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Abstract: Zinc (Zn) doped hematite (x-Fe,O3) nanoparticles with varying concentrations (pure, 2%,
4% and 6%) were synthesized via sol-gel method. The influence of divalent Zn ions on structural,
optical and dielectric behavior of hematite were studied. X-ray diffraction (XRD) pattern of synthesized
samples were indexed to rhombohedral R3c space group of hematite with 14-21 nm crystallite size.
The lattice parameter (a and c) values increase upto Zn 4% and decrease afterwards. The surface
morphology of prepared nanoparticles were explored using transmission electron microscopy (TEM).
The band gap measured from Tauc’s plot, using UV-Vis spectroscopy, showed reduction in its values
upto Zn 4% and the reverse trend was obtained in higher concentrations. The dielectric properties of
pure and Zn doped hematite were investigated at room temperature and followed the same trends as
that of XRD parameters and band gap. Photocatalytic properties of nanoparticles were performed for
hazardous Rose bengal dye and showed effective degradation in the presence of UV light. Hence,
Zn** doped hematite can be considered as an efficient material for the potential applications in the
domain of photocatalysis and also higher value of dielectric constant at room temperature makes
them applicable in high energy storage devices.

Keywords: a-Fe,Oj3; photocatalytic activity; dielectric properties

1. Introduction

In recent years, several dyes have been frequently used in textiles, printing, paper and
pharmaceutical industries. The untreated hazardous dyes are discharged into the water, leading to
enormous environmental problems, like perturbation of aquatic life and human health. Therefore,
the removal of these dyes from water is of the utmost priority for the scientific community. Several
approaches have been made to remove the toxic dye molecules from wastewater, such as adsorption,
coagulation, membrane separation and ion exchange process. However, these methods fail on a
larger scale due to their expensive equipments, slow processes and toxic byproducts [1]. Effective and
successful methods to remove dye include photocatalytic activity in which metal oxide semiconductors
are used as catalysts due to their large specific surface area, chemical stability and high photocatalytic
response [2,3]. It is vitally important to establish the stability and activity of the photocatalyst to
propose a photocatalytic system. From the existing transition metal oxide semiconductors, iron oxide
has drawn scientific interest due to its outstanding physical and chemical properties. A variety of
crystalline phases are exhibited by iron oxides, such as hematite («-Fe,O3), akaganeite (3-Fe,O3),
maghemite (y-Fe,O3) and magnetite (Fe3O4) [4]. Among them, x-Fe,O3 exhibits thermodynamical, as
well as chemical stability, over a broad pH scale. This compound has drawn significant interest for their
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potential applications such as photocatalysts, magnetic data storage, gas sensors, lithium-ion batteries,
spintronics and ferrofluids [1,5-8]. The atomic arrangement possessed by hematite is similar to that
of corundum «-Al,Oj structure, in which anions (O~ ions) are stacked in hexagonal close-packed
arrangement (framework by the regular alternating layers, in each layer the atoms lie at the vertices of
a series of equilateral triangles and the atoms overlie one another in one layer), with cations (Fe3*)
occupying 2/3 octahedral coordination geometry [9].

a-Fep O3 is a promising photocatalyst with optical band gap of ~2.6 eV. Also, hematite is one of
the few semiconductors having valence band edge position suitable for oxygen evolution and the
conduction band edge is more negative than the redox potential of H*/Hj,, thus, requiring an electrical
bias to generate hydrogen [10]. However, the catalytic activity of «-Fe,Os nanoparticles remains much
lower due to rapid recombination of charge carriers, which reduces the degradation performance [1].
Thus, several methodologies have been made in order to sort out this problem. An effective process is
doping of a-Fe,O3 with other metal ions, which can overcome their limitations. Doping of various
metal ions such as Cr, Ti, Mn, Al, Zn, Ni, Ga, Rh, Zr and Co at Fe site in hematite influence the physical
and photocatalytic properties. It is observed that Zr dopant limits the recombination of electron hole
pairs in Fe,O3 nanorods array that act as a better catalyst for dye degradation [11]. Similarly, Ti-doped
Fe;O3 enhances the donor density and lowers the electron-hole pair recombination rate that improves
the photocatalytic activity [12].

The influence of divalent Zn cation on structural, electrical and optical behavior of hematite has
become a field of scientific research. The substitution of Zn?* at Fe3* site causes the charge imbalance in
the host lattice [13]. In order to maintain charge neutrality, one or more of the following mechanisms can
occur: Transformation of Fe3* to Fe2* state, creation of cation vacancies and filling of oxygen vacancies.
The physical properties of hematite are effected by the degree of crystallinity, particle size, doping and
pressure [14-17]. A report by Velev et al. [18] showed that Zn?* affects electronic properties of hematite
that causes the creation of a hole in the oxygen valence band. The extra hole from Zn?* is situated on
the neighboring O sites inducing an acceptor level just below the fermi energy. This hole is relatively
delocalized, and hence, provides good hope for high conductivity. The purpose of incorporation of
Zn’" ions is to promote the hopping mechanism of electrons by Fe3*-Fe?* pairs and also modifying
the optical properties. Based on these factors, we have synthesized Zn-doped Fe,O3 nanoparticles,
with dilute concentrations, to study their structural, optical, dielectric and photocatalytic properties.

