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Abstract: The biomimetic synthesis of a ZnO/C nanocomposite has been achieved using the egg
white-assisted self-combustion method. The characterization of this composite has been carried out
using different techniques, such as XRD, FTIR, Raman, SEM/EDS and TEM. A comparative study was
conducted between ZnO in the form of this composite and pristine ZnO, which was prepared via the
same procedures but without the egg white. The resulting ZnO had a hexagonal structure, similar to
wurtzite, with a P63mc space group. When this egg white method was used to produce a ZnO-based
material, a ZnO/C nanocomposite was developed, and the ZnO’s crystallite size was significantly
decreased. The structural properties—including the unit cell volume, strain, atom displacement and
dislocation density—of this ZnO crystal are increased as a result of the presence of a C atom. On the
other hand, the length of the Zn–O bond is reduced by the presence of the C atom. Results derived
from a combination of Raman, FTIR, and EDS demonstrate that the carbonaceous layers and ZnO
nanoparticles were integrated with a close interfacial contact. The preparation method used here
brought about obvious changes in the morphological and magnetic behaviors of the as-prepared
materials. Using a small amount of egg white resulted in the transformation of the particle’s shape
from a hexagonal cone-type structure to an ellipsoidal structure. Based on an analysis of diffuse
reflectance, the ZnO and ZnO/C band gap values were revealed using UV–VIS spectra. ZnO and
ZnO/C exhibit band gap energies of 3.09 and 2.60 eV, respectively. A phase transition from weakly
ferromagnetic to completely diamagnetic magnetic was discovered.

Keywords: XRD; FTIR; SEM/EDS; TEM; ZnO; diamagnetism; ferromagnetism

1. Introduction

Many research organizations are very interested in transition metal oxides. Due to its
unique physical and chemical characteristics, zinc oxide (ZnO) holds a significant position
amongst these oxides. As a result of the unique properties of ZnO, it has shown many im-
portant applications in many fields, including in the industrial and biomedical sectors [1–5].
Creating, exploring, and characterizing ZnO-based materials has led to the revelation of
novel and significantly improved physicochemical and biological properties, as well as dis-
tinctive phenomena and functionalities, playing out in the nanoscale range [3–5]. As such,
ZnO nanoparticles (NPs) have been of considerable interest as a multifunctional material
because of their applicability in solar cells, gas sensors, photocatalysts, luminescent and
biomedical materials, and rubbers and textiles [6–8].

ZnO NPs have been subjected to numerous attempts to develop their various char-
acteristics. ZnO nanostructures’ surfaces can be adjusted to do so; alternatively, ZnO is
compatible with other materials, including metals, non-metals, and organic molecules [9].
Carbonaceous substances are considered efficient non-metal modifiers of ZnO, improving
its photocatalytic activity, electrochemical performance, and magnetization [10–15]. In this
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regard, various studies have confirmed that carbon materials (graphite, carbon fiber, carbon
tubes, multilayer graphene, and fullerenes), when used as an intercomponent, have a
significant impact on the mechanical, electrical, photocatalytic, corrosion resistance-related,
thermal stability, adsorbability, and other properties of different inorganic compounds, due
to their ability to undergo positive synergies with these compounds, thus yielding hybrid
composites [9–16]. The modification of the surface of nanostructured ZnO has yielded
improvements in its properties via the formation of a hybrid composite able to overcome
some of the intrinsic defects of ZnO [17,18]. In fact, significant advances have been made
in these ZnO/C systems, allowing the fabrication of new materials for Li batteries, photo-
catalysts for wastewater treatment, solar and mechanical energy converters, transparent
electronics and highly sensitive biosensors [19–23].

