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SmFeO; (SFO) and LaFeOs; (LFO) perovskites with excess and deficient iron (SmFe; sO;, SmFe( 9505 and LaFe,; ¢sO3, LaFe(4;05) were |
synthesized using the sol-gel method, achieving a quantitative yield of 98%. The materials were thoroughly characterized using powder |
X-ray diffraction (p-XRD), field emission scanning electron microscopy with energy-dispersive X-ray spectroscopy (FESEM-EDS), UV-
visible diffuse reflectance spectroscopy (UV-Vis DRS), X-ray photoelectron spectroscopy (XPS), and vibrating sample magnetometry |
(VSM) analysis. The p-XRD confirmed the successful synthesis of the iron-modified SFO and LFO perovskites with an orthorhombic |
structure, crystallizing in the P, space group and the La* forms an eight-coordinate geometry with O* atoms in the perovskite lattice. |
The orthorhombic structure and phase purity, irregular morphology conformed by p-XRD and FESEM analysis. The elemental composition
and the surface architecture and chemical valence state of key elements of above perovskites by EDS and XPS analysis. The band gap |
energies of SmFe; ¢sO; (1.96 €V) SmFe( 4505 (2.04 eV) and LaFe, 4s05 (2.00 eV) LaFe 4505 (2.11 eV) were determined using UV-Vis diffuse |
reflectance spectroscopy (UV-Vis DRS). VSM analysis revealed that iron-deficient LaFe,O; (LaFe,4s0;) exhibited paramagnetic behaviour |
with higher saturation magnetization, while iron-excess SmFe,O; (SmFe; ¢s05) also displayed paramagnetic behaviour. |
|

Keywords: Perovskites, Iron excess, Iron deficiency, VSM analysis, Magnetic properties, Paramagnetism.

INTRODUCTION

L. Perovski had discovered a cubic crystal structure
with the chemical composition CaTiO; [1,2]. In perovskite
crystals, cation A is located between the BO; octahedron
connected through the apex angle, while cation B possessing
six-fold coordination is surrounded by an octahedron of anions
[3,4]. Owing to their physical, chemical and multifunctional
properties, they display significant chemical and physical
characteristics, including optoelectricity, half-metallicity, a
high absorption coefficient, long-range ambipolar charge
transport, a high diel-ectric constant, excitation-binding energy
and ferroelectricity [5-7].

In 21st century, the perovskites have seen a sharp increase
in interest in recent years as they find extensive use in electrical
conductors, solid oxide fuel cells, magnetic devices and catalysis
[8]. In addition to being electrical conductors, perovskites are

paramagnetic, photocatalytic, thermoelectric and dielectric
materials with exceptional thermal and chemical durability.
Iron in the B-site, the “catalytic” location of the perovskite struc-
ture, guarantees significant reactivity to oxygen and oxygenated
molecules [9-12].

Iron excess and deficiency in SmFeOs and LaFeOs perovs-
kites were prepared using the sol-gel method characterized
by using powder XRD, FESEM-EDS, U V-visible diffuse reflec-
tance, X-ray photoelectron spectroscopy and VSM. The results
presented here indicate the possibility of synthesizing fine
perovskites with quantitative yield (98%) via the sol-gel method.
The results confirmed the successful synthesis of above perov-
skites with an orthorhombic structure, crystallizing in the ortho-
rhombic P, space group [13,14]. La™ is coordinated to eight
O, atoms in a way that has eight-coordinates. The current work
is an attempt in this direction and designed at preparing the
iron based perovskites. This synthesized perovskites materials
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exhibited paramagnetic with higher saturation magnetization
and absorb more visible light in the photodegradation. Hence,
this perovskites act also as photocatalyst in the photodegrada-
tion process. This study provides insights into the influence
of iron stoichiometry on the magnetic and structural properties
of SFO and LFO perovskites, synthesized via an efficient sol-
gel method.

