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ABSTRACT: This paper presents the rare earth doping effect on the = R-Gd cog o
structural, optical, and magnetic properties of bilayered Ruddlesden— . .':.‘..' ' \A

Popper oxides Sr,La, iRy sFeMnO, (R = La, Nd, Sm, Gd, Dy). Moreover,
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we are reporting for the first time a new rare earth-doped bilayered =, .otle ¥ \L/ v Yx
perovskite oxide series for the highly toxic methylene blue dye Lasey ©ged
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degradation in wastewater under visible light. Structural analysis of the
PXRD data using the Rietveld refinements confirms the formation of the
phases in tetragonal symmetry with the I4/mmm space group. The unit
cell lattice parameters (a & c¢) and the cell volume (V) decrease
monotonically from La- to Dy-doped samples owing to the decrease in

the lanthanide ionic radii. The X-ray photoelectron spectroscopy analysis < | SraLagsRuskemn0,
indicates the existence of the Mn ions in the mixed valence state. The R N A (oL NS GLDY
DRS study shows that the energy band gap value decreases on moving

from La to Gd substitution; however, it further increases for the Dy-

doped sample. The magnetic measurements reveal that all the phases exhibit dominant anti-ferromagnetic interactions with Neel
temperature (Ty) observed at 150, 147, 138, 113, and 117 K for La-, Nd-, Sm-, Gd-, and Dy-substituted phases, respectively.
However, the presence of an unsaturated hysteresis loop observed in the isothermal magnetic field (H) vs magnetization (M) plot
also indicates the existence of weak ferromagnetic interactions. The investigation of the photocatalytic activity of the synthesized
samples was done by carrying out photo-oxidative degradation of methylene blue (MB) dye pollutants. The results show that the
photodegradation enhances by doping with heavier rare earth ions with the exception of the Dy-doped sample. The Gd-doped
catalyst shows the maximum degradation efficiency of 99.03% in 50 min under visible light irradiation. The scavenging experiments
confirmed that the OH was the main/dominant oxidizing agent involved in the degradation of the MB dye.
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1. INTRODUCTION nonmagnetic AO layers separating the perovskite blocks along
the crystallographic ¢ axis.

The Ln,_,Sr;,.Mn,0, (0 < x < 1) system could be seen as
the n = 2 member of the RP oxides. It has been observed that
the structural and magneto transport properties of such n = 2
phases are sensitive to both the Ln/Sr ratio and the nature of
the Ln ion."" The La,_,Sr;,,Mn,O, phase shows magneto-
resistance and exhibits metal—insulator transition at its
ferromagnetic ordering temperature (T.).'”"'?
Nd,,,Sr,_ Mn,O, shows a significant magnetoresistance effect

The perovskite manganate oxides with various combinations of
transition and rare earth metals have widely been studied
owing to their diverse physical properties like magneto-
resistance, multiferroic properties, exchange bias (EB),
magnetic information storage, magnetic field sensors,' > etc.
However, over the years, a similar interesting behavior and
significant magnetoresistance effect have also been observed in
quasi two-dimensional layered perovskite Ruddlesden—Popper
(RP) manganite oxides.°” ' The RP oxides are given by the
general formula A, B,O;,,,. Here, n gives the number of

perovskite layers sandwiched between the AO rock salt layers Received: August 14, 2022 O

in a unit cell, B is a transition metal ion, and A is a rare earth or Accepted: December 20, 2022

alkaline earth or alkali metal ion. The RP phases mostly Published: January 4, 2023 \ ‘%_‘
crystallize in the orthorhombic or tetragonal unit cell with the ‘g
Fmmm or I4/mmm space group, respectively. The quasi

dimensionality in the RP oxides originates from the presence of
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despite having antiferromagnetic coupling.'”'> Substitution by

smaller lanthanide ions such as Ho and Y results in reduction
in the symmetry from the I4/mmm to P4,/mmm space
group.16 For LaSr,Mn,0,, magnetic coupling is ferromagnetic
within the constituent single MnO, layer; however, it shows A-
type antiferromagnetic ordering (Ty &~ 220 K) between the
respective single MnO, layers within the bilayer unit.'” The n
=1La,_Sr;, MnO, RP phase shows a decrease in Ty with the
increase in x, and spin-glass behavior appears for x > 0.2,
owing to the competing antiferromagnetic sugperexchange and
ferromagnetic double-exchange interactions."

The substitution of other transition metal ions in the Mn ion
site leads to interesting property changes in the RP manganites.
Sharma et al.'” showed that LaSr,MnFeO, is oxygen deficient
and the Mn ion exists in the mixed valence state. The Cr
doping in LaSr,Mn,0, results in the disappearance of
insulator—metal transition, and both the AFM Neel temper-
ature and charge-ordered temperature shift to lower values
with the increase in Cr substitution.”” In the LnSr,MnFeO,
system, the unit cell parameters a and ¢ decrease, while the
Weiss constant () increases with the decrease in the
lanthanide radii, although all the Ln substituted phases exhibit
antiferromagnetic ordering. Sr;Mn,_,Fe,0,_; (0.10 < x < 0.5)
phases show spin-glass transition but only for the x = 0.5 phase
as evident from the maximum at 12 K shown in the ZFC
susceptibility curve.”' The SrLaFe, s, Mng,sCoqs_.O, phases
reveal two transitions in the DC magnetization variation with
temperature. The short-range antiferromagnetic ordering is
observed at 297 and 318 K, while the frozen magnetic behavior
is obtained at 23 and 43 K for x = 0 and 0.25 phases,
respectively.”

