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ABSTRACT: The present study reports the synthesis of nano- w[LFCOT  RuB —
crystalline LaFe, Cr,sO; via a solvent-free combustion method S R
using glycine, poly(vinyl alcohol), and urea as fuels, with superior e =g T
photocatalytic activity. Rietveld refinement and powder X-ray VA,
diffraction data of nanomaterials demonstrate the existence of an i
orthorhombic phase that corresponds to the Pbnm space group. q
dyes

The crystallite size of nanoperovskite samples lies in the range of
20.9—36.4 nm. The Brunauer—Emmett—Teller (BET) surface area
of the LaFe;Cr,sO; fabricated using urea is found to be higher
than that of the samples prepared using other fuels. The magnetic
measurements of all samples done using a SQUID magnetometer
showed a dominant antiferromagnetic character along with some o e
weak ferromagnetic interactions. The optical band gap of all ‘
nanosamples lies in the visible range (2—2.6 V), making them suitable photocatalysts in visible light. Their use as a photocatalyst for
the degradation of the rhodamine B dye (model pollutant) is studied, and it has been observed that the catalyst fabricated using urea
shows excellent degradation efficiency for rhodamine B, i.e.,, 99% in 60 min, with high reusability up to five runs. Additionally, the
degradation of other organic dyes such as methylene blue, methyl orange, and a mixture of these dyes (thodamine B + methylene
blue + methyl orange) is also investigated with the most active photocatalyst, i.e., LFCO-U, to check its versatility.

1. INTRODUCTION orthoferrite (LaFeOj;) is a promising material for its electrical,
magnetic, and photocatalytic properties and is explored for
these properties by several groups of researchers."”~'” LaFeO,
perovskite oxide crystallizes in the orthorhombic symmetry
with the Pbnm space group. The magnetic properties of
LaFeO; showed an antiferromagnetic character with a high
Néel temperature (Ty) of 740 K.'® The superexchange
interactions due to Fe>*—O—Fe*" result in antiferromagnetism
in LaFeO;."” Treves et al.” reported Ty = 738 K for LaFeO,
with a considerably small magnetization of 0.044 yg/Fe. The
uncompensated surface spins are responsible for the low
magnetization in antiferromagnetic materials.”"*> Further-
more, substitution on the B-site of LaFeO; leads to
improvement in its properties. To enhance the physical
properties of LaFeQ;, solid solutions of LaFeO; and LaCrO,

Extremely rapid and active research efforts over the past
decade are concentrated on the synthesis of nanostructures
with the desired electronic, magnetic, optical, and catalytic
properties. ~* Binary oxide nanoparticles have been largely
explored for such dimension-dependent properties, but ternary
systems have not been studied very much in such a way.”~” It
is probably due to the problem in successful fabrication of
ternary nanomaterials with the desirable stoichiometry and
size. Mixed metal oxides with a perovskite-type structure
(ABOs,) are essential for their application in sensors, fuel cell,
electrode materials, etc. Lanthanum perovskites containing