2. Materials and Methods

2.1. Synthesis of Nanoparticles

Pure and Zn doped o-Fe,O3 samples were synthesized by sol-gel method using high purity
precursors Fe(NO3)3.9H,0 and Zn(NO3),.6H,O in a stoichiometry ratio with distilled water as solvent
(as shown in Figure 1). The solutions were mixed and subjected to vigorous stirring for about 15 min
to obtain a clear homogenous solution. The sol mixture was heated on hot plate at 60 °C with constant
stirring for 1 h until the gel type solution was obtained. This gel was converted to solid particles by
heating at 90 °C for 4 h and then crushed to get nanoparticles. The as obtained powder was annealed
at 400 °C for 2 h and then grinded. The sample without doping is represented as pure Fe;O3 and Zn
doped as Zn 2%, Zn 4% and Zn 6% corresponding to samples o-ZnyFey_,O3 where x = 0, 0.02, 0.04
and 0.06.

2.2. Characterizations

Structural study of prepared samples was carried out by Rigaku X-ray Diffractometer (XRD)
(installed at DCRUST, Murthal, India) as Cu K« radiation source with wavelength 1.54 A. The size
and surface morphology of prepared nanoparticles were studied using Thermo Scientific Talos Cryo
TEM (installed at AIIMS, New Delhi). Raman spectra were recorded with a STR 500 Confocal Micro
Raman Spectrometer (DPSS Laser of wavelength of 532 nm at 12.5 MW power source) (installed at
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MNIT, Jaipur, India). Fourier transform infrared spectroscopy (FTIR) was explored by a NICOLET
5700 (present at DCRUST, Murthal, India) with transmittance in the range 400-4000 cm™~L. Dielectric
measurements were done using Novacontrol broadband (installed at Delhi University) impedance at
room temperature to measure complex dielectric permittivity and tangent loss. UV-Vis absorption
spectra were recorded at different time intervals to monitor the degradation process using LABINDIA
UV 3092 UV-VIS spectrophotometer (present at DCRUST, Murthal, India).

2.3. Photocatalytic Test

Photocatalytic performance of Zn doped x-Fe,O3 samples were investigated by decomposition of
Rose bengal (RB) dye using 300 W UV light source having 365 nm wavelength at room temperature
which is shown in Figure 1. In this experiment, 0.05 g of catalyst was sprinkled in 50 mL of 5 ppm RB
dye solution and vigorously stirred for 45 min in the dark to achieve equilibrium adsorption/desorption
at the surface of photocatalyst. Then, the dye solution was continuously stirred throughout the
experiment under UV light and 3 mL of solution was collected at regular 15 min time intervals to
monitor the degradation process using UV-VIS spectrophotometer.
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Figure 1. Schematic representation of synthesis and photocatalytic test of pure Fe;O3, Zn 2%, Zn 4%

and Zn 6% nanoparticles.

3. Results and Discussion

3.1. XRD Analysis

Structural and phase identification of the materials were confirmed using X-ray diffraction (XRD)
as shown in Figure 2. All exhibited XRD peaks of pure and Zn doped hematite assigned to (012),
(104), (110), (113), (024), (116), (214) and (300) planes can be easily indexed to rhombohedral with
space group R3c phase of hematite (JCPDS card no. 84-0311) [19]. No diffraction peaks other than
hematite has been observed, indicating that Zn atoms were incorporated in o-Fe,O3 matrices. Thus,
crystallinity is altered by dopant atoms without disturbing the rhombohedral structure of hematite.
A visual inspection of XRD reveals that (104) diffraction peak is shifting towards lower angle up to 4%
of Zn doping and then shifts toward higher angle side for 6% Zn concentration. This shifting of XRD
peaks result in the variation of lattice parameters (a and c) as shown in Table 1. It is contemplated
that lower doping (<4% Zn) concentration occupies substitutional sites, whereas, higher doping of Zn
occupies partial interstitial sites or segregate on the surface which distorts the host lattice structure.
In other words, higher concentrations of 7Zn2* jons causes non uniform distribution in the host lattice,
which plays a dominant role in modifying the various physical properties. Distortion in host matrix is
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expected due to incorporation of large size Zn?" ions in place of smaller size Fe> ions which in turn
leads to stress (o) in the system. This can be obtained using the relation [20],

