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ABSTRACT

In this study, samarium-doped strontium hexaferrites SrFe2.xSmxO19 (x=0, 0.01, 0.05, and 0.09) SmSrHF’s were
synthesised by the auto-combustion method, assisted by urea as a fuel. The microstructural properties of SmSrHF’s
were characterized by XRD, FTIR, UV-Visible, VSM, SEM, and EDAX. The XRD spectral data indicate a
crystalline nature with a crystal size ranging from 30-40 nm, which matches with standard JCPDS card number 24-
1207. The M-H curve showed the saturation magnetization (Ms) in the range 36.05-40.31 emu/g and remanence
(Mr) 20.13-22.61 emu/g, which increases as the substitution of samarium ions increases. VSM investigated the hard
magnetisation and permanent magnet. The energy band gap determined was around 2.5 eV. The photodegradation
ability of synthesized SmSrHFs on different dyes was examined in the presence of sunlight. 4-nitroaniline dye
undergoes effective photocatalytic degradation when compared to other tested dyes. SmSrHF acts as a good
photocatalyst with easy recyclization when compared to metal oxide NPs.
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INTRODUCTION
In recent decades, there has been a drastic increase in human population, which has led to an increase in
the use of essential commodities like semiconductor materials, cosmetics, chemicals for agriculture,
pharmaceutical products, food preservatives etc., The excessive use of consumables leads to the discharge
of many harmful chemicals, which adversely effect on environment and cause ill effects on aquatic life,
which in turn affect the human health system. Upcoming research should focus on solving such problems
to the maximum extent. In this context, a few novel nano-particles (NPs) have been synthesised by
different research groups across the world, and their applicability in solving some of the above ill effects
has been studied. A few newly synthesized nanoparticles exhibit semiconductor behaviour in the presence
of UV light or sunlight due to their favourable electronic structure for absorbing or emitting the light, and
thus serve as a catalyst for a variety of applications in semiconductor industries.! In addition, researchers
focused to determine the breakdown of larger sized toxic organic molecules into simple size by
photocatalytic reactions in the presence of synthesised nanoparticles thereby minimising the adverse
effects on the public health and environment.? Nanomaterials also play an important role in the
development of multiple technologies such as sensors, biomedical science, surface science etc., and
industries like electronic, semiconductor, optics, magnetism, electrochemistry, aerospace, agriculture,
biotechnology, national defence, information technology, medicine and transportation.> Doping is a
technique where a metal ion of specific properties is inserted into the lattice site of a known nanomaterial
to enhance or impart required properties. Doping is done by using a suitable transition or rare earth metal
ions having variable oxidation states. Structural modification by doping of different metal ions into
ferrites and their application is well studied.* Many doped nanoparticles show a significant role and have
important applications in biological, semiconducting, and photo-optical properties.’ Doping a very small
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amount of rare-earth metal ions into ferrites alters their structural, morphological, magnetic, and electrical
properties. Literature of the recent decade indicated that some semiconductor nanomaterials (ZnO and
TiO,) are extensively applied as dopants due to their biological, chemical inertness, easy availability, and
lower cost.® In addition, several samarium (Sm) doped MnOxTiO, catalysts were used for the selective
catalytic reduction of NOx with NHs;. The Sm in the catalyst can enhance the surface area and thus
increase the surface-active sites, which result in NOy conversion.” In photodegradation application where
a bulkier toxic organic molecule is broken into smaller molecules having lower toxicity in the presence
catalyst and sunlight, Sumadevi et.al., have synthesised Poly(vinyl pyrrolidone) capped and uncapped Co:
ZnS nanoparticles and studied their photodegradation properties.® Research from our laboratory focuses
on structural, optical, and photocatalytic properties of synthesised novel nanoparticles.>!! In
continuation, in the present research, the samarium substitution in strontium hexaferrites has been
prepared by a simple and low-cost auto-combustion method using urea as a fuel; their structural variation
and photocatalytic properties have been studied.