EXPERIMENTAL

Lanthanum(III) nitrate hexahydrate [La(NO3);-6H,O] and
samarium(IIl) nitrate hexahydrate [Sm(NO;);-6H,O] were
procured from Sisco Research Laboratories Pvt. Ltd., India.
Iron(III) nitrate nonahydrate [(Fe(NO;);-9H,0)], ethyl alcohol
ethylene glycol (EG, HO-C,H,OH), citric acid and ammonia
were obtained from the Research Lab Fine Chem Industries,
India. All solvents were of analytical reagent grade and used
without further purification.

Characterization: The UV-visible diffuse reflectance
spectra (UV-Vis DRS) were recorded using a spectrophoto-
meter (model JASCO V650) and an integrating sphere attach-
ment to collect the diffuse reflectance from the powder samples.
Powder X-ray diffraction (p-XRD) patterns of the as-synthesized
iron excess and iron deficiency of SFO and LFO perovskite
materials were collected over a wide range of 26 angles from
10° to 80° using a Rigaku MiniFlex powder diffractometer
with CuKo: radiation (A = 1.5406 A). The surface morphology,
microstructure of above perovskites were investigated using
high-resolution CARL ZEISS SUPRA 55 field emission scan-
ning electron microscopes. An Oxford Instruments X-MaxN
EDS detector was used to acquire the spectra from specific
regions of interest on the sample surface. Mapping of the consti-
tuent elements (Sm, La, Fe and O) was performed to visualize
their spatial distribution and assess compositional homogeneity
across the sample surface. The magnetic properties of these
perovskites were characterized using a Lake Shore 8600 series
VSM. The X-ray photoelectron spectroscopy (XPS) was emp-
loyed to investigate the chemical states and electronic structure
of the perovskite materials. The XPS measurements were
performed using a Kratos ESCA 3400 spectrometer equipped
with an Al Ko X-ray source (hv = 1486.6 eV).

(A) Synthesis of excess and deficiency of iron in LFO
perovskites: Sol-gel and calcination methods were used to syn-
thesize the perovskite LFO powders. In brief, La(NO3);-6H,0O
(5 g) and Fe(NO;);-9H,0 (4.8 g and 4.4 g) in a ratio of 1:1.05
and 1:0.95 were dissolved in 200 mL of ethyl alcohol at room
temperature for 2 h of constant stirring followed by the addition
of citric acid (5.5 g) and again stirred for 1 h. Now, ammonia
solution was added to adjust the mixture at pH 7 at 70 °C.
Then, added 3.6 mL of ethylene glycol and 3.2 mL of ethylene
glycol solution to 100 mL of 50% above solution at 160 °C.
The mixture was stirred until it turned black before being ground
for calcination in a muffle furnace at 800 °C for 8 h. The result
was 98% pure excess and deficiency of iron in LFO perovskite
materials in powdered form.

The reactions involved in the synthesis of excess and
deficiency of iron in LFO perovskite materials are as follows:

La(NO3)3'6H20 + xFe(N03)3'9HzO + C(,HgOTHzO —_—
LaFeXO3 + 6C02 + 3N2 + nHzO

where x = 1.05 (excess) or 0.95 (deficiency).

(B) Synthesis of excess and deficiency of iron in SFO
perovskites: The same process was followed as mentioned
above using Sm(NOs);-:6H,0 instead of La(NO3);-6H,O.The
reactions involved in the synthesis of excess and deficiency of
iron in SFO perovskite materials are as follows:

Sm(NOs);-6H,0 + xFe(NO3);-9H,0 + CsHsO;-H,O ——
SmFeXO3 + 6C02 + 3N2 + nHzO

where x = 1.05 (excess) or 0.95 (deficiency).

