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Abstract: Spinel zinc ferrite nanomaterials with exceptional physiochemical properties are potential
candidates for various applications in the energy and environmental fields. Their properties can
be tailored using several methods to widen their applications. The chemical combustion approach
was followed to prepare the spinel zinc ferrite nanomaterials, which were then subjected to thermal
treatment at a fixed temperature. Thermal heat treatment at a fixed temperature was used to evaluate
the phase and morphological characteristics of the prepared spinel zinc−ferrite nanocomposites.
Various techniques were employed to examine the samples, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman spectroscopy,
and X-ray photoelectron spectroscopy (XPS). XPS and X-ray−induced Auger electron spectroscopy
were used to extensively examine the surface characteristics of the zinc−ferrite. To study the actual
chemical states of the synthesized spinel zinc ferrite nanomaterials and the defects created during
the thermal treatment, an extensive investigation of the kinetic energy of the X-ray−induced Zn
L3M45M45 and Fe L3M45M45 was conducted. Finally, a detailed analysis of the Wagner plot using the
modified Auger parameter was performed to verify the exact chemical states of Zn and Fe. Thus,
the findings of the investigation show that XPS is a promising and powerful technique to study the
composition and chemical states of spinel zinc ferrites, providing an understanding of changes in
their properties for functional applications.

Keywords: XPS; spinel zinc−ferrite; modified Auger parameter (MAP); Zn L3M45M45; Fe L3M45M45

1. Introduction

Nanoscopic spinel ferrites are some of the most significant catalysts among the mag-
netic substances studied, due to their unique magnetic, magneto−optical, and magneto-
resistive characteristics in the fields of material science and nanotechnology [1,2]. Ferrites
(magnetic nanoparticles (NPs)) possess distinct superparamagnetic, higher coercivity, and
magnetic susceptibility values, with a lower Curie temperature. Therefore, the construction
of modified ferrite nanostructures has been actively promoted in the fields of catalysis, spin-
tronic devices, magnetic fluids, magneto−optical and biomedical applications due to their
adjustable physical and chemical properties [2,3]. It is well reported that the pure ferrites
(Iron oxide, Fe2O3) have several crystalline configurations, such as α−Fe2O3 (Hematite),
β−Fe2O3, epsilon−Fe2O3 and
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ativecommons.org/licenses/by/4.0/). −Fe2O3 (maghemite) [1,4]. These ferrite structures were
broadly explored for optoelectronic, photovoltaic, supercapacitor, and biomedical appli-
cations due to their exceptional catalytic, non−toxic, chemically stable, and eco−friendly
behavior among transitional metal−oxides. However, modified metal−doped ferrites
(Mn+F3O4/Fe2O4, M = Zn2+, Co2+, Ni2+, Mn2+, etc.) spinels were discovered as an extraor-
dinary magnetic nanocatalyst for boosting the catalytic and physicochemical performances
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by changing the electronic band structures and surface sites [2,5,6]. Ferrites with a chem-
ical composition of M2+Fe3O4/Fe2O3 were widely engineered at the nanoscale in order
to tune their bandgap energies and surface morphologies via the stoichiometric doping
of transitional metal ions. Several studies have demonstrated that the microstructures
and crystal anisotropy can be altered by the doping of divalent or trivalent ions in the
form of bulk and/or surface imperfections [7,8]. Defect−induced morphological research,
especially in the ferrites domain has a large interest in achieving large magnetorheologi-
cal functionalities [9,10]. To improve the chemical and magnetic potential of the ferrites,
divalent cations such as Zn2+ were introduced for tuning the electronic bands and sur-
face sites by creating multiple defects level and bulk imperfections into the Fe3O4/Fe2O3
crystalline lattices. The Zn2+ ion was studied as the most suitable dopant to alter the
electrochemical properties of the ferrite materials because of its electronic configuration
and less toxic nature compared to other divalent atoms, such as Co2+, Ni2+, and Mn2+ [2,6].
It is well accepted that experimental conditions have an important impact on defects for-
mations/concentrations and growth rate inside the host nanostructures, which affect the
structural, optical, and spectral characteristics [7,9]. Crystalline ferromagnetic materials at
a nanoscale regime can be manufactured using a variety of techniques, including solution
chemical reactions such as co−precipitation [11], hydrothermal [4], sol–gel [12], and com-
bustion techniques. However, the essential benefit of the combustion −technique is that it
produces nano−ranged crystalline powder, defects as oxygen vacancies (Vo), interstitial
metal ions, and a higher yield of the product at a shorter chemical reaction time [10,13]. For
example, the size of the crystallites steadily increased from 12.6 nm for pure ZnFe2O4 to
21.17 nm and for 75% Mg−doped ZnFe2O4 using the temperature−induced combustion
method [14]. The magnetic quality, saturation magnetization (Ms), and remanent magneti-
zation (Mr) increased from 19 and 8 emu/g for pure ZnFe2O4 to 45 to and emu/g, for 50%
Mg−doped ZnFe2O4 prepared by a combustion technique. The magnetic features of the
doped ferrites were found to be changed by the insertion of the dopant into the octahedral
and tetrahedral sites according to their crystal site preferences. Nanostructured Zn−Fe
mixed oxides were reported by Gajendra Kumar Pradhan and a co−worker using a simple
solution−combustion method [15]. The mixed phase of Fe2O4, ZnO, and ZnFe2O4 were
formed with the increased level of Fe and Zn contents during combustion. Subsequently, a
dopant mixed phase and metal−oxides/hydroxides form during the chemical synthesis.
For morphological and spectral analysis, the fundamental techniques were used [16,17].

