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Abstract: A series of copper-based systems containing two different nanocomposites (Cu2O/CuO
and Cu2O/Cu) was synthesized by the egg white assisted auto-combustion route. This method was
distinguished by the simplicity of its steps, low cost, one-pot synthesis process at low temperature
and, short time. The characterization of the as prepared nanocomposites was carried out by using
X-ray diffraction (XRD), Fourier-transform infrared (FTIR), Scanning electron microscope (SEM)
and transmission electron micrograph (TEM), Energy dispersive spectrometry (EDS) techniques.
Surface and magnetic properties of the obtained systems were determined by using N2 adsorp-
tion/desorption isotherms at 77 K and the vibrating sample magnetometer (VSM) technique. XRD
results confirmed the formation of Cu2O/CuO and Cu2O/Cu nanocomposites with different ratios
of well crystalline CuO, Cu2O, and Cu phases. FTIR results of the combusted product displays the
presence of both CuO and Cu2O, respectively. SEM/EDS and TEM results confirm the formation
of a porous nanocomposite containing Cu, O, and C elements. The change in concentration of
the oxygen vacancies at the surface or interface of both Cu2O/CuO and Cu2O/Cu nanoparticles
resulted in different changes in their magnetization. Based on this study, it is possible to obtain
nanocomposite-based copper with multiple valances by a simple and inexpensive route which can
be suitable for the fabrication of different transition metal composites.

Keywords: Cu2O/Cu; Cu2O/CuO; nanoparticles; XRD; FTIR; SEM; TEM; EDS; VSM

1. Introduction

Copper oxide nanoparticles (CuO and Cu2O NPs) have a wide range of uses in the
environmental and industrial domains. This could be owing to the unique physical and
chemical properties of specific particles, such as spin dynamics and high-temperature
superconductivity [1]. CuO and Cu2O represent, in actuality, p-type transition metal semi-
conducting materials with band gaps of 1.7 and 2.7 eV, respectively [2,3]. They appear
to be having unique mechanical, electrical, and magnetic characteristics. These particles
are then utilized as heterogeneous catalysts, antioxidants, drug delivery agents, including
imaging agents, throughout the biopharmaceutical industry [4–6]. Furthermore, Cu-based
nanoparticles have been developed to improve the viscosity of energy-transfer fluids, con-
sequently increasing thermal conductivity [7]. Thermoelectric materials, sensing materials,
glass, ceramics, ceramic resistors, magnetic storage media, gas sensors, near-infrared tilters,
photoconductive and photothermic applications, semiconductors, solar energy transfor-
mation, and high-tech superconductors could all benefit with them [8,9]. All of these
applications can be enhanced by accurately optimizing the particle size and dissipation
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in the nanoscale. On the other hand, information on the synthesis and description of
Cu2O/CuO nanoparticles are very important for understanding the unique properties of
these particles depending on the coexistence of two oxides together. At the interfaces of
these oxides, some phenomena such as exchange interactions appeared, affecting most of
the physical and chemical properties of the prepared composite.

Cu2O/CuO NPs of various shapes and sizes have been synthesized using a variety of
physical and chemical processes, including electrochemical, sonochemical, sol-gel, micro
emulsion, precipitation, and microwave irradiation [10–17]. Consequently, employing tra-
ditional techniques to make Cu2O/CuO and Cu2O/Cu nanoparticles resulted in instability
of both Cu and Cu2O nanoparticles. The instability of these particles is due to its easy
oxidation in aqueous medium [9]. To avoid the surface oxidation of copper nanoparticles,
material researchers have long focused on green methodologies for nanomaterial manu-
facturing [18]. As a consequence, finding an appropriate and environmentally friendly
natural product, and perhaps an environmentally responsible, suitable solvent, is one of
the most challenging tasks in the green synthesis of metal nanoparticles. Among these
products, the plants containing bioactive compounds can be used as a reducing, stabilizing,
and capping agents during the preparation process [10]. Similar results reported that the
preparation of copper-based composites via the thermal decomposition method with an
organic surfactant (fatty acids), e.g., oleic acid and oleylamine, resulted in the protection of
copper nanoparticles against the oxidation process. The oleic acid-assisted thermal decom-
position approach resulted in the stabilization and manufacture of Cu/Cu2O nanoparticles,
according to the observations. Cu nanoparticles are synthesized just after the thermal
decomposition of copper acetate monohydrate in the presence of both oleic acid and oley-
lamine [11]. This work established a new green synthesis process based on egg white for
both Cu2O/CuO and Cu2O/Cu Cu2O and CuO nanoparticles. This process allowed to
overcome the previous complications.

