4. Discussion

There are three well-known valence states in the cobalt oxide system: cobalt oxide (CoO),
cobalt oxide (Co2O3) and cobalt cobaltite (Co3O4). The most stable phase in this system is a
mixed-valence compound with ordinary spinel structure [Co2+Co3+

2O4] [38]. In the current study,
the egg-white-assisted green synthesis resulted in formation of nanocomposite containing CoO and
Co3O4. The crystallite sizes of CoO/Co3O4 mixed solids were ranged between 10 and 20 nm. The
well-defined diffraction peaks involved in the spectrum of XRD indicate to formation of thin crystalline
cubic phases. The preparation method led to formation fine size cobalt oxide powders depending
upon on the peak broadening at each reflection. However, it can be seen from Table 1 that there was
dislocation in the crystal lattice of CoO/Co3O4 system. A crystallographic defect (irregularity) caused
by the dislocation within a crystal structure that leads to changes in material properties. This fault
distorts the ordinary atomic array of a perfect crystal [39–41].

A range of the synthesized CoO/Co3O4 nanoparticles with overgrowth of clusters was observed in
the SEM results. Spongy and fragile agglomerations with different pores and voids were observed. It
was evident from the EDS spectrum that the CoO/Co3O4 nanoparticles were synthesized successfully
depending upon the major constituents of the as-prepared sample were Co and O elements with traces
of carbon. In addition, the CoO/Co3O4 composite consisted entirely of nanocrystalline particles based
on the strong, intense, narrow width and sharp peaks involved in the EDS spectrum.

Table 3 reveals that the synthesized sample exhibits coercive magnetic hysteresis loops (85.032 Oe)
and magnetization of saturation (3.45 emu/g). This indicates the ferromagnetism of the CoO/Co3O4

NPs at room temperature. In other expressions, the behavior of the room temperature ferromagnetic
(RTFM), as synthesized CoO/Co3O4 NPs, showed very strong. Indeed, the efficient working of the
spintronic devices relies on the semiconductor nanoparticles RTFM. Nonetheless, the origin of RTFM
for the as synthesized CoO/Co3O4 NPs, depending upon the presence of the unpaired electrons spin,
could be attributed to the following reasons: (i) Surface uncompensated Co2+ ions [42]; (ii) Range of
the particles within nano scale [43]; (iii) Surface oxygen vacancies/or particle interface [44–48]; the
oxygen vacancies in CoO/Co3O4 nanoparticles were still a critical factor in the presence of RTFM.
The oxygen vacancies play an important role in producing ferromagnetism especially in nanometric
scale system. Opposite behavior was observed in a bulk system. This indicates the reduction of
oxygen vacancies in the bulk system due to reduced oxygen vacancies density. To put it another
way, ferromagnetism is inversely proportional to particle size. In nanosized materials, the loss of
translational symmetry and weak surface coordination contribute to the occurrence of vacancies of
oxygen with subsequent density increases. Furthermore, the oxygen vacancies are found primarily
on the surface of the particles. Resultantly, it is assumed that these vacancies play a key role for the
ferromagnetism identified in nanosized cobalt oxides. This could be due to trapping unpaired electrons
in the oxygen vacancies and their spins will polarize together through interactions of exchange that
create ferromagnetic order [49,50].

Additionally, one of the important unique properties which depend on its anisotropy is the
squareness of a material. The squareness is also a function of the hysteresis loop forming the square. In
the results of this study, CoO/Co3O4 NPs, squareness was below 0.5. This result demonstrates that the
particles interact by magnetostatic interaction, and anisotropy in the crystal lattice decreases [51–53].
However, it could explore the possibility of dealing with superparamagnetic particles in a blocked
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state due to the small size of their nanocrystallites in the range of 10–20 nm [54]. In addition, cobalt
nanoparticles provide a significantly greater anisotropy barrier elsewhere compared with average
atomic thermal energy, and then the particle magnetization is stuck or “blocked” in a given direction
until an external magnetic field reverses it. In other words, the possible mechanism for reduction of
the squareness could be a direct consequence of the effect of the thermal fluctuations on change the
direction of the magnetization for superparamagnetic particles. Similar results were observed in the
case of spinel nickel manganites [55].

5. Conclusions

Green synthesis based on egg white brought about formation of CoO/Co3O4 nanoparticles for the
first time. This approach has many economic benefits for the synthesis of CoO/Co3O4 nanoparticles
without using any additives, such as technical feasibility, unexpectedness to scale up and less time
consuming. From XRD results, the as synthesized material consisted entirely of CoO and Co3O4

phases with cubic structure. The elemental and morphologic characteristics of the prepared sample
were characterized using EDS and SEM techniques. The as-prepared CoO/Co3O4 NPs have coercivity
(85.032 Oe) and saturation magnetization (3.45 emu/g) with RTFM behavior.
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