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Investigation of Optical, Electrical and Magnetic Properties of Hematite

a-Fe;O3 nanoparticles via Sol-gel and Co-Precipitation Method

Hemgtite (@-Fe203) nanoparticles were synthesized using co-precipitation and sol-gel

methods. X-ray diffraction (XRD) technique was employed to structur%properties of the
synthesized a-Fe20: nanoparticles and SEM(scanning electron microscopy) was used to analyze
the morphological structure. The crystallite size is determined Sample-A (33 nm) and Sample-B
(29 nm) by Schereﬁ)rmula, while Volume of unit cell is measured 301.8 x10® pm*® and 301.8 x10°
pm”® respectively. The X-ray density is found in the Sample-A 5.27 (g/cm’) and Sample-B 5.26
(g/cm’). The optical band gap energy measured 2.4 -2.6 eV, calculated by the Tauc plot with the
optical absorption data. The electrical characteristics of the samples were examined by using two
probe methods and the possible impact of temperature on the electrical properties of a-Fe203 was
investigated. Dielectric analysis reveals an inverse relationship between the permittivity of a-
Fe203 samples and frequency that fulfills the Maxwell Wagner Model. The magnetic parameters
were observed Ms = 9.29 emu, 1.72 emu and coercivity Hc = 1404(G) as well as Hec = 1040(G).
The observed values of these factors indicate that the materials can be employed in a variety of
applications such as catalysis, sensors and water purification

Keywords: Co-precipitation, Sol-gel, Hematite (0-Fe203), X-ray diffraction; Dielectric response,
AC conductivity, Band gap, M-H loop
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1. Introduction

Iron oxides are specifically of great importance due to their wide range applications in magnetic
arage, rechargeable lithium batteries, catalysis, absorption at nanoscale (Kanungo et al., 1996).
Iron oxides exist naturally in many different forms, hematite (o-Fe203), maghemite (y-Fe203) and
magnetite (FezO4) are most common (Khollam et al., 2002; Zysler et al., 2001). Among all these
types of iron oxides most stable is hematite having corundum structure R3c exhibit weak
ferromagnetic pattern. Hematite slws 2.1 eV band gap in bulk form and it’s a n-type
semiconductor. It has attracted many researchers due to its unique structural, optical, electrical and

magnetic properties. Abaker e al., (2011) has synthesized a-Fe203 nanoparticles. The magnetic

1




and optical properties show unusual behavior due to crystallite size and shape. (Assefaetal., 2022)
has studied the Zn based spiﬁ:l ferrite nanofibers prepared by electro spinning method. Dawit
Gudeta (Gunjo et al., 2022) a paraffin-based nanofluid, blended with aluminum oxide (Al203)
nanoparticles habbeen studied bio-applications. It can be inferred that combining latent heat
storage devices (LHSD) with a solar water heater may be used in technologies such as biogas
generation. It is noteworthy, (Sumaira e al., 2021) has been studied CaxCros-xMgosFe:04 and
(Nosheen et al., 2022) has been synthesized AlosCro.sZnoFe>04 and Zno.sCro.sAloFe20s ferrites via
sol-gel auto combustion method. The study showed correlations between coercivity and crystallite
size. In the both investigation reports, the materials have numerous yplications in electronic,
microwave fields and medical appliances. According to (Bahamonde et al., 2018: Zhang et al.,
2017: Shahriary et al., 2014; Zhu et al., 2010) reports Biosensors are highly selective devices that
are being employed in interdisciplinary research that connects the principle of fundamental sci%ce
with biomedicine. Recent advancements in the field of applications, many methods have been used
for the synthesis of iron oxjde nano-powders. Now we going to synthesized same compound iron
oxide nw-powders with two different methods such as co-precipitation and Sol-gel method.
(Sarangi et al., 2009; Jiang et al., 2010; Kijima etal.,2011; Yin etal.,2011; Zhang X et al., 2013;
Mustafa, er al., 2015). Preparation methods and mechanism of crystal growth of Fe:O3
nanoparticle has been reported with various shapes like nanowires, nano-plates, nano-rods and
cubes and all the shapes of the materials depend upon the synthetic parameters, such as
temperature, pH, Fe**/Fe** ratio, annealing temperatures and mild reducing agent. Magntic
nanoparticles towagds biomedical applications show excellent potential especially for cancer
treatment purpose ( .2021, Abbas etal. 2022, Hassan et al.2022, Mahmood et al. 2022,
FIASSaR, S.M. BBl 2022, Atif, M. et al. 2010, Atif, M. et al. 2011)