A number of heterojunction catalysts have been recently
reported for the removal of water hyacinth and pharmaceutical
pollutants.”>~** The applicability of photocatalytic degradation
of organic dye pollutants in wastewater management by
semiconductors like TiO,, ZnO, and SnO, is limited as they
absorb only a small part of the solar spectrum. Thus, the
development of photodegradation of dye by utilizing visible
light has recently become an important topic of research. The
RP-oxides in general being good semiconducting materials can
absorb well in the visible light region, resulting in the excitation
of the valence band electrons to the conduction band. The
electron—hole pairs thus formed can further generate free
radicals, which will then degrade the organic pollutants since
they are strong oxidizing agents of organic materials.””* Ca-
doped lanthanum manganite nanowires display sufficient
visible-light photocatalysis for the water treatment of
methylene blue (MB) dye pollutant and show a photo-
degradation efficiency of 73% for 7 ppm MB dye degradation
after 360 min illumination.”’ The photocatalytic hydrogen
production significantly improves when the Sr,TiO, system is
doped with La and Fe.’” In the case of the
Sry,_,CaLaggFe, sOj_s system, the methylene blue (MB)
photodegradation enhances with the increase in Ca sub-
stitution and the complete degradation occurs for x = 0.8 in
150 min.”” Guo et al.”* observed that with the increase in Sr
content, the degradation of rhodamine B by the La,_,Sr,MnO;
catalyst enhances under strong acidic conditions.

Though a lot of work has been done on n = 1 RP phases, the
reports on structural, magnetic and especially photocatalytic
properties pertaining to n = 2 members are limited. Moreover,
oxygen deficiency in RP phases has a significant effect on
magnetic and photocatalytic properties. In view of this, a new
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oxygen-deficient n = 2 RP series Sr,LagsRysFeMnO, (R = La,
Nd, Sm, Gd, Dy) has been synthesized by the sol—gel method,
and its structural and magnetic properties have been
investigated. Further, we checked the applicability of the
synthesized phases for their photocatalytic activity in the
degradation of organic dye pollutants.

2. EXPERIMENTAL SECTION

The synthesis of the Sr,Lay Ry sFeMnO, (R = La, Nd, Sm, Gd,
Dy) was done via the sol—gel-based Pechini method. The
stoichiometric amounts of analytical grade La,O; (99.9%
Sigma Aldrich), Nd,O; (99.9% Loba Chemie), Sm,0; (99.9%
Loba Chemie), Gd,0; (99.9% Loba Chemie), Dy,O; (99.9%
Loba Chemie), Sr(NO;), (99.0% Alfa Aesar), Mn-
(CH;C00),-4H,0 (99.9% Sigma Aldrich), Fe(NO;);-9H,0
(98 + % Alfa Aesar), (CH,0OH), (Loba Chemie), and
HOC(CO,H)(CH,CO,H), (99.5 + % Alfa Aesar) were
used as precursor materials. Before usage, the R,0; (La, Nd,
Sm, Gd, and Dy) was heated at 1000 °C for 6 h to remove the
moisture and other gases. The rare earth oxides were converted
into corresponding nitrates by dissolving them in a 3 N HNO;,
solution. The rare earth nitrate solution was then mixed with
the metal nitrate solution prepared by using the stoichiometric
amounts of Fe(NO;);-9H,0, Sr(NO,),, and Mn(CH,COO),
in a triple distilled water, and the resulting solution was kept on
a magnetic stirrer for 1 h. The solution of citric acid prepared
separately by dissolving it in water in the 2:1 molar ratio w.r.t
the total metal cations were mixed with the metal nitrate
solution and then stirred further for 1 h. As a result, the
formation of a chelate between the citric acid and mixed
cations takes place. Finally, the reaction mixture solution was
added with the ethylene glycol taken in a 4:1 molar ratio w.r.t
the total metal cations, and the resulting solution was again
continuously stirred for 1 h. This aids in the cross-linkings
between the chelates to create a polymeric precursor via
esterification. The resulting final solution was transferred in a
beaker (3000 mL) and then placed on a hot plate till the
formation of a gel. The gel was finally heated in an oven where
the combustion takes place at ~260 °C. The powder samples
thus obtained from combustion were sintered for 6 h at 800 °C
in a muffle furnace, and after cooling, they were ground into a
fine powder, using a mortar and pestle. The powdered samples
are further compressed into pellets by using a hydraulic press
and then calcined at 1350 °C for 40 h using an electric furnace
with three intermediate pelletizing and grinding. Finally, the
pellets were let to cool down till room temperature and then
ground into fine powder for further investigation.

The thermogravimetric analysis (TGA) of the precursor gels
was done on a Perkin Elmer thermal analyzer (STA-6000) at a
heating rate of 10 °C min™' under a N, atmosphere in the
temperature range of 30—900 °C. The identification of the
phase for the synthesized samples was carried out on a Bruker,
D8-Advance X-ray diffractometer in the 26 range of 10—100°
with a scanning step of 0.02° using an X-ray source 2.2 KW Cu
anode (40 kV/40 mA). The structural characterization was
then done by carrying out a Rietveld refinement analysis of the
XRD data using GSAS software. X-ray photoelectron spectros-
copy (XPS) analysis of the La-doped sample was done with a
Thermo Scientific NEXA surface analyzer to determine the
manganese valence state in the sample.

The oxygen stoichiometry of the phases was evaluated using
the iodometric titration method at room temperature. Here,
0.0S g of sample was dissolved in 100 mL of HCl (1 M)

https://doi.org/10.1021/acsomega.2c05221
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solution taken in a 250 mL conical flask. This was followed by
the addition of KI in excess (~3 g), resulting in the reduction
of Mn*" and Mn*" ions to Mn>" ions with the formation of the
iodine. The liberated iodine was then titrated against a
standardized Na,S,0; solution till it becomes pale yellow. The
starch solution was then added until it becomes dark blue,
which finally becomes colorless on further titration with
Na,S,0; solution, indicating the end point of the reaction.

The elemental analysis and the surface morphology of the
samples were done on a Carl Zeiss, Zeiss Gemini SEM field
emission scanning electron microscopy, operated at 20 kV of
acceleration voltage. The diffuse reflectance spectra (DRS) of
the samples were carried out on a PerkinElmer UV/vis/NIR
spectrometer Lambda 1050+, and the band gap energy of the
phases was calculated using the obtained results.

The magnetic moment measurement of the synthesized
phases with the temperature variation from 15 to 305 K at 100
Oe was carried out under both zero-field-cooled (ZFC) and
field-cooled (FC) conditions, and the magnetic moment
variation with an applied magnetic field of 2 T at 15 K
were recorded on a 7410 Series VSM—Lake Shore.