RESULTS AND DISCUSSION

UV-visible spectroscopy: The UV-Vis DRS spectra of
excess and deficiency of iron in SFO prepared by the sol-gel
method was observed at maximum wavelengths of 662 nm
and 630 nm (Fig. 1). As the species get closer to each other,
they absorb more of each other. With the sol-gel method, this
means that closer species are present in the excess and defici-
ency of iron in the SFO structures made with an open structure
[15,16]. The measured maximum value shows that SFO made
in this way is active as a photocatalyst in the visible wavelength
range. Meanwhile, the maximum wavelengths of excess and
deficiency of iron in LFO were found at 617nm and 603 nm
[17] (Fig. 1). LFO structures prepared by the sol-gel approach
in both cases are closer together since the absorption increases
as the contents get closer [18].
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Fig. 1. UV-visible diffuse reflectance spectrum of synthesized perovskites
by sol-gel method for powder samples obtained

Band gap energy: Fig. 2 shows the Kubelka-Munk (KM)
plots of the synthesized perovskites. SFO pervoskites had a
bandgap of 1.96 eV and 2.04 eV for excess and deficiency of
iron, while LFO nanoparticles had 2.00 and 2.11 eV. These
values are smaller than the bandgap energies of orthorhombic
SFO and LFO perovskites [19,20] and is useful for further
studies of photocatalysis.
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Fig. 2. KM plot band gap energy of synthesized perovskites

XRD studies: X-ray diffraction analysis confirmed that
the powder was composed of synthesized perovskites with an
orthorhombic structure, crystallizing in the orthorhombic P,
space group by comparing the results to the standard JCPDS
card nos. 86-1330, 88-0641 and 73-1345, respectively [21,22].
Importantly, no secondary phases except the perovskite struc-
ture were found to be present. The X-ray diffraction pattern
was used to determine the compound’s lattice parameters using
the formula: d = (h%/a’+ k*/b?+1*/c*) "2, where (hkl) are indices
of crystallographic planes; d is the interplanar distance and
a,b,c are the lattice parameters [23]. The lattice constants a, b
and ¢ for powdered synthesised perovskites using the sol-gel
method are 5.6001 A, 7.706 A, 5.3995 A and 5.5647 A, 7.8551 A,
5.556 A. The synthesized perovskites have unit cell volumes
of 233.01 A® and 242.86 A’. The Debye Scherrer’s formula
was used to determine the change in crystallite size of the
prepared photocatalyst samples that were calcined at 800 °C

KA
d,, =
B,5cosO

where K is the particle’s form factor (K = 0.94); duy is the
mean crystallite size, A is the X-ray (CuKo,) wavelength, Bos
is the peak broadening at half maximum intensity, and 0 is the
Bragg angle for the diffraction (Fig. 3). The X-ray diffraction
(XRD) patterns of synthesized perovskites show orthorhombic
structure.

FESEM and EDS studies: FESEM and EDS spectra were
used to examine iron deficiency and excess of SFO and LFO
perovskite [24]. FESEM images of iron deficiency and excess
of SFO and LFO perovskite reveal bulky and irregularly shaped
lumps that stick together. The EDS analysis confirms that the
chemical ratios of La, Sm, Fe and O in pure LaFeO and SmFeO
are stoichiometric. The weight percentages of each element
are provided in the corresponding EDS images. Figs. 4 and 5
illustrate that there is no significant change in the FESEM and
EDS results for SFO and LFO perovskites with iron deficiency
and excess.

XPS studies: To better understand the surface architecture
and chemical valence state of key elements an X-ray photo-
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Fig. 3. X-ray diffraction pattern of synthesized perovskites powders

electron spectroscopy (XPS) study was conducted. Fig. 6 and
7 show the XPS spectra of as-synthesized iron deficiency and
excess of SFO, repectively. Fig. 6a and 7a shows the XPS survey
spectrum of the SFO nanostructure, which confirms the presence
of the elements samarium (Sm), iron (Fe) and oxygen (O) in
the sample. Meanwhile, Sm has exhibited two significant signals
at 1084.63 eV and 1132.20 eV, which were ascribed as the
binding energies of Sm 3ds, and Sm 3ds, (Fig. 6b and 7b).
According to the high resolution XPS survey of Fe in Fig. 6¢
and 7c, it is present as both Fe** and Fe’* oxidation states in
the SFO perovskites, which shows two individual peaks with
binding energies of Fe 2ps», and Fe 2p,at 712.83eV, 727.90eV,
and 745.25 eV. The strong overlap between Fe 2p;, and Sm
3ds, in this location makes it difficult to precisely calculate
the Fe*Fe** ratio. Furthermore, following Sm-Fe interactions,
the Sm 3d and Fe 2p peaks shift to lower and higher binding
energies, respectively, compared to the usual peak values [25].
In comparison to the normal peak values following Sm-Fe inter-
actions, fitted binding energies had lower and higher binding
energies. The oxygen (O*) in the SmFeOj; perovskite lattice
was detected in Fig. 6d and 7d by two peaks at 531.18 eVand
532.88 eV.