L _ 2628 (c—c)
- -

)

where % represents strain, ¢y and ¢ corresponds to the lattice parameter values from JCPDS card
and XRD results, respectively. The obtained negative values of stress indicates the compressive stress
in the system. A report by K. Vijayalakshmi et al. stated that compressive stress (negative sign in
stress value) may be attributed to zinc interstitials and tensile stress (positive sign in stress values)
is associated with oxygen vacancy present in the Mg doped ZnO thin films [20]. The crystallite size
(D) of these nanoparticles was calculated from the full-width half maxima (FWHM) of (104) peak
using Debye-Scherer formula. It is observed that crystallite size increases up to 4% Zn concentration
then decreases for 6% Zn concentration. The enhancement in crystallite size after Zn doping plays an
important role in crystal growth and also in crystallization of Fe,O3. The enlargement in size is due to
the substitution of Fe3* ions with relatively large sized Zn?* ions. The obtained trend in crystallite size
for higher Zn doped Fe,O3 samples has a similar trend as also discussed in previous reports for Y

doped ZnO, Mn-doped CeO, and Mg-doped ZnO samples [21-23].
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Figure 2. X-ray diffraction pattern of pure Fe,O3, Zn 2%, Zn 4% and Zn 6% nanoparticles.

Table 1. Structural parameters of pure Fe,O3, Zn 2%, Zn 4% and Zn 6% synthesized nanoparticles.

Lattice Parameter (A) Crystallite  Dislocation Density ~ Stress  Particle Size

Samples X - ~
a—axis c—axis Size (nm) (nm)~—2 x 104 (GPa) From TEM (nm)
Pure Fe,O3 5.035 13.229 15 44.44 -8.41 18
Zn 2% 5.041 13.242 18 30.86 -8.20 20
Zn 4% 5.043 13.248 21 22.67 -8.10 23
Zn 6% 5.002 13.221 14 51.02 -8.54 16

Additionally, to obtain more information about the defects present in the synthesized samples,
dislocation density () is evaluated from 6 = #. The obtained dislocation density is significantly
low for Zn 4% indicating the presence of large number of defects which is helpful in photocatalytic
degradation. However, the defects are reduced for Zn 6%. The increase in crystallite size and decrease
in dislocation density up to Zn 4% indicates that dopant atoms are entirely included in the lattice.
While, in higher Zn dopant concentrations, the decrease in crystallite size and increase in dislocation
density infers that dopant atoms occupy interstitial positions in the matrix. This results in a decrease
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in crystalline order and an increase in dislocation density. The change in dislocation density and stress
in synthesized samples confirm the presence of defects in the lattice structure that are responsible for
modification in various physical properties.

3.2. TEM Analysis

The surface morphology and particle size of Zn doped Fe,O3 nanoparticles were examined by
transmission electron microscopy (TEM) measurements. It can be clearly seen from Figure 3a that
Fe,O3 nanoparticles are almost spherical in shape. The estimated average particle size from TEM lies
between 16 nm to 23 nm for pure, as well as Zn doped Fe,O3 nanoparticles. The particle size increases
up to 4% of Zn concentration and then decreases which is consistent with XRD measurements and the
values are given in Table 1. Figure 3a shows agglomerated nanoparticles of Fe;O3. The agglomeration
is found to be decreasing with Zn content in Fe,Oj lattice (Figure 3b—d).

Figure 3. TEM images of (a) pure Fe;O3, (b) Zn 2%, (¢) Zn 4% and (d) Zn 6% nanoparticles.

3.3. Raman Analysis

Raman spectroscopy is a fast and non-destructive tool for identifying the vibrational phonon
modes that access the clear identification of compounds. Hence, the structural properties of as
synthesized samples are further studied using Raman spectroscopy. The optical vibrational modes can
be assumed as lattice waves arising due to an out of phase movement of atoms inside the crystal lattice.
As these waves can interact with applied external electric field so, it is easy to excite them through
conventional spectroscopic techniques. For a particular vibrational mode to be Raman active, it should
be accompanied by change in polarizability. Whereas, changes in the dipole moment are required for
vibrations to be infrared active. Vibrational modes of «-Fe,Oj3 at the first Brillouin zone center are
represented by [24]:

['=2A1g + 2A1y + 3Agg + 2Ap, + 5Eg + 4By, 2)

Among these, the acoustic modes (A1, and Ayg) are optically silent, due to an in-phase movement
of atoms inside the crystal lattice, and cannot be identified by these techniques, as they propagate
with the speed of sound of a much lower frequency. The six antisymmetric modes (2A,, and 4E,,) are
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infrared active vibrations and seven symmetrical (2A14 and 5Eg) modes are Raman active vibrations.
As the rhombohedral crystal structure of «-Fe,O3 features an inversion center, no modes are both
infrared and Raman active.