The aim of current work is to synthesize materials with desirable applications such as -
Fe203 nanoparti%s at a low cost. It will be enthralling to examine different methodology co-
precipitation and Sol-gel and its influence on the structural and optical, dialectical and magnetic
properties. In this study, we investigate hematite («-Fe203) nanoparticles to better understand the
ﬂe of various methodologies and their impact on structural, optical, dialectical, and magnetic

properties.




2. Materials and Methods
2.1. Samples preparation

Synthesize and characterizations of Iron %ides powders by using the co-precipitation
method. The desired product was obtained using a Fe(NO3)3.9H20 purity 98%, Sigma Aldrich, and
sodium Hydroxide NaOH. 99% pure, Florida. These materials were mixed in the deionized water.
NaOH solution was used for maintaining the pH level at 11, magnetic stirrer was used for this
process. The precipitate obtained after magnetic stirrer process was digested in a preheated water
at 75°C for 1h. For removing the byproducts, the precipitate was washed many times through
deionized water and ethanol. Last step for getting required product was dry at 90 °C in an electrical
oven for 24 h. With the help of mortar, the dried samples were grinded, and annealed at 500 °C for
3 h.
- Another way to prepared Iron oxides powders with the Sol-gel method. The
Fe(NO3)3.9H20 purity 98%, Sigma Aldrich, acetic acid C¢HzO7 H,O , purity 98%, Fisher Scientific,
deionize water and ammonia solution (32%) were used to control the PH 7. The prepared
Fe(NO3)3.9H>0 and acetic acid solutions were mixed and heated round about at 80 °C for 3 h, and
then suitable amount of ammonia solution (32%) was added to control the pH 7. In this chemical
procedure, the sol (or solution) gradually changes towards the formﬁn of a gel. Similar
experiment has been employed for variety of sample preparations (Atif er al., 2019; Atif et al.,
2020: Atif et al., 2021: Bilal et al., 2021; Fakhar et al. 2021; Fakhar et al., 2022). To obtain the
powders were annealed at the same conditions, Pellets of these samples having thickness of 0.30
cm were made using hydraulic press by applying 35 kN load and sintered temperature 500 C for 3
h. In grder to get pallets with smooth surface, these were polisl@. The schematic diagram of the

both methods sol-gel and co-precipitation is present in the Fig.1
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Fig. | Schematic diagram of the sol-gel and co-precipitation method.

éz. Characterizing techniques
XRD patterns were acquired at room temperature with powder samples applying an Xpert Pro
PANalytical diffractometer with Nickel filtered Cu-Ka radiation A = 1.5405A for internal structure
study. Morphological study of the prepared sample was performed by SEM Manufacturer: JEOL
Model: -JSM 5910. The Raman spectroscopy Wﬁ done by using a Manufacturer
company: HORIBA France SAS spectrometer, havinéargon-ion laser wavelength (623.8nm).
The obtained pattern by Raman spectroscopy was in back-scattering geometry by the powder
ween 250 and 800 cm™'. For optical analysis of the prepared sample, Shimadzu UV-2550 PC
UV-Vis Spectrophotometers with wavelength with range from 200 to 1100 nm was used. The
dielectric analysis of Iron oxides samples was obtained at room temperature by using Wayn Ker
WK-6500B series precision impedance analyzers instrument. With the help of Vibrating sample
magnetometer (VSM) Manufacturer company: Lake Shore Model: 7407 series magnetic properties

were measured at room temperature.




