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Abstract: Cobalt-doped hematite (Co@a-Fe2O3) nanoparticles (NPs) with a crystallite size of 45 nm
were successfully prepared using a cost-efficient and green approach involving Fe(lll) and Co(ll)
chlorides and freshly separated hen egg white, followed by annealing and milling the powder at 550°C.
The obtained powder was characterized by XRD, FTIR, and SEM/EDS analyses, and its structure was
refined using Rietveld analysis. XRD results revealed the predominant formation of rhombohedral a-
Fe20s (space group R-3c¢) with a minor y- Fe,Os secondary phase. Structural analysis confirms that the
compound crystallizes in the rhombohedral unit cell of the corundum structure. Rietveld refinement
confirmed high structural reliability (Rwp = 2.90, x*= 1.38) and yielded refined lattice parameters of a
=b=5.0326 A and c = 13.7359 A, indicating a slight lattice distortion associated with Co? substitution
in octahedral Fe** sites. Bond length analysis revealed two distinct M—O distances (1.926 A and 2.137
A), reflecting octahedral distortion within the hematite structure. FTIR spectroscopic analysis indicated
clear evidence for the formation of the Co@oa-Fe,Os phase. EDS findings confirm the presence of Fe
and Co particles in the sample. The structure consists of Fe**(Co?*) ions octahedrally coordinated with
O% ions.

Keywords: Co@a-Fe;O3 nanoparticles; Co dopant; green synthesis; structural properties; Rietveld
refinement.
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1. Introduction

Nanoscale transition of metallic oxides has garnered growing interest in recent years,
owing to their distinct and exceptional opto-electronic, photoluminescence, electrical, optical,
and magnetic properties, making them suitable for a wide range of applications, including
wastewater treatment, ferrofluid technology, solar cells, inorganic pigments, optical and
electronic devices, photodetectors, spintronics, and the development of gas sensors, among
others [1-3]. Among these materials, the n-type semiconductor hematite (Fe203) is an
important transition-metal oxide due to its natural abundance, eco-friendliness, low cost, high
stability, visible-ght harvesting ability, and notable electrochemical activity [4,5]. The doping
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of metal ions significantly influences the chemical reactivity, morphology, particle size, and
Fe>O3 redox behavior [6,7].

Fe>Os crystallizes in four different allotropic varieties: a-, B-, y-, and &-Fe203 [8]. a-
Fe2Oz3 is the most abundant in nature, commonly found in soils, sediments, and aquatic systems.
The crystal structure of a- Fe2Oz3 crystallizes with two formula units per unit cell, adopting both
primitive rhombohedral and trigonal-hexagonal unit cells (Figure 1) [9]. The arrangement of
O and Fe atoms forms a trigonal-hexagonal lattice with the R-3c space group and lattice
parameters a = b = 0.5034 nm, and ¢ = 1.375 nm, with six formula units per unit cell. The unit-
cell parameters of the rhombohedral structure are: oo = 55.31° and a;» = 0.5427 nm [10]. In the
o- Fe,0s lattice, the cations Fe3* and the anions O? are arranged in a hexagonal close-packed
lattice. The Fe®* cations occupy 2/3 of the sites, creating 6-fold rings on the (001) plane where
two sites are occupied and one is vacant [11].

The purpose of the present work was to perform an XRD study of Co@a-Fe>Oz iron
oxide nanoparticles prepared by an aqueous coprecipitation method using hen egg white
albumin and to investigate the effect of Cobalt incorporation on the structure of a-Fe2O3s using
the Rietveld method with the free Fullprof-suite software. The structural properties of the
obtained nanopowders were investigated using Fourier-transformed infrared spectroscopy
(FTIR), X-ray powder diffraction analysis (XRD), and a field-emission scanning electron
microscope equipped with energy-dispersive X-ray spectroscopy (SEM/EDX).

¥

Figure 1. Hexagonal a-Fe,Os lattice. Iron and oxygen atoms are represented by large and small balls,
respectively [9].

