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Abstract: Employing a self-combustion method supported by egg white, pure and Fe-doped ZnO/C
nanoparticles successfully biosynthesized. XRD, FTIR, Raman, SEM/EDS and TEM measurements
were used to characterize the pure and doped systems. The materials under investigation’s optical,
surface and magnetic characteristics were recognized. Only one zinc oxide crystalline phase exhibiting
a hexagonal shape comparable to wurtzite was present in the systems of pure and Fe-doped ZnO/C.
Due to the variation in ionic radii, doping ZnO/C system with iron ions resulted in a decrease in
unit cell volume; it revealed that ions of iron had been integrated into the lattice of zinc oxides. FTIR
analysis shows characteristic vibration modes related to ZnO and that of carbon groups, confirming
the formation of the ZnO/C system. In a perfect match with the IR data, which represent two bands
at 1120 and 1399 cm−1 attributed to carbon groups, the Raman analysis shows that in the freshly
manufactured materials, sp2 and disordered G and D carbon bands have both graphitized. Fe-doping
of the ZnO/C system with different amounts of iron ions resulted in the change in the size and
agglomeration of the particle’s system. The doped ZnO/C system has a surface area smaller than
that of the pure system due to the decrease in both the mean pore radius and the total pore volume.
Doping the ZnO/C system with 2 and 5 mol% Fe2O3 resulted in optical band gaps expanding from
3.17 eV to 3.27 eV and 3.57 eV, respectively. Due to the doping with iron ions, a magnetic transition
from a fully diamagnetic state to a slightly ferromagnetic state was detected.

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

1. Introduction

Transition metal oxides (TMOs) have occupied a large part of researchers’ attention,
depending on their many applications in many fields. Among these oxides, zinc oxide
(ZnO) was distinguished by its unique structural, morphological, optical and electronic
properties. Indeed, ZnO crystallizes in two main crystal structures including hexagonal
wurtzite and cubic zincblende. The most common and stable ZnO crystal is the wurtzite
lattice structure. Zinc oxide also contains n-type group II–VI semiconductor compounds
with an extremely large band gap energy of 3.37 eV and an incredibly high excitation
binding energy of 60 meV that are normally chemically and thermally stable [1]. The
different properties of zinc oxide can be controlled and controlled by various factors,
including various preparation methods and the doping process.

Incorporation of small amounts of magnetic ions in the lattice of nonmagnetic semicon-
ductors resulted in a change their band gap, light absorption and magnetic properties, with
the subsequent formation of diluted magnetic semiconductors (DMSs). The diluted mag-
netic semiconductor is characterized by the combination of magnetic and semi-conductive
properties in one material forming spintronic [2,3]. DMSs are anticipated to be desirable
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materials for magnetic-based multipurpose gadgets, such as gas detectors, spinning transis-
tors with field effects, optical technology, field-emitting equipment, quantum computation
devices and Ultraviolet defenders [4–8]. Since spin-based multipurpose electronic equip-
ment has a variety of advantages over conventional charge-based devices in the areas of
information processing speed, non-volatility and greater integration densities, spintron-
ics (or spin-based electronics) is really the topic of significant research [9,10]. There are
many different ways to prepare zinc oxide, including sol–gel, precipitation, sonochemical,
microwave and hydrothermal methods [11–13].

Recently, the dilute magnetic oxides (DMOs), such as ZnO- or TiO2-based DMOs, have
been the subject of numerous investigations that display dilute ferromagnetism by using a
dopant agent [14]. In fact, combining magnetic materials, like Cr, Co, Fe, Ni and Mn, with
zinc oxide in many cases led to the creation of a promising DMS with degrees of freedom
for both charge and rotation, in which only a tiny percentage of host cations are replaced
by dopant ions [15–19]. In other words, these findings could be attributed to modulating
the local electronic structure of the host ZnO lattice, with subsequent modifications in
its optical, surface, morphological and electromagnetic properties due to a decrease in
the band gap, which helps in electron transport in device structures [15,16]. At room
temperature, ferromagnetic characteristics are produced via the exchange of spins between
magnetic ions behaving as a dopant and a ZnO semiconductor responding as a carrier [20].
The solubility of the dopant in ZnO, as well as the oxide’s, as the ionic radius of the zinc
and dopant ranging atoms become closer together, the ferromagnetic characteristics at
normal temperature are enhanced. Regulation of the elevation depends on the dopant
amount’s appropriate solubility in zinc oxide.

Depending on an abundance of iron on Earth, it is a suitable dopant for different
systems. The band gap energy was reduced by iron-based dopants, and they also encour-
aged in a number of systems, electron-hole pairs are split instead of recombining. These
distinctive properties of iron as dopant depend on the synthesis method, morphological
change of the doped material [21,22]. Contrarily, according to many different research
studies, the solubility limit of iron in ZnO varies from 3 to 8 at%, depending on the growth
temperature and the amount of dopant [23–26].