Over the past years, advanced characterization techniques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), and scanning probe microscopy (SPM) were widely used
to determine the structural, morphological, and surface characteristics of the metamaterials
in the fields of nanoscience and materials engineering [17,18]. It is well studied that the
Fe2+/Fe3+ ionic state has a crucial impact on the catalytic functions when it is employed as
a host, as do pure ferrite materials. Among these, XPS and TOF−SIMS are largely applied
to determine the chemical composition, oxidation states, and growth mechanism on the
surface [18].

In this regard, Auger electron spectroscopy (AES) is considered one of the most
reliable surface techniques to study the elemental confirmations and chemical states of the
nanomaterials up to a few nm depth resolution [19]. In the present work, we prepared pure
ferrite (iron−oxides) and Zn−doped ferrites using a simple combustion technique. The
impact of heat treatments on the crystal phase of the doped ferrites, defects growth in bulk,
and surface were characterized using various techniques. It is very difficult to recognize
the multivalent Fe ions in the case of Zn−doped ferrite nanocomposites, which generally
occur due to mixed Fe2O3: Zn, ZnFe2O4, ZnO, and hydroxide forms.

Therefore, the chemical states of the undoped and doped Fe2O3 with Zn content were
evaluated using XPS. Specifically, the Fe2p3/2 and Fe1/2 photoelectron binding energy and
Fe L3M45M45 Auger electron kinetic energies were assigned to the chemical states of the
prepared Fe2O3 sample. Similarly, the Zn2p3/2 and Zn1/2 photoelectron binding energy
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and Zn L3M45M45 Auger electron kinetic energies were assigned to the chemical states
of the Zn. The Auger parameters and the binding energies of the prepared samples were
calculated and used to generate Wagner plots using modified auger parameters (MAP) that
were subsequently used to evaluate the precise chemical states of the prepared samples.
MAP is defined as the sum of the binding energy of the photoemitted electron and the
kinetic energy of the Auger electron, in other words, it is the energy difference between the
photoemitted and auger electrons. Even though there is a limited report on the Wagner plot
for the Fe2O3 phase of Fe. A detailed analysis based on the Fe L3M45M45 and Zn L3M45M45
spectral energy dispersion was employed [20]. The FeL3M45M45 and ZnL3M45M45 Auger
lines were fitted by applying Gaussian fits for particular elements in their existing magnetite
and hematite phases along with the mixed ZnFe2O3. Furthermore, an advanced effort was
utilised to evaluate the Wagner plots for the possible Fe3O4:Zn, pure Fe3O4/Fe2O4, and
ZnO with their possible hydroxide derivatives. A Wagner profile measured the kinetic
energies of a quantified Auger peak with the binding energies of a particular photoelectron
peak for analysed nanocomposites having similar chemical elements/compositions [20].
Wagner plots are discussed in depth via calculating the modified Auger parameter (MAP)
values, which are a diagonal sum of the binding and kinetic energies of the respective
Fe3O4:Zn, pure Fe3O4, and ZnO. In the present study, a Wagner Plot provides clear evidence
of pure ferrites and Zn−doped ferrites. Additionally, the defect formation in the form of
oxygen vacancies (Vo), and Zn interstitial (Zni) on the bulk and surface (formed during
combustion and heat treatments) was precisely studied with the help of the AES spectra and
the Wagner plots, which are an advanced chemical and spectral finding for the Zn−doped
ferrites as compared to reported studies. Furthermore, the relative concentration area
of the oxygen could also be helpful to obtain an idea about the surface and bulk defect
formation during doping of Zn into the ferrites host. The study also revealed the relative
concentration of oxygen to investigate the impurities in terms of oxides and hydroxide
formation on the surfaces and the bulk of the ferrites crystals.