2. Materials and Methods

All chemicals obtained from Sigma-Aldrich were of analytical grade and used without
further purification. Cobalt (I1) chloride's hexahydrate (CoClz x 6H20, 98%) and ferric (I11)
chloride hexahydrate (FeCls x 6H20, >97%) were used as reactants.

According to our previous reports [12,13], the process for elaborating the Co@a-Fe2O3
powder was carried out in multiple steps. The freshly isolated ovalbumin was homogenized
under vigorous agitation with bi-distilled water for 30 min to obtain a homogeneous solution.
Then, 2.703 g of FeClsz x 6H20 and 1.189 g of CoCl, x 6H20 (with a Co/Fe ratio equal to 0.5)
were dissolved together in a small amount of distilled water to get a clear solution. The solution
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containing Fe** and Co?" ions was added dropwise to the ovalbumin solution without pH
adjustment. The resultant mixture was heated on a hot plate at 80 °C for 2 hours with continuous
stirring. The suspension was then filtered and thoroughly rinsed on multiple occasions.

To identify the different crystalline phases present in the Co@a-Fe2O3, a Shimadzu
6100 Diffractometer, with Cu Ka radiation (A= 1.54056 A) operating at 40 kV, was used. The
XRD pattern was recorded over a range of 20 to 70° with a step scan of 0.02°. The unit cell
volume and lattice parameters of the synthesized Co@ua-Fe.O3 nanopowder were estimated
from XRD data using the Rietveld refinement approach integrated into the FullProf Suite
software. The FTIR spectrum of the prepared Co@a-Fe,O3 was recorded with a
spectrophotometer scanning a wavenumber range of 350 to 4000 cm™. The SEM and EDX
analysis (operating voltage of 15kV) were employed to investigate the morphology and
crystalline nature of the sample.

3. Results and Discussion

The XRD pattern of the synthesized Co@a-Fe,O3 nanoparticles is displayed in Figure
2. The refraction spectra of (012), (104), (110), (113), (024), (116), (214) and (300) planes are
all compatible with the rhombohedral (hexagonal) phase of hematite a-Fe2O3 NPs (JCPDS card
N°. 33-0664), appearing at 20 = 24.06°, 33.07°, 35.57°, 40.75°, 49.32°, 53.94°, 62.38°, and
63.89°, respectively. The two weak peaks that emerged at 20 = 30.05° and 43.18° correspond
to the d-values of the (220) and (400) reflections, respectively, in the standard JCPDS card N°:
39-1346 of the maghemite (y-Fe2Oz) phase [14]. Quantitative phase analysis was performed
using the most intense non-overlapping XRD peaks for each phase: the (104) plane for a-Fe.O3
and (220) for y-Fe20s. The calculated phase fractions were found to be 94% for a-Fe2Os and
6% for y -Fe;Os3. The coexistence of a and y phases may impact magnetic and catalytic
behavior. Similar results have been reported in the literature [15,16].
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Figure 2. XRD pattern of the prepared Co@a-Fe>Os.

The Debye—Scherrer formula was used to determine the average crystallite size [17]:

0.9 A

L= [ cosB (1)

Where B, 6, and A correspond to the full-width at half maximum (FWHM) intensity,
Bragg’s angle, and wavelength of X-ray radiation (Cu K, radiation equals 1.54056 A),
respectively. It is important to note that, in XRD patterns, the FWHM of peaks at low angles
is more significant in estimating the grain size. Therefore, the most intense peak, corresponding

https://materials.international/ 30f10


https://doi.org/10.33263/Materials81.001
https://materials.international/

https://doi.org/10.33263/Materials81.001

to the (104) plane, was used to compute the nanoparticles' size. According to the preceding
data, the average size of the Co@a-Fe.O3 nanoparticles was estimated to be 45 nm.

The Rietveld refinement analysis employs multiple mathematical computations in the
refinement process, which have been previously described in previous studies [18-20]. In this
work, we provide a brief description of the analysis performed on the experimental powder
diffraction data. The crystal structure of the elaborated sample was characterized using the
Rietveld global profile fitting approach in FUllPROF[21].