Out of all the preparation methods of iron-doped ZnO, we have applied the egg
white-assisted combustion method because it is the most cost effective for large-scale
production. Exothermic reactions are propagated along an aqueous or sol–gel medium
in this process. Many factors can affect this method, including egg white (fuel) content,
precursors and heat treatment, etc. One of the best features of this method is that the
final product can be obtained in less than half an hour with the help of a sustainable
natural product. Moreover, this method uses the least amount of energy, while avoiding
the many and complex steps of many other chemical and physical methods. In fact, the
egg white-mediated green synthesis also involves the isothermal evaporation of the foam
that results from the addition of precursors of egg white, which results in monodisperse
and tightly regulated particle size with lower production costs [27]. Indeed, due to its
complete composition of the amino acid sequences’ regular structural components scattered
among randomly extended chain segments, egg white can be pleated into spherical forms
with sizes ranging from few to many nanometers [28]. However, the egg white’s gelling,
foaming and emulsifying capabilities, as well as its solubility in water and its capacity to
combine with metal ions, allow for the quicker creation of nanosized particles [29]. The
egg white-assisted combustion method helps us to prepare ZnO nanoparticles with 19 nm
within 20 min compared with the earlier work that required a long time [27,30].

The objective of this work is to physically describe the as-produced Fe-doped ZnO/C
nanoparticles employing the egg white-supplied combustion mechanism. It has been
shown through this research how the structural, vibrational, morphological, surface, op-
tical and magnetic responses of nanoparticles of ZnO doped with Fe exhibit a highly
accurate correlation.
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2. Materials and Methods
2.1. Materials

The chemical compounds Zinc nitrate hexahydrate and Iron nitrate nonahydrate
were utilized as the active ingredients. The Sigma-Aldrich Company, based in Darmstadt,
Germany, provided this content. This reagent was employed quantitatively; therefore, no
additional processing was required. The egg whites were obtained by extracting eggs that
were freshly laid from Egyptian chicks.

2.2. Preparation Method

Three samples (S1, S2 and S3) of pure and Fe-doped ZnO/C were manufactured
using the egg white-mediated combustion route. These samples were made by completely
combining hydrated metal nitrates for 2.975 g of zinc and 0 or 0.162 or 0.404 g iron with
10 mL egg white in a glass beaker. The resultant mixture was initially spun at 60 ◦C to
enable the water to evaporate in order to raise the viscosity of the components under
examination. The combination converted into a gel once the temperature approached
120 ◦C. The resulting precursor gel was calcined in air at 300 ◦C for 15 min. Suddenly,
an explosion appeared in one of the edges and immediately spread among the entire
group, giving the impression of an incandescent combustion, and a significant volume of
foam began to form; eventually, a solid that was heavy and fluffy developed. Finally, the
crystalline ZnO/C NPs with traces of amorphous carbon material were produced within
20 min, with a production yield > 99%. Iron concentrations for the S1, S2 and S3 samples
were 0, 2 and 5 mol% Fe2O3, respectively. Zinc content for the series of pure and doped
samples was fixed at one mole expressed as ZnO.

2.3. Characterization of Pure and Doped System

The structural characteristics of a variety of nanoparticles were investigated using an
X-ray diffractometer with a D8 BRUKER advanced diffractometer (Karlsruhe, Germany).
The patterns were run at 40 kV, 40 mA and different voltages, using Cu Kα radiation with a
2◦ min−1 scanning speed. The mean crystallite size (d), dislocation density (δ) and stress
(ε) of the synthesized zinc oxide have been determined by utilizing Equation (1) through
(3), including the Scherrer equation [27]:

d =
Bλ

βcos θ
(1)

δ =
1

d2 (2)

ε =
βcos θ

4
(3)

where β is the full-width half maximum (FWHM) of diffraction, θ is the Bragg’s angle, and
λ is the wavelength of the utilized X-ray beam, all given in the formula, together with the
average crystallite size of the phase being studied, denoted by the letter d. The Scherrer
constant, B, has a value of 0.89.

The Fourier-transform infrared (FTIR) spectra of several materials were measured
using a PerkinElmer Spectrophotometer (type 1430). A total of 200 mg of vacuum-dried
IR-grade KBr was added to each solid sample in a two-to-one ratio. Over a range of
4000–300 cm−1, FTIR spectrum data were recorded. The mixture was ground for a duration
of three minutes in a vibratory ball grinder before being released using a steel press with
a thirteen millimeter size. The identical discs have been placed inside the dual grating
spectrophotometer chamber of the Fourier spectroscopy system.

The Raman spectra of the ZnO samples were analyzed employing a Confocal RA-
MAN Spectroscopy system (WI Tec, Ulm, Germany), model number α300RS. A 532 nm
fiber-coupled DPSS laser with a maximum output power of 44 mW after single-mode
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fiber connection was employed as the excitation source. A high-throughput lens-based
spectrograph (UHTS 300, Ulm, Germany) with a 300 mm focal length and two gratings that
were both blazed at 550 nm and had a 600 g/mm and 1800 g/mm spacing was subsequently
employed for collecting data. The UHTS 300 spectrograph is linked to a back-illuminated
CCD camera with more than 90% QE in the visible excitation applying Cryogenic cooling.
Averaging 200 accumulations per spectrum in the scan range of 50 to 4000 cm−1, each
spectrum was recorded at an integration period of 1.09667 s.