The data obtained from XRD analysis was used to measure the physical parameters like lattice
constant, volume of a unit cell, crystallite size and X-ray density by these formulas as listed below

(Hassan et al., 2022; Goldman et al., 2006).
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Dislocation density, 6 = é (5)
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Where a a&l ¢ are lattice parameter,V . is unit cell volume, (hkl) are Miller indices, Z is the

number of molecules per unit %l of the structure, NA show Avogadro's number (6.021023g/mol),
and M is molecular Weighb’I'he crystallite size (D) nm was calculated using Scherer's formula, as
indicated by equatimﬁ Here K is shape factor, A is wavelength of X-ray and 0 is angle of diffraction.
Lattice strain € and B is the full width at half maximum (FWHM). Here (8) is represent dislocation
density.
The samples were fabricated in the capacitor form for the response of the dielectric
characteristics (Dielectric constant (&), Loss tangent (tan d), and AC conductivity) and may be
assumed electrically equal to capacitance Cp in parallel with resistance Rp. These values (Cp and

Rp) were determined by applying an impedance analyzer, and the electrical parameters were

determined by applying the below equations (Graca er al.. 2007; Macdonald et al. 1987).

C A
£ = C—; where C, = % (7)
tand = 8
md=or, ©

Oy = WELE tand  (9)
where Co is the capacitance of the given sample in vacuum that completely dependent on the
area(A), spacing(d), permittivity (g,) its value is 8.85x 107'2 F/cm and angular frequency (w) of

the applied frequency..............ooooiiiiiiiit, +49999297999999999 « + <= s s anrenrenenn




3. Results and discussion

3.1. X-ray diffraction analysis

The comparison of two different methodologies employed to observed structural evolution. The

crystalline phases were identified using a (XRD) X-ray diffractometer for the structural analysis.

Fig.1 reveals the XRD patterns, Sample-A Iron oxides prepared by using co-precipitation method

while Sample-B synthesized by another way Sol-gel method. Diffracted peaks were indexed

according to (Chaudhari. et al., 2009) reported that samples have the rhombohedral structure of

hematite a-Fe203, which were in similarity with JCPDS no.33-0664. The sharp diffracted peaks

exhibited completely crystallinity of the given samples reported by (Mustata er a/., 2015). The

peak location 26 =33.16° of the Sample-A shows the presence of o-Fe20s, as it is the prominent
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Fig. 2 XRD scans of hematite prepared from (a) co-precipetation (b) Sol-gel method
peak related to the (104) plane similar results reported by (Lassoued er al., 2017). However,

additional peaks located at 2°0 =24.18°, 35.68°,49.48° and 54.10° could not be linked to any




diffracted intensity of Fe20s planes. According to (Justus et al.. 2016) the additional peaks, the
FeO2 %Feo phases of iron oxide can be associated.

The XRD patterns of hematite are shown in Fig. 2(b). hematite has eight prominent strong
peaks which labeled with d spacing. Here, considered both Samples-A as well as Samples-B have
same crystal structures. However, the peak intensities of the Sample-A are greater Wn Sample-B
as prepared via co-precipitation method, the thin peaks behaviors which reflects the crystallite size
of the particles result relates with a y—a-Fe20s phase alteration, that occurred during calcination
process at 500 °C and the faint peaks were seen at d-spacing of 2.86,2.030, 1.7921, 1.5704 and
1.5382 A, correspond to (phase rhombohedral structure) moderate crystalline of a-Fe03 was
identified (Kumar et al., 2008). Low intense peaks confirm the phase formation of Fe:03, however
position of intense peak at d=2.4724 A corresponds to the FeO» phase imply that the formation of
Fe203 was not complete.

The XRD patterns of Sample-B represent in Fig.2(b) composed of completely crystalline
v- Fe203 (minor phase, cubic, and spinel structure) and a- Fe2Os (major phase) with an increase in
the height of the peak which are linked to all the phases which formed the crystallization degree

enhancement of a-Fe203 and y-Fe20s reported by (Chaudhari et al., 2009).