The effect of pH on the surface charge of the sample was
studied by determining the pH of the point of zero charge
(pzc) measured using the pH drift method.” Here, we had
taken 15 mL of 4 mM NacCl solution in a 25 mL beaker and
the pH of the solution was varied from 1.5 to 12 using 1 M
NaOH or 1 M HCI with an increment of 0.5 and 2 from pH
L.S to 4 and 4 onward, respectively. Next, 20 mg of the sample
was added to all the beakers and left for 2 days at room
temperature to allow the stabilization of the pH. The final pH
of each solution was then measured, and a graph between the
initial and final pH of the solution was plotted. The point of
the intersection of the two curves (without catalyst and with
catalyst) is the point of zero charge pH (pH,,.).

The photocatalytic evaluation of the samples was done via
carrying out photodegradation of methylene blue (MB) dye
pollutant solution using a 250 W Hg lamp (4 > 400 nm) light
source fixed in a UV—visible reactor chamber. In this process,
40 mg of sample in a 250 mL beaker was mixed with 100 mL
of MB solution and stirred for 1 h in a dark condition to
achieve the adsorption—desorption equilibrium. The pH of the
reaction mixture solution was then lowered to 2 before keeping
it on a magnetic stirrer and irradiated under visible light with
continuous stirring to start the photo-oxidative degradation
reaction. Now, ~3 mL of aliquot was drawn from the reaction
mixture after each 5 min intervals and centrifuged, and its
absorbance was analyzed on a UV/vis/NIR spectrometer
Lambda 1050+ for the degradation.

3. RESULT AND DISCUSSION

3.1. Thermogravimetric Analysis (TGA). The plot of
thermogravimetric analysis of the prepared phases, as given in
Figure 1, exhibits a three-step weight loss within the studied
range of temperature for all the samples. First, a ~9% decrease
in weight percentage is observed from 30 to 175 °C, which
may be attributed to the loss of water present in the initial
reactants. The second step involves a major weight loss of
~70% from 175 to 480 °C, which could have resulted from the
combustion of the metal ions, citric acid, and ethylene glycol at
around 270 °C and the liberation of by-products like H,O,
CO,, and N,. The third step includes a small weight loss of
~4% from 480 to 670 °C, which could be related to the
gradual loss of the remaining organic residue. The thermal
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Figure 1. Thermogravimetric profile of Sr,La,sRysFeMnO,.

decomposition above 670 °C is almost negligible as the weight
loss becomes almost constant, thus indicating the formation of
phases above this temperature.

3.2. Structural Analysis. The powder X-ray diffraction
(PXRD) patterns of the prepared Sr,La, sRysFeMnO, (R = La,
Nd, Sm, Gd, Dy) phases are given in Figure 2. The observed

R =Dy
T T T
R=Gd
—_
Z
-
=
=
) —TT —TTT
) R=Sm
]
<
N
‘2 T T T
= R=Nd
)
N
=
o

10 20 30 40 50 60 70 80 90 1
20 (degrees)

o

Figure 2. X-ray powder diffraction patterns of Sr,LaysRysFeMnO,.

patterns were indexed employing the tetragonal symmetry and
confirmed the phase formation for all the compounds and the
absence of additional impurity. The Rietveld refinement of the
PXRD data was done using the GSAS program®® in the ideal
tetragonal structure with the I4/mmm space group. The atomic
positions were used from Sr;Ti,O,n = 2 RP oxide’” where La/
Sr(1) and La/Sr(2) were situated at 2b(0, 0, 0.5) and 4e(0, 0,
z) positions, while Mn/Fe were at 4e(0, 0, z) and O(1), O(2),
and O(3) were at 2a(0, 0, 0), 4e(0, 0, z), and 8g(0, 0.5, z)
positions, respectively. The background zero was refined using
a Chebyshev polynomial function; the peak shapes were
modeled applying a pseudo-Voigt profile function; and the
isothermal temperature factors (Uj,) were also taken. The
reliable parameters resulting from the refinement analysis like
the isothermal temperature factors (U,,), reliability factors (RP
and pr) and the goodness of fit (y*) are listed in Table 1. The
values of the refinement parameters (R,, R, and y*) and the
observance of linearity difference between the calculated and
observed diffraction patterns in the Rietveld refinement plots

https://doi.org/10.1021/acsomega.2c05221
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Table 1. Structural Parameters Obtained from the Rietveld Refinement of the X-ray Diffraction Pattern for

ACS Omega
Sr,La, ;Ry sMnFeO,"
R La Nd
a (A) 3.8594(1) 3.8516(1)
c (A) 20.2441(8) 20.1691(25)
vV (A%) 301.54(2) 299.21(4)
z Sr/La/R(2) 0.3148(1) 0.3146(3)
Mn/Fe 0.1007(2) 0.1021(7)
0(2) 0.1964(6) 0.2002(15)
0(3) 0.0928(5) 0.0828(13)
U, (A% Sr/La/R(1) 0.01288(3) 0.01456(5)
Sr/La/R(2) 0.01609(3) 0.01877(7)
Mn/Fe 0.01345(5) 0.01398(6)
o(1) 0.04664(6) 0.05092(8)
0(2) 0.04261(2) 0.04731(7)
0(3) 0.02290(1) 0.02533(6)
R, 0.0745 0.1015
R, 0.0571 0.0866
Ve 3.789 5.394

Sm Gd Dy
3.8487(1) 3.8476(1) 3.8456(1)
20.1428(17) 20.1085(12) 20.0810(7)
298.37(3) 297.69(2) 296.97(2)
0.3149(2) 0.3147(1) 0.3152(1)
0.1006(5) 0.0994(4) 0.0992(3)
0.2013(14) 0.1970(10) 0.1978(8)
0.0900(11) 0.0900(8) 0.0945(7)
0.01384(5) 0.01258(2) 0.01370(3)
0.01606(3) 0.01819(4) 0.01873(4)
0.01202(2) 0.01292(2) 0.01118(5)
0.04206(4) 0.04793(3) 0.05360(4)
0.04060(3) 0.04474(2) 0.04678(5)
0.02180(4) 0.02732(3) 0.02637(3)
0.0916 0.0702 0.0666
0.0712 0.0531 0.0504
4.356 3.072 4226

“The atomic sites are Sr/La/R(1) 2b[0, 0, 0.5]; Sr/La/R(2) 4e[0, 0, z]; Mn/Fe 4¢[0, 0, z]; O(1) 2a[0, 0, 0]; O(2) 4e[0, 0, z]; O(3) 8g[0, 0.5, z]
in the space group I4/mmm.