Furthermore, the low-temperature magnetic characteristics of Cu2O/CuO NPs strongly
indicated that these particles have ferromagnetic (FM) behavior patterns, suggesting that
they’re used in significant spintronic applications [19]. Recognizing the concept of ferromag-
netic room temperature (RTFM) in semiconducting or insulating materials, unfortunately,
is one of most pressing issues. Anion/cation vacancies and/or quantum confinement
mechanisms can indeed be the source of FM in these systems. Moreover, the dispute over
the origins of FM character persists [20,21]. There is little doubt that the technology used to
prepare nanoparticles will have a significant effect on the RTFM of these particles, enabling
them to be used for spintronic devices as well as other applications.

The goal of this study was to use an egg white assisted auto-combustion technique
to produce Cu2O/CuO and Cu2O/Cu NPs. The morphological, surface, and magnetic
properties of the produced NPs were also evaluated.

2. Materials and Methods
2.1. Materials

Sigma-Aldrich Company (Darmstadt, Taufkirchen, Germany) provided the chemical
material, copper (II) nitrate trihydrate with the linear formula Cu(NO3)2·3H2O. This reagent
had not been refined further. Fresh egg white from regional chickens was used to develop
egg white.

2.2. Preparation Route

Through incorporating a calculated amount of copper nitrate (2.426 g) with concen-
trated solutions of egg white, four samples of copper oxides were synthesized (0, 5, 10,
and 15 mL). The homogeneous precursors were subsequently concentrated on a hot plate
for 5 min in a porcelain crucible at 300 ◦C for 10 min. The crystal water was smoothly
vaporized, and much foam was generated by convection. Whenever the crucible temper-
ature reached 300 ◦C, a spark ignited at one side and propagated throughout the mass,
producing a voluminous and chunky substance within the crucible. In this study, the



Crystals 2021, 11, 751 3 of 22

ratios of the egg white: copper nitrates were (0, 5, 10, 15 mL): 2.426g for S1, S2, S3, and S4
samples, respectively.

2.3. Characterization Techniques

The X-ray analysis of distinct mixed solids was performed by using a BRUKER D8
advance diffractometer (Bruker, Karlsruhe, Germany). The patterns were run at 40 kV and
40 mA with 2 theta 2◦ min−1 scanning speeds with Cu Kα radiation. Equations (1)–(4)
have been used to obtain the mean crystallite size (d), dislocation density (δ), stress (ε),
and strain (σ) of CuO, Cu2O, and Cu present in the analyzed composites based on X-ray
diffraction line broadening as follows [22,23]:

d = 0.89 λ/β cosθ (1)

δ = 1/d2 (2)

ε = β cosθ/4 (3)

ơ = ε Y (4)

where d is the average crystallite size of the phase under study, 0.89 is the Scherrer constant,
β is the complete breadth at half the height of the peaks in radians, θ is the diffraction angle
in radians, Y is Young’s modulus, and λ is the X-ray wavelength in nanometer scale.

Using the PerkinElmer Spectrophotometer, the investigated solid’s Fourier-transform
infrared (FTIR) spectrum was obtained (PerkinElmer, Coraopolis, PA. United States). At
wavelengths ranging from 4000 to 400 cm−1, the IR spectra were recorded. A total of
200 mg of vacuum-dried potassium bromide (KBr) IR was combined with 2 mg of solid
samples. The mixture was placed as a 13 mm diameter disk into some kind of steel die and
forced to 12-ton pressure after already being dispersed for 3 min in a vibrating ball mill.
The sample disk was inserted into the holder of a double grating IR spectrometer.

Scanning electron microscope (SEM) and transmission electron micrograph (TEM)
images were captured using JEOL JAX-840A and JEOL Model 1230 (JEOL, Tokyo, Japan),
respectively, and a particle disperser unit was used to disperse individual particles over
the mounted SEM setup. This will allow an even distribution of the sample on the sticker,
reducing the incidence of overlapping particles and generating a pattern that can be used
to study granulometry. For TEM using a micropipette, a single drop of the sample was
placed on 300 mesh grids covered with holey carbon (Carbon coated cupper grids). The
samples were dispersed in ethanol and then treated ultrasonically for a few minutes.

With a Delta Kevex device attached to an electron microscope, JED- 2200 Series, energy
dispersive X-ray analysis (EDS with Mapping) was performed (JEOL, Tokyo, Japan). The
following parameters were used: accelerating voltage of 25 kV, accumulation time of 120 s,
and window width of 6 µm. The surface molar composition was calculated using the Asa
approach, Zaf-correction, and Gaussian approximation.

The surface properties, namely specific surface area (SBET), total pore volume (VP),
and mean pore radius (
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Figure 6. Transmission electron micrograph (TEM) images and particle size distribution of the (a) S1, (b) S2, (c) S3 and (d) 
S4 samples. 