ZnO/C composites have been synthesized using a variety of techniques, including
polymer-template synthesis, biosynthesis, metal–organic chemical vapor deposition, chem-
ical precipitation, sol-gel, solid-state pyrolysis, mechanical activation, and solution-free
mechanochemical methods [13,14,24–26]. As one such promising strategy, egg white-
assisted biomimetic synthesis has emerged as an important, environmentally friendly route
for the fabrication of new hierarchical nanostructures. Due to its distinctive ability to gel,
foam, and emulsify, as well as integrate with metal ions, egg white could prove a favorable
choice for biomimetic synthesis [27]. The biomimetic synthesis of a Zn/C system using
egg white is not complicated, and does not consume much time or energy. In addition, the
process is simple, inexpensive, bio-safe and environmentally friendly [28]. When small
amounts of carbon atoms are met with ZnO, the homogeneous diffusion of carbon occurs,
taking the form of either free carbon that envelopes the ZnO surface or of a dopant that
dissolves in the crystal lattice of ZnO. This dissolution entails either incorporation at the
interstitial sites of the host material, without the presence of any atomic bindings, or the
substitution of Zn or O atoms, forming Zn–C or O–C bonds [29].

The novelty of our work is in using the egg white-assisted combustion method to
obtain zinc oxide doped with carbon residues, themselves resulting from the burning of
egg white. That is, we have self-doped zinc oxide with a very small amount of carbon,
which is a by-product.

As such, the aim of this study was the egg white-assisted biomimetic synthesis of a
Zn/C system. We then identified the structural, vibrational, morphological, optical, and
magnetic characteristics of pure ZnO and the ZnO/C nanocomposite.

2. Materials and Methods
2.1. Materials

Zn (NO3)2·6H2O, a chemical compound, was used as the active ingredient. The Sigma-
Aldrich Company (Darmstadt, Germany) provided this material. No additional processing
was necessary for this reagent because it was used quantitatively. Fresh eggs from Egyptian
chicks were used to derive the egg whites.

2.2. Preparation Method

One zinc oxide sample (S2) was produced via an egg white-mediated combustion
process. This sample was produced by thoroughly mixing 2.9749 g of zinc nitrate hydrate
with 5 mL of egg white in a crucible. To increase the viscosity of the materials under study,
the mixture was first spun at 60 ◦C to let the water vaporize. The temperature was then
increased to 120 ◦C, which turned the mixture into a gel. The resulting precursor gel was
calcined for 15 min at 300 ◦C on a hot plate to reach the crucible temperature. A spark
appeared in one corner and quickly spread throughout the sample, with the appearance
of an incandescent combustion; the result was a dense, fluffy solid that began to take the
shape of a large volume of foam. The S1 sample was prepared by heating 2.9749 g of zinc
nitrate hydrate at 300 ◦C for 15 min in a crucible. During this method, we did not need
to add water or any other solvent as was done in previous research, as we relied directly
on the characteristics of the egg white in dissolving the zinc nitrate and initially obtaining
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a milky white solution, then a gel, which was then roasted on a hot plate at 300 ◦C for
15 min with an increment of 3 ◦C/min to obtain the final product, consequentially stored
for further use [19].

2.3. Characterization Systems

Using a BRUKER D8 advance diffractometer (Karlsruhe, Germany) and X-ray diffrac-
tion technology, structural measurements of several nanoparticles were taken. Cu K radia-
tion with a 2◦ min-1 scanning speed was used in running the patterns at 40 kV and 40 mA.
Based on X-ray diffraction line broadening and the Scherrer equation, Equations (1)–(4)
have been utilized to determine the mean crystallite size (d), stress (ε), and dislocation den-
sity (δ) of the zinc oxide and Zn/C oxide contained in the studied product, as follows [30]:

d = B λ/β cos θ (1)

δ = 1/ d2 (2)

ε = β cos θ/4 (3)

where d is the average crystallite size of the phase under investigation, B is the Scherrer
constant (0.89), λ is the X-ray beam’s wavelength, β is the full-width half maximum
(FWHM) of diffraction, θ is the Bragg’s angle, and δ is the dislocation.

A Perkin–Elmer Spectrophotometer (type 1430) was used to measure the Fourier-
transmission infrared spectra (FTIR) of various materials. Here, 200 mg of vacuum-dried IR-
grade KBr was combined with 2 mg of each solid sample. The FTIR spectra’s measurement
range was from 1000 to 4000 cm−1. The mixture was processed for three minutes in
a vibrating ball mill followed by scattering it in a steel die with a 13 mm diameter. A
double-grating FTIR spectrophotometer container was filled with identical disks.

The Raman spectra of the ZnO samples were taken using an i-Raman Plus 532S
portable laser Raman spectrometer combined with a BAC151C Raman Video Micro-
Sampling System (B&W TEK, USA) and 20-100X lenses.