given in Figure 3 further affirm the formation of the

synthesized phases.
The values of lattice parameters a and ¢ and unit cell volume

V obtained from structural refinements are also listed in Table
1, and their variation with the average A-site cation radius <r,>

is shown in Figure 4. It can be seen that as the value of R

R=Dy

2 T T - T T T T T T
= =§
= R=8Sm
o
-
g i
_;‘ [t d b PR ot B B e
g B et aaman 1‘»w,» A e A e e
8 f
= T T T T T T T T
—
R=Nd
S S , A
»»\J,/*-«—:,‘, P W
T T T T T T T T
R=La
—— bckgr
Cale
Obs
e (lif f
—— e
U T T T J T I T
10 20 30 40 50 60 70 80 9 100
20 (degrees)

Figure 3. Rietveld refinement plots of Sr,LaysR,sFeMnO,.

2013

301.5 n
~~
7 g 30007
N 1
N 298.54 —
2070 =

20.237 =
—_~ 1
"< 20.178 -

Q 1 —

20.1194 d

20.060+
3.8610 4

3.8565 - /
3.8520 - -

3.8475+

a(A)

L} v T v L} v L} M L} v T
1.255 1.260 1.265 1.270 1.275 1.280
<r,>(A)

Figure 4. Variation of cell parameters and unit cell volume as a
function of A-cation radius <r,> for Sr,Laj Ry sFeMnO-.

changes from La to Dy, the lattice constant (a & c) and the
unit cell volume (V) decreases monotonically, which could be
due to the decrease in the lanthanide ionic radii with the
substitution.*®

The stability of Sr,Lay Ry sFeMnO, phases can be described
in terms of the tolerance factor () explained by Goldschmidt
and Ganguly and Rao™”*" as

_ [(O.SrLaH + 0.5rgs+ + 2 rg2+)/3] + roe-
ﬁ[{rpe3+ + ry}/2 + roe-l

The values of tolerance factor, calculated based on
Shannon’s ionic radii*' as rg> = 1.31 A, r» = 1216 A
rna = 1163 A, rg = 1132 A, rgg = 1107 A, rp o = 1.083 A
for the coordination number 9, ry;,* = 0.53 A, re. = 0.645 A in
the high spin state for the coordination number 6, and rp>- =

https://doi.org/10.1021/acsomega.2c05221
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1.40 A, are given in Table 2. The values obtained for all the
phases lies within the tetragonal stability range of 0.88 < t <
0.99, thus confirming the tetragonal symmetry of the prepared
phases.

Table 2. Tolerance Factor (t) and Crystallite Size (D) of
Sr,Lag ;R sFeMnO, Phases

R t D (nm)
La 0.9530 98.77
Nd 0.9499 81.03
Sm 0.9480 78.83
Gd 0.9465 65.88
Dy 0.9451 103.05

For all the phases, crystallite size (D) was calculated using
the maximum intensity peak (105) observed in the PXRD data
by employing Scherrer’s equation®

KA

D=

b cos 6
‘sample

where K is a constant given by the value 0.90, 4 (= 1.54 A) is
the wavelength of incident X-ray beam, f,, . gives the value
of full width of the peak at the half maximum, and 8 gives the
value of diffraction angle. The values of crystallite size
calculated using the above relation for all the phases are
given in Table 2.

3.3. X-ray Photoelectron Spectroscopy (XPS) Anal-
ysis. The overall XPS spectrum of the Sr,LaFeMnO, sample is
given in Figure Sa, which shows that all the compositional
elements are present in the synthesized phase. Figure Sb
displays the Mn 2p spectra, and one can observe the
appearance of two peaks located at 642.18 and 653.53 eV,
which corresponds to Mnj,, and Mn, ), respectively; the
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Figure S. XPS spectrum of Sr,LaFeMnO;: (a) overall spectrum and
(b) Mn 2p region.
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asymmetry of the two peaks indicates the existence of the
mixed valent Mn ions.* The peak fitting of the signal at 642
eV showed that Mn;,, could be resolved into two peaks at 641
and 643 eV, which can be attributed to Mn* and Mn*,
respectively.*#*

3.4. Oxygen Stoichiometry and Elemental and Micro-
structural Analyses. The oxygen stoichiometry in the
prepared samples was estimated from the amount of iodine
liberated in the iodometric titration assuming Fe to be present
in the 3+ oxidation state. The results show that the oxygen
deficiency in all the phases is almost the same, and the value of
oxygen content is found to be 6.96.

The elemental content of the Sr,Lag Ry sFeMnO, (R = La,
Nd, Sm, Gd, Dy) phases was checked using energy dispersive
X-ray (EDX) analysis, and the results are shown in Figure 6.
The EDX results confirm that all the compositional elements
are present in the synthesized phases, and no additional
impurity is obtained during the preparation. Further, the EDX
analysis results given in Table 3 indicate that there is good
agreement between the theoretical elemental compositional
mass percentage values and the experimental ones.

Based on the results of iodometric titrations and EDX, the
formula of the phases can be written as Sr,Laj ;R sFeMnOg 6.
The stoichiometry of the phases further indicates the presence
of Mn in a mixed-valence state of 3+ and 4+. The percentage
content of Mn*" and Mn?', calculated on the based on charge
compensation, comes to be 92 and 8%, respectively. The
formula of Sr,LaysRysFeMnOyggs can therefore be written as
szLao.sRo.sFe(MnggzMngf)s)06.96'

The crystallinity and surface morphology of the synthesized
phases were done via FE-SEM analysis. The FE-SEM images
shown in Figure 7 reveal that the Sr,La,RysFeMnO, phases
exhibit polycrystalline structures with irregular and spherically
shaped distribution of granules. The grain sizes range in a few
micrometers and show a certain extent of agglomerations. The
presence of the pores in the micrographs may be related to the
gases released during the high temperature sintering process.