2. Experimental Method
2.1. Synthesis of Fe2O3 and Fe2O3:Zn Nanostructures
Reagents

Salt Iron (III) nitrate nanohydrate (Fe (NO3)3·9H2O, 99.99%), urea (CO (NH2)2, 99%),
and zinc nitrate hexahydrate (Zn (NO3)2·6H2O). All chemicals used in the present experi-
ment were of analytical grade purchased from Sigma Aldrich and used without further
purification.

2.2. Synthesis of Pure Fe2O3 NPs

The combustion method was used for the preparation of the pure Fe2O3 NPs and Fe2O3
NPs doped with different concentration of Zn (1 mol% to 7 mol%). The main advantage of
this technique is that it is very fast, requires typically economical equipment, and produces
the formation of high−purity products of any size and shape [21,22]. Compared to other
methods such as hydrothermal, sol–gel method etc., the disadvantage of this method is the
uncontrolled morphology [21].

The synthesis of pure Fe2O3 NPs were carried out by using the precursor salt Iron
(III) nitrate nanohydrate (Fe (NO3)3·9H2O, 99.99%) and urea (CO (NH2)2, 99%) as a fuel.
The mixture of Iron (III) nitrate nanohydrate and urea salts in a 1:3 stochiometric ratio was
dissolved in 20 mL distilled water for the synthesis of the Fe2O3 NPs. The ultrasonication
of the resulting solution was subsequently performed for 20 min at room temperature
(RT–25 ◦C) to homogenise the mixture. Thereafter, the prepared solution was sintered at
500 ◦C for 15 min using a combustion furnace in an open atmosphere. A powder sample of
Fe2O3 was obtained in this process, which was further allowed to cool down at RT. The
Fe2O3 NPs were finally annealed at 500 ◦C for 5 h to get rid of any unwanted impurities.
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2.3. Synthesis of Fe2O3:Zn NPs

The Fe2O3:Zn NPs were formed using a simple and inexpensive combustion reaction
by incorporating zinc nitrate (Zn(NO3)2·6H2O) at the concentrations of 1, 3, 5, and 7 mol%.
The stoichiometric mixture of Fe(NO3)3·9H2O, Zn(NO3)2·6H2O, and NH2CONH2 was first
dissolved in 20 mL distilled water and kept for stirring for 20 min at RT−25 ◦C to make
a clear homogenized solution at RT. After being poured into the alumina boat, the mixed
solution was heated to 500 ◦C in an open setting (See Figure 1). The ionic Zn was introduced
into the iron−oxide host by evaporating the hydrous half of the precursor salt and lighting
the gas. The precursor salt was employed to breakdown during thermal treatment. After
the chemical combustion was finished, a solid phase of Zn−doped iron oxides powder
(red−brown) was produced. Using a molten piston, the produced powder was cooled to
room temperature and transformed into a fine nanopowder. The final crushed sample was
subjected to a 5−h annealing process at 500 ◦C before being used for morphological and
crystallographic analysis.
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Figure 1. Schematic diagram depicting the formation of the Fe2O3:ZnO NPs using a combustion
technique.

2.4. Material Testing Procedure

Using a D8−Advance X-ray diffractometer (Bruker, Germany) and CuKα radiation
(λ = 0.15408 nm) between 10◦ and 90◦ scan range with a voltage of 40 kV and a current of
40 mA, respectively, the phase identification of the produced samples was investigated.
The samples’ crystallinity was evaluated against information from the Joint Committee for
Powder Diffraction Standards (JCPDS) files. Field emission scanning electron microscopy
(FE−SEM) and TEM were used to conduct morphological investigations and particle size
examinations on the generated samples. Raman analysis was performed to study the
defects−related information of the synthesized samples. The electrical structures and
chemical states of the produced samples were studied quantitatively using XPS. In the
current work, the PHI 5400 XPS spectrometer with a monochromatic Mg Kα X-ray source
(1253.6 eV, 15 kV, 200 W) was used. The binding energy (BE) of the Au 4f7/2 peak at 83.96 eV
was used to measure the work function of the XPS instrument, and the Cu 2p3/2 peak with
a BE of 932.67 eV was used to achieve linearity of the energy scale. Throughout the XPS
tests, the photoelectron take−off angle was held constant at 45◦. With a pass energy of
178.95 eV and a dwell time of 100 ms, survey scans were performed. High−resolution scans
with a step energy of 0.125 eV were conducted using the pass energy of 44.75 eV. Using
C−1 s at a standard value of 284.8 eV, the binding energy calibration for charge correction
in high−resolution spectra was carried out [16,21,22].
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3. Results and Discussion
3.1. Crystallographic Structure & Phase Identification: X-ray Diffraction (XRD)