Using a JASCO Corp. (V-570, Jersey City, NJ 07302, USA) spectrophotometer, the
produced samples’ UV-Vis absorption spectra (UV-Vis) were measured over the spectral
range with a precision of 0.1 nm. At room temperature, all spectra were captured.

In order to scatter individual particles over a mounting system and copper grids, the
samples were initially submerged in ethanol and then subjected to just a few minutes of
ultrasonic processing for scanning electron microscope (SEM) and transmittance electron
micrograph (TEM) imaging, respectively, utilizing the JEOL Model 1230 and JEOL JAX-
840A (both from JEOL, Tokyo, Japan).

The energy dispersive X-ray evaluation (EDS) was performed using the δ-Kevex
device via a model of the 2200-JED electron microscopy system (JEOL, Tokyo, Japan). The
following parameters were applied: 20 kV accelerator voltage, 120 s collecting time and
6 m opening width. The Asa method, Zaf rectification and Gauss approach were employed
for calculating the surface molar composition.

Employing the Brunauer–Emmett–Teller technique and surface area monitors via the
Micrometrics’ Gemini VII 2390 V1.03 sequence, the measured surface area (SBET), total pore
volume (VP) and mean pore radius ({r) were computed for the materials as prepared. All of
the samples were subsequently out-gassed twice for a period before the measurements at a
reduced pressure of 10−5 Torr, as well as 200 ◦C.

Utilizing a vibrating sample magnetometer (VSM; 9600-1 LDJ, USA) via an optimal
applied field of 20 KOe, the magnetization characteristics of the evaluated solids were
investigated.

3. Results and Discussion
3.1. Structural Analysis

We were able to observe how iron doping the ZnO/C system influenced the structural
properties of ZnO utilizing X-diffractograms, which are displayed in Figure 1. The diffrac-
tion line profiles of the first two and third specimens are shown from 2θ = 4◦ to 2θ = 80◦.
The first of the S1 solid’s constructed lattice planes are shown as (100), (002), (101), (102),
(110), (103), (200), (112) and (004). These values of 2θ equate to 31.62◦, 34.38◦, 36.11◦, 56.32◦,
62.61◦, 65.06◦, 68.06◦ and 72.52◦, respectively. These planes are consistent with the standard
spectra of a hexagonal phase of wurtzite-type ZnO with P63mc space group, which was
identified by the interpreting of the PDF number 5–664 we obtained. A good examination
of this figure confirms the following: (i) The S1 specimen’s diffraction-related peaks have
a medium height and are the only peaks that are connected to the S1 specimen, and no
other peaks from any other crystallized phases are present conformation of ZnO with a
moderate degree of crystallinity. (ii) XRD patterns of Fe-doped samples (S2 and S3) show
all diffraction peaks related to ZnO crystallites, with the absence of any peaks for another
phase. Additionally, the biomimetic production of ZnO utilizing egg white and the doping
with various concentrations of iron oxide caused all diffraction peaks to be shifted, and
both their height as well as FWHM were varied. Indeed, 2 mol% Fe2O3 doping brought
about a decrease in the peak height and an increase in FWHM of ZnO crystallites, as shown
in the S2 sample. Opposite behavior was noticed in the case of the S3 sample treated with
5 mol% Fe2O3. (iii) The capacity of our team to calculate some structural characteristics of
ZnO/C as shown as in Table 1 in the three different samples was made available using the
results of XRD, such as crystallite size (d), lattice constants (a and c), unit cell volume (V),
dislocation density (δ), Zn—O bond length (L), atom displacement to the neighboring one
along the “c” axis (µ) and strain (ε). (iv) The doping ZnO/C system with 2 mol% Fe2O3



Surfaces 2023, 6 414

prompted a progressive reduction in the crystallite size of ZnO, with a subsequent increase
in the strain and dislocation density. The opposite effect was observed in the case of the
doping using 5 mol% Fe2O3. Generally, the doping of the investigated system with 2 or
5 mol% Fe2O3 induced a shift of an atom to its neighboring one along the “c” axis and a
rise in the lattice constants.
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Figure 1. X-ray diffractograms of the three different specimens studied.

Table 1. Structural parameters of ZnO studied.

Structural Parameters S1 S2 S3

d, nm 15 6 20
a, nm 0.32657 0.32737 0.32717
c, nm 0.56563 0.56702 0.56668
c/a 1.73203 1.73204 1.73206
V, nm3 0.0655 0.0526 0.0525
µ 0.3611 0.3611 0.3611
L, nm 0.4438 0.4452 0.4448
δ, Lines/nm2 0.0044 0.0277 0.00250
ε 0.0075 0.0184 0.0035

3.2. FTIR Analysis

To identify all of the characteristic functional groups related to these nanoparticles,
qualitative chemical investigations, the three samples have been examined employing
infrared spectroscopy. Figure 2 illustrates the FTIR spectra of the components as they
were constructed. In the S1 samples, the metal–oxygen oscillation mode corresponds to
absorbing bands within 1000 and 400 cm−1, as shown from the spectrum of the FTIR. The
weak bands at 620, 691 and 786 cm−1 relate to the Zn–OH group, whereas the characteristic
broad band at 433 cm−1 is attributed to metal–oxide stretching vibrations of the Zn-O
bond [27]. The vibrational modes of carbon groupings may be responsible for the bands at
1120 and 1399 cm−1. Due to the capping agent in egg white, these bands are attributed to
C–H, C–O and C–OH vibrations [27,31]. The strong bands at 1590 and 3339 cm−1 are due
to the stretching vibrations of O–H bonds, indicating the presence of moisture during the
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preparation of the IR pellet [32]. As can be observed from the FTIR spectra of the S2 and S3
samples, these spectra were made up entirely of the prior bands. However, the addition
of iron ions during doping caused a modest repositioning of every absorption band and a
subsequent alteration in their intensities.
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Figure 2. FTIR spectrum data for three separate samples.