3.5. Diffuse Reflectance Spectroscopy. The diffuse
reflectance spectra (DRS) analyzed for the synthesized
Sr,Lay Ry sFeMnO, (R = La, Nd, Sm, Gd, Dy) phases are
shown in Figure 8. The La-doped phase is characterized by a
noticeable band edge observed around 690 nm, which then
shifts toward a higher wavelength with the rare earth doping in
the order Nd < Sm < Dy < Gd.*® The observed band edge
could be associated with the transitions of electrons from the
valence band to the conduction band.

Band gap energy (E,) value w.r.t the obtained electronic
transitions of the samples were calculated using the DRS data
in the Kubelka—Munk equation*”**

2

F(R):?:M

2R (1)

where F(R) denotes the Kubelka—Munk function, S is the
scattering coefficient,  is the absorption coeflicient, and R
gives the value of absolute diffuse reflectance.

The relationship between the band gap value and the photon
energy with the absorption coefficient is given by Tauc theory
using the equation™”

ahy = A(hv — Eg)" (2)
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Table 3. EDX Analysis of Sr,La, R, ;FeMnO, Phases
La Nd Sm Gd Dy

element expt. mass % calc. mass % expt. mass % calc. mass % expt. mass % calc. mass % expt. mass % calc. mass % expt. mass % calc. mass%

Mn 10.14 10.23 10.04 10.17 9.91 10.12 9.93 10.06 9.83 10.01

Fe 10.26 10.40 10.21 10.35 10.20 10.29 10.15 10.23 10.01 10.18

Sr 32.60 32.64 32.35 32.48 32.2 32.29 31.92 32.09 31.82 31.94

La 25.61 25.87 12.63 12.87 12.58 12.80 12.62 12.72 12.79 12.66

R 13.20 13.37 13.80 13.86 14.23 14.40 114 14.81
where A is a proportionality constant, & is Planck’s constant, v n =2 RP phase Sr2_7La0_3FeZO7_5.46 The band gap value further
the photon’s frequency, and n is a constant denoting the type decreases to 1.57, 1.56, and 1.48 for Nd-, Sm-, and Gd-doped
of electronic transition. samples, respectively, and finally increases to 1.54 eV for the

Using egs 1 and 2, the Tauc relation becomes, Dy-doped compound, indicating a narrowing of the band gap

F(R)hv = A(hw — E,)" with rare earth (.ioplng,. Wh};%}éols beneficial for the photo-

& catalytic degradation activity.™”

The values of the energy band gap for the prepared phases 3.6. Magnetic Properties. The isothermal magnetization
were calculated via extrapolating the linear fit in the hv vs (M) dependence with the magnetic field (H) of the
[F(R) X hv]* Tauc plot to the X-axis as displayed in Figure 9. Sr,Lag Ry sFeMnO; system at 15 K is given in Figure 10. All
For the La-doped sample, the band gap value was evaluated to the phases show a linear increase in the magnetization value

be 1.61 eV, which is comparable to 1.6 eV for a similar type of with the increase in the applied magnetic field, indicating that
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Figure 7. FE-SEM micrograph of Sr,La, R, sFeMnO..
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Figure 8. Diffuse reflectance spectra of the Sr,LaysR,sFeMnO;.

our samples exhibit antiferromagnetic behavior. This observed
magnetic interaction is in accordance with the results obtained
for LnSr,MnFeO, reported by Singh et al.”® However, the
unsaturated hysteresis loop observed in all the cases indicates
the presence of weak ferromagnetism along with the observed
dominant anti-ferromagnetic interactions. The values of
coercivity H. and remanent magnetization M, obtained for
Sr,Lay sRysFeMnO,, phases are given in Table 4. The magnetic
behavior of RP manganites can usually be explained on the
basis of the sum of net contribution from the various exchange
interaction mechanisms involved, for example, the super-
exchange interaction of the Mn and Fe ions via O ions and
double exchange interactions in the case of mixed valent Mn

2016

ions. Thus, the antiferromagnetic behavior observed in our
phases could be due to the Mn**—O—Mn*" and Fe**—O—Fe**
superexchange interactions,””>** while the presence of weak
ferromagnetism could be explained based on Mn**—O—Mn*"
FM double exchange interaction. Further, the Fe**—O—Mn*"
interaction will be AFM via the pi orbitals and FM via the
sigma orbitals.”' ~>*

The variation of DC magnetization with temperature from
10 to 300 K was carried out with a 100 Oe applied magnetic
field under both zero-field-cooled (ZFC) and field-cooled
(FC) conditions. The plots of molar magnetic susceptibility
(ym) for both ZFC and FC vs temperature (T) for the
Sr,Lay Ry sFeMnO; (R = La, Nd, Sm, Gd, Dy) samples are
given in Figure 11. It could be seen that with the decrease in
temperature, the molar magnetic susceptibility value increases
for both the ZFC and FC curves. A local maximum is observed
in the ZFC molar susceptibility curve at 150, 147, 138, 113,
and 117 K for La-, Nd-, Sm-, Gd-, and Dy-doped samples
respectively. The plot of dyy/dT versus T given as an inset of
Figure 11 identified these maxima as their Neel temperature
(Ty) owing to the 2D antiferromagnetic ordering obtained in
the present phases.”””" The values of Neel temperature (Ty)
given in Table 4 indicate that with the rare earth doping from
La to Dy, the antiferromagnetic character decreases except for
the Dy-doped sample. The reason could be attributed to the
decrease in the average <A> site radius with the substitution of
the heavier rare earth ion. Additionally the decrease in the
average <A> site radius results in the tilt of (Mn/Fe)Oy
octahedra, which causes the reduction in the (Mn/Fe)—O—
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Figure 9. Tauc plot transformation of the diffuse reflectance spectra of Sr,La,sRysFeMnO.,.

(Mn/Fe) angle. As a consequence, (Mn/Fe)—O—(Mn/Fe)
overlap changes that ultimately leads to a decrease in the
magnitude of superexchange interactions.”*>* The irrever-
sibility observed between the ZFC and FC curve could have
resulted from the coexistence of competing antiferromagnetic
and weak ferromagnetic interactions because of the randomly
substituted Mn**, Mn>*, and Fe®" ions at the B-site. Usually,
this kind of competing magnetic interaction leads to magnetic
frustrations resulting in spin glass behavior.>*> However, no
such behavior could be observed in our phases, implying that
the magnetic frustration in the present compound is not strong
enough to cause a spin glass transition, but it only perturbs the
spin arrangement in the samples.*

Figure 12 shows the plot of inverse molar magnetic
susceptibility versus temperature. It can be seen that no linear
region is observed within the studied temperature range, and
therefore, the Curie—Weiss law will not be applicable to all our
synthesized phases.