EXPERIMENTAL

Materials and Methods

The precursors and organic fuels used were of analytical grade, Ferric nitrate nano-hydrates,
Fe(NO3);.9H,0, Samarium nitrate hexahydrate, Sm(NO3)3;.6H,O, strontium nitrate, Sr(NOs),, and urea
(CH4N20) and distilled water. The synthesized SmSrHF’s nanoparticles were characterized using powder
X-ray diffraction, Philips diffractometer (Bruker, d8 Advance, Germany) using Cu-Ko radiations
(A=1.5406A). The FTIR spectra of all samples were recorded on a Shimadzu spectrometer (Spectrum 2
USA). Microstructure was observed by scanning electron microscopy, JEOI/EO/JSM-639, and the energy
dispersive X-ray spectrum was recorded using (CarlZeiss, EVOLS1S5). Saturated magnetism (Ms),
remanence Magnetism (Mr), and Hc of all SmSrHF’s were determined at 300K using VSM (Vibrating
Sample Magnetometer (20130523-01)), which was employed to characterize the magnetic properties.
Thermo gravimetric analysis (NETZSCH, STA 2000) for the analysis of thermal behaviours of the
prepared samples. Systronics UV-Visible spectrometer 119 was employed for Dye degradation studies.

General Procedure

Samarium-doped Strontium hexaferrites (SmSrHF) nanostructured materials were prepared through the
auto-combustion method. The metal precursors used were, Fe(NO3);.9H,O, Sm(NOs3);.6H,O, Sr(NOs),
and (CH4N>O) which were purchased from Sigma Aldrich and Sd fine chemicals and were used in the
stoichiometric ratios of Fe**, Sm*", Sr** ions in aqueous solution in a cylindrical petri dish carrying the
solution of redox mixture and then placed into a furnace to attain the temperature to 500°C, at which N,O
and CO, gases were released and also a large amount of heat. The whole reaction was carried out in four
minutes with a smouldering process.!? The sintered powders were ground in a mortar with a pestle. The
loose powder NPs were heated at 1100 °C and maintained for 3h, and then slowly cooled to room
temperature. Synthesized NPs were stored in an airtight vial for further investigation.

Photocatalytic activity

Water soluble dyes like Erichome black-T (EBT), Methyl blue (MB), Methyl orange (MO), and 4-
nitroaniline (4-NA) were tested for degradation in the presence of sunlight and SmSrHF as a catalyst in
different concentrations in percentage and at different time intervals. In the catalytic reaction, 0.0001 g of
SmSrHF sample was dispersed in 30 mL of double-distilled water under sonication, then poured into the
solution of dye. Initially, the solution was stirred in the dark at room temperature for 1 h, and the UV-
visible absorption spectra of it were recorded to compare the spectra before and after degradation. After
that, the solution was kept in the sunlight with occasional mechanical stirring. At every 30-minute
interval, 1 mL of the reaction mixture was withdrawn from the solution kept under sunlight to record UV-
visible spectra, which helps to determine the photodegradation of dyes.!!

RESULTS AND DISCUSSION
X-Ray Diffraction
Determination of the crystalline structure of SmSrHF’s in different concentrations using X-ray diffraction
analysis is shown in Fig.-1. The peaks with h, k, I values of planes (110), (114), (200), (205), (304), and
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(203) compared with the JCPDS card number 24-1207, which matches the hexagonal phase. dzlhkl =
4 (h2+hk+12

3 a2
parameters. XRD studies showed that the lattice parameter increased slightly from 0.51068 to 0.57286
cm’! the unit cell volume of the hexagonal system is determined by the relation V cell = 0.866 a’c, where

a and c are the lattice parameters sustained for the hexagonal system.'?