The unit cell of a-Fe203 is hexagonal and consisﬁ only octahedral coordinated Fe** ions
similar arguments reported by these researchers (Deraz et al., 2012; Wang et al., 2013; Rafi.et al.,
2015). Eq.1-6 was used to derive the lattice parameters and other physical measurement. The lattice
parameters of the ‘a’ and ‘c’ was calculated at 5.0369 and 13.7637 A on Sample-A and Sample-B
shows 5.0378 and 13.7694 A" respectively (Table 1). The valueé are calculated and listed in table
1. The synthesized sample has mashed phase, the calculated parameters a = b =54780 A, ¢ =
13.4216 A not relates with the given basic values. This might be due to the position of the shifted
peak of the Fe203 lattice. The prepared samples have FeO and FeO: pl‘g‘;es, minor change in the
peak position results in the more changing in its lattice parameters. The structure of o- Fe2O3z NPs
is shown in Fig. 2. Each Fe atom is surrounded by six oxygens forming FeOs octahedral. In a-
Fe203, the location of oxygen atom can be considered as approximating hexagonal close packing
reported by (Maslen et al., 1993; Sharma et al., 2020)

In contrast, crystallite size was measured by Debye-Scherer’s Eq.3 and found in nanometer
range. The Sample-A have 33 nm as compared to Sample-B = 29 nm. The crystallite size was

found 12% smaller of the Sample-B which is prepared by Sol-gel method. Similar results of
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crystallite size were reported by (Das et al., 2014; Lassoued et al., 2017). The unit cell volume of

the Sample-A is observed 301.8 A while the Sample-B has 3007 A which is least as compared to
other Sample-B. Moreover, the dislocation density and X-ray density measured and obtained
values listed in the Tablel. From XRD data to calculate and compared the ratios of peaks
intensities (104)/(113) (Fe-occupancy/(oxygen layers) (Zhao et al., 2007). The obtained results
shows that both Sample-A and Sample-B have no appreciable changes in ratios of peaks (104)/
(113)=1.53. These results describe that the Sample-A and Sample-B may consist of the amorphous
v-Fe20s3 phase and nanocrystalline a-Fe203 phase. Another important observation of E(D scans
all characteristic hematite peaks shift toward higher Bragg angles. This shift confirms the change
in the crystallite size and the crystallinity of the prepared Sample-A and Sample-B. As a result, we
can conclude that the a-Fe203 and y-Fe203 phases in Sample-A are moderately crystalline. -
03, y-Fe203, and Fe304 phases are present in Sample-B. (Sharma e al., 2020).
Table 1: Structural Parameters of the Prepared Hematite a-Fe:O3 nanoparticles

Volume Dislocation
Sample Lattice of unit Density  Crystallite density Micro strain
Details  Parameter cell x10°  glem® Size nm x10% o
pm’ lines/m’
a=5.0336A
Sample -A  ¢=13.7550A 301.8 527 33 0918 0.0062
a=50272 A,
Sample- B ¢=13.7540A 300.7 526 29 0.119 0.0084
3.2 Morphology analysis

Fig.3 represents the SEM images of Iron oxides nanoparticles synthesized by different two ways.
Transformation of ferrihydrite using alkaline conditions results in hematite and goethite as a
product, and hematite shows a wide variety of different shapes. In this study we observed that the
SEM images of Sample-A as well as Sample-B indicate that the formation of particles with clusters
or aggregates. Fig.3 (c-d) SEM images of hematite crystals are found grain size in the order of
nanometers. The images of the synthesis material showed aggregated nature, and hematite particles

dominate over other crystal morphologies.
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Fig. 3 SEM images of hematite nanoparticles o-Fe203 (a) co-precipitation (b) Sol-gel.

3.3 Raman spectroscopy

Raman spectroscopy is a tool for the confirmation of phase purity and determines the
crystallirﬁand amorphous material qualities. The Raman spectra of the precursor and the end
product are shown in Fig4 (a to c), respectively. The hematite crystallizes in rhombohedra
associated with the space group No.148 R-3. Five out of seven prominent bands of hematite
verified by group theory having different intensities (Ai1g+E¢+3T2) surrounded by all sides and

four active infrared modes.