3.4. Surface Characteristics 
Surface properties of the S1, S2, S3, and S4 samples were evaluated using N2 -adsorp-

tion/desorption isotherms conducted at 77 K, including surface area (SBET), total pore 
vol-ume (Vp), and mean pore radius ȓ. These isotherms illustrated in Figure 7 belong to 
type-II with type H3 hysteresis loop according to universally-recognized authority on 
chemical nomenclature and terminology (IUPC) classifications [31]. In particular, SBET, 
Vp, and ȓ values are reported in Table 3. Interestingly, the nature of these isotherms 
reveals that the as-prepared solids are mesoporous as a function of capillary 
condensation starting at P/Po = 0.5. 

The shape of isotherm with a jump in the adsorption process at high relative pressure 
(P/Po = 0.90–0.93) indicates the condensation process in inter particle voids. These voids 
were observed in TEM images of the S1 and S2 samples. This jump in the adsorption pro-
cess cannot be observed in the isotherm of the S3 and S4 samples. One cannot ignore that 
our samples contain micropores depending upon such a jump in the adsorption process 
at low relative pressure (P/Po = 0.05) with subsequent low slope region. The S1 and S2 
samples also have larger hysteresis loop area and range than the S3 and S4 samples, show-
ing multilayer desorption from solid pore walls. Furthermore, the H3 hysteresis loop’s 

) of different samples were determined from nitrogen adsorption
isotherms at 77 K using a conventional volumetric apparatus Brunnauer–Emmett–Teller
method (Microtrac Retch GmbH Retsch-Allee 1-5 42781 Haan Germany). Before carrying
out the measurements, each sample was out-gassed under a reduced pressure of 10−5 Torr
at 200 ◦C for 2 h.

The magnetic characteristics of the materials evaluated in a maximum field of 20 kOe
were investigated by using a vibrating sample magnetometer (VSM) (9600-1 LDJ, Weistron
Co., Ltd., West Hollywood, CA, USA). Hysteresis loops, saturation magnetization (Ms),
remanence magnetization (Mr), and coercivity (Hc) were identified.
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3. Results
3.1. XRD Study

X-ray measurements are used to shed light on the crystal structure and phase analysis
of the as-prepared solids. Figure 1 depicts XRD patterns of the S1, S2, S3, and S4 samples.
This figure shows that the as-synthesized solids contain well crystalline monoclinic CuO
(PDF no: 801917), cubic Cu2O (PDF no: 782026 and 851326), and cubic Cu (PDF no: 050667)
phases with different ratios. The Miller indices (hkl) and two theta (2Ө) of these crystallites
in various composites were matched with that of the same crystallites in the PDF Files
deposited in a database. The powder diffraction file (PDF) is a single-phase X-ray powder
diffraction patterns characteristic interplanar spacing and corresponding relative intensities
along other physical and crystallographic properties.
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in their intensities, indicating that the manufactured composites’ characteristics had mod-

Figure 1. X-ray Diffraction Patterns (XRD) patterns of the S1, S2, S3 and S4 samples.

Inspection of Figure 1 reveals that: (i) The S1, S2, and S3 samples consisted of CuO and
Cu2O phases with different abundance. This indicates that these samples are composites
composed of Cu2O/CuO. The dominant CuO peaks were observed in the S1, S2, and S3
samples. (ii) The addition of 5 mL egg white and/or increasing of its amount from 5 mL
to 10 mL during the preparation process resulted in an enhancement in the peak height
of Cu2O, as shown in the S2 and S3 samples. This suggests that cupric oxide is gradually
transformed into cuprous oxide. (iii) The S4 sample displays the formation of Cu2O/Cu
composite with subsequent disappearance of CuO phase. (iv) Changes in the amount of
egg white used resulted in a shift in the positions of diffraction peaks, as well as changes in
their intensities, indicating that the manufactured composites’ characteristics had modified.
(v) Egg white assisted combustion at 300 ◦C for 15 min often resulted in contamination of
the as-prepared samples by carbon traces. However, the XRD technique cannot determine
this carbon due to its small amount.

Changing the amount of egg white used in the assisted auto-combustion approach
resulted in the formation of Cu2O/Cu and Cu2O/CuO nanocomposites, according to
these results. Previous research, on either side, found that employing a particular amount
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of glycine accelerated auto-combustion, resulting in the production of a nanocrystalline
CuO/Cu2O/Cu system. [24]. The Fullprof crystallographic programs are used to detect
the lattice parameters (unit cell dimensions, crystal system, and space group) and other
crystallographic parameters [25]. XRD data enabled us to calculate the strain (E), stress (ơ),
dislocation density (δ), X-ray density (Dx), and crystallite size (d) of the constituents (CuO,
Cu2O, and Cu) of various copper-based composites. These parameters are presented in in
Tables 1 and 2. It can be seen from these tables that: (i) Increased egg white concentration
caused an increase in several lattice constants (c and b) of CuO particles, and even an
increase in their volume, diameter, and density, indicating grain evolution. By increasing
the amount of egg white supplied, this grain development led to quite an increase in
the peak height of CuO. (ii) There are no clear changes in the lattice parameters of Cu2O
by increasing the egg white content. So, the increase in peaks height of Cu2O could be
attributed to the increase in its amount, indicating the transformation of some CuO to Cu2O.
(iii) Increasing egg white up to 10 mL resulted in an increase in the values of dislocation,
strain, and stress for CuO particles. The opposite behavior was observed in case of Cu2O
particles. However, this treatment led to an increase in the crystallite size of both CuO
and Cu2O. (iv) Synthesis of Cu2O/Cu composite by using 15 mL egg white brought about
an increase in the values of E, ơ and δ for both CuO and Cu2O particles. In addition, the
crystallite size of Cu2O particles in the Cu2O/Cu composite is smaller than that of this
oxide in Cu2O/CuO composites.