3.3. Raman Analysis

Using the Raman method, the vibrational properties of three separate samples ma-
terials are investigated. Figure 3 displays the Raman spectra of the examined materials
between 50 and 4000 cm−1 at room temperature. The Raman spectra of the S1, S2 and
S3 samples did not reveal the distinctive vibrational modes connected to ZnO crystals.
However, these spectra showed two large peaks in the G- and D-bands at 1565 cm−1 and
1326 cm−1, respectively. Typical carbon compounds exhibiting these bands are a distinctive
characteristic [33]. Indeed, the appearance of the G-band at 1565 cm−1 is a significant
characteristic of sp2 hybridized carbon materials. This band can provide specifics on the
sp2-bonded carbon domains in-plane vibration [34]. On the other hand, the D-band occurs
at 1326 cm−1 and indicates the existence of sp3 defects or abnormalities inside the hexagonal
graphitic structure [35]. Additionally, the edges of this band might violate the symme-
try and selection criterion, be composed of amorphous carbon and hexagonal graphitic
structure, or some combination of these [36]. Similar results were obtained in previous
work on the preparation of ZnO nanoparticles using 5 mL egg white [27,37]. According to
Ferrari and Robertson’s model, the size of the crystallite is inversely proportional to the
relationship (ID/IG) corresponding to the intensities of these bands, which is less than 2 nm
for amorphous carbon [38]. In this study, the previous ratio has a small value, confirming
the formation of non-crystallized carbon.

Increasing the dopant content as shown in the S3 sample resulted in an increase in the
formation of amorphous carbon depending on the severe weakness in the intensities of the
G- and D-bands. This finding indicates a decrease in the defect degree of carbon material.
It will become clear later, when determining the surface properties, that this doping led to
a significant decrease in the surface area of the S3 sample.
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3.4. Morphology and Elemental Analyses

The SEM analysis is conducted to study the morphology of the biosynthesized pure
and Fe-doped ZnO/C nanoparticles. SEM images of the S1, S2 and S3 samples showed
us the shape and size of the pure and doped particles, as shown as in Figure 4. These
images display fragile and porous flakes containing spherical nanosized particles with
the formation of various voids. In other words, the as-synthesized materials are easily
broken or destroyed and also are easily crumbled or pulverized. It is worth noting that we
have indicated in our previous work that this finding indicates that these chips may be
carbon particles that contain zinc particles, meaning that carbon was a capping agent to
help in the reduction of the size of the zinc oxide particles [27]. In this study, similar results
were observed and were validated by the next EDS analysis, explained in detail in the EDS
section and Figure 5. Generally, it can be seen less fragmentation of the system, yielding
the largest chips. This will result in a general decrease in the system surface area. On the
other hand, the increase in the content of dopant led to a slight decrease in the pores and
voids due to the agglomeration of smaller nanoparticles, especially the S3 sample, which
contains a high content of magnetic dopant. This indicates the possibility that this sample
will have the lowest surface area, as will be shown later.

In order to have an additional and insightful look at the topography of the pure
and doped ZnO/C nanoparticles, based on the identical location as that illustrated in
Figure 4, the EDS evaluation of earlier samples was carried out. According to the result
of the FTIR investigation, the S1 through S3 samples actually contain a minor quantity of
carbonaceous material, also confirmed through the EDS results. The EDS pattern of the S1
sample displays the presence of Zn (59.39 wt%), O (13.6 wt%) and C (26.74 wt%) elements,
yielding ZnO/C nanocomposite. On the other hand, EDS patterns of the S2 and S3 samples
show that these samples consisted entirely of Zn (41 and 74.27 wt%, respectively), Fe
(2.01 and 5.36 wt%, respectively), O (3.46 and 28.76 wt%, respectively) and C (16.88 and
28.23 wt%, respectively). An Fe-doped ZnO/C nanocomposite was produced by the S2
and S3 samples, on the other hand, as evidenced by their EDS patterns, which demonstrate
that these samples were totally composed of Zn, Fe, O and C elements. The success of the
creation of pure and doped ZnO/C systems is confirmed by these findings, which are in
good accord with the FTIR result. Additionally, the use of gold coating to improve SEM
pictures was confirmed by EDS analysis, which further supported the existence of Au.



Surfaces 2023, 6 417Surfaces 2023, 6, FOR PEER REVIEW  8 
 

S1 

  

S2 

  

S3 

  

Figure 4. SEM photos of the S1 through S3 samples. 