Raman spectra of Zn doped «-Fe,O3 in the range 200-800 cm~! at room temperature is shown in
Figure 4. The assignment of Raman active modes are consistent with the group theory predicted for
the space group R3c of hematite. Five phonon modes (2 Ajg and 3 Eg) of hematite corresponding to
transverse optical (TO) modes are detected by group theory at A14(1) ~215 cml, Eg(1) ~280 cm~l, Eg(2)
~398 cm™!, Aqg(2) ~492 cm~l, Eg¢(3) ~544 cm ™! respectively, which are well in agreement with existing
literature, thereby confirming the rhombohedral structure of synthesized samples [9]. The expected
Raman spectra, corresponding to Eg modes at ~245 cm~! and ~412 cm™! is missing in the present case
due to crystalline disorder or broadening of peaks. Aj; symmetry can be viewed as the movement of
Fe atoms along the crystallographic c-axis of the unit cell, while Eg symmetry involves the symmetric
breathing mode of O atoms correlated to each iron cation (Fe) in the plane perpendicular to the c-axis
of the unit cell. It is observed from Figure 4 that peaks shift towards higher wavenumber till 4% Zn
doping and then shift towards lower wave number on further doping. This shifting in Raman modes is
governed by the change in host lattice strain with the addition of foreign atoms. The observed variation
in Raman spectra correlates well with the XRD results of variation in lattice parameter and stress
values. Apart from these symmetrical phonon modes, it is observed that there is an additional feature
illustrating IR (infrared) - active longitudinal optical (LO) E, mode at ~597 cm™~! which is forbidden in
Raman scattering, but is activated by surface defects or disorder in hematite crystalline lattice [25].
The intensity of this mode is maximum for Zn 4% sample. These defects attribute to oxygen vacancies
and modify the electronic structure that, in turn, enhances the photocatalytic activity.

Zn 2%

Raman Intensity (arb. units)

Pure Fe O,
1 A 1 A 1 A 1 A 1

200 300 400 500 600 700
Wavenumber (cm™)

Figure 4. Raman spectrum of pure Fe,O3, Zn 2%, Zn 4% and Zn 6% nanoparticles.
3.4. FTIR Analysis

Fourier transform infrared (FTIR) spectroscopy is a powerful method to get the information
related to chemical bonds adsorbed on the surface of the material. FTIR spectrum of pure and Zn
doped «-Fe,O3 nanoparticles was recorded in the range 400-4000 cm™! given in Figure 5a. Different
bands in FTIR spectra arises due to various functional groups. As discussed above in Raman studies,
group theory analysis predicts six infrared active modes corresponding to «-Fe,Oj lattice, out of which
two infrared active Ay, modes are associated with the vibrations polarized parallel to crystallographic
c-axis, while other four active E, modes are polarized perpendicular to crystallographic c-axis [26].
The spectra features two prominent peaks at ~463 cm~! and ~551 cm™! are assigned to E, and A, +
E, (overlapping of Ay, and E,) phonon modes, respectively. These sharp and strong intensity bands
at ~463 cm™! and ~551 cm™! indicate the metal oxygen (Fe-O) vibrations in rhombohedral lattice
of hematite [27]. Also, these peaks confirm the existence of x-Fe,O3 and are consistent with XRD



Crystals 2020, 10, 273 7 of 18

data. In addition, peak observed at 1095 cm™~! is attributed to the presence of adsorbed CO, and peak
centered at ~1633 cm™~! is assigned to O-H bending of water [28,29]. Further, the band at ~2929 cm™!
is attributed to CH symmetric stretching vibrations and very broad peak observed at ~3413 cm™!
corresponds to the presence of hydroxyl group [30].
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Figure 5. (a) FTIR transmittance (%) spectra and (b) Tauc plot of pure Fe;O3, Zn 2%, Zn 4% and Zn

6% nanoparticles.

It has been demonstrated that band positions in FTIR spectra are sensitive to lattice parameters,
particle size and the presence of impurities. As discussed above, bands at ~463 cm~! and ~551 cm™!
are related with Fe-O stretching vibrations and these bands are shifting toward lower wavenumber
side up to Zn 4% and then shift to higher wavenumber for Zn 6% due to variation in cation-oxygen
bond length [31]. Also, it is well-established that bond length is inversely proportional to wavenumber
or frequency. The shifting in these bands are analogous to the change in lattice parameter values
analyzed through XRD measurements and reveals the strengthening of metal oxygen bond with the
change in Zn content in the host matrix. Moreover, intensity of peaks increases up to Zn 4% doping
and decreases for Zn 6% which is in accordance with crystallinity of XRD pattern.

3.5. UV-Vis Analysis

UV-Vis measurements in the absorption mode were carried out to reveal the electronic structure
and size effect of as prepared nanoparticles. The optical band gap energy for synthesized nanoparticles
has been calculated using the Tauc’s relation: (ahv)" = A(hv - Eg), where, o is the absorption
coefficient, hv is incident photon energy of light, A is a constant, Eg denotes the band gap energy and
n is constant that depends on the nature of optical transition (n = 2 and 0.5 for direct and indirect
transition respectively) [32]. Figure 5b shows the plot of (ahv)? versus hv for Zn doped a-Fe,O3
nanoparticles that exhibits a direct band gap with n = 2. The charge transfer in x-Fe,O5 takes place
between occupied O%~ 2p state to empty Fe3* 3d upper state that is responsible for direct band gap
transition in Fe,Os. It is found that pure Fe,O3 nanoparticles has band gap of 2.66 eV which is higher
than the reported band gap of 2.1 eV for pure Fe,Os [1]. This indicates existence of Fe>* in lower spin
state that results in higher value of band gap for pure Fe;O3. Moreover, the obtained results show
reduced band gap from 2.66 eV for pure Fe,O3 to 2.31 eV for Zn 4% and then increases for higher
Zn concentration. This decrease in band gap may be ascribed to an increase in structural disorder or
defects with increase in Zn doping up to 4% concentration. In addition, this decrease in band gap
may also be due to partial hybridization between Zn ty; and O 2p states to empty Fe t*;; 3d orbitals.
A report by Mashiko et al. explained the decrease in band gap on the basis of decrease in residual
in-plane strain [33]. Based on the above considerations, the sequence of band gap for synthesized
samples is Zn 6% > Pure Fe;O3 > Zn 2% > Zn 4% which agrees well with experimental data and
measured band gap values are given in Table 2.
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Table 2. The calculated band gap, valence band and conduction band positions corresponding to pure
Fe;O3, Zn 2%, Zn 4% and Zn 6% nanoparticles.