2
) + i—z Where h, k, | are the Miller indices and dpnx are the crystal planes, a and c are the lattice
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Fig.-1: XRD Pattern of SrFe;2.«SmxO19 (x=0, 0.01, 0.05 and 0.09)
From the XRD profile, an average size of nanoferrite crystallites was found by the Debye-Scherrer
equation (d) and is calculated by Scherrer’s formula. D = KA\/BcosO, where K 0.89 is a constant of
Scherrer’s value for the hexagonal system, A = 0.15406 nm is the wavelength of the incident X-rays, 0 is
the Bragg diffraction angle, and B is the FWHM of the diffraction peak. The average value of crystallite
size obtained was in the range 30-40 nm, and their values are tabulated in Table-1. Hypothetical X-ray
thickness (dx) of each sample was determined using the formula Dx = ZM/NV, where Z = 2 is the
number of particles per unit cell, M is the atomic weight, N is Avogadro’s number, and V is the unit cell
volume.

Table-1: Crystallite Size (D), Lattice Constant (a & ¢), Cell Volume (V), and X-Ray Density (gqx-ray) of SmSrHF’s

Composition Crystallite Lattice Lattice (c)/(a) Cell X-ray density
size (D) /nm constant constant A volume (gx-ray)/g cm
(@)/A (c)/A (/A3
SrFe2019 31.02 5.8794 22.358 3.9133 691.38 0.5106
SrSmy.1Fei1.99019 30.63 5.8814 23.0180 3.9161 691.36 0.5806
SrSmyosFei1.95019 30.39 5.8814 23.0180 3.9161 691.30 0.5760
SrSmy.goFei1.91019 30.29 5.8814 23.0180 3.9161 691.35 0.5728

The cell volume of the SrHF’s patterns was set in various boundaries, such as a, ¢, and Vcell are tabulated
in Table-1. X-ray thickness is in the range 0.5106 - 0.5728 cm™!. The decrease in thickness is more due to
the doping of larger molecular weight (104.14 amu) and ion volume (0.1034 nm) of the Sm** Ion. When
compared to the smaller molecular weight (87.62 amu) with larger ion radius (0.112 nm) of strontium
ions.

Fourier Transform Infrared Measurements

The FTIR analysis for SmSrHF’s nanocomposites synthesised in different concentrations is shown in
Fig.- 2. Two bands at 502 and 587 cm-1 are observed for the hexagonal lattice and are the direct result of
metal-oxygen stretching vibrations.'!*

On doping Sm**, the position of the peak slightly shifts to the lower wave number, indicating replacement
of Sr?* by Sm*" without changing the crystal structure of the composition. Further, the absence of the
band in the region 300- 4000 cm™ showed the non-existence of the ~OH group in the reaction product.'?
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Fig.-2: FTIR Spectra of Sintered Powder of SrFe»..SmO19 (x=0, 0.01, 0.05 and 0.09) Nanoferrites

SEM and EDAX Analysis

The morphology and particles size of SrFei».«SmxO19 (x=0, 0.01, 0.05 and 0.09) depicted Fig.-3(a)-(d).
The SEM image confers the grains' morphology and clearly shows hexagonal-like contour platelets, a
rough, irregular, clustered surface, and a crystalline nature of M-type SmSrHF’s nanoferrites. The
elemental mapping by EDX is shown in Fig.-4(a-c) for SmSrHF’s (x < 0.00 <0.09). The presence of
strontium, iron, samarium, and oxygen is observed. The results of EDX measurements show that the
appearance of their corresponding peaks without any other characteristic peaks suggests that the prepared
samples are not contaminated during the synthesis process.