The Aig modﬁ (490.68 cm™) and three Eg modes (286, 403 and 606 cm™). The bands which
represent the hematite are around 228.6 cm'and 295.02 cm™' and it was located in our spectrum at
(286 cm™' and 291ecm™). The band near to 1313.85¢m™ is a vibration which is due to unclear origin
according to literature. (Faria et al..1997) reported that the band 1313.85cm-1 results from the
scattering of two magnons exist in the structure, and (Chernyshova et al., 1999) reported that this
process was due to second harmonic vibration of phonon. The bands in the Raman spectrum that
are present 600 to 700 cm’! in both the experimental and theoretical spectrums differ because the
relative intensities are inverted. This variation shows the existence of y—0-Fe203 and Fe3Oa4 in the
sample having different phases. Additionally, in the spectrum related to experimental value does
not appear which is according to the previous variation. There are two important and useful
crystalline types of Fe2Os first one is maghemite having cubic structure and hematite with the
rhombohedral structure

The variation in phase in y—o-Fe203 occur in calcination process at about S00°C. The variation in
phase which took place during calcination gives a-Fe203 powder with significant grain growth and
aggregation. (Bersani et al., 1999) reported disorder in the structure of hematite at the very initial
stage of nanocrystalline material (ferrihydrite). For instance, if the origin of hematite is amorphous
material from which it was changed into crystallized than it is possible to some extent that disorder
in structure may be observed in crystalline hematite. Disorder may be lack of long range order and

large number of atoms in layer surface.
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Fig.4: Raman spectra of the precursor (a) co-precipitation (b) Sol-gel

3.5. UV-Vis Studies

UV-Vis absorption spectrum was done for chemically synthesized Iron oxides o-Fe203 at room
temperature are shown in Fig. 5. It can be observed that synthesized Iron oxides exhibit absorption
bands obselﬁi for different Sample-A and Sample-B. The peak at 562, 674 and 902 nm were
assigned to the pair excitation processes, these are ligand field transitions and the charge transfer
band tails (Gao er a/., 2012). In the present work, optical indirect and direct band gap energy (Eg)
can be measured with using the Tauc equation.

(a}w)% =—-B(hv—E,) (10)
where, ‘hv’ denotes the incident photon energy in electron volt, ‘o’ &)resents absorption
coefficient of the material, B is the constant whicmepends on material and Eg is optical band gap,
and n may have different values according to direct allowed, indirect, forbidden and indirect

forbidden transitions.
Tauc plots are shown in Fig.5 (b and ¢) the band gap energy can be calculated by the

intercept of the plot of (ahv)™ versus ‘hv’. The average band gap is determined by extrapolating
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the curve's linearly component. The mean band gap energy is found of the Sample- A and Sample-
B is 2.4 eV for similar spherical and for quasi-cubic samples (Shebanova er al., 2003).

It has been observed that the band gap of an any material based on crystal structure as well
as particle size of the material. Elas been reported that a-Fe203 may exhibits direct and indirect
band gaps (Jubb et al.. 2010). The direct and indirect band gaps of -Fe203 in the literature are
obtained to be closely related to 2.15 eV and 1.87 eV, respectively (Akl et al., 2004). The final
results represent the blue shifts when it was made a comparison with the bulk a-Fe20s3, that may
be the effect of quantum size. (Akletal.. 2012). Shape dependent effect due to possible orientation
in single axis is an important key factor of optical properties. a-Fe203 nanoparticles mostly show

unusual magnetic properties (Abaker er al., 2011).
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Fig.5(a) V—vis absorption spectra of the synthesized a-Fe2O3 NPs (b&e) Variation of (chv)"
(n=0.5 and 2) Vs photon energy Eg(eV)

3.4.1-V Characterization
Two probe method was used with the help of Keithley Electrometer Model 2401 for I-V

characterization of Iron oxide o-Fe2Os. Pallets of Iron oxide were fabricated with particular
dimensions. Fig. 6(a) sh&ws a family of I-V curves in slope Sample-A was measured between

323-873K temperatures. The electric resistivity of the given samples measured by using relation:
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R=pL/A (11)

where A is the area, L is width and R is resistance of pellet. The value of electrical resistivity
depends on configuration of synthesized samples and the crystal structure. The electrical resistivity
was found 4.61x10° (Q.cm). Iron oxide o-Fe203 specimens have shown semi-conducting nature.
Fig.6. shows the trends of electrical resistivity depending on variations in temperatures. The graph
advocates that log of resistivity increases and then starts decreasing till to 873 K. Also the samples
are intensively applicable in the field of telecommunication 10® (Q.cm) and low resistive devices

like transformers to manage eddy current losses.