The ultraviolet–visible absorption spectra (UV–VIS) of the prepared samples were
measured using a V-570 spectrophotometer (JASCO corp., Tokyo, Japan) applied over
the spectral range, with an accuracy of ±0.1 nm. All spectra were recorded at room
temperature.

With the assistance of the JEOL JAX-840A and JEOL Model 1230 (both from JEOL,
Tokyo, Japan), transmittance electron micrographs (TEM) and scanning electron micro-
graphs (SEM), respectively, were captured. In order to disperse individual particles over
the mount setup and Copper grids, the samples were first dissolved in ethanol and then
subjected to rapid ultrasonic processing.

A Delta Kevex device connected to an electron microscope, the JED-2200 Series (JEOL,
Tokyo, Japan), was used to conduct the energy dispersive X-ray analysis (EDS). The follow-
ing parameters were applied: a window width of 6 m, a 20 kV accelerating voltage, and a
120 s accumulation duration. The surface molar composition was determined using the
Asa technique, Zaf-correction, and Gaussian approximation.

A vibrating sample magnetometer (VSM; 9600-1 LDJ, Lowell, MA, USA) was used to
investigate the magnetic properties of the studied solids with a maximum applied field of
20 kOe.

3. Results
3.1. Structural Analysis

Figure 1 displays X-ray diffractograms of the S1 and S2 samples. The diffraction line
profiles in this figure range from 2θ = 0◦ to 2θ = 80◦. The lattice planes of the S1 solid
in this figure are (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202).
These planes can be observed at 2θ values of 31.78◦, 34.44◦, 36.27◦, 47.56◦, 56.61◦, 62.88◦,
66.37◦, 67.96◦, 69.71◦, 72.96◦, and 76.99◦. These planes are consistent with the standard
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spectra of a hexagonal phase of wurtzite-type ZnO with the P63mc space group (PDF no.
5-664). Examination of this figure confirms the following: (i) The diffraction peaks of the
S1 specimen are sharp with good crystallinity, and contain no additional peaks related
to any another crystallized phase. (ii) The same diffraction peaks were identified in the
XRD pattern of the S2 sample, prepared using the egg white-assisted combustion method
for the fabrication of ZnO. Moreover, the biomimetic synthesis of ZnO using egg white
resulted in a shift in all diffraction peaks and reduction in their height, along with an
increase in their FWHM. (iii) We can determine some of the ZnO’s structural properties in
the S1 and S2 specimens according to the XRD results. Table 1 shows the ZnO’s calculated
lattice characteristics, which include the crystallite size (d), lattice constants (a, c, and
c/a), unit cell volume (V), Atomic displacement to neighboring (µ), Zn-O bond length (L),
dislocation density (δ), and stress (ε). Using egg white in the fabrication of ZnO led to an
increase in its unit cell volume, dislocation density, and strain and lattice constants (c and
a), with a subsequent decrease in the ratio between these constants (c/a). On the other
hand, reductions in the values of the crystallite size, atom displacement and bond length of
ZnO were enabled via the preparation with egg white.
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Figure 1. X-ray diffractograms of the S1 and S2 solids.

Table 1. Lattice parameters of ZnO.

Parameters S1 Error % S2 Error %

d, nm 71 0.408 19 0.526

a, nm 0.32481 0.250 0.32578 0.549

c, nm 0.52040 0.306 0.52153 −0.090

c/a 1.6022 0.137 1.6001 0.006

V, nm3 0.04755 0.316 0.04935 0.411

µ 0.3797 0.184 0.3902 0.295

L, nm 0.1977 0.253 0.1966 −0.304

δ, Lines/nm2 0.198 × 10−3 0.421 2.77 × 10−3 0.457

ε 0.0016 0.142 0.0061 0.335
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3.2. FTIR Analysis