Samples Band Gap (eV)  Valence Band Position (eV)  Conduction Band Position (eV)

Pure Fe,O3 2.66 2.70 0.04
Zn 2% 2.58 2.66 0.08
Zn 4% 2.31 2.52 0.21
Zn 6% 2.72 2.73 0.01

Band edge positions, bandgap as well as the overall band structure of semiconductors play an
important role in photocatalytic applications. The energy position of the band edge level can be
controlled by the electronegativity of the dopants, as well as by the quantum confinement effects.
The valence band and conduction band edge potential of a semiconductor can be deduced from the
relation [34,35],

Eyp=x—E.+05E, 3)

Ecg = Evp—Eg 4)

where, Eyp and Ecp are the valence band and conduction band edge potential, respectively, x is the
absolute electronegativity of a semiconductor oxide and its value for Fe,Os3 is 5.87 eV, E. represents
the energy of free electrons, which is about 4.5 eV on hydrogen scale. The calculated valence and
conduction band edge position for synthesized samples are given in Table 2.

3.5.1. Photocatalytic Activity

The photocatalytic performance of Zn doped x-Fe,Oj3 (catalyst) was investigated by recording
the time-dependent degradation of RB dye (as a contaminant). Figure 6a—d showing the change
in absorption spectra over time for RB dye solution with catalysts under the presence of UV light
irradiation. Figure 6a demonstrates that pure a-Fe,O3 shows poor performance, compared to Zn
doped (2% and 4%) samples as the high recombination rate between electrons and holes, and which
cannot be easily separate out due to the short hole diffusion length in case of pure x-Fe,O3. However,
the addition of Zn as dopant is a useful tactic to introduce localized electronic band structure which
improves the charge separation efficiency. The appearance of no new absorption peak during whole
process indicates the degradation in presence of proposed photocatalyst. The characteristic absorption
peak intensity of RB dye gradually decreases with increasing exposure time from 0 min to 90 min.
The intense absorption peak of RB dye around 562 nm decreases much faster in the presence of catalyst
(Zn 4%) compared to other synthesized samples. The photodegradation activity increases with Zn
dopant concentration of x-Fe,Os in the following order: Zn 6% < pure Fe;O3 < Zn 2% < Zn 4% as
shown in Figure 6a—d. It is well-established that synthesized samples in nano-region exhibit unique
surface chemical reactivity for photocatalytic activity. There are several factors that influence the
photocatalytic activity, such as type of dopant, recombination of electron hole pairs and band gap of
semiconductors. Researchers have claimed that Cu>* doping in a-Fe,O; creates a trap state (separate
band) which controls the electron hole recombination in photocatalytic process [1]. In the present
study, Zn?* forms a trap state in the band gap of «-Fe;O3, i.e., a separate band between conduction
band and valence band. The trap state induces defect state/impurity level, which entraps the charge
carriers, as soon as they have been generated by UV light illumination, and inhibits the recombination
so that charge carriers can be used for the redox process. The band gap decreases in Zn doping (up to
4% concentration), resulting in further surface defects (as clearly seen in Raman spectra), as well as
delaying the recombination of charge carriers also which yields better catalyst for the degradation of
RB dye.
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Figure 6. Time-dependent UV-Vis absorption spectra for RB dye in the presence of Catalyst: (a) pure
Fep O3, (b) Zn 2%, (¢) Zn 4% and (d) Zn 6%.