Figure 2a–e shows the XRD patterns of pure and Zn−doped Fe2O3 nanoparticles. The
phase quantification of the XRD results of the Zn−doped and pure Fe2O3 nanoparticles
was performed using Rietveld refinement analysis, using FullProf software. The presence
of a hematite α–Fe2O3 phase in the pure and the Zn−doped samples was analysed through
the presence of the reflection peaks indexed as (012), (104), (110), (113), (024), (116), (018),
(214), (300), (1010), (220), (128), (0210), (134) and (226) of the space group R−3c with lattice
parameters a = 5.03Å and c = 13.7Å [23]. The value of χ2 for all the samples lies very close
to one, which confirmed the accuracy of the refined patterns. The XRD results showed that
there was no significant change in the lattice parameters of the α–Fe2O3 phase with the
incorporation of the Zn (Table 1). The absence of any additional phase in the XRD spectra
of the samples doped with 1% and 3% Zn suggested the substitution of the Zn2+ ions
either in the vacancy sites or in Fe3+ cationic sites. The slight increase in the density values
calculated through the Rietveld refinement from 4.94 g/cm3 for pure Fe2O3 to 4.99 g/cm3

and 5.1 g/cm3 for Fe2O3 nanostructures doped 1% and 3% Zn, respectively, can be the
consequence of the substitution of the Zn2+ ions in the interstitial or vacancy sites (Table 1).
The appearance of additional peaks of the Fd−3m space group of the ZnFe2O4 phase in the
XRD spectra of the Fe2O3 samples doped with 5% and 7% Zn was observed.
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Table 1. Lattice parameters and phase fraction for pure and Zn−doped Fe2O3 nanoparticles.

Zn (%)

α–Fe2O3 Phase ZnFe2O4 Phase

a (Å) c (Å)
Phase Fraction

(%)
Density
(g/cm3)

Crystallite
Size (nm) a (Å)

Phase Fraction
(%)

Density
(g/cm3)

0 5.026 13.722 100 4.94 44.5 – 0 –

1 5.031 13.726 100 4.99 26 – 0 –

3 5.024 13.717 100 5.09 33 – 0 –

5 5.032 13.731 74.13 5.07 27 8.429 25.87 5.02

7 5.032 13.738 48.50 5.08 24 8.458 51.50 5.17

The crystallographic information files (CIF) was obtained from the crystallographic
open database (COD) for the α–Fe2O3 hematite phase with COD ID− 2101167 and Inorganic
Crystal Structure Database (ICSD) for the ZnFe2O4 phase with ICSD data entry code 91829,
which was used as initially estimated for the multiphase Rietveld refinements of the XRD
patterns of the pure and the Zn−doped Fe2O3 NPs [23,24]. Table 1 summarizes the values
of the phase fraction obtained using the Rietveld refinement and illustrates the increase
in the ZnFe2O4 phase and a decrease in the hematite α–Fe2O3 phase with an increase in
the Zn concentration from 33% to 44%. The density of the ZnFe2O4 phase has also been
observed to increase with the Zn concentration, which leads to the decrease in vacancy or
interstitial defects [25,26]. The average value of the crystallite size of the Zn−doped Fe2O3
was calculated by using the Scherer formula, which was observed to reduce monotonically
from 44.5 nm to 24 nm with the increase in the Zn concentration. The decrease in crystallite
size can be the consequence of grain boundary suppression of the crystal growth of Fe2O3
as a result of the removal of the vacancy defects or Zn interstitials on the Zn doping [25,26].