Figs. 8 and 9 contain the binding energies data of as-synth-
esized iron deficiency and excess of LFO perovskites, respect-
ively. The XPS survey spectra of iron deficiency and excess
of LFO perovskites is shown in Fig. 8a and 9a which confirms
the co-existence of the elements lanthanum (La), iron (Fe) and
oxygen (O). Meanwhile, La has exhibited two significant signals
at 836.94 eV and 865.73 eV were ascribed as binding energies
of La 3ds,, and La 3dsp, respectively (Fig. 8b and 9b) and were
allocated to the fundamental spectra of La**in the oxide struc-
ture [26]. The Fe is present in both Fe** and Fe** oxidation states
in the LFO perovskites, according to the high resolution XPS
survey of Fe in Fig. 8c and 9c, which shows two individual
peaks with binding energies of Fe 2ps, and Fe 2p;,at 710.86
eV, 724.70 eVand 743.65 eV. The strong overlap between Fe
2pspand La 3ds, in this location makes it hard to precisely deter-
mine the Fe**/Fe’* ratio. In addition, following La-Fe inter-
actions, the La 3d and Fe 2p peaks are moved lower and higher
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keV keV
Fig. 4. (a,b) FESEM of iron deficiency of LFO and SFO and (c,d) EDS of iron deficiency of LFO and SFO

keV keV
Fig. 5. (a,b) FESEM of iron excess of LFO and SFO and (c,d) EDS of iron excess of LFO and SFO
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Fig. 10. VSM analysis of excess and deficiency of iron in LFO (a) and SFO (b) perovskite materials

binding energies in comparison to the usual peak values [27]
compared to normal peak values following La-Fe interactions,
fitted binding energies had lower and higher binding energies.
The oxygen (O*) in the LaFeOj; perovskite lattice was identi-
fied in Fig. 8d and 9d by two peaks at 530.30 eV and 532.10
eV.

VSM analysis: At 25 °C, a vibrating sample magnetometer
(VSM) was used to record magnetization (M) and field (H)
hysteresis loops. Bulk magnetization and mild ferromagnetism
may arise from the statistical distribution of Fe** inside the
octahedral structure, along with the emergence of lattice defects,
which can lead to bulk magnetization and weak ferromagnetic
characteristics [28,29].

In this work, the room temperature magnetization obtained
with varying magnetic fields 20 kOe for synthesized perovskites
are shown in Fig. 10. Among the four studied samples, LFO
(with iron deficiency) exhibits paramagnetic behaviour and
higher saturation magnetization (M), as shown in Fig. 10a. On
the other hand, SFO (with excess iron) also displays paramag-
netic nature, as depicted in Fig. 10b. Both of these perovskites
are capable of absorbing more visible light during the photo-
degradation process, acting effectively as photocatalysts. The
remaining two samples, however, exhibit weak ferromagnetic
behaviour, as reported earlier [30].

Conclusion

This study provides insights into the influence of iron stoi-
chiometry on the magnetic and structural properties of SmFeO;
(SFO) and LaFeO; (LFO) perovskites, synthesized via an efficient
sol-gel method. The orthorhombic structure and phase purity,
irregular morphology of above compounds conformed by
powder XRD and FESEM analysis. Further the elemental comp-
osition and the surface architecture and chemical valence state
of key elements of above perovskites by EDS and XPS analysis.
The VSM analysis revealed that iron-deficient LaFe( 9505 exhi-
bited paramagnetic behaviour with higher saturation magneti-
zation (MS), while iron-excess SmFe, osO; also displayed para-
magnetic behaviour. Further investigations into the influence
of iron stoichiometry on other functional properties, such as

electrical conductivity or catalytic activity, could broaden the
scope of these findings.
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