3.7. Photo-Oxidative Degradation of Dye. The photo-
oxidative degradation of the methylene blue (MB) dye
pollutant model was done under visible irradiation to
investigate the photocatalytic activity of the
Sr,Lag sRy sFeMnO, samples.

2017

3.7.1. Control Experiments. To establish the role of the
prepared samples as photocatalysts and their efficiency
dependence on light and under dark conditions, the following
three sets of experiments were performed using the La-doped
sample: (i) dye + light, (ii) dye + catalyst + dark, and (iii) dye
+ catalyst + light. All these experiments were performed under
acidic conditions, ie., at pH = 2, and the changes in the
degradation efficiency observed are shown in Figure 13. The
results indicate that without the catalyst, the degradation
percentage is only ~8% in 60 min, showing that almost no
degradation of dye has taken place without the catalyst.
However, the degradation percentage becomes 79.53% in 60
min, when the reaction is done using the catalyst under dark
conditions. Further, it increases to 98.13% under visible light
irradiation within the same time interval, demonstrating the
effect of light in the enhancement of the photo-oxidative
degradation of the dye.

3.7.2. Optimization of Various Components. The opti-
mization of parameters like pH of the reaction solution,
catalyst amount, and initial dye concentration was carried out
in order to maximize the efficiency of degradation toward the
photo-oxidative degradation of MB dye using a La-doped
catalyst under visible light irradiation.
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Figure 10. Variation of magnetization (M) as a function of applied magnetic field (H) for Sr,LagsRgsFeMnO,.

Table 4. Coercivity (H,), Remanent Magnetization (M,),
and Neel Temperature (Ty) of Sr,Lay Ry sFeMnO, Phases

R H, (Oe) M,(emu g") Ty (K)
La 294 0.107 150
Nd 329 0.128 147
Sm 372 0.131 138
Gd 408 1.348 113
Dy 383 0.759 117

3.7.2.1. Initial pH of Reaction Mixture. The optimization of
the pH of the reaction mixture for achieving maximum
degradation was obtained by the changing pH value from 1.5
to 3 while keeping the catalyst amount (40 mg) and MB dye
concentration (8 ppm, 100 mL) the same. The results shown
in Figure 14a indicate an increase in the degradation
percentage from 32.12 to 64.24% and finally to 98.13% for
pH = 3, 2.5, and 2, respectively, in 60 min, indicating a strong
enhancement in degradation efficiency on lowering the pH
value. However, on further decreasing the pH to 1.5, the
degradation profile is almost similar to the one at pH = 2 and
shows ~99% dye degradation in 60 min. Thus, the pH = 2 is

2018

taken as the optimized pH value and is used to carry out
further photocatalytic reactions. The initial value of the pH of
the reaction mixture solution plays a very important part in the
dye degradation by the Mn** and Mn*" redox pair. It has been
reported that Mn*" can only remain stable under strong acidic
conditions. The Mn*"/Mn*" are the active ions participating in
the degradation of the RhB dye by LaMnO; under strong
acidic conditions.”””® Also, the pH,,. of the Sr,LaFeMnO,
sample was determined from the plot of point of zero charge
given in Figure 15, and its value comes to be 7.25, which is
considered to be the net neutral charge at this pH. So, it is
concluded that the surface of the catalyst would have a net
positive charge below 7.25 and a net negative charge at pH
greater than 7.25. Thus, the sample shows very low
degradation efficiency at pH 2.5 and 3 (Figure 14a) owing
to the electrostatic repulsion arising between the positively
charged surface and the cationic MB dye. However, at pH 1.5
and 2, the degradation of the MB is increased. This could be
due to the fact that the van der Waals interaction may
dominate over electrostatic repulsion, which forces the MB dye
to come in contact with the catalyst surface and thereby
enables the enhanced degradation.>
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Figure 11. Plot of ZFC and FC molar magnetic susceptibility (y;) versus temperature of Sr,LajsR,sFeMnO; (inset shows the dyy/dT vs T ZFC

plot).

3.7.2.2. Catalytic Dosage. The catalyst amount for the MB
dye photodegradation was changed from 20 to 50 mg to obtain
the maximum degradation efficiency while keeping the pH (=
2) and MB dye concentration (8 ppm, 100 mL) the same. The
catalytic dosage effect on the degradation percentage is shown
in Figure 14b. The results indicate that the degradation
percentage increases to 91.08, 94, and 98.13% for 20, 30, and
40 mg catalysts, respectively, in 60 min. The enhancement in
the degradation efficiency on increasing the catalyst amount is
quite understandable with the generalization that the number
of active sites rises as the amount of catalyst is increased. So,
the photocatalytic activity is enhanced. On further increasing
the catalyst dosage to 50 mg, no substantial change in
degradation efficiency is observed and 98.3% degradation is
observed in 60 min. This could be explained by the fact that, at
a certain point, increasing the catalyst amount causes the
suspension of the reaction mixture to become turbid. As a
result, there is a reduction in light penetration, which lowers
the production of electron—hole pairs and lowers activity.”’
Thus, 40 mg of catalyst was taken as the optimized amount for
carrying the reactions of dye photodegradation.
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3.7.2.3. Initial Dye Concentration. The optimum concen-
tration of the dye solution was checked by changing its value
from 4 to 8 ppm while keeping the pH (= 2) and catalyst
amount (40 mg) the same. Figure 14c shows the variation in
the degradation efficiency with different dye concentrations.
The degradation percentage increases to 98.13, 98.23, and
99.2% in 60 min on decreasing the dye concentration to 8, 6,
and 4 ppm, respectively. The results indicate a uniform
decrement in degradation efficiency on increasing the dye
concentration. However, the changes are not substantial and
the degradation profile is almost the same for all. Thus, 8 ppm
concentration of MB dye solution was chosen as the optimal
value for the photodegradation reactions.