3.2. Surface Morphology & Elemental Analysis

FESEM was used to examine the surface morphologies of the pure and Zn−doped
Fe2O3 samples. Figure 3a shows how the pure ferrites sample formed an agglomerated,
almost spherical structure, while Figure 3d shows how the Zn−doped ferrites materials
took on a fine spherical shape. Each magnetized particle prefers to aggregate with the
doped or nearby particles since it has been demonstrated that the pure ferrite particles have
a more compact distribution than the doped ones [7]. This may be because of the presence
of permanent magnetic moments. The synthesis procedure linked to the heat treatments,
which causes defects/imperfections on the surface as well as in the bulk lattices of the host
ferrites, also had an impact on the shape of the particles and their distribution. Therefore,
both doped and undoped ferrite samples showed a clear surface morphology. To support
the elemental composition of ferrites formations, the EDS spectra were also obtained. Fe,
O, and Zn, respectively, were validated by the EDS analysis of the produced samples (see
Figure 3c–f). While the lack of a second EDS signal suggests that the Fe2O3 and Fe2O3:Zn
NPs generated were devoid of impurities. For the undoped Fe2O3, the atomic percentages
for Fe and O were found to be 57.7 and 43.3%, respectively, however, for the Fe2O3:Zn
NPs nanopowders, 8.8% of the atomic Zn was recorded along with the lower 55 and 36.2%
atomic percentages for Fe and O.

3.3. Morphological Studies of Fe2O3:Zn: TEM

At higher resolutions and magnifications, TEM analysis is frequently used to dis-
tinguish between the morphological findings of individual and coupled nanostructures.
The pure and doped Fe2O3 samples’ temperature−induced changes in particle size and
distribution are depicted in Figure 4. Using ImageJ software, different Fe2O3 and Fe2O3:Zn
particle sizes were estimated. While a Lognormal function was used to suit the histogram’s
mean diameter. The almost spherical nanoparticles with an average range of 25 nm were
visible in the pure Fe2O3 NPs (see Figure 4a). Additionally, it was noted that for the doped
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Fe2O3:Zn samples, the size of the particles of the Fe2O3:Zn samples grew larger with rising
Zn concentrations (see Figure 4b–d)). The temperature−mediated combustion approach
used to manufacture the ferrite particles resulted in a variety of groups of coalescing nan-
oclusters, which may be the cause of the different groups in the Fe2O3:Zn micrographs [7].

Magnetochemistry 2023, 8, x FOR PEER REVIEW 7 of 16 
 

 

 

Figure 3. SEM micrograph: (a) pure Fe2O3 and (d) Zn 7 %: Fe2O3, respectively; (b,e) are their EDS 

spectra, respectively, while (c,f) represent their respective color − mapping for elemental detection. 

  

Figure 3. SEM micrograph: (a) pure Fe2O3 and (d) Zn 7 %: Fe2O3, respectively; (b,e) are their EDS
spectra, respectively, while (c,f) represent their respective color − mapping for elemental detection.



Magnetochemistry 2023, 9, 20 8 of 15

Magnetochemistry 2023, 8, x FOR PEER REVIEW 8 of 16 
 

 

3.3. Morphological Studies of Fe2O3:Zn: TEM 

At higher resolutions and magnifications, TEM analysis is frequently used to distin-

guish between the morphological findings of individual and coupled nanostructures. The 

pure and doped Fe2O3 samples’ temperature−induced changes in particle size and distri-

bution are depicted in Figure 4. Using ImageJ software, different Fe2O3 and Fe2O3:Zn par-

ticle sizes were estimated. While a Lognormal function was used to suit the histogram’s 

mean diameter. The almost spherical nanoparticles with an average range of 25 nm were 

visible in the pure Fe2O3 NPs (see Figure 4a). Additionally, it was noted that for the doped 

Fe2O3:Zn samples, the size of the particles of the Fe2O3:Zn samples grew larger with rising 

Zn concentrations (see Figure 4b–d)). The temperature−mediated combustion approach 

used to manufacture the ferrite particles resulted in a variety of groups of coalescing 

nanoclusters, which may be the cause of the different groups in the Fe2O3:Zn micrographs 

[7]. 

 

Figure 4. Micrographs recorded by TEM and their particle size distribution curve: (A,a) pure Fe2O3; 

(B,b) 3% Zn−doped Fe2O3; (C,c) 5% Zn−doped Fe2O3; and (D,d) 7% Zn−doped Fe2O3. 
Figure 4. Micrographs recorded by TEM and their particle size distribution curve: (A,a) pure Fe2O3;
(B,b) 3% Zn−doped Fe2O3; (C,c) 5% Zn−doped Fe2O3; and (D,d) 7% Zn−doped Fe2O3.

The Zn−doped Fe2O3 NPs showed an average size of 29.3 to 34.3 nm with increasing
the Zn concentrations as shown in Figure 4a–d. The size distribution histogram clearly
indicates an enhanced order of the particle’s size for Fe2O3 samples doped with Zn. Such
variation in the morphology (size and shape) of the prepared samples can be observed by
substitution of the Zn2+ ions either in the vacancy sites or in Fe3+ cationic sites.