The experimental diffraction profiles were refined with the most suitable pseudo-Voigt
function (pVF). The B(20) line broadening function, for the Ky and Ko profiles, can be
described by the pVVF combination as follows:

pV(x) =nLx)+ (1 —-n)Gk) (2)

Where 1 denotes the Lorentzian contribution, whereas the functions G(x) and L(x)
represent the Gaussian and Lorentzian parts, respectively, the main objective of the refinement
step is to minimize the difference between the simulated or calculated pattern and the
experimental or observed pattern. For this purpose, Marquardt's least-squares methods were
used, assuming that the structural parameters depend only on the integrated peak intensities.
To assess the minimization process (refinement), the reliability index parameters were used,
including residuals for the Bragg factor Reragg, pattern Rp, weighted pattern Rwp, structure
factor Rr, and goodness of fit y2. These factors were utilized to evaluate the goodness of fit
(GOF) of the calculated pattern to the observed data, as represented by the following relations
[22].

Yillicobs)~Ticca|
R, =———>—— 100 3
B Yili(obs) )
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p YiVi(obs) ( )

1
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X2 = [RWP]Z .100 (7)

Rexp
Where N, P, C, and | denote the number of experimental observations, the number of
fitting parameters, the number of constraints, and the integrated intensity, respectively.
Moreover, yi(cal) and yi(obs) represent the calculated and experimental intensities at step i,
while w;j = (1/yi(obs)) corresponds to the weight of experimental observations. The goodness
of fit (GOF) indicator is calculated from Rwp and Rexp values as follows:

GOF == @®)

Rexp

The process of Rietveld refinement, which utilizes the XRD Pattern, is used to improve
the XRD data. For the first refinement cycle, the atomic positions documented in the previous
study [23] were used. The Thompson pV symmetry function was applied to represent the peak
profile function. The Cobalt (Co) atomic positions were fixed to be the same as those of iron
(Fe) during the refinement. The refinement procedure began by refining: the scale factor, zero
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point of the detector with lattice parameters, atomic positions, and other main Rietveld refining
variables. This process was repeated iteratively until the y2 factor reached its minimum possible
value. The Rietveld refinement parameters and the Wyckoff positions for Co@a-Fe>O3 are
presented in Tables 1 and 2. As shown in Table 2, the site occupancy (Occ) for Cobalt is
recorded at 0.11111, confirming its integration into the a-Fe>Os lattice at the same Wyckoff
sites as the Fe atoms. The experimental and calculated diffraction patterns are depicted in
Figure 3.
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Figure 3. Final Rietveld refinement of Co@a-Fe,Os: experimental (red dots) XRD pattern, calculated pattern

(black line), and difference profile curve (blue).
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Table 1. Space Group Information and Rietveld refinement parameter obtained for Co@ a-Fe20:s.

Unit cell parameters a=b=50326A;c=13,7359 A, o= =90 y=120°
Number of Space Groups 167
Hermann-Manguin symbol R-3c
Crystal System Trigonal
Laue Class -3m1l
General multiplicity 36
Centrosymmetry Centric (-1 at origin)
sVolume (A3 V =301.28
Bragg R-factor R Bragg=23.1
Rf — factor Re=24.1
R factors Rp=2.31, Rwp=2.90
Chi-squared y? y?=1.38

Table 2. Wyckoff positions for Co@a-Fe;0s.