The synthesized systems of S1 (ZnO) and S2 (ZnO/C) were subjected to FTIR analysis
in order to determine the various characteristic functional groups associated with their
nanoparticles. As shown in the FTIR spectrum illustrated in Figure 2, the S1 specimen fea-
tured absorption bands in the range of 1000–400 cm−1, corresponding to the metal–oxygen
vibration mode. Two significant basic absorption bands can be seen in this spectrum at
440 cm−1 and 508 cm−1, while two weaker bands are visible at 412 and 549 cm−1. These
bands relate to the ZnO nanoparticles’ Zn–O stretching vibration mode [31]. In addition,
the three weak bands located at 669, 887 and 985 cm−1 are attributable to the Zn–OH
group [32–34]. The intensities of bands in the range of 549–412 cm−1 were reduced, with
the appearance of additional bands in the range of 4000–1000 cm−1, after the formation
of the ZnO/C system, as shown in the FTIR spectrum of S2 in Figure 2. This sample (S2)
features absorption bands at 416, 431, 643, 700, 790, 1123, 1401, 1590, 2987 and 3336 cm−1.
O–H bond stretching vibrations are indicated by a wide band at 3336 cm−1, which denotes
the presence of moisture. The band at 1590 cm−1 could also be related to another common
band attributed to the bending mode of absorbed water [28,35]. The typical bands at 416
and 431 cm−1 are related to the metal oxide stretching vibrations of Zn–O bonds, while the
bands at 643, 700 and 790 cm−1 correspond to the Zn–OH group [30]. On the other hand,
the bands at 1123, 1401, and 2987 cm−1 can be attributed to the various vibration modes of
carbon groups. These bands are ascribed to the stretching vibration of C–O, C–OH and/or
C–H bonds [28,36].
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and from 300 to 1300 and 300 to 4300 cm−1 for S2).

3.3. Raman Analysis

The vibrational characteristics of the S1 and S2 samples were studied using the Ra-
man technique. Figure 3 shows the 50–4000 cm−1 Raman spectra of the investigated
materials at room temperature. All vibrational modes characteristic of ZnO crystals may
be seen in S1’s Raman spectra. The ZnO vibration mode is denoted by the formula
A1 + 2B1+ E1 + 2E2 [37–40]. The first order Raman-active modes are A1, E1, and E2. E2 is
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a nonpolar mode, while A1 and E1 are polar modes. These relate to transverse-optical (TO)
and longitudinal-optical (LO) modes. Under electrostatic forces, the polar phonons A1 and
E1 exhibit frequencies characteristic of the transverse-optical (TO) mode. E2 is a non-polar
phonon mode distinguishable into two frequencies: E2 (high), connected to oxygen atoms,
and E2 (low), related to the Zn sub lattice. B1 is a quiet mode, which is both Raman- and
infrared-inactive. As shown in Figure 3, the S1 spectra in their entirety comprised two more
intense Raman peaks at 95 cm−1 and 435 cm−1 and seven low-intensity peaks at 150 cm−1,
320 cm−1, 405 cm−1, 582 cm−1, 664 cm−1, 1065 cm−1 and 1140 cm−1. The two prominent
peaks at 95 cm−1 and 435 cm−1 can be assigned to the E2 (high) and E2 (low) Raman
activity modes, respectively. These peaks are fundamentally characteristic of a wurtzite-
type crystal structure [41]. In addition, the strong E2 (high) mode is an indication of good
crystallinity [42]. Around 150 cm−1 is where the second-order phonon mode, designated
2E2 (low), first appears. The peak at 320 cm−1 is attributable to the second-order Raman
spectrum produced by the hexagonal ZnO zone-boundary phonons “E2 (high)–E2 (low)”.
The Zn and O atoms move parallel to the c axis in the ZnO hexagonal structure, manifesting
an A1 (TO) phonon oxygen-dominated polar mode, which is responsible for the peak at
405 cm−1. The multi-phonon scattering modes emerge at 582 and 1065 cm−1, which are
assigned to the modes E1(TO) + E2(low) and A1(TO) + E1(TO) + E2(low), respectively.
Additionally, the results of the acoustic combination of A1 and E2 can be observed around
1140 cm−1 [43].
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On the other hand, no peaks indicating a ZnO crystal could be observed in the Raman
spectrum of the S2 sample. The Raman spectrum of this sample consists exclusively of two
broad peaks at 1565 cm−1 and 1326 cm−1, corresponding to the G- and D-bands, respec-
tively, which are characteristic of typical carbon materials [44]. The G-band at 1565 cm−1

is a fundamental characteristic of sp2-hybridized carbon materials. This band contains
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information on the in-plane vibration of sp2-bonded carbon domains [45]. Conversely, the
D-band, which appears at 1326 cm−1, suggests the existence of sp3 defects or disorders
inside the hexagonal graphitic structure [46]. Additionally, edges that violate the symmetry
and selection rule, a hexagonal graphitic structure, and amorphous carbon can be linked
to this band [47]. In line with the Ferrari and Robertson model, the size of the crystallite,
which is less than 2 nm in the case of amorphous carbon, is reflected in the ratio (ID/IG)
between the intensities of these bands [48]. In this investigation, a low value of the former
ratio indicates that non-crystallized carbon was formed in the S2 sample.