3.4. Surface Analysis Studies of Fe2O3:Zn: XPS

XPS analyses were used to study a quantitative investigation of the electronic struc-
tures and chemical states of the Fe2O3 samples doped with Zn. The XPS survey confirmed
the presence of C, O, Fe, and Zn peaks, as shown in Figure 5a. The binding energy calibra-
tion for charge correction in high−resolution spectra was performed by using C−1 s at a
standard value of 284.8 eV [27,28]. The high−resolution spectrum of the C−1s for the pure
Fe2O3 sample, is shown in Figure 5b. This region was resolved into six Gaussian fits for
the various chemical states of carbon The peaks are assigned to metal carbide (283.7eV),
C−C (284.8 eV), C−sp3/C−N/defects (285.5 eV), C−O (286 eV), C−HO (287,3 eV) and
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C = O/CO3 (289 eV). Figure 5c shows the dual characterization of the Fe 2p3/2 and Fe 2p1/2
peaks for the pure Fe2O3 sample. The Fe 2p region can be resolved into three peaks. The
main prominent peak at 710.5 eV is assigned to a Fe3+, where a broader peak found at
717.8 eV is a shake−up satellite peak [29]. These results are consistent with published Fe 2p
XPS spectra of Fe2O3 [30]. S. Wang et al. in their research findings observed the shake−up
satellite peak of Fe at 718 eV confirming the presence of maghemite or hematite (Fe3+) [30].
The other fits corresponding to the Fe 2p3/2 for the Fe2O3:Zn(7%) is shown in Figure 5d.
These fits clearly indicate that the Fe mainly exist in Fe3+ and in an additional peak found
at 712.3 eV, indicating ZnFe2O4, [31].
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Zn (7%).

These observations are well persistent with the XRD based research findings. The
oxdidation state of Fe in the Fe2O3:Zn sample was further investigated using the XPS Fe
L3M45M45 peaks. The Fe L3M45M45 peak of the pure Fe2O3 sample was fitted into six peaks.
The first prominent peak observed at a kinetic energy of 702.2 eV, was assign to Fe2O3
and then another peak at 699.6 eV to ZnFe2O4. Similar observations for the chemical state
of Fe was made for Zn(7%) (see Figure 6d). Other fits related to the Fe LMM peaks with
different concentrations of Zn were also done but are not shown. The Auger peak of Fe3+ is
persistent with those reported in the literature [29,30]. It was also observed that the binding
energies corresponding to the chemical states of Fe were very close [29,30].
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Wagner plots were employed to confirm the oxidation state of the Fe. The modified
Auger parameter α [32,33] is given by:

α = K.E. (Fe L3M45M45) + B.E. (Fe 2p3/2).

where K.E. (Fe L3M45M45) is the kinetic energy of the Auger transition and B.E. (Fe 2p3/2)
is the binding energy of the electron in the Fe 2p3/2 core level.

The modified Auger parameters (MAPs) were obtained at α = 1413 eV for Fe2O3 [34]
and α = 1411.7 eV for ZnFe2O4. The plots confirmed the chemical states of Fe2O3 and
ZnFe2O4 in the samples doped with various concentration of Zn (see Figure 7a). Figure 6a
shows the Zn2p3/2 and Zn 2p1/2 for Fe2O3:Zn(7%) sample. The Zn 2p3/2 envelope can be
decomposed into three peaks to specify the chemical states of the Zn. The primary peak
at 1021.3 eV is referred to the stochiometric ZnO, the another prominent peak observed at
1022.8 eV is assigned to Zn(OH)2, and the third additional peak observed at 1019.5 eV is
referred to Zn Fe2O4, [27]. Although, there is a small variation in the binding energy when
Fe2O3 is doped with Zn (see Figure 6b). Other fits corresponding to the Zn 2p3/2 for Fe2O3
doped with different concentrations of Zn was also done but are not shown. These peak
positions were consistent with those reported in the literature [27].