Table 1. Crystal parameters, detected phases and their PDF files for S1, S2, S3 and S4 samples.

Crystal
Parameters

a
(Å)

b
(Å)

C
(Å)

α
(◦)

β
(◦)

γ
(◦)

Volume
(Å3)

Density
(g/cm3) Space Group Phases

S1
5.1274 3.4231 4.6775 90.05 99.50 89.89 80.9717 6.499 Monoclinic Cc

[9]
CuO

(PDF 801917)

4.2667 4.2667 4.2667 90 90 90 77.67 6.117 Cubic Pn3m
[224]

Cu2O
(PDF 782026)

S2
4.6897 3.4289 5.1350 90 99.5 90 81.4409 6.507 Monoclinic

C2/c [15]
CuO

(PDF 801917)

4.2594 4.2594 4.2594 90 90 90 77.276 6.156 Cubic Pn3m
[224]

Cu2O
(PDF 782026)

S3
4.6897 3.4287 5.1343 90 99.5 90 81.3782 6.507 Monoclinic

C2/c [15]
CuO

(PDF 801917)

4.2605 4.2605 4.2605 90 90 90 77.330 6.156 Cubic Pn3m
[224]

Cu2O
(PDF 782026)

S4
8.9096 8.9096 8.9096 90 90 90 70.725 8.935 Cubic Fm3m

[225]
Cu

(PDF 050667)

4.2556 4.2556 4.2556 90 90 90 77.060 6.156 Cubic Pn3m
[224]

CuO
(PDF 801917)

Table 2. Crystallite size, dislocation, stress and strain of Cu, Cu2O and CuO crystallites.

Sample Crystallite Size
(nm)

δ

(Lines/nm2) ε
σ

(N/m2) Phases

S1
38.494868 6.75 × 10−4 9.00 × 10−4 0.117 CuO (PDF 801917)
38.505532 6.74 × 10−4 9.00 × 10−4 0.176 Cu2O (PDF 782026)

S2
25.876072 1.49 × 10−3 1.34 × 10−3 0.1742 CuO (PDF 801917)
41.395075 5.84 × 10−4 8.37 × 10−4 0.1029 Cu2O (PDF782026)

S3
51.134580 3.82 × 10−4 6.78 × 10−4 0.08814 CuO (PDF 801917)
50.978162 3.85 × 10−4 6.80 × 10−4 0.08364 Cu2O (PDF 782026)

S4
32.006909 9.76 × 10−4 1.08 × 10−3 0.13284 Cu2O (PDF 782026)
23.610946 1.79 × 10−3 1.47 × 10−3 0.19551 Cu (PDF 050667)

3.2. FTIR Analysis

The FTIR spectra of different copper systems synthesized by egg white-assisted auto-
combustion are presented in Figure 2. In addition, this figure displays the FTIR of KBr
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material which blended with 2 mg of solid samples. This measurement was taken to demon-
strate the functional groups on the surface of the analyzed specimens in the 4000–400 cm−1

range. The positions of the observed bands and their intensities in these spectra were
altered based on the synthesis process and the egg white content. Some sharpness bands
located at 469–462, 605–600, 876–825, and 1054 cm−1 were ascribed the Cu(II)–O bond
vibrational frequencies in CuO [26]. Other bands were observed at 629–618, 710–702, and
780–760 cm−1 due to Cu(I)–O stretching of Cu2O particles [27]. Additional bands confirm
the presence of carbon traces observed at 2198 and 2924 cm−1 due to C–H stretching
vibrations [28]. Stretching and bending vibrations of hydroxyl groups (O–H) due to the
adsorption of water molecules from the air on the surface of the produced solids contain-
ing both carbon traces and KBr might be attributed to the bands observed at 1128–1054,
1629–1580, and 3493–3433 cm−1 [29,30]. The FTIR spectrum for KBr only displays the
previous bands that belong to OH groups due to the adsorption of water molecules on KBr
surface. However, the group of OH are adsorbed by carbon traces.
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Figure 2. Fourier-transform infrared (FTIR) spectrum of the S1, S2, S3 and S4 samples.