Photocatalytic activity generally includes the partial/complete degradation of organic waste dyes
with the assistance of active species existing on the surface of the catalyst. When the catalyst is exposed
to UV light, the photogenerated electrons (e”) are excited from top of valence band to the bottom of
conduction band, leaving behind the holes in valence band. This lead to positive holes and negative
electrons on the catalyst surface. The photogenerated holes interact with adsorbed water present on
the surface of catalyst to generate reactive hydroxyl free radical (OH), while O, acts as an electron
acceptor to form a superoxide (O, ™) anion radical which on protonation yields HOO' in the presence
of water [36]. Further, the O, ™ can act as an oxidizing agent or as an additional source of OH' radicals.
These hydroxyl radicals are, thus, more efficient for degradation of RB dye into some non-toxic organic
compounds, such as CO, and H,O, as shown in Figure 7. The oxidative (using holes) and reductive
(using electrons) pathway, followed by the degradation process, are summarized as follows [33,37]:

Zn—(a—FeyO3) + hv — Zn — (a — FeyO3) + e + Iy p (5)
ecg + 02— OF (6)

Oy 4+ HyO — HOO' + OH™ (7)

hyy+OH — OH (8)

OH' 4 O;5 + RB dye intermediates — CO, + H,0 9)

This is in accordance with significant activity of samples which is attributed to the effective
inhibition of (e~ /h*) recombination and migrates to the photocatalyst surface to generate highly reactive
free radicals that in turn oxidize RB dye (Figure 7).

Figure 8 displaying the experimental and linear plot of —In(c/cg) versus time (t) for RB dye with
different Zn concentration in hematite. It suggests that photodegradation of RB molecules by catalyst
follows the pseudo-first-order kinetics [38]:

—In(C/Cy) = kt (10)

t1;o=In2/k (11)

where, Cy is the initial concentration of pollutant (RB dye) when the UV light is turned on, while
C is the real-time concentration of pollutant under UV light irradiation, and k is the apparent rate
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constant of pseudo-first-order equation, t is the irradiation time. The half-life time (t;,2) is defined
as the time required to degrade 50% of initial RB dye concentration. The slope of the plot —In(C/Cy)
with irradiation time provides the estimated apparent rate constant as given in Table 3. The observed
degradation rate constant of RB dye in the presence of a catalyst Zn 4% is 0.02277 min~!, which is
significantly larger than other synthesized samples.
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Figure 7. Proposed photocatalytic mechanism in x-Fe,O3 for degrading RB dye.
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Figure 8. Experimental and linear plot of —In(C/Cy) versus irradiation time for pure Fe;O3, Zn 2%, Zn
4% and Zn 6% nanoparticles.

Table 3. Calculated photodegradation parameters of pure Fe;O3, Zn 2%, Zn 4% and Zn 6% nanoparticles.

Samples Rate Constant (k) (min)~1 % Degradation (in 90 min) R2 ty/2 (min) tgo (min)
Pure Fe, O3 0.01087 63 0.9962 63.8 211.8
Zn 2% 0.01728 80 0.98381 40.1 133.3
Zn 4% 0.02277 87 0.99605 30.4 101.1

Zn 6% 0.00963 57 0.97569 72.0 239.1
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The percentage degradation of RB dye, using pure hematite as a catalyst, is 63% after UV irradiation
for 90 min. Degradation % increases with an increase in Zn content up to Zn 4% and reached 87% as
shown in Figure 9a. Further increase in Zn content decrease the degradation efficiency towards RB
dye. Notably, the degradation rate of Zn 6% is even less than that of pure Fe,O3, due to the fact that
Zn ions occupy interstitials site in the host matrix for this concentration responsible for the enhanced
recombination rate between electrons and holes.

100
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Figure 9. Bar diagram of (a) % degradation and (b) electricity cost in Indian rupees for degradation of
RB dye with pure Fe;O3, Zn 2%, Zn 4% and Zn 6% nanoparticles.

3.5.2. Electricity Cost

Cost evaluation is one of the most important factors in waste water treatment. As saving energy
(electricity) benefits the world at large scale. The main reason behind saving electricity is that burning
of fossil fuels in plants causes several environmental issues, such as global warming and the greenhouse
effect, which directly affect human life. Our present study aims to reduce energy to mitigate the effects
of greenhouse gases. The power consumption can be estimated using the following relation [39],

too = In10/k (12)
P X tgg X 4.68
E, =—22=" 1
¢ 1000 x 60 (13)

where, tgy signifies the time taken by any dye to be degraded 90% of its initial concentration, Ec is
electricity cost, P is power consumed (in Watt) of UV light source. Power consumers consuming a
maximum 500 units of electricity per month pay INR 4.68 per unit in our locality, as shown in Figure 9b.
The electricity cost is also found to be minimum for 4% Zn doped sample which has maximum
% degradation.

3.6. Dielectric Properties

Materials under the oscillating electric field impart dielectric behavior which can be expressed as a
complex form consisting of real (¢’) and imaginary (¢”) components that can be represented as ex= &'+
ie”. The real component (&) of dielectric constant depicts the energy storage and imaginary component
signifies the dissipated energy in the material. Various external parameters like microstructure,
frequency of applied electric field, sintering temperature, type of cation substitution, etc. affect the
dielectric properties. Both components of the dielectric constant can be evaluated using the following
relation:

&’ =& X tand (14)