3.4. Morphology Study

The surface morphologies of samples S1 and S2 were revealed using the SEM and
TEM techniques. Figure 4a,b show the SEM and Figure 4c,d show the EDS results of S1
and S2. It is clear from this figures that S1 has a hexagonal cone-shaped morphology
with roughness characteristics on the surface of its particles. These cones with hexagonal
cross-sections are one of the characteristic forms of ZnO crystals. Some hexagonal cone-
shaped ZnO particles are developed with peaked or sharpened tips, while others form
tips with cramped hexagonal shapes. ZnO particles permeate into a lot of the cavities
and a lot of the pits resulting from the shattering of some of the particles. The shape of
sample S2 was condensed to produce irregular nanoflakes and numerous ellipsoidal ZnO
particles with tapered tips, as shown in Figure 4b. It is also evident that the particle was
not a fully symmetrical ellipsoid; rather, one end of the particle was slightly sharper than
the opposite end, with connections to other particles yielding some agglomerations. The
authors believe that the flakes were composed entirely of carbon and some spherical ZnO
particles. Thus, we can assume that the carbon acted as a cross-linking agent that held the
ZnO nanoparticles together.
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Figure 4. Surface morphology (a,b) and EDS elemental analysis (c,d) of the S1 and S2 specimens.

Confirmation of the morphological features of S1 and S2 and their evolution as ob-
served in the SEM study was obtained via TEM studies that yielded further information,
as shown in Figure 5. This figure contains TEM images, selected area electron diffrac-
tion (SAED) data and histograms of the crystallite size statistical distribution (HCSD) of
the manufactured samples. The TEM image of sample S1 do not show the formation of
hexagonal cone-shaped ZnO particles and their transformation into ellipsoidal structures.
However, the TEM image coheres with the SEM image and confirms the existence of some
agglomerations in the S1 sample, which contained ZnO only. The TEM image of S1 shows
the formation of particles with blob shapes, with small sizes and uniformity. On the other
hand, the TEM and SEM images agree in showing that the S2 sample contains crystallized
ZnO nanoparticles dispersed in a carbon matrix. The obvious edge in the TEM image of
the S2 sample indicates that the carbonaceous material present in the composite (ZnO/C)
took a layered form. It can be seen that the ZnO/C nanocomposite is better dispersed
as a result of the reduction in the agglomeration formation rate of ZnO due to presence
of a carbon-based wide carrier [49]. The interaction between ZnO and the carbonaceous
material could be ascribed to the existence of epoxide and hydroxide groups on the carbon
surface, yielding activated reaction sites [50]. In addition, the particles of this compos-
ite take different shapes, including spherical and ellipsoidal grains, with the presence of
some rods. These findings confirm that the environmentally friendly egg white-mediated
synthesis of ZnO results in a hybridization structure with nanosized particles.

In order to confirm that the preparation method used in this study led to a reduction
in the particle size of the prepared materials, HCSDs had to be constructed, as shown
in Figure 5. The HCSDs indicate a decrease in the average particle size, from nm to nm
scale, when moving from S1 to S2. In addition, the SAED images in Figure 5 show rings
containing different spots, confirming the formation of polycrystalline crystals of different
sizes. The total circumference of the different spots in the S1 sample is greater than that
in the S2 sample, as a result of its larger grain size. In other words, the SAED of S1 shows
elongated spots compared with the S2 sample.
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3.5. Elemental Analysis