3.3. SEM/EDS and TEM Analyses

SEM can be used to identify the morphology of the materials under investigation.
Figure 3 shows the surface morphology of the S1, S2, S3, and S4 specimens at various
magnifications. This figure indicates that the as-prepared samples were composed of
different particles. The S1 sample consisted of aggregated slats or panels and semi-spherical
particles. The S2 sample also contains semi-spherical particles deposited on the surface of
condensed particles of highly agglomerated particles or fused particles. In the SEM image
of the S3 sample, the formation of aggregated polyhedron particles with some spherical
particles over the agglomerated particles can be seen. Finally, some spherical particles over
the condensed sheet containing some voids were observed in the case of S4 samples. Thus,
one can speculate that the spherical particles are Cu2O, while the fused particles are Cu
depending on the brightness of these particles. However, all SEM images confirm that the
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studied samples are porous materials. In addition, SEM images indicate that the prepared
solids can appear as composites based on the presence of the two types of particle.

The elemental analysis of the S1, S2, S3, and S4 specimens was investigated, and the
results are presented in Figure 4. This analysis confirms that the S2, S3, and S4 specimens
contained different concentrations of Cu, O, and C elements (inset tables in Figure 4) based
on the amount of egg white utilized in the synthesis procedure. The S1 sample, on either
hand, mainly contains Cu and O components. The elemental mapping method was used
to establish the distribution of these elements, which is based on accumulating extremely
precise elemental composition data over the surface areas of samples.
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precise elemental composition data over the surface areas of samples. 

Figure 3. Scanning electron microscopy (SEM) images with different magnifications of the S1, S2, S3 and S4 samples.

Elemental mapping is based on accumulating extremely specific elemental composi-
tion data across a sample area to provide high-resolution imaging via elemental composi-
tion data. Every pixel in the digital image is scanned to maintain the existing elemental
spectrum, transform the relative intensity into computed colorization layers, with color
code, and show layers and sites of elemental compositional information. EDS mapping
analyses of the various samples investigated are presented in Figure 5. The analysis of the
elemental composition was executed with respect to several different locations, as shown
in SEM images (Figure 5 (S1a, S2a, S3a, S4a)). Figure 5 (S1b, c) display homogeneity in the
distribution of Cu and O elements, which build the whole body of the prepared samples.
Figure 5 S2–S4: (b–d) show the distribution homogeneity of Cu, O, and C elements for
samples S2, S3, and S4, respectively. The corresponding results are presented separately
for each element. The amount of dispersed carbon increases with the egg white content,
despite the fact that this was not apparent in the figures. The change throughout the
distribution of both oxygen and copper elements at the uppermost surface layers was
associated with an increase in the distributed carbon content accompanied by an increase in
the reduction process for copper nanoparticles. From the elemental mapping investigation,
it is clearly seen that elements are properly distributed in the aggregated Cu2O/Cu and
Cu2O/CuO nanocomposites.
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TEM analysis was carried out on the S1, S2, S3, and S4 samples to shed more light on
the shape and nature of their particles as shown in Figure 6a,b. The TEM image of the S2
sample shows many groups of spherical like nanoparticles between the different voids. It
can be seen that most particles in the S1, S2, and S4 samples have spherical shape. However,
the TEM image of the S3 sample displays small spheres and polyhedron shape similar to
cubic structures. The porosity in the S2 sample is greater than that in the other samples.
The TEM image of the S1, S2, S3, and S4 samples enabled us to illustrate their particle
size distribution in Figure 6. It can be seen from this figure that the particles are in the
nano scale with average grain size in the range of 17–50 nm, confirming XRD results. The
particle nature can be determined by a crystallographic experimental technique involving
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transmission electron microscopy. This technique enabled us to study the selected area
electron diffraction (SAED, the inset of Figure 6) for the S1, S2, S3 and S4 samples. SAED
patterns display a set of rings containing different spots. This observation confirms the
polycrystalline structure observed by the XRD technique.
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3.4. Surface Characteristics

Surface properties of the S1, S2, S3, and S4 samples were evaluated using N2-
adsorption/desorption isotherms conducted at 77 K, including surface area (SBET), to-
tal pore volume (Vp), and mean pore radius (
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S3 2.2995 0.5283 0.00327 5.6938
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The shape of isotherm with a jump in the adsorption process at high relative pressure
(P/Po = 0.90–0.93) indicates the condensation process in inter particle voids. These voids
were observed in TEM images of the S1 and S2 samples. This jump in the adsorption
process cannot be observed in the isotherm of the S3 and S4 samples. One cannot ignore
that our samples contain micropores depending upon such a jump in the adsorption
process at low relative pressure (P/Po = 0.05) with subsequent low slope region. The S1
and S2 samples also have larger hysteresis loop area and range than the S3 and S4 samples,
showing multilayer desorption from solid pore walls. Furthermore, the H3 hysteresis
loop’s form reveals slit-like pores or plate-like particles. This observation is supported
by SEM and TEM investigations, which show that sheet-like structures are formed. The
values of SBET and Vp of the S2 sample are higher than those of the S1, S3, and S4 samples,
according to the results shown in Table 3. Characterization of pore size distribution for the
S1, S2, S3, and S4 samples depends upon non-local density functional theory (NLDFT) for
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the adsorption of nitrogen in pores. The porosity or pore size distribution histograms of
these samples are shown in Figure 8.
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According to the observed pores with one model distribution, the majority of pores in the
S1, S2, S3, and S4 solids are mesoporous at 19.802, 10.383, 4.0864, and 4.3903 nm, respectively.