3.7.3. UV-Visible Spectroscopy. The MB dye shows a
maximum peak at 664 nm in its UV—visible absorbance
spectrum, whose intensity upon degradation decreases using
the prepared phases as catalysts and disappears upon the
completion of the degradation process. The breakdown of
chromophores in the dyes results in the decrease of the
maximum intensity peak, and that is why the dye discoloration
occurs upon the degradation. The evolution of the absorption
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Figure 12. Plot of inverse molar magnetic susceptibility (y3{) versus temperature for Sr,La,sR,sFeMnO,.
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without catalyst and with catalyst in dark and light conditions.

spectrum peak profile at A = 664 nm w.r.t the time upon the
photodegradation after the attainment of adsorption—desorp-
tion equilibrium is displayed in Figure 16. The degradation
efficiency (DE) was further evaluated using the formula,*

C,—-C
DE(%) = Tt x 100

o
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where C, is the initial concentration and C, is the final
concentration at time ¢ (min).

3.7.4. Photocatalytic Mechanism for Degradation of MB
Dye. As observed in the control experiments (Figure 13), the
photo-oxidative degradation percentage of MB dye by the
catalyst increases from 79.53 to 98.13% in 60 min when we
move from dark to visible light conditions. So, the proposed
catalytic mechanism followed in the MB degradation process
could be seen as a combined effect of both mixed valent Mn3*/
Mn*'redox pairs and light. The catalytic activity resulting from
the Mn*'/Mn*" mixed valent redox pairs can be discussed as
follows: it has been reported that Mn**/Mn*" ions having
strong reductive/oxidative properties converts O, molecules
into active oxygen species such as O,, 07, and O~, which can
then lead to the MB dye oxidative degradation.’” The O,
adsorbed at the catalyst surface can react with Mn®* and forms
a superoxide radical ion ('O,”) and oxidizes Mn*" to Mn*'.
The superoxide radical thus formed reacts with the H" ions
present in the dye solution and becomes a hydroperoxyl radical
(HO’,), which further results in the creation of hydrogen
peroxide (H,0,). The Mn*" could then react with H,0, and
get reduced to Mn®* and produce ‘O,”. Additionally, the Fe®*
ion present converts Mn®** to Mn*" and itself reduces to Fe>'.
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pzc Of La-doped catalyst.

The resulting Fe** can subsequently take part in the Fenton
reaction and produces hydroxyl radicals, which will further
degrade the dye pollutant.”®* When the reaction mixture is
irradiated under visible light, the catalyst produces photo-
induced electron—hole pairs and acts as powerful reducing and
oxidizing agents, respectively. The water or hydroxide ions
adsorbed on the surface of the catalyst react with the holes in
the valence band and form a hydroxyl radical (OH).*>*'
The'OH being a very strong oxidizing agent will result in the
degradation of the MB dye and produce various substances like
water, carbon dioxide, sulfate, hydrochloric acid, and nitrate at
very low concentrations. Additionally, the O, adsorbed on the
catalyst surface reacts with the excited electrons in the
conduction band and forms a superoxide radical ion ('O,7),
which may also contribute to the degradation of the dye.”"”!
The oxygen vacancies in the synthesized phases, though small,
may cause strong absorption of H,0, O,, and OH™ on the
catalyst surface, which then can react with electron—hole pairs
generated and forms active species such as 'OH and ‘O,”
radicals, further leading to the enhancement in the dye
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degradation.”> The possible mechanism for the
degradation of MB dye can be represented as

(i) Mechanism due to the Mn**/Mn*" redox pairs:

photo-

Mn’t + o, —» Mn*t + 0,

‘0, + H" - HO,

HO, + HO, —» H,0, + O,

Mn** + H,0, - Mn’* +'0; +2H"
Mn’* + Fe’* — Mn** + Fe’*

Fe’* + H,0, — Fe’* + 'OH + OH"~

(ii) Photocatalytic mechanism:

RP + hv — RP(hyy + e3p)
RP(hyy) + OH™ — RP + -OH
RP(ecg) + O, = RP + O

MB + -OH + O,
— degraded product + CO, + H,O + others

A schematic diagram illustrating the proposed mechanism is
shown as Figure 17.

3.7.5. Comparison of MB Degradation with Rare Earth
Doping. To assess the effect of rare earth doping on
photocatalysis, the MB dye degradation was also done for
other rare earth-doped catalysts under the optimized
conditions and the results are displayed in Figure 18. For R
= La the degradation percentage is 97.51% in SO min, which
then follows the trend, 98% for R = Nd, 98.36% for R = Sm,
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Figure 17. Schematic of MB dye degradation by Sr,La, sRysFeMnO,,
phases.

99.03% for R = Gd, and 97.26% for R = Dy samples in the
same time interval. The results indicate that the photo-
degradation enhances with R doping till Gd and then decreases
for the Dy-doped catalyst. The enhancement in photo-
degradation of dye was also observed when La is replaced by
Nd in Sr,,Cag;Lng;Fe,0,_slayered perovskite due to the
lower band gap value obtained for the Nd-doped sample.*
Song et al.’ showed that in the case of rare earth doping in

2022

Figure 18. Time-dependent photodegradation percentage of MB dye
by Sr,La; Ry sFeMnO,.

SrTiO; oxide, the maximum degradation was exhibited by the
Yb-doped catalyst due to the smaller particle size and band
gap, while the photocatalytic activity decreases for the Ce-
doped sample owing to its larger particle size. Thus, the results
observed in our system could be explained on the basis of
synergistic effect of the decrease in the band gap value (Figure
9) and the crystallite size (Table 2) on R doping. The decrease
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Table 5. Comparison of Degradation Efficiency of the Synthesized Catalysts with Reported Data

catalyst experimental conditions degradation % time min reference
Sr,La, sGdy sFeMnO,, dose = 0.4 g L™'; MB = 8 ppm; pH = 2; visible light 99.03 S0 this work
Ln-doped MgFeO, dose = 0.5 g L™!; MB = 10 ppm; H,0,—20.0 mM; pH = 6; visible light 98.9 60 [
La,y,Cay3MnO, dose = 0.07 g L™!; MB = 7 ppm; pH = 4; visible light 73 360 1
Sr, 4CagsLag sFe; Co; sO10_s dose = 0.3 g L™'; MB = 25 ppm; pH = 6; sunlight 100 150 ]
Sr, 4Cay;Nd, ;Fe,0,_s dose = 0.3 g L™'; MB = 25 ppm; pH = 7.2; UV light 95 300 4]
dose = 0.3 g L™'; MB = 25 ppm; pH = 7.2; sunlight 99 180

in the band gap value facilitates the generation of more and
more electron—hole pairs, while the smaller crystalloid size
provides higher surface area and thus more active sites. Hence,
an increase in the degradation efliciency was observed with
rare earth doping. However, the smaller degradation efficiency
in the case of the Dy-doped sample could be due to its larger
energy band gap and crystallite size. Although limited literature
is available on RP photocatalysts, a comparison of degradation
efficiency with similar types of metal oxides is given in Table S.