In order to have an additional and insightful look at the topography of the pure and 
doped ZnO/C nanoparticles, based on the identical location as that illustrated in Figure 4, 
the EDS evaluation of earlier samples was carried out. According to the result of the FTIR 
investigation, the S1 through S3 samples actually contain a minor quantity of carbona-
ceous material, also confirmed through the EDS results. The EDS pattern of the S1 sample 
displays the presence of Zn (59.39 wt%), O (13.6 wt%) and C (26.74 wt%) elements, yield-
ing ZnO/C nanocomposite. On the other hand, EDS patterns of the S2 and S3 samples 
show that these samples consisted entirely of Zn (41 and 74.27 wt%, respectively), Fe (2.01 
and 5.36 wt%, respectively), O (3.46 and 28.76 wt%, respectively) and C (16.88 and 28.23 
wt%, respectively). An Fe-doped ZnO/C nanocomposite was produced by the S2 and S3 
samples, on the other hand, as evidenced by their EDS patterns, which demonstrate that 

Figure 4. SEM photos of the S1 through S3 samples.



Surfaces 2023, 6 418

Surfaces 2023, 6, FOR PEER REVIEW  9 
 

these samples were totally composed of Zn, Fe, O and C elements. The success of the cre-
ation of pure and doped ZnO/C systems is confirmed by these findings, which are in good 
accord with the FTIR result. Additionally, the use of gold coating to improve SEM pictures 
was confirmed by EDS analysis, which further supported the existence of Au. 

 

 

 Figure 5. Energy Dispersive Spectroscopy for the samples S1 through S3.
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Figure 6. TEM images of the S1 through S3 samples in positions (a,c,e,g,i,k), particle size distribution
histograms in position (b,f,j) and SAED in position (d,h,l).

The results of TEM agreed with SEM in that the pure and doped zinc nanoparticles
are dispersed within the carbon matrix. The obvious edge in TEM images of the different
samples indicated that the pure and Fe-doped ZnO/C nanoparticles were encapsulated in
graphitic carbon layers. It can be seen that the S1 sample has better dispersion, depend-
ing on a decrease in the agglomeration formation rate of ZnO/C with the formation of
nanoparticles [27]. The average investigated particles size of ZnO/C NPs inside the S1
sample was found to be 8 nm, as shown in the HPSD in Figure 6b,f,j. On the other hand, the
doping of ZnO/C with different amounts of iron led to a slight increase in the rate of the
agglomeration process, yielding some agglomerated Fe-doped ZnO/C nanoparticles, as
shown in the S2 and S3 samples. Despite this simple aggregation and based on the HPSDs
results in Figure 6a,c,e,g,I,k, it was found that the average size of Fe-doped ZnO/C NPs
had a slight decrease and became 7 nm and 6 n for the S2 and S3 samples, respectively. The
resulting values of the size for different samples are equivalent to the estimated crystallite
size calculated by the XRD technique.

The selected area electron diffraction (SAED) patterns for the manufactured samples
are shown in Figure 6d,h,l. With various bright spots inside concentric rings, these patterns
demonstrated the polycrystalline nature of the pure and Fe-doped ZnO/C nanoparticles. In
Fe-doped ZnO/C NPs, as demonstrated in the S2 and S3 samples, the maximum intensity of
these bright spots diminishes. In addition, increasing the dopant content exhibited an increase
in the number of concentric rings. The authors believe that these results are due to the ZnO/C
nanoparticle size reduction, with the self-aggregation of some bulk layers as a result of the
dissolution of the iron particles inside them. According to XRD measurements, this dissolution
causes a considerable reduction and contraction in the crystallinity of the ZnO/C lattice.

3.5. Optical Properties

The impact of Fe doping on the photophysical characteristics of ZnO/C nanoparticles
was investigated on the basis of optical band gap measurements for undoped and Fe-
doped samples, namely, S1 through S3. Employing diffuse reflectance measurements in the
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ultraviolet–visible spectrum (UV-Vis DRS), the optical band gap for the first two and third
samples was estimated. In the range of 250–2500 nm and at room temperature, Figure 7a
shows the diffuse reflectance spectra of the S1, S2 and S3 samples. This image demonstrates
how doping ZnO/C nanoparticles with Fe ions caused the reflectance edges to move
towards lower energy wavelengths of radiation. Depending on the interpretation of the
spectroscopic data using Tauc plots, as shown in Figure 7b, this shift suggests band gap
expansion in the S2 and S3 samples. The optical band gap energy, Eg, of the as-prepared
specimens was estimated from the Tauc equation [27,39].

(αhν)n = A (hν − Eg) (4)
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Depending on the type of potential electronic transitions, n is either 2 for a direct
transition or 1/2 for an indirect transition, and other variables include the absorption
coefficient (α), the proportionality constant (A), the Planck’s constant (h) and the frequency
of the incident photon (ν). The optical band gap value was determined by intersecting
the extrapolated linear portion of a specific curve with the (h ν) axis when plotting (αhν)2

vs. photon energy (h ν) for the sample under study using the Tauc equation. According
to Figure 8b, the band gap energies for the S1 through S3 samples are 3.17, 3.27 and
3.57 eV, respectively. Due to the S3 sample’s existence of a significant number of Fe ions,
it has a greater band gap energy than the S1 sample. Actually, the presence of the most
dopant caused various alterations in the band gap in semiconductor materials as a result of
producing a crystal defect [40–44].
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Figure 8. Pore size distribution and N2-adsorption isotherms of the S1 and S3 samples.