3.5. Magnetic Properties

The magnetization (M) of copper-based composites measured at room temperature in
±20 kOe applied magnetic field (H) is shown in Figure 9. Different types of magnetization
curves are shown in this diagram, demonstrating varying magnetic properties of the as
synthesized materials. The curves of the S1, S2, and S3 samples have an S-like form, showing
that they are ferromagnetic at ambient temperature. These samples’ room temperature
ferromagnetism (RTFM) is caused by the same type of flaws, which are based on the
same form and behavior of their magnetization curves. In addition, the curves of the
S4 sample shows that this sample contains non-magnetic material (metallic copper) and
another magnetic material (Cu2O). Indeed, the XRD result of the S4 sample confirms that
this sample consisted entirely of Cu and Cu2O. The magnetic properties of these composites
are presented in Table 4. However, the values of magnetization and coercivity enabled us to
calculate the anisotropy constant (Ka = HcMs/0.98) for different samples [32]. The relation
between the anisotropy constant and the egg white content is illustrated in Figure 10. This
figure displays that the S2 and S4 samples have low anisotropy. The opposite observation
was depicted in the case of the S3 and S4 samples. In other words, increasing the egg white
content up to 15 mL resulted in a decrease in the anisotropy inside the as-prepared specimen.
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Table 4. The magnetic properties of the S1, S2, S3 and S4 samples.

Samples Ms (emu/g) Mr (emu/g) Mr/Ms (emu/g) Hc (Oe)

S1 0.0092 0.000094 0.10117 171

S2 0.0031 0.00045 0.1452 24

S3 0.0085 0.0021 0.2471 220

S4 0.0095 0.0049 0.5158 38
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4. Discussion

The main aim in this study was concentrated on the synthesis of different copper-
based composites by using one pot. This process was achieved by using an attractive
template such as the egg white mediated bio template. Considering egg white is a natural
and biological fluid, it is amongst the most modern synthetic technologies based on green
chemistry principles. However, it contains high concentrations of both amino acids and
proteins, such as albumen and lysozyme [33]. These constituents can act as reducing,
capping, and stabilizing agents in the preparation of nanomaterials [34]. In addition, egg
white plays a controlling role in the shape of the prepared nano system [35]. Depending
on our experience in this field and the information accessible in the literature, the egg
white assumes multiple responsibilities in the preparation of copper-based composites
in this study. It was used as fuel agent that stimulated the combustion process at 300 ◦C
for a short time to obtain the final product. It plays a controlling role in the reduction of
copper ions according to the amount used. However, it behaves as stabilizing agent by
inhibiting the oxidation of the final product with oxygen from the surrounding environment.
Consequently, the egg white mediated auto-combustion method resulted in the formation
of different porous composites containing copper with multiple valances. XRD analysis
confirms the previous roles observed in the S1, S2, S3, and S4 samples. Using a small (5
mL) or moderate (10 mL) amounts of egg white resulted in the fabrication of a composite
containing Cu2+/Cu1+ ions. On other hand, the 15 mL egg white-treated specimen was
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composed of Cu1+/Cu0 ions due to the strong effects of the liberated reducing gases and
presence of carbon traces. As a result of the egg white-assisted combustion technique used
for this research, Cu2O/CuO and Cu2O/Cu nanocomposites were synthesized.

The attempt in this study was based on the identification of IR bands that are key to
identifying these oxides, especially when they are present together inside composite. Based
on both the literature and this study, we can confirm that CuO has IR bands in the range
between 400 and 605 cm−1. In addition, IR bands at 605–780 cm−1 and 876–825 cm−1 can
be ascribed to Cu2O particles. As the amount of egg white in the mixture increases, the
position, intensity, and occurrence of most bands change. For example, increasing the egg
white concentration contributed to the disappearance of several CuO bands, such as the
bands at 876–825 cm−1, indicating a reduction in the amount of this oxide present and a
subsequent cessation of it in the case of egg white-rich samples, as demonstrated in the
S4 sample.