Both real, and imaginary, components of dielectric constant have strong frequency dependence at
room temperature in Zn doped hematite, and is demonstrated in Figure 10. The dielectric constant
decreases with an increase in frequency, which agrees well with previous studies [40]. The strong
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decrease in dielectric constant with rise in frequency can be understood on the basis of Maxwell
Wagner model and Koop’s phenomenological theory, which explains that ferrites are formed by highly
conducting grains, embedded in the insulating matrix, i.e., grain boundaries [3]. High dielectric
constant value at lower frequencies is contributed by grain boundaries.As the frequency increases,
grains start to predominate over grain boundaries, which reduces the dielectric constant. The dispersion
in dielectric constant with frequency can also be understood in terms of space charge polarization,
due to the hopping of electrons between ferric and ferrous ions [41]. At low frequencies, hopping of
electrons within grains causes the electrons to pile up at grain boundaries resulting in space charge
polarization and contributes to higher value of dielectric constant. On the other hand, a reduction in
orientation polarizability can be seen with increase in frequency, as the electron exchange between
Fe?* and Fe3* ions loses the ability to follow alternative field and lags behind the field. As a result,
probability of electrons reaching the grain boundary reduces. Consequently, the dielectric constant
decreases and becomes almost constant at higher frequencies.

14000 v .
[ (a) - 'Purc Fe,0, : (b) = Pure Fe,0, L 25000
12000+ ® 7n2% o 7Zn2%
v A 7nd% \ ¢ A-7n 4%
10000 -; | v Zn 6% | Fy v 7n 6% 20000
L]
- 8000 "% - Y 15000
w i <
6000 p -
A L 10000
v
4000 %
| L5000
2000
o -0
=10 i L R s RN S s Wl 6| 21 TR oy G o M ST B 51 6
logf (Hz) logf (Hz)

Figure 10. Variation of (a) real component (¢’) and (b) Imaginary component (¢”) of dielectric constant
with frequency of pure Fe;O3, Zn 2%, Zn 4% and Zn 6% nanoparticles.

Compositional Dependent Dielectric Constant

The behavior of the dielectric constant (¢” and ¢’’) with Zn concentration is dependent on many
factors like hopping mechanism at octahedral site, lattice parameter and crystallite size. It is well
known that the polarization and volume of the unit cell are inversely proportional to each other [42].
It is clearly seen from Figure 10 that value of dielectric constant decreases continuously (pure Fe,O3
> 7Zn 2% > Zn 4%) with increase in Zn?" ions up to 4% concentration due to its increased lattice
parameter, which yields increase in unit cell volume. Also, this can be justified based on the hopping
mechanism. The hopping of ions between Fe?* and Fe3* in octahedral site is responsible for polarization.
The decrease in dielectric constant with addition of Zn ions up to 4% arises from a decrease in Fe?* ions
at the octahedral site which reduces the electrons (n-type charge carriers) at the cost of increased holes
(p-type charge carriers). The mobility of holes is less comparable to electrons and these holes contribute
towards polarization resulting in a reduction of dielectric constant. The increase in dielectric constant
for Zn 6% is due to decrease in its lattice parameter which reduces the cell volume resulting in large
polarization and consequently increase in dielectric constant. Secondly, dielectric constant depends on
crystallite size also. It is clearly seen from XRD that crystallite size is increased up to Zn 4% and then
decreases for Zn 6%, which is in accordance with variation of dielectric constant with composition.

3.7. Dielectric Loss Tangent

Dissipation of energy is measured with respect to alternating external field which is recorded
in terms of dielectric loss. The variation in dielectric loss as a function of frequency for varying Zn
concentration in hematite is shown in Figure 11.
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Figure 11. Variation of dielectric loss with frequency of pure Fe;O3, Zn 2%, Zn 4% and Zn
6% nanoparticles.

A report by Iwauchi et al. [43] showed that conduction hopping and dielectric behavior are
strongly correlated. The dielectric loss is high at lower frequencies, due to the grain boundary behaving
as an insulating interface, as the charge carriers undergo space charge polarization [44]. Diamagnetic
dopant and organized growth of domains have a major impact on decrease of loss tangent at small
frequencies. The loss factor decreases at higher frequencies, due to the mismatch of electrons with
applied field frequency, as discussed above. Loss is dependent on various factors, such as ferric and
ferrous content, the stoichiometry of material and heterogeneous domain wall geometry. It can be
observed that loss tangent has a relaxation peak for «-Zn,Fe; O3, which is consistent with earlier
reports [45,46]. According to Rezlesque model [47], a peak in dielectric loss is expected when the
hopping frequency of electrons between Fe?* and Fe®" states is in resonance with the external applied
electric field’s frequency. The maxima in dielectric loss can be expressed as a relation wt = 1, where
w is the angular frequency of field and T is relaxation time for hopping mechanism. The increase in
peak height, as well as shifting in peak position with doping of Zn shows the variation in hopping
probability of electrons between Fe?* and Fe®* states, and this is influenced by the number of Fe>* ions
in the octahedral site [48].