Chemical characterization/elemental analysis of S1 and S2 was performed using the
EDS technique. The EDS patterns of the synthesized samples are shown in Figure 4. Indeed,
the FTIR results confirm that the S2 sample contained a small amount of carbonaceous
material, and this material was absent from the S1 sample. This fact is reaffirmed via
EDS analysis, which shed more light on the topography of the S1 and S2 samples. The
EDS patterns confirm that the S1 sample consisted entirely of both Zn (85.27 wt.%) and
O (14.73 wt.%), thus yielding the highest-purity ZnO NPs. This finding is consistent with
the results of XRD and FTIR, which display the successful fabrication of a ZnO lattice in
a single phase form. In addition, the different peaks at 1 keV, 8.6 keV, and 9.6 keV are
ascribed to the Zn atom, and that observed at 0.5 keV belongs to the O atom. Moreover,
the EDS study confirmed the existence of Au, resulting from using gold coating to achieve
better SEM images. On the other hand, the EDS pattern of S2 proves the presence of Zn
(58.4 wt.%), O (23.84 wt.%) and C (17.76 wt.%), yielding a ZnO/C nanocomposite. This
is in good agreement with the FTIR results, which confirm the successful formation of a
ZnO/C system.
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3.6. Optical Properties

It was found that there was a big difference in the colors of the S1 and S2 materials,
as can be seen in Figure 6a. This difference gives a clear indication of the different light
absorption properties of these materials. As such, the optical band gap properties of the
S1 and S2 samples have been studied using UV–VIS spectroscopy. Figure 6b shows the
UV–VIS spectra for the S1 and S2 samples. According to this figure, the diffused reflectance
values of these samples show the same trends of increase and decrease with increases in
wavelength. It is observed that the absorption edge of the S2 material is shifted to the
right compared to the S1 material. This shift towards the higher-energy wavelength of
light implies band gap narrowing in the S2 sample, as confirmed in the analysis of the
spectroscopic data using Tauc plots, shown in Figure 6c. The optical band gap energy Eg of
the prepared materials was estimated using the Tauc equation [51].

(αhυ)n = A (hυ − Eg) (4)

where n is either 2 for direct transition or 1/2 for indirect transition, depending on the nature
of the possible electronic transitions; α is the absorption coefficient; A is the proportionality
constant, which depends on the nature of the material; h is the Planck’s constant, and υ
represents the frequency of the incident photon. In the Tauc equation, plotting (α hυ)2

against the photon energy (hυ) of the investigated sample yields a specific curve; the
intersection of the extrapolated linear portion of this curve with the (hυ) axis indicates the
value of the optical band gap. The band gap energies of S1 and S2 are 3.09 and 2.60 eV,
respectively. S2 showed a smaller band gap compared to S1 due to the presence of carbon.
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3.7. Magnetic Properties

The magnetic properties of the S1 and S2 samples were determined at room tempera-
ture via the application of a magnetic field around the value of ±20 kG. These measurements
allowed us to obtain a hysteresis loop, through which we were able to obtain the differ-
ent values of most of the magnetic properties. The hysteresis loops reveal the values of
the coercive field (Hc), remanent magnetization (Mr), saturation magnetization (Ms) and
squareness (Mr/Ms) of S2. The values of these parameters have enabled us to calculate
both the anisotropy constant (Ka) and the magnetic moment (µm) per unit formula in Bohr
magnetrons of the sample studied. Ka and µm can be calculated according to the following
expression [28]:

µm = MwMs/5588 (5)

Ka = HcMs/0.96 (6)

where Mw is the molecular weight of the investigated material. The hysteresis loop is
illustrated in Figure 7, and all the values of the resulting magnetic factors of the S2 sample
are shown in Table 2. As can be seen from Figure 7, pure ZnO (S1) exhibits intrinsic diamag-
netism (DM). Interestingly, S2 shows a partially S-shaped hysteresis loop, which clearly
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indicates the presence of a small signature related to room-temperature ferromagnetism
(RTFM). In this study, the transition from DM to RTFM behavior could be attributed the
effects of the preparation method employed, which led to the presence of some carbon
atoms in the ZnO.
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Table 2. The magnetic properties of the S2 samples.