The presence of IR bands associated with hydroxyl groups indicates the presence of
nanoparticles in the as synthesized systems. Furthermore, the bands associated to C–O–
H and C-H confirms the presence of a carbon trace that was not visible using the XRD
approach. In the synthesis of Cu2O/CuO and Cu2O/Cu nanocomposites, carbon traces
and freed gases from the combustion process act as reducing and capping agents. Indeed,
increasing the concentration of egg white increased the carbon content, resulting in an
improvement in the copper reduction process from Cu2+ to Cu1+ to Cu. These observations
were confirmed by XRD analysis.

Alterations in the physical properties and surface morphology of substances may
require a change in the solids’ surface characteristics. The phase transition, particle con-
traction or expansion, sintering, and crystallinity of materials could all be involved in the
change in surface properties associated with structural changes [36]. Any change in the
surface morphology of a material, on the other hand, resulted in a change in the surface
characteristics due to the material’s porosity and shape. As a result of the decrease in total
pore volume and increase in mean pore radius, the surface area of the S1 sample is less than
that of the S2 sample. These observations are supported by the decrease in the monolayer
capacity (Vm) from 2.388 cc/g for the S2 sample to 0.4418 cc/g for the S1 sample. The
decrease in SBET values for the S3 and S4 samples might be attributed to a drop in both
VP and Vm, as well as a phase transformation that resulted in extra Cu2O or Cu particles.
In fact, SEM and TEM analyses revealed that the porosity of the S2 sample is stronger
than that of the S3 and S4 samples, indicating that surface morphology has an effect. It
is expected that increasing the amount of egg white will increase the amount of released
gases, leading to an increment in the number of pores, and consequently an increase in
the surface area. However, the opposite behavior was observed due to the closure of most
of these pores by some carbon, indicating the presence of pore blocking phenomena that
resulted in a decrease in the SBET value.

In fact, the bulk of both cupric oxide and copper monoxide (CuO) and cuprous oxide
(Cu2O) demonstrate a antiferromagnetic (AFM) nature. The nanoparticles based on these
oxides, in contrast, exhibit AFM associated with ferromagnetism (FM), resulting in unique
magnetic characteristics. The intrinsic defects associated to complicated surface effects,
including cation/anion vacancies, particle size effects, and uncompensated charges, could
be the source of FM character in these oxides [37–39]. Cu valences at the CuO surface were
indeed a mixture of +1 and +2 valence states [40]. The ferromagnetism of both CuO and
Cu2O nanoparticles was owing to a close association with the valence charged oxygen
vacancies (Cu1+–Vo) in both oxides, according to literature [41].

4.1. Cu2O/CuO Nanocomposites

XRD analysis showed that the S1, S2, and S3 samples consisted of Cu2O and CuO
phases with different phase ratios. Based on this analysis, these samples show contributions
from ferromagnetic and paramagnetic components. So, one of aims this study is the
determination of the room temperature ferromagnetism at the interface between CuO and
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Cu2O nanostructures. M-H curves for the S1, S2, and S3 samples depicted a clear S-like
shape, indicating a typical signature of nominal FM-like solids. The ferromagnetism of
the CuO/Cu2O nanocomposites depends upon the different exchange interactions at the
surface of these composites [42–44]. Indeed, the interface of CuO/Cu2O nanocomposites
consisted of three components containing Cu1+ ions, Cu2+ ions, and Vo as oxygen vacancy.
However, each oxygen vacancy provides one localized orbital with a large size and two
doped electrons.

The different types of exchange interactions leading to the interface-related room
temperature ferromagnetism of the CuO/Cu2O nanocomposites can be classified as fol-
lows [45,46]: (i) Direct double exchange interaction (Cu1+–Vo–Cu2+) containing a hop of
the doped electrons between two different Cu ions via the Vo orbital, which resulted in a
ferromagnetic alignment. (ii) Super exchange or an indirect double exchange interaction
(Cu2+–Vo–Cu2+) containing a hop of the doped electrons between two Cu2+ ions via the
Vo orbital to form the aligned ferromagnetic polaron. (iii) An additional ferromagnetic
alignment (itinerant ferromagnetism) originates form the hop of spin-polarized electrons
in each polaron between the different polarons. These interactions depend upon the phase
or constituent ratios in CuO/Cu2O nanocomposites [45].

In relation to the values of retentive, squareness, and coercivity, increasing the egg
white concentration up to 15 mL resulted in a drop in the value of Ms for the as manu-
factured copper composite, and vice versa. The retentivity, squareness, and coercivity of
different CuO/Cu2O nanocomposites were associated with high anisotropy. However,
the dislocation, strain, and stress in the constituents (CuO and Cu2O) of these composites
decrease by increasing of the egg white content. The values of the crystallite and/or particle
sizes of these constituents showed the opposite behavior. As the sizes of the CuO/Cu2O
nanocomposites grew larger, the surface area of the CuO/Cu2O nanocomposites reduced,
as shown in the S3 sample. With these observations, it was expected that the magnetism
would decrease by raising the egg white content to 15 mL. However, as seen in the S3
sample, the magnetism decreases as the temperature rises. The decrease in the concen-
tration of oxygen vacancies at the surface or interface of the particles could be linked to
the unexpected drop in the magnetization of CuO/Cu2O nanocomposites. Finally, it can
be concluded that the final ferromagnetism of CuO/Cu2O nanocomposites is primarily
determined by the oxygen vacancy content.