3.7.6. Identification of Reactive Radical Species. To
determine which oxidizing agent(s) is/are more actively
driving the dye degradation process, radical trapping experi-
ments were carried out. For the detection of ‘OH and ‘O,
radicals, 2-propanol and benzo%uinone were utilized as the
respective radical scaveng<ers.46‘6 The procedure follows the
addition of 0.4 M 2-propanol and 0.46 mM of benzoquinone
(BQ) to the already finalized reaction conditions for carrying
the MB degradation as discussed earlier using the Gd-doped
catalyst. The results displayed in Figure 19 show that the
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Figure 19. Effect of scavengers 2-propanol and BQ on the MB
degradation percentage.

degradation of the MB dye is immensely affected with the
addition of 2-propanol, achieving a degradation efficiency of
36.26% compared to 99.03% obtained without the addition of
the scavengers, thus indicating the involvement of the hydroxyl
radicals in the degradation process. However, with the addition
of benzoquinone, the degradation efficiency decreases to
74.97%. This means that the 'O,” radical is making quite a
lesser effect on degradation compared to the OH radical
Therefore, it is concluded that both ‘O, and ‘OH radicals are
responsible for the degradation of the MB dye where the OH
radical was the main/dominant oxidizing agent involved.
3.7.7. Reusability of the Catalyst. The reusability and the
stability of the synthesized phases were investigated by
performing the recyclability experiment three times using the
Gd-doped sample for the degradation of MB dye. After each
photocatalytic test, the catalyst was centrifuged, filtered, and
washed repeatedly using ethanol & distilled water and dried in

an oven at 120 °C for 2 h before being reintroduced for the
next experimental run. The results, as given in Figure 20, show

100

~
a
1

MB Degradation (%)
N a
i 2

1 2
Number of run

Figure 20. Reusability and stability of the Sr,La, sGdysFeMnO,, phase
in the photocatalytic degradation of MB for three consecutive runs.

that the degradation efficiency changes to 99, 94, and 89% after
each run, indicating that our catalyst demonstrated good
photocatalytic activity even after the repeated runs. A small
decrease in the degradation efficiency with the increase in the
number of runs could be attributed to the sample lost during
the filtration process. Moreover, the analysis of powder XRD
and FE-SEM (Figure 21) of the recycled catalyst indicates that
the structure of the catalyst is still intact and morphology

105
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10 20 30 40 50 60 70 80 90 100
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Figure 21. (a) X-ray powder diffraction patterns and (b) FESEM
micrograph of Sr,La;Gd,sFeMnO; after the third recycle.
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Figure 22. Time-dependent UV—vis absorbance spectrum of (a) MB (b) RhB, and (c) MO dye for Sr,La, sGd, sFeMnO,.

almost remains the same, thus confirming their high photo-
catalytic stability.

3.7.8. Effectiveness of the Catalyst for the Degradation of
RhB and MO Dyes. The catalyst suitability for the photo-
degradation of some other dye pollutants, such as rhodamine B
(RhB) and methyl orange (MO) dyes, was also examined
using the Gd-doped sample under the same optimal conditions
as used for MB dye. The findings, as depicted in Figure 22,
demonstrate that RhB and MO dyes degrade faster than MB
dye, with complete degradation occurring in 25 min for both
the dyes as opposed to S0 min taken for the MB dye. The
obtained results may be understood in terms of the following
facts: in the case of the MO dye, because of its anionic nature,
it could readily attract on the catalyst surface at acidic
conditions. However, due to the cationic nature of the MB dye
and since the catalyst may possess a positively charged surface
under acidic conditions,”° the two may repel one another
electrostatically. Therefore, MO degrades faster than the MB
dye pollutant. Now, in the case of RhB dye, the faster
degradation may be attributed to the negatively charged
carboxylic acid group present, which could be easily attracted
to the positively charged catalyst at low pH.>’

4. CONCLUSIONS

The synthesis of n = 2 Sr,Lay Ry sFeMnO, RP oxides has been
successfully done via the Sol—gel Pechini method. All the
samples crystallize with the tetragonal symmetry in the I4/
mmm space group. Both the unit cell parameters (a & c) and
volume (V) decrease with the lanthanide substitution from La
to Dy due to the decrease in their ionic radii. The results of
XPS analysis and iodometric titration indicate that all the
phases are oxygen deficient, and deficiency of oxygen is
responsible for the Mn ions to be present in the mixed valence
state of 3+ and 4+. All the phases show dominant
antiferromagnetic (AFM) behavior with the appearance of
weak ferromagnetic (FM) ordering. The results are explained
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based on net contribution from AFM Mn**—O—Mn*", Fe>*—
O—Fe**superexchange interactions and FM Mn**—O—Mn*'
double exchange interactions. The Neel temperature (Ty)
decreases on the substitution of heavier rare earth ions except
for the Dy-doped sample. The photo-oxidative degradation of
MB dye was successfully carried out by all the prepared
catalysts, and the Gd-doped sample shows the best results. The
degradation efficiency increases with substitution from La to
Gd, while a slight decrease is observed for the Dy-doped
sample. The observed photocatalytic activity order with rare
earth substitution is discussed in terms of the energy band gap
and the crystallite size. The photo-oxidative degradation of
other dye pollutants indicates that the RhB and MO dyes show
faster degradation compared to MB dye. Since all the prepared
phases show complete degradation of the dye pollutant and the
recyclability experiment further confirms their high photo-
catalytic stability, these phases could be successfully used in
wastewater treatments for environmental remediation.
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