Samples Ms × 10−3

(emu/g)
Mr × 10−3

(emu/g) Mr/Ms
Hc

(Oe) µm × 10−4 Ka
(erg/cm3)

S2 21.12 12.06 0.5710 107.25 3.077 2.265

4. Discussion

Pure ZnO with a high degree of crystallinity (S1) was obtained through the direct
heating of zinc nitrate at 300 ◦C for 15 min. ZnO with a moderate degree of crystallinity (S2)
was obtained through the direct heating of a mixture of zinc nitrate and 5 mL of egg whites
for 15 min. Note that a displacement occurred in the diffraction peaks of ZnO in the S2
sample, with a decrease in their height and an increase in their width. These observations
confirm that the S2 specimen originally consisted of ZnO and a significant proportion of
highly disordered material in the form of amorphous carbon, yielding the fabrication of a
ZnO/C nanocomposite. Amorphous carbon is a product of the combustion taking place in
the egg white-assisted combustion method of ZnO synthesis. The details of the (100) and
(002) planes of ZnO shown in Figure 1 clearly show that the full width at half maximum
(FWHM) increased, with a shift in their positions toward lower angles, when using egg
white in the preparation process. In addition, the crystallite sizes of ZnO were 71 and 19 nm
in the S1 and S2 specimens, respectively, indicating the effective incorporation of some
carbon into the ZnO crystal. One cannot ignore the deposition of the remaining carbon on
the ZnO’s surface, forming a Zn/C system.

With reference to Table 1, some points can help explain the formation of a solid
solution between the constituents of the ZnO/C nanocomposite, such as the following:
(i) The lattice constants of ZnO were a = 0.32578 nm and c = 0.52153 nm; their ratio (c/a)
~1.6001 was near to the typical value for a hexagonal cell (c/a = 1.6020). This confirms
that the ZnO phase synthesized in the ZnO/C nanocomposite had a hexagonal wurtzite
structure. (ii) The value of c/a in the S2 sample was lower than that of the S1 sample,
indicating the incorporation of some carbon in the ZnO crystal present in the ZnO/C
nanocomposite. (iii) The value of parameter “µ” is inversely proportional to the value
of “c/a”, in order to maintain the hexagonal dimensions related to angle distortion. As
such, the value of µ of S2 increased with the decrease in c/a ratio, as shown in Table 1.
Moreover, the observed decrease in the bond length of Zn–O confirms the dissolution of
C in the lattice of ZnO. These observations confirm the incorporation of C into the lattice
of ZnO, yielding a solid solution-like ZnO/C composite [28,29]. (iv) It is assumed that
the incorporation of carbon into a ZnO crystal causes its contraction, with a subsequent
increase in the unit cell volume related to the small ionic radii of carbon in relation to zinc.
However, the results recorded in Table 1 indicate that the unit cell volume of ZnO increased,
as it contained carbon. This increase in the value of “V” could be attributed to an increase
in the strain, dislocation density and atom displacement, as shown in the case of the S2
sample.

Qualitative chemical analysis of the S1 and S2 materials using FTIR indicated the
presence of typical absorption bands of ZnO in the range of 1000–400 cm−1, which relate to
metal oxide stretching vibrations of the Zn–O bond. The egg white-assisted green synthesis
of ZnO results in additional bands in the range of 4000–1000 cm−1

, related to the various
vibration modes of different groups, such as C–O, OH and C–H. However, a progressive
drop in the intense metal–oxygen (ZnO stretching vibrations) vibration mode was observed,
as shown in the FTIR spectra of the S2 sample. It is interesting to note that the intensity of
the bands associated with the Zn–OH groups around 700 cm−1 and 800 cm−1 increased
significantly for the ZnO/C nanocomposite. The absorption bands at 3336, 1590, 1401 and
1123 cm−1, related to C–O, OH and C–H groups, were broad. These results indicate that
the anchoring of ZnO to a carbon material through these groups could be preferential,
causing a subsequent decrease in the particle size of this composite. This demonstrates the
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low degree of crystallinity of the ZnO nanoparticles, consistent with the measured X-ray
diffraction pattern.

The S1 sample displays conclusively diamagnetic behavior. On the other hand, the
ferromagnetism in S2 could be interpreted as competing with the diamagnetic behavior
of this sample. The preparation of ZnO using the egg white (5 mL)-assisted combustion
method resulted in the formation of a weakly ferromagnetic ZnO/C system with a non-
saturating behavior up to 15 kOe. This finding confirms that the current preparation
method overcomes the diamagnetic nature of solid ZnO. In other words, the magnetic
properties of the ZnO/C system undergo a magnetic phase transition from diamagnetism
to ferromagnetism.