Atom Mult x/a y/b zlc B Occ
0 18 0.00000 0.31269 0.25000 0.49763 0.47261
Fe 12 0.00000 0.00000 0.35521 1.00000 0.22222
Co 12 0.00000 0.00000 0.35521 1.00000 0.11111

To determine the hematite structure, a rhombohedral symmetry was applied. The axis
ratio c/a of hematite was determined to be 2.73, confirming the shortening of this ratio along
the c-axis, as reported in the literature, where the ideal value is 2.83 [24]. In the structure, iron
(Cobalt) atoms are surrounded by oxygen atoms in an octahedral arrangement, with the oxygen
atoms slightly rotated in relation to each other. Table 3 shows the interatomic distance of
Fe(Co)—Fe(Co) values and bond lengths of Fe(Co)—O values in the structure of Co@a-
Fe20s. The crystallite size obtained from the Rietveld analysis (64 nm) is slightly larger than
that estimated by Scherrer’s formula (45 nm). This observed difference could be attributed to
the Scherrer model, which does not account for internal effects and which fits peak shapes
using only the Gaussian function. In contrast, the pseudo-Voight function pVF is used to fit the
shape of the peaks' profile, combining both Lorentzian (microstrain) and Gaussian (crystallite
size) functions.
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Table 3. Crystallite size and bond length.

Crystalline size (nm) M =Feor Co
Scherrer’s formula Rietveld analysis M-O (A) M-O (A) M-M@ (A) | M-Mg) (A)
45 64 1.926 2.137 2.89 3.70

In the structure of Co@a-Fe,0s3, there are two types of metal atoms with unequal
Fe(Co)—Fe(Co) distance along the hexagonal c-axis labeled as: Type A (dre_re = 2.89 A) and
Type B (dre_re = 3.70 A). Each metal atom is coordinated by six oxygen atoms arranged in
two equilateral triangles. Three oxygen atoms are positioned above the central Fe(Co) atom,
with an M-O bond length of 2.137 A, while the other three are located below with a slightly
shorter M—O length of 1.926 A. Polfus et al. reported similar results, with Fe-O bond length

ranging from 1.9 to 2.14 A [25]. The structural geometry of Co@oa-Fe2Osis presented in Figure
4.

. ?h- o

Figure 4. Structural geometry of Co@a-Fe,O3 NPs.

The FTIR spectrum in Figure 5 depicts distinct absorption bands at 519 and 440 cm™,
characteristic of the a-Fe2Os phase, which represent the metal-oxygen Fe —O stretching
vibrations. The band at 519 cm™ could be attributed to metal-oxygen O—Fe —O (v1)
deformation in both tetrahedral and octahedral sites, while the band at 440 cm™ could be
associated with the metal-oxygen deformation (v2) in the octahedral site of the a-Fe;Os
structure [26,27]. Furthermore, the bands situated at 1040 and 1120 cm™ arise from the

crystalline Fe—O vibrational modes, which are the characteristics of the structure of hematite
a-Fe>0s3 [28].
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Figure 5. FTIR spectra of Co@a-Fe,O3 nanoparticles.
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SEM /EDX analysis was carried out to investigate the morphology and structural
characteristics of the samples. Microscopic observations of the sample reveal that Co-doped
hematite crystallites do not have a regular, uniform shape and tend to form agglomerates with
a non-uniform distribution of grains, exhibiting nanometric, inhomogeneous sizes. The EDX
spectrum of Co@a-Fe,O3 reveals the presence of Fe, O, and Co (Figure 6), confirming the

formation of the Co@a-Fe2>O3 the presence of Fe, O, and Co.
, i g
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Figure 6. (a) SEM image; (b) EDX spectrum of prepared Co@a-Fe;O3 NPs.

4. Conclusions

Cobalt-doped iron oxide (Co@a-Fe203) nanoparticles were successfully prepared using
a simple and low-cost egg white-assisted method. The main phase was a-Fe20s, with a small
amount of y-Fe2Os impurity, and Cobalt incorporation was confirmed by EDX and FTIR
analyses. The refined unit-cell parameters were determined as follows: a=b=5.0326 A,
c=13.7358 A, and unit-cell V=301.28 A3. Some particle agglomeration was observed, which
may affect their properties. Despite these limitations, the nanoparticles show promise for
applications in catalysis and sensors. In future work, we will investigate the impact of Cobalt
insertion on the photocatalytic performance of Co@a-Fe;O3 to explore its potential for
environmental and energy applications.
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