The oxidation state of Zn in the Fe2O3:Zn sample was further determined using the
Zn LMM peaks. The Zn L3M45M45 peak of the Fe2O3 samples doped with Zn (1%) was
decomposed into three peaks (see Figure 6c). The main peak at 988.6 eV, is referred to as Zn
in ZnO. Another prominent peak at 987.2 eV, referred to Zn(OH)2 and the third additional
peak at 991.5 eV, to Zn interstitials. The main peak observed at 988.6 eV was associated
with Zn2+ in the Fe2O3. A similar observation for the oxidation state of the Zn in the ZnO
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was also observed for the higher concentration of Zn (7%), as shown in Figure 6d. There is a
small variation in the binding energy after Fe2O3 was doped with a higher concentration of
Zn. These Auger peaks of Zn are consistent with those reported in the previous published
research findings [27]. It was also observed that the binding energies corresponding to
the oxidation states of Zn were very close. Therefore, Wagner plots were investigated to
confirm the exact chemical state of the Zn.
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The modified Auger parameters (MAPs) were obtained at α = 2010.3 eV for ZnO and
α = 2009.9 eV for Zn(OH)2 [27]. These parameters confirmed that both the oxidation states
of ZnO and Zn(OH)2 were observed for the Fe2O3 sample doped with Zn concentrations
(see Figure 7b).

Figure 7c,d depicts the O−1s spectra for the bare and Fe2O3 doped with Zn(7%). The
O−1s spectrum for pure Fe2O3 can be decomposed into four peaks. The main peak located
at 529 eV is due to O in the Fe2O3 lattice, the peak at 530.4 eV because of O−H and/or
O−C bonds, the third peak at 531.9 eV assigned to O−deficiencies, and the last peak at
532.2 eV due to H2O. It was further noticed that for the Fe2O3 sample doped with Zn, a
small variation in the O 1s binding energies occurred, and the peak intensities changed with
an increasing Zn content. The results indicate that the defects increased with an increasing
concentration of the Zn content in the Fe2O3 matrix.
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3.5. Bonding of Fe2O3:Zn Nanostructures: Raman Studies

Raman spectra was recorded for these samples to corroborate the findings of defects
and different phase formation obtained from XPS, Auger spectroscopy and XRD. The
Raman spectra as shown in the Figure 8 were fitted with several Gaussian−like peaks.

Magnetochemistry 2023, 8, x FOR PEER REVIEW 12 of 16 
 

 

Figure 7c,d depicts the O−1s spectra for the bare and Fe2O3 doped with Zn(7%). The 

O−1s spectrum for pure Fe2O3 can be decomposed into four peaks. The main peak located 

at 529 eV is due to O in the Fe2O3 lattice, the peak at 530.4 eV because of O−H and/or O−C 

bonds, the third peak at 531.9 eV assigned to O−deficiencies, and the last peak at 532.2 eV 

due to H2O. It was further noticed that for the Fe2O3 sample doped with Zn, a small vari-

ation in the O 1s binding energies occurred, and the peak intensities changed with an 

increasing Zn content. The results indicate that the defects increased with an increasing 

concentration of the Zn content in the Fe2O3 matrix. 

3.5. Bonding of Fe2O3:Zn Nanostructures: Raman Studies 

Raman spectra was recorded for these samples to corroborate the findings of defects 

and different phase formation obtained from XPS, Auger spectroscopy and XRD. The Ra-

man spectra as shown in the Figure 8 were fitted with several Gaussian−like peaks. 

 

Figure 8. Raman spectra of: (a) pure Fe2O3 and doped with Zn; (b) 1%; (c) 3%; (d) 5%; and (e) 7%, 

respectively. 

The main Raman peaks in the pure iron oxide sample have prominent signatures of 

the α−Fe2O3 phase, which had five different vibrational modes at 225.3 cm−1 (A1g), 294.4 

cm−1 (Eg), 410.7 cm−1 (A1g), 495 cm−1 (Eg) and 610.7 cm−1 (Eg), respectively [25,35]. With 1 % 

of Zn doping a drastic change in the peak position and relative intensity of different vi-

bration modes is clearly depicted, which is an indication of the change in the host matrix 

Figure 8. Raman spectra of: (a) pure Fe2O3 and doped with Zn; (b) 1%; (c) 3%; (d) 5%; and (e) 7%,
respectively.

The main Raman peaks in the pure iron oxide sample have prominent signatures
of the α−Fe2O3 phase, which had five different vibrational modes at 225.3 cm−1 (A1g),
294.4 cm−1 (Eg), 410.7 cm−1 (A1g), 495 cm−1 (Eg) and 610.7 cm−1 (Eg), respectively [25,35].
With 1 % of Zn doping a drastic change in the peak position and relative intensity of
different vibration modes is clearly depicted, which is an indication of the change in the
host matrix of α−Fe2O3 nanoparticles [25]. The identified peak positions corresponding to
the presence of different vibrational modes associated with different phase in the materials
are presented in the Table 2. In the doped samples, the broadening of the peaks is mainly
associated with the nanocrystalline nature, large phonon−electron coupling and also due
to the coexistence of different phase of the materials such as α−Fe2O3 phase, γ−Fe2O3
phase and ZnFe2O4 phase [25,36–39].
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Table 2. Raman vibrational modes in pure Fe2O3 and 1 to 7 % Zn−doped samples respectively.