3.6. Surface Properties

Using N2 adsorption/desorption isotherms at −196 ◦C, the textural characteristics of
the S1 and S3 samples were investigated, as shown in Figure 8. Additionally, Table 2 lists the
values of various outcomes for the textural characteristics of these samples. According to
IUPAC classifications, the acquired isotherms of the S1 and S3 samples conform to type-IV
with a type H3 hysteresis loop [45]. This isotherm type indicates that the as-prepared solids
have mesopores, depending upon the capillary condensation starting over the relative
pressure (P/Po) = 0.

Table 2. Surface properties of the S1 and S3 samples.

SBET m2/g Vm (cc/g) {r(nm) Vp (cc/g)

S1 29 6.73 7.23 0.053
S3 19 4.38 8.06 0.038

According to the shape of the isotherms, the adsorption process changed at high
relative pressure (P/Po = 0.83–0.93), indicating the condensation process in interparticle
voids. In fact, a few cavities could be seen in the SEM pictures of the S1 and S3 samples.
Due to this dramatic change in the adsorption process at low relative pressure (P/Po = 0.05)
with a subsequent low slope region, it is impossible to ignore the fact that our samples
contain micropores. Hysteresis loops for the S1 sample have a larger area and greater
variety than those for the S3 sample, showing multilayer desorption from solid pore walls.
Additionally, the H3 hysteresis loop’s structure reveals plate-like granules or pores with
slit-like shapes. This coincides with SEM and TEM analyses that confirm the formation of
sheet-like structures. According to a review of the data in Table 2, the S1 sample’s SBET, VP
and {rvalues are higher than those of the S3 sample.
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The pore size distributions of the S1 and S3 samples are characterized using Non-Local
Density Functional Theory (NLDFT) for nitrogen adsorption in pores. The porosity or pore
size distribution of these samples is represented by histograms in Figure 8. This picture
shows that the bulk of the pores in the S1 and S3 solids are mesoporous, in accordance with
the observed pores, with one model distribution placed at 7 nm and 4.0864, respectively.

3.7. Magnetic Properties

At room temperature, a magnetic field in the range of 20 KOe was applied to the
S1, S2 and S3 samples to measure their magnetic characteristics. After taking these data,
the hysteresis loops depicted in Figure 9 were produced. This graphic demonstrates the
intrinsic diamagnetism (DM) of the S1 sample or pure ZnO/C. It is interesting to note that
S2 and S3 have a somewhat S-shaped hysteresis loop, which amply proves the existence
of a minute signature of RTFM. As shown in Table 3, these hysteresis loops, nevertheless,
enabled us to estimate the various values of the majority of the magnetic properties,
including the coercive field (Hc), remanent magnetization (Mr), saturation magnetization
(Ms), squareness (Mr/Ms) and anisotropy constant (Ka), for the S2 and S3 specimens. It can
be seen from this table that increasing the dopant concentration resulted in an increase in
the s of Mr, Ms and Ka for the investigated system. Regarding Mr/Ms and Hc values, the
opposite behavior was seen. Additionally, the change in behavior from DM to RTFM could
be linked to the impacts of the present iron-based doping method, which depends on the
inclusion of iron ions in the crystal structure of ZnO.
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Figure 9. Room-temperature hysteresis loops of samples S1 through S3.

Table 3. Magnetic properties of S2 and S3 samples.

Samples Ms
(memu/g)

Mr
(memu/g) Mr/Ms

Hc
(Oe)

Ka
(erg/cm3)

S2 9.99 8.99 0.8999 83.66 93.55
S3 41.53 12.81 0.3085 62.56 554.17

3.8. Discussion

Heating 10 mL of an egg white and zinc nitrate combination for 15 min produced pure
ZnO nanoparticles having a moderate degree of crystallinity, as shown in the S1 sample.
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The XRD pattern of the S1 sample consisted entirely of ZnO, without the presence of
another crystalline phase. But, one cannot ignore the presence of amorphous carbon-based
material as a combusted product of egg white. This was confirmed by EDS and TEM results
that indicate the coexistence of carbon with zinc atoms and then the formation of the ZnO
system. About the mechanism of formation of the ZnO/C system, the egg white molecules
are distributed around the ZnO particles in the initial suspension. With continued good
stirring, a large number of the egg white molecules are adsorbed onto the ZnO particles’
surface through electrostatic attraction, forming a complex. The combustion process at
300 ◦C resulted in the formation of ZnO nanoparticles inside the carbon matrix yielding
the ZnO/C system. By comparing this study with our previous work, we found that an
increase in the amount of egg white used in the preparation of zinc oxide from 5 to 10 mL
led to a clear decrease in its crystallite size, with an increase in the rest of the structural
parameters, such as the lattice constants and unit cell volume [27].