3.8. AC Conductivity

To study the hopping mechanism, ac conductivity (oac) versus logf of Zn doped hematite at room
temperature is plotted (Figure 12a). At lower frequencies, conductivity seems to be constant and
increases with rise in frequency. The type of polarons involved in hopping mechanism was estimated
using log o, versus logf as shown in Figure 12b. In large polaron model, ac conductivity decreases,
while in the small polaron model, ac conductivity increases with rise in frequency. In the present
study, conductivity shows almost linear behavior with increases in frequency that indicates conduction
hopping is followed by small polaron mechanism, as evident from Figure 12b. Conductivity is more
affected by grain boundaries at lower frequencies, while grains have more impact on conduction at
high frequencies [49]. The increase in frequency enhances the hopping of charge carriers between
ferric and ferrous ions that leads to increase in conductivity. Low conductivity is observed at lower
frequencies which is due to the blocking effects at grain boundaries.

The relation between frequency and ac conductivity can be depicted as [50],

Oac = 2T fepe tand (15)

where, f is frequency in Hz. The conductivity decrement with Zn dopant concentration could be
described by the microstructures of the material, the probability of hopping and hopping duration of
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the electrons. This may arises due to the reduction of Fe>* ions in octahedral site and creation of Fe>*
vacancies by substitution of Zn?* ions.
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Figure 12. (a) Frequency dependency AC conductivity of pure Fe,O3, Zn 2%, Zn 4% and Zn 6%
nanoparticles and (b) Linear plot of log o, versus logf.

3.9. Modulus Properties

The electric modulus plays an important role in the study of conduction and relaxation behavior
of materials, and also, in detecting the impedance sources like grains, grain boundary conduction
effect, electrode polarization and electrical conductivity. The real (M’) and imaginary (M”) components
of electric modulus can be obtained using dielectric constant (¢” and ¢”) [51]:

’ ’

. € . €
M o 12 7”2 +l 12 7”2
e +e & +e

=M +iM". (16)

The real component (M) of electric modulus represents the energy given to the system, and the
imaginary component (M”) represents the dissipated energy during the conduction process.

The frequency dependence of electric modulus (M’, M”) at room temperature is shown in Figure 13.
It is observed that at lower frequencies M’ is very small nearly to be zero and a continuous dispersion
with frequency increases having a tendency to saturate at a maximum value for all the samples at
higher frequencies due to the relaxation process. These observations implies the lack of restoring
force for flow of charge carriers under the action of steady electric field. The small value of M” at
low frequency supports the long range mobility of charge carriers. While, in higher frequencies,
M’ increases rapidly with frequency, indicating that the conduction mechanism, which may be due to
the short range mobility of charge carriers.

The imaginary part of electrical modulus M” shows an increasing trend compared to frequency
with relaxation peaks for all samples. The frequency region below peak frequency represents the
frequency range by which ions drift to long distance, i.e., performing successful hopping from one site
to neighboring site. Whereas, the high frequency region above the peak shows that the carriers are
confined to their potential wells and can make localized motion inside the well. The occurrence of peak
in electrical modulus M” indicates the transition from long range to short range mobility of charge
carriers with rise in frequency. The behavior of the modulus spectrum is indicative of hopping type
mechanism for electrical conduction in the system. The broadening of the peaks is the consequence
of the distributions of relaxation time arise from the non-Debye type of the material. Further, it is
observed that the peaks shift towards the higher frequency side, with Zn doping and the obtained
relaxation peaks having resonance peaks, where the oscillating dipoles frequency matches the applied
field frequency.
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Figure 13. Frequency dependence (a) real component (M) and (b) Imaginary component (M”) of
electric modulus of pure Fe;O3, Zn 2%, Zn 4% and Zn 6% nanoparticles.

4. Conclusions

Zn-doped «-Fe;O3 nanoparticles were synthesized by sol-gel method to investigate the effect of
Zn doping on structural, optical and dielectric behavior of hematite. XRD reveals the rhombohedral
structure of as-prepared samples with average crystallite size lying between 14-21 nm and other
various parameters like lattice parameter, strain, stress, dislocation density also has been discussed.
Raman spectroscopy confirms defects in the host lattice exist that are consistent with XRD results. FTIR
spectra reveals the metal oxygen vibrations and shifting in the spectra with doping ion concentration.
The optical band gap obtained from Tauc plot decreases from 2.66 eV for pure Fe;,O3 to 2.31 eV
for 4% Zn doping and then increases for Zn 6%, which is in accordance with structural parameters.
Photodegradation analysis shows that 4% Zn doped o—Fe;Oj3 is a good catalyst for degradation of RB
dye under the illumination of UV light and almost 87% of RB dye has been degraded in 90 min in
the presence of catalyst. In future, Zn doped «-Fe,O3 have been used as a very good photocatalyst to
remove organic pollutants from waste water. AC conductivity increases with the increase in frequency
for all the samples, due to the conduction hopping mechanism, revealing a small polaron hopping
mechanism involved in conduction. The dispersion in dielectric constant spectra with frequency
can be understood based on Koop and Maxwell-Wagner’s models and also on basis of space charge
polarization. Higher value of dielectric constant of synthesized samples at room temperature makes
them suitable for high energy storage applications.
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