Name of Phase of
the Nanomaterials

Raman Vibration Mode
(in cm−1), [Reference

in Bracket]
Pure Fe2O3

1%
Zn-doped

3%
Zn-doped

5%
Zn-doped

7%
Zn-doped

Hematite (α−Fe2O3) A1g modes [25,26,39] 225.3
495 486.4 494.7 506.4 514.7

Hematite (α−Fe2O3) Eg modes [25,26,38]
294.4
410.7
610.7

247
300.5
585

289.4
315.6,
581.6,
629.4

308.8
593.5

315.8
602.6

Maghemite (γ−Fe2O3) Eg or T2g modes [34,38,39] 334.8 347.9 341.6 345.5

Hematite (α−Fe2O3) A2u modes [39] 382.8 384

Hematite (α−Fe2O3) Eu −one phonon
mode [39] 453.4 456.9 465.2 470.2

Hematite (α−Fe2O3)
Eu −LO (longitudinal

optical mode due to the
defects) [38,39]

642.4 660.8 646.6 647.9

Zinc Ferrite (ZnFe2O4) A1g modes [25,38,39] 685.2 689.2 690.7 689

Maghemite (γ−Fe2O3) A1g modes [35,39] 716.8 717.6 715.7 707.5

The shifting in the peak positions to a higher wave number side may be attributed
to distortion of the lattice that might be caused by lattice expansion after Zn doping
and also due the occurrence of ZnFe2O4 phase, whose presence was confirmed with
A1g mode of vibration at 685.2 cm−1 in the 1% Zn−doped Fe2O3 sample. The peak
intensity of this A1g mode is relatively high as compared to other peaks indicates the
sample microstructure is dominated by ZnFe2O4 phase in all the Zn−doped Fe2O3 samples.
A shoulder at 334.8 cm−1 and 716.8 cm−1 in 1% Zn−doped Fe2O3 sample is believed to
be due to the natural oxidation forming a small fraction of γ−Fe2O3 phase in the samples
which consistently appeared in Zn−doped Fe2O3 samples. The Gaussian fittings shows
there are some phonon modes and IR−actives peaks, which are a possible indication of
the presence of defects, breakage of crystal symmetry and the presence of partially or
un−reacted chemical species causing the localized change in the stoichiometry of the
samples [37,38]. A low intensity peak at 755.8 cm−1 in the 7% Zn−doped Fe2O3 sample
still remains unidentified. The Raman spectra reported herein are in good agreement with
the observations recorded by other surface characterization and diffraction techniques, as
discussed before.

4. Conclusions

A simple and cost−effective combustion method was used to synthesize the pure and
Fe2O3:Zn NPs. XRD confirmed the Fe2O3 phase in the pure and the Zn−doped samples.
The results showed that there is no significant change in the α–Fe2O3 phase with an increase
in the Zn concentrations up to 3% due to the substitution of the Zn2+ ions, either in the
vacancy sites or in the Fe3+ cationic site. The appearance of an additional peak of the
Fd−3m space group of the ZnFe2O4 phase in the XRD spectra of the Fe2O3 samples doped
with 5% and 7% Zn was observed. The average crystallite size of Zn−doped Fe2O3 reduced
from 44.5 nm to 24 nm with the increasing Zn concentration. The decrease in the crystallite
size was observed because of grain boundary suppression of the crystal growth of the
Fe2O3 as a result of the removal of the vacancy defects or Zn interstitials on Zn doping. The
Raman study confirmed the defects−related information of the synthesized samples, which
was consistent with the XRD, and XPS−based results. TEM confirmed the increase of the
spherical NPs’ size with an increase in Zn concentrations. The surface characteristics of the
zinc−ferrite were examined using XPS and X-ray−induced Auger electron spectroscopy.
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A Wagner plot using MAP confirmed the presence of Fe2O3, ZnFe2O4, and ZnO. XPS
is a promising and powerful technique to study the composition and chemical states of
spinel zinc ferrites, and provides an understanding of the changes in their properties for
functional applications.
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