4.2. Cu2O/Cu Nanocomposite

XRD measurements confirmed that the S4 sample was composed of Cu2O/Cu nanocom-
posite. The M-H curve for the S4 samples showed contributions from ferromagnetic and
diamagnetic components depending upon this sample consisting of a metallic copper (Cu)
as a major phase and Cu2O as a minor phase. The dislocation, strain, and stress in the
constituents (Cu and Cu2O) of these composites were observed with high values compared
to those of the Cu2O/CuO nanocomposites. The anisotropy of Cu2O/Cu nanocompos-
ite presents a low value, indicating a decrease in magnetostatic energy. The low value
of anisotropy of Cu2O/Cu nanocomposite is consistent with low coercivity of this com-
posite. However, the polycrystalline mixtures of Cu2O and Cu phases in the Cu2O/Cu
system resulted in the formation of multiple interfaces. These interfaces could be the
cause of the magnetic and electric anomalies in the investigated composite [47]. The small
magnetization of Cu2O/Cu nanocomposite could be attributed to the super exchange
interaction at the Cu2O/Cu interface which creates a near-contact ferromagnetic layer
depending upon the absence of magnetization for the metallic copper. In this exchange
interaction, the Vo with two doped electrons can bound to Cu2+ ions, resulting in the
aligned paramagnetic polaron.

5. Conclusions

Some significant data obtained in this allow for the following conclusions with regard
to the major objectives:
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1. The egg white assisted auto-combustion route is a simple, cheap, and quick method to
prepare Cu2O/Cu and Cu2O/CuO nanocomposites. Furthermore, for the synthesis
of Cu2O/CuO nanoparticles without the use of any additives, this method has several
advantages, including economic feasibility, ease of scale-up, shorter processing time,
and environmental friendliness. The crystallite size of the final products was clearly
affected when the egg content employed in the preparation procedure was changed.
Different elements (CuO, Cu2O, and Cu) have crystallite sizes ranging from 32 to
51 nm, leading to nano phases. The dislocation, stress, and strain of various aspects
of the final products were minimized when the amount of egg white was increased to
10 mL. In the case of the 15 mL egg white sample, the opposite behavior was observed.

2. The characteristics IR bands of both CuO and Cu2O were observed with different
intensities in the FTIR spectra of the S1, S2, and S3 samples. This indicates that these
samples consisted of Cu2O/CuO composites. IR bands related CuO are not observed
in the case of the S4 sample. The presence of carbon traces is confirmed by FTIR
analysis, which is linked to an increase in the reduction process, which eventually
leads to the formation of metallic copper, as shown in the S4 sample.

3. The egg white assisted combustion method brought about copper-based materials
containing nano particles with different shapes. The as-prepared particles have an av-
erage grain size of 38 nm. Due to the small amount of egg white used, semi-spherical
particles with a sheet-like structure formed. The high egg white concentration resulted
in the development of several spherical particles on surface of the condensed sheet.

4. The surface properties of the produced solids were sensitive to structural and surface
morphological changes. The surface area of the sample made with 5 mL of egg white
is higher than that of the samples made with 0, 10, and 15 mL of egg white. The
S1, S3, and S4 samples had smaller surface areas because the total pore volume of
these samples was lower than the S2 sample. Furthermore, any contaminants will
have an impact on the surface attributes. Indeed, due to pore bulking processes, the
presence of an excess amount of carbon resulted in a decrease in the surface area of
the as formed solids, particularly with the S4 sample.

5. The magnetization of Cu2O/CuO and Cu2O/Cu nanocomposites is affected by the
concentration of egg white. The Cu2O/Cu nanocomposites demonstrated higher
coercivity, dislocation, stress, and strain than the Cu2O/CuO nanocomposites. When
the concentration of egg white was increased throughout the preparation process,
the particle size of Cu2O/CuO nanocomposites increased, and the magnetization
decreased as the oxygen vacancies at the surface/or interface of the particles decreased.
The presence of nonmagnetic material (metallic copper) in Cu2O/Cu nanocomposites
could be attributed to a decrease in oxygen vacancies.

6. The prepared composites are very important due to their various applications, such
as catalytic materials, gas sensors, and magnetic storage media.

7. This environmentally friendly approach of producing Cu2O/Cu and Cu2O/CuO
nanoparticles could be applied to the production of other industrially important metal
oxides in the future.
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