On the other hand, the close-up of the (100), (002) and (101) planes of ZnO shows
that the doping ZnO/C system with 2 mol% Fe2O3 led to a decrease in the peak height
of ZnO, with an increase in the FWHM. These findings could be attributed to the smaller
ionic radii of ferric ions (0.064 nm) compared to that of zinc ions (0.074 nm), while the peak
height increases and FWHM decreases the doping ZnO/C system with 5 mol% Fe2O3 due
to some agglomerations of the resulting nanoparticles, as shown in SEM and TEM results.
Additionally, the ZnO crystallite sizes for the S1, S2 and S3 specimens are 15, 6 and 20 nm,
respectively. The fact that the crystallite size decreased from 15 to 6 nm as a result of the
2 mol% Fe2O3 doping shows that iron ions were effectively incorporated into the ZnO with
the restriction of its crystal lattice. But, increasing the crystallite size from 15 to 20 nm due
to 5 mol% Fe2O3 doping indicates the formation of the agglomerate’s ZnO nanoparticles,
which increased their quantities by increasing the introduction of a greater amount of iron
ions in the ZnO. These observations were reinforced by decreasing the unit cell volume of
ZnO, depending on the smaller ionic radii of ferric ions. In addition, increasing the bond
length of ZnO of the doped system studied confirms the incorporation of the most iron
ions in the ZnO lattice, with the formation of some aggregates. The TEM results indicated
the presence of some aggregates in the S3 sample, whose magnetism increased with the
increase in iron doping. Furthermore, the deposition of the remaining carbon onto the
pure and doped ZnO surface, creating the pure and Fe-doped ZnO/C combination, cannot
be neglected.

Investigation of the functional groups using FTIR analysis for the S1, S2 and S3 solids
indicates the presence of typical absorption bands of ZnO/C in the range of 1000–400 cm−1.
Additional bands at 1120 and 1399 cm−1, showing the various vibration modes of various
groups, including C-O, C-OH and C-H, were produced as a result of egg white-assisted
green synthesis of pure and Fe-doped ZnO/C. The dwindling of the bandwidth of the
pure and doped ZnO/C particles compared to that of the presence of carbon or water
groups may indicate the extent of formation of this oxide in the nanoscale, depending on
the presence of carbon as the capping agent and iron as the doping agent. This discovery
supports the relatively low degree of crystalline nature of ZnO nanoparticles identified
through XRD, SEM and TEM investigations.

The graphitization of sp2 carbon (G-band) and disordered carbon (D-band), respec-
tively, are illustrated by two peaks in the Raman spectra of pure and Fe-doped ZnO/C
nanoparticles at 1565 cm−1 and 1326 cm−1 [37]. As a consequence of the carbonization
of the as-prepared ZnO, imperfections may have been created, as seen by the shift in the
intensity ratio of D vs. G. The weak peak at 1120 cm−1 could be attributed to the stretching
vibration of C-H at the edge of the carbon framework, according to FTIR spectra, which
also showed two peaks at 1120 and 1399 cm−1. The peak at 1399 cm−1 could be assigned to
the stretching vibration of the graphitic carbon framework.

In a previous work of some authors, they indicated the effect of zinc oxide preparation
with the help of a specific quantity (5 mL) of egg white on its optical band gap energy [27].
In this study and as a continuation of our previous work, the effects of using a larger
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amount of egg white (10 mL in the S1 sample), with different amounts of iron ions (2 and
5 mol% Fe2O3 in S2 and S3, respectively), on the optical band gap energy of ZnO were
studied. In our earlier research, we discovered that the band gaps for ZnO and ZnO/C are
3.09 eV and 2.60 eV, respectively. We have pointed out that this deficiency in the gap is due
to self-doping by carbon atoms produced from the combustion of egg white during the
preparation method. In this study, with an increase in the amount of egg white from 5 mL
to 10 mL, we found an increase in the optical band gap energy value (3.17 eV) compared
to such a value (3.09 eV) of untreated sample or such a value (2.60 eV) of 5 mL treated
sample. This increase could be attributed to the decrease in the particle size of ZnO due
to an increase in the amount of carbon permeating the zinc nanoparticles. The authors
believe that the carbon resulting from the combustion of this quantity (10 mL) of egg white
behaves as a self-coating agent for the zinc particles and helped to reduce their aggregation.
In other words, synthesis of ZnO nanoparticles using 10 mL egg white resulted in a 2.59%
enhancement in its optical band gap energy. On the other hand, the doping of the S1
sample with different amounts of iron ions led to a larger increase in the optical band gap
energy due to the formation of a degenerate semiconductor. Doping the S1 sample with
2 and 5 mol% Fe2O3 resulted in an increase in the optical band gap energy from 3.17 eV
to 3.27 eV and 3.57 eV, respectively. The maximum increase (12.62%) in the band gap
energy was observed in the case of the S3 sample. This improvement can be attributed
to both the Burstein–Moss (B–M) effect and the reduction of the size of the as-prepared
nanoparticles [46–50]. The B–M effect predicts that the optical band gap of degenerately
doped semiconductors will widen when all states close to the conduction band become
populated because of the relocation of an absorption edge to higher energy [50]. This effect
offers the opportunity to obtain various optical qualities. When it came to indium (In)-
doped zinc oxide nanoparticles, similar tendencies were seen [51]. A change of the optical
absorption edge from blue-shift to red-shift is observed for the In-doped ZnO system,
according to the doping concentration increases. The optical band gap energy increases as
the concentration of Iron increases from 0 at% to 3 at%, then decreases using 5 at%. The
Burstein–Moss effect is responsible for the blue-shift. It is believed that the merger of the
donor and conduction bands of ZnO In at a high doping concentration is what caused the
abrupt change in the absorption edge from blue-shift to red-shift.