Fig.6 (insight) I-V characteristics (a) log Resistivity Vs 1000/T(k)

3.5 Dielectric properties

3.5.1. Frequency dependence of dielectric constant and dielectric loss tangent (tan d)

In the present study, the dielectic parametrs namely dielctric constant, g&s tangent and AC
conductivity were measured ataroom temperatutre syntheized sample by sol gel and
coprecipetation method. Both the dielectric constant and dielectric loss tangent (’ta@) have high
value at higher frequency is caused by space charge polarisation.. From the Fig.7 .it is observed
that the dielectric constant and dielectric loss tangent values of the Sample-A and Sample-B
remains constant behaviour in the high frequency region and applied electric field lagbehand the
frequency .Therefore, Maxwell-Wagner interfacial type polarisation helps explain the dielectric

trend (Liu er al., 2004) .
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3.5.2 AC-conductivity

Fig 8 indicates the electrical conductivity of Iron oxides is only because of the Electron

hopping between ions of the same element can occur in many valence states. Conductivity of

Sample-A increased by increasing the frequency expressed a normal behavior. Therefore, It

adheres/relates to a Power Law, which can be written as cac = A"

ﬁre A is the constant which depends on the Temperature with conductivity units ohm.cm™. The

o is the angular frequency and n is the constant its value varies from O to 1 which give the all

information associated to material properties and more variation in properties occurs with

increasing ion-ion interaction (Xu er al.. 2005). Itis concluded that the behavior of ac conductivity

at low frequencies is influenced by the grain surface, whereas dispersion at high frequencies may

be related to grain conductivity (Yuan et al.,

Fig.8: Variation of ac

2006).
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3.6 MH-loop Analysis

Fig. 9 represents the magnetic hysteresis loops of the synthesized samples at room temperature.
The results showed the saturation magnetization (Ms) Sample-A have 9.89 emu while Sample-B
1.72 emu. The values of remanent magnetization (Mr) Sample-A have 4.63 emu as compared to
Sample-B 0.65 emu and coercivity (Hc) observed of the Sample-A 1404(G) as well as Sample-B
have the coercivity (Hc) 1040(G). Moreover, the sample diﬂayed the highest magnetic properties
and based on the microstructure variations. It may be due to the effect of possible orientation in
single axis. Therefore, magnetization also depend on the shape of Fe203 samples. The variatio&of
the magnetic parameters also depends upon the method of preparation of prepared samples. The
arrangement pattern of Fe* ions produce thg pair of FeOs octahedral attached with Fe* ions

coupled by antiferromagnetic behavior by the shared octahedral faces also with c-axis of unit cell.

Two inter-penetrating antiferromagnetic sub lattices can be found in the basal plane which results

in ferromagnetic interaction (Zhang et al., 2009).
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Fig.9: M—H loops of prepared a-Fe20: nanoparticles observed at room temperature.

4. Conclusions

In summary, the hematiteé particle including a-Fe2O3 NP with distinct size and shape has been
successfully prepared via the Sol-gel and co-precipitation method _The microstructural study was

done by the most using technique XRD. Scherrer's formula was used to calculate the crystallite
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size, Sample-A, hayg 33 nm while the Sample-B = 29 nm which is 12% smaller as compared to
Sample-B which is prepared by Sol-gel method. The SEM analysis was shows the morphology of
the material. Tauc plot is employed to estimate the optical band gap energy. In particular, the
Sample-A is showing the transition in phase from goethite to hematite consequently change in the
bandgap and structure. Thermal effect on, Iron oxides nanoparticles is showing bandgap decreased
and transferred the phase f goethite to hematite. The Maxwell-Wagner polarisation model is
used to predict changes in the dielectric constant and loss tangent with frequency. Materials with
low dielectric loss can be used to make high frequency devices. The magnetic behavior of the sample-
A observed dominate Ms =9.29 emu and coercivity He = 1404(G) as compared to Sample-B. The
synthesized materials can be used in many applications such as catalysis, sensors and water

purification.
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