The S1 sample contained solidly crystalline ZnO nanoparticles with a number of in-
trinsic defects, which are diamagnetic at room temperature. On the contrary, S2, including a
moderate amount of crystalline ZnO and amorphous carbon, exhibited RT ferromagnetism
related to the minimal intrinsic defects of ZnO.

Previous research has shown that doping, precursors, and the method of synthesis all
affect a material’s stoichiometry [52]. These elements alter the produced material’s flaw
profile, and consequently its properties. Therefore, the imperfections created by adjusting
the preparation technique are linked to the presence of non-stoichiometry in the compound,
which results in the production of structural imperfections. The structural defects of ZnO
arise in the form of anionic and cationic interstitials and vacancies, i.e., Zn interstitials, O
interstitials, Zn vacancies and O vacancies [53]. In the present work, the incorporation of C
at O sites in the ZnO host lattice led to room temperature ferromagnetism, as observed in
the S2 sample. RTFM in the S2 sample was clearly observed as a result of the inclusion of
carbon into the ZnO matrix. Thus, the initial increase in the magnetization of the examined
S2 specimen containing a small amount of carbon is quite consistent with the results in
the literature [52–54]. Pan et al. [54] previously proposed the RTFM process in the ZnO/C
system. Strong interactions between the s and p orbitals of carbon and the s orbital of zinc
cause the carbon atoms to split into two 2p orbitals close to the Fermi energy level, which
is the main source of the magnetic moment. As a result of replacing oxygen with carbon in
some locations, the localized 2p of the carbon spins become associated with the holes in O
2p states. The ZnO–C system displays ferromagnetism as a result of this p–p interaction.

Finally, the distinct difference between the absorption characteristics of the S1 and S2
samples indicates that some C atoms are successfully incorporated into ZnO nano particles.
Indeed, the incorporation of nonmetals, such as carbon, into ZnO results in the formation of
intermediate energy levels between the band gap, enabling it to absorb visible light [55–57].

5. Conclusions

In this manuscript, a ZnO/C nanocomposite was manufactured via the egg white-
mediated combustion method. The structural, morphological, and magnetic properties can
be summarized as follows:

1. The use or exclusion of egg white led to the self-combustion-based fabrication of
ZnO or ZnO/C, respectively. The resulting zinc oxide had a wurtzite-type hexagonal
structure;

2. Using the egg white-assisted self-combustion method led to a decrease in the crystallite
size and bond length of the ZnO crystal. The increase in the unit cell volume of ZnO
was due to the increase in dislocation density and strain;

3. The FTIR spectra confirm the formation of ZnO, based on the presence of typical
absorption bands of ZnO in the range of 1000–400 cm−1, and in particular, the exis-
tence of fundamental absorption bands at 440 cm−1 and 508 cm−1. The intensity of
these bands decreased in the presence of the carbon that resulted from the burning
of egg white during the preparation of ZnO using the combustion method. The
presence of this carbon resulted in the emergence of absorption bands at 1123, 1401
and 20,968 cm−1, related to C–O, C–H and C–OH, respectively. In the Raman spectra
of the S2 sample, the appearance of two broad peaks at 1565 cm−1 and 1326 cm−1,
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related to the D- and G-bands of the carbonaceous material, confirms the formation of
ZnO/C nanocomposite. Thus, the presence of carbon in the composite was detected
by FTIR, EDS and Raman analyses;

4. Using small amount of egg white resulted in the transformation of the shape of ZnO
particles from hexagonal cone-type structures to ellipsoidal structures;

5. UV–visible spectroscopy showed that the S2 (ZnO/C) sample underwent band gap
narrowing compared to the S1 (pure ZnO) sample. The values of optical band gap
energy for S1 and S2 are 3.09 and 2.60 eV, respectively;

6. The magnetization curve of ZnO/C nanoparticles indicates the alteration of this
system to ferromagnetism. The magnetic behavior of ZnO nanoparticles changes from
completely diamagnetic to weakly ferromagnetic depending on the incorporation of a
carbon atom in the crystal lattice of ZnO.
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