(a) x=0, (b)x=0.01, (c) x=0.05 and (d) x=0.09

Magnetic Properties

The magnetization curve as a function of applied magnetic field of 80e with a maximum field of 70 Oe at
room temperature. Different compositions of samples were analysed by using a vibrating sample
Magnetometer (VSM). Figure-5 shows MH-loops for M-type hexagonal ferrites SrFe ,xSmyO19 (x=0.0,
0.01, 0.05, and 0.09) than a typical ferromagnetic. The magnetic properties, such as retentivity (Mr),
coercivity (Hc), Saturation magnetization (Ms), and Squareness ratio (Mr/Ms), are extracted from
hysteresis curves and presented as a function of the Sm doping content'® in Fig.-5. The electronic
configuration of substituted cations (or doped material) affects the magnetic properties of substituted
hexagonal ferrites. The electronegativity of substituted samarium (Sm*") is 1.17. Every Fe*" ion in the
skeleton has five unpaired electrons, and in addition, hexagonal ferrites have five different sub-lattices
that are occupied by a total of 12 Fe*" three octahedral (12k, 2a, 4f%), one tetrahedral (4f?), and one is
trigonal bipyramidal (2b). Of these 12 Fe*" ions, four have the spin in the downward direction that is at
412 (2 Fe*") and 41? (2Fe*") while other 8 Fe*"ions have the spin in upward direction that is at 12k (6 Fe*"),
2a (1 Fe*") and 2b (1 Fe*"). The four downward spins and four upward spins cancel each other, and the
remaining 4 Fe3+ ions, which have an upward direction, contribute to the magnetic moment.'”
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The values of retentivity (Mr) and saturation magnetization (Ms) are reduced due to the addition of the
concentration of Sm** ions. The magnetic parameters were calculated using the following relationship:

B __ MXMs
N 5585
Mr
S =—
Ms
Hc X Ms

2a0.64

Where, 1B Is the magnetic movement/ formula unit (ub), remanence magnetization, Ms— saturation
magnetization (emu/g), M — molecular weight in g, 5585-magnetic factor, K-magnetic anisotropic

constant, and Hc- coercivity.
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Fig.-4(a-d): Elemental Mapping and EDX Spectrum of SrFe,xSmxO19 Nanoparticles (a) x=0.00, (b) x=0.01, (c)

x=0.05 and d) x=0.09
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Fig.-5: Hysteresis Curves of SrFe>.xSmO19 (x=0.0, 0.01, 0.05, and 0.09) Nanoferrites

Magnetization is enhanced with A-site substitution. The Sm** ions have a smaller magnetic moment than
Fe** ions. At B locale, the number of Fe** ions increased, so the magnetization of the B sublattices
increased.'® So the magnetization was enhanced in the Sm** substituted samples. Results show that as the
doping of samarium increases, consistently the saturation magnetization and remanence increase, and that
decreases. The increase of the Ms value when x=0.09. The presence of Fe,O; contributes to maintaining
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electrical neutrality in the strontium hexaferrite. However, the increase of hyperfine fields in the 12K and
2b sites due to the superexchange interaction in Fe**- O - Fe*" leads to a higher magnetization in the
lattice.!” Also effects the relative ionic radii Sm** and (host) Fe**ions, which are (0.96A) and (0.64A)
causes decrease of Ms Value. The magneto-crystalline anisotropy is responsible for the decrease due to
the presence of the Fe*" ion site, which is usually present in the rare earth substituent. Hence, the
coercivity 9(Hc) reduces with increasing substituent concentration, which may be because of the
difference in size of the ionic radii of the host and dopant. The ionic radii of Sm*"ions replaced the Fe*"
ions from 412 sites, and due to this, Hc decreases. Usually, in all hexagonal ferrites, one large divalent
metal ion (Pb, Ba, or Sr) is mostly present, which causes a trivial interruption in the lattice because of
their difference in size. In most cases, the c-axis is the favoured orientation in all hexagonal ferrites.
Hence slack crystals line up themselves within the c-axis when the direction of the applied field is
perpendicular, and haphazardly orient when the field direction is parallel.?

Table-2: Retentivity (Mr), Saturation Magnetization (Ms), Coercivity (Hc), and Magnetic Moment (uB)
Hexaferrites for all Compositions of SrFe>xSmxO19 (x=0.00, 0.01, 0.05, and 0.09)

Sample name Ms(emu/g) Mr(emu/g) Mr/Ms Hc(Oe) nBupP)
SF1 36.051 20.137 0.55 4873 7.80
SF2 34.536 19.398 0.56 5154 7.43
SF3 40.130 22.615 0.56 6135 8.57

UV-Visible Studies

The UV-Visible spectra of StHF’s nanoparticles displayed an excitonic peak centered around 370 nm.
The fundamental property of semiconductors is the band gap, which is measured by UV-Visible
spectroscopy. UV-Visible spectra of bare strontium ferrite gave a band at 320 nm, and samarium-doped
Strontium ferrites at 370 nm. The band gap of pure nanoparticles was 2.5 eV. The band gap value of pure
and doped NPs indicates that the synthesized nanoparticle acts as a semiconductor (0- 3 eV).?! The
Kubelka-Munk (K-M) theory was used to determine the band gap of nanoparticles. Using the following

relation.