The change in surface properties of solids due to the change in the structural properties
could be attributed to the doping, phase transformation, contraction or expansion of
particles, sintering and crystallinity of these solids [52]. On the other hand, any change in
the morphology of solids resulted in some certain modifications in the surface properties
due to the change in the porosity and shape of the material. TEM, XPS and X-ray absorption
analyses of Co/CoNx–C composite confirm the good integration of Co clusters and adjacent
CoNx species enhancing the reduction reactions (ORRs) performance in alkaline solution,
depending on an obvious synergistic effect [53]. In this study, doping the ZnO/C system
with a small amount of iron ions brought about a decrease in different surface properties of
this system. The treatment of ZnO/C nanoparticles with 5 mol% Fe2O3 led to a decrease
in their surface area. The decrease in the surface area of the doped ZnO/C nanoparticle
can be attributed to a decrease in both the mean pore radius and total pore volume. The
monolayer capacity (Vm), which dropped from 6.73 cc/g for the S1 sample to 4.38 cc/g
for the S3 sample, supports this decline. The influence of surface morphology was further
supported by SEM and TEM investigations, which revealed that the porosity of the S1
sample is higher than that of the S3 sample.

The S1 sample shows completely diamagnetic behavior, as observed from its hystere-
sis loop due to the absence of unpaired electrons [53]. Doping this sample with different
amounts of iron ions led to preparation of the S2 and S3 samples having weakly ferro-
magnetic behavior. This indicates that doping of the ZnO/C system by iron ions resulted
in a magnetic phase transition from diamagnetism to ferromagnetism due to eliciting a
number of intrinsic defects of ZnO/C [54]. The defect profile of semiconductors depends on
different factors, such as the doping, precursors and preparation route [27]. Zn interstitials,
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O interstitials, Zn vacancies and O vacancies are the four different types of structural
defects identified in ZnO/C [55]. The p-d hybridization between the host valence band
and the incomplete 3d levels of transition metals (Fe ions) results in magnetic interactions
between the localized magnetic moment of Fe3+(3d5) ions and the host semiconductor
(ZnO), which additionally contributes to the modest ferromagnetism in Fe-doped ZnO
nanocrystals [56,57]. Both the bond length and bond angle between Zn2+ ions/dopant
cations and O2− anions favor the p-d hybridization that increases as the iron ions concentra-
tion increases [58–60]. In this investigation, room-temperature ferromagnetism was seen in
the S2 and S3 samples as a result of the incorporation of Fe at O sites in the ZnO host lattice.
Due to an increase in the Fe ions concentration, a mild ferromagnetic character became
more noticeable with the S3 sample’s greatest value of the coercive field (554.17 Oe) [61,62].

4. Conclusions

This study employed an egg white-assisted self-combustion approach to produce
pure and Fe-doped ZnO/C systems. The information that follows is an overview of the
structural, morphological, optical, surface and magnetic properties.

1. The egg white-assisted self-combustion method enabled us to prepare a pure and
doped ZnO/C system containing an amorphous carbon matrix with moderate crys-
talline pure and doped ZnO nanoparticles having wurtzite-type hexagonal structure.

2. Doping the ZnO/C system with 2 and 5 mol% Fe2O3 led to a decrease and an increase
in the crystallites size of the ZnO lattice, depending on the difference in the ionic
radii of both Zn and Fe ions, and also on the formation of some agglomerates. In
addition, this doping brought about a decrease in the unit cell volume, evidencing an
incorporation of the dopant content used in the lattice of ZnO.

3. According to FTIR measurements, pure and doped ZnO/C nanoparticles were created
utilizing an egg white-mediated combustion process, based on the presence of carbon
groups at 1120 and 1399 cm−1, as well as the typical ZnO absorption bands in the
range of 1000–400 cm−1. However, the S1, S2 and S3 samples’ Raman spectra have
two large peaks at 1565 cm−1 and 1326 cm−1 that are connected to the D- and G-bands
of carbonaceous material, which is consistent with the findings of FTIR and XRD.

4. The Raman results display graphitization of sp2 carbon (G-band) and disordered
carbon (D-band) in the as-prepared materials, in perfect agreement with the IR results
that contain two bands at 1120 and 1399 cm−1 ascribed to carbon groups.

5. The surface characteristics of the pure and doped ZnO/C system were sensitive to
the observed changes in their structural and morphological properties. The doped
system has a surface area smaller than that of the pure system. The smaller surface
area for the doped system was due to a decrease in the mean pore radius and total
pore volume compared to the pure system.

6. The ferromagnetism manifestation of this system is indicated by the magnetization
curve of pure and Fe-doped ZnO/C nanoparticles. As iron ions are incorporated into
the crystal lattice of ZnO, the magnetic behavior of ZnO/C nanoparticles shifts from
being entirely diamagnetic to being slightly ferromagnetic.
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