—R)? . .
F(Roo) = (12§w) Where h is the Planck constant (6.626 x 10 Js), C-Speed of light (2.99 x 10® ms™),
A is the wavelength of reflectance spectra, and Roo is the diffuse reflectance spectra. o —Absorption
coefficient, v -Frequency of the incident light, and Eg -Band gap energy. The obtained band gap of
SmSrHF’s SrFe ,xSmyO19 (x=0, 0.01, 0.05, and 0.09) NPs, 2.5 eV, confirmed that SmSrHF’s NPs are UV
active material.
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Fig.-6: The reflectance spectra of SrFe 2xSmyO19 (x=0, 0.01, 0.05 and 0.09)

Photocatalytic Activity

The photodegradation efficiency of synthesised SrSmo.ooFe11.91019 has been determined on Eriochrome
black-T (EBT), methyl Orange (MO), methyl blue, and 4-nitroaniline(4-NA) under UV light illumination.
However, 98% degradation results were obtained with SrSmo.o9Feq1.91019 using 4-nitroaniline dye, and
SrSmo.o9Fer1.01019 was used as a catalyst. All dyes undergo degradation in different time intervals under
the sunlight in the presence of the synthesized SrSmy.o9Fe11.91019 nanoparticles as a catalyst. The probable
mechanism of photodegradation is represented in the following Scheme-1.
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Fig.-7: UV-Vis Absorption Spectra of SrFe»..Sm,O9 (x=0, 0.01, 0.05 and 0.09)

Scheme-1: Mechanism of Dye Degradation in the Presence of SrSmo goFei1.01019 under UV Light

SrFe12xSmyxO19 + hv (vis) —SrFe 2.xSmxO19 (¢ CB + h"VB)
SrFe2xSmxO19 (€' CB) + O, —0>-

O, +h* < HOO

2HOO. —H>0,+0,

SrFe12xSmxO19 (h"VB) + H,O —-HO + H*

Dye +HO + O, —»CO; +H,0O (Byproduct)

Dye + SrFei2xSmyO19 (h*VB) — Oxidation Product

Dye + SrFei2xSmxOi19(eCB) — Reduction Product

Among the products formed, hydroxyl radicals (*OH) are the most significant contributors in dye

degradation. Scheme-1 shows a schematic illustration of dye degradation utilizing SmSrHF’s under

sunlight. During photo excitation, electrons in the conduction band (CB) and holes in the valence band

(VB) are created. The photogenerated electrons in the CB react with molecular oxygen to produce anionic

superoxide radical (+O,) through reduction.?? Electrons attract to the photogenerated holes in VB by

hydroxyl ions or water molecules to produce the most reactive hydroxyl radical (*OH) over oxidation.?
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The H>O; produced due to the superoxide anion radicals interacts with e/h™ pairs. On the SmSrHF’s
surface, the organic molecules are attacked by these effective species, which act as strong oxidizing
agents. As a result, these organic dye molecules are easily attacked by ions, leading to form by-products.>*
This is known as the redox reaction, which occurs on the photocatalyst’s surface. The comparison of
photodegradation studies of SmSrHF’s against EBT, MO, and 4-NA is shown in Fig.-8. UV-Visible
spectroscopy was used to record the decolourisation of EBT, MO, MB, and 4-NA over the surface of
SmSrHF’s. Initially, no change in colour of dyes was observed in UV-visible spectra. However, on
irradiation with light, all dyes degrade. Among the tested dyes, 4-NA undergoes easy degradation in a
shorter time when compared to other dyes.
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Fig.-8: Band Gap Energy of different Dyes at Different Time Intervals in the Presence of SrSmy.goFe11.91019

Thus, only 4-NA was considered for further photodegradation studies. In continuation, the
photodegradation was conducted at parameters like variable concentration of dye and different amounts
of catalyst, at different pH conditions etc. The graphs showing the effect of concentration and catalyst
load are represented in Fig.-8, and under different pH conditions are shown in Fig.-9.
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Fig.-9: Photocatalytic Activity of SrSmo.o9Fe11.91019 (a) Effect of Concentration, (b) Effect of Catalyst Load, (c)
Effect of pH, (d) Effect of Different Scavengers during the Degradation of 4-NA

Effect of Dye Concentration
The degradation of 4-NA in different concentrations was studied, which was required for successful
photocatalytic studies. Therefore, different concentrations of dye were prepared from 5 to 20 ppm with a
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catalyst amount of 20 mg per 100 mL, as illustrated in Fig.-9(a). 98% degradation of 4-NA dye appeared
at a concentration of 5 ppm.” As the concentration of dye increases, the number of dye molecules
adsorbed on the surface of the catalyst increases and reduces the active sites available for catalytic
reaction, which leads to a decrease in the rate of degradation.

Effect of Catalyst Dosage

The efficiency of the SrSmo.o9Fei1.91019 catalyst at an optimal load was determined by varying the amount
of catalyst from 5 to 20 mg per 100 mL and by adding 5 ppm of 4-NA dye. The highest percentage of
degradation was attained for the 15 mg of the catalyst load, as shown in Fig.-9(b).?® Hence, 15 mg of
catalyst weight was chosen for the further photocatalytic experiments.

Effect of pH

The main parameter influencing the photocatalytic treatment of polluted water is pH. To obtain maximum
degradation efficiency, the pH must be optimised. pH values varied from 2 to 12 to investigate the
influence of pH on dye degradation, and the results are shown in Fig.-9 (c). The obtained results reveal
that, at lower pH levels, the proportion of dye degradation was less. Therefore, the photocatalytic
degradation increases with the pH, which may be due to to higher availability of *OH in alkaline medium
and will create an additional HO" Radical by interacting with holes produced by the catalyst's electronic
excitation.?”?

Catalytic Recycling Studies
The photocatalytic stability was examined through the degradation process by a catalyst recycling
process. The 40 mg catalyst and 10 ppm 4-nitro aniline (4-NA) were taken in a 100 mL solution and
exposed to a sunlight source.”’ The degradation efficiency of SrSmyoFe11.91019 and the decomposition
potency of 4-NA were the same for 3 cycles. Hence, this experiment showed that degradation efficiency
greater than 52 % for the final cycle and the novel synthesized SmSrFe 2019 NP’s stable even after five
cycles. 303!

CONCLUSION
Samarium-doped strontium M-type hexagonal ferrites SrFe;».xSmyOi9 (x=0, 0.01, 0.05, and 0.09)
nanoparticles have been synthesized through the auto-combustion method. XRD investigation revealed
the existence of a hexagonal structure with the absence of Sm3O; as a separate phase. Scanning electron
microscope platelets are like grains and have well well-defined hexagonal shape. FTIR analysis for pure
and doped strontium ferrite samples shows that Fe-O stretching modes appear at around 587 cm'and also
revealed that the introduction of Sm** ions could reduce the crystalline size. Hysteresis curves from VSM
analysis indicate that at room temperature exhibited ferromagnetic behaviour for x=0.01 to 0.09.
Coercivity more than 1.3kOe and investigated the hard magnetic nature of these samples. Results show
that as the doping increases, Ms and Mr also increase continuously. Photo-degradation ability of
SrFe 1.01Smo09019 on Eriochrome black-T (EBT), methyl Orange (MO), methyl blue, and 4-
nitroaniline(4-NA) dyes determined. All the dye degraded, but 985 degradation results were obtained for
4-nitroaniline. The energy band gap (Eg) is around 2.5 eV. Overall, the result indicated that the
SrSmo.o9Fer1.91019 was found to be an excellent photocatalyst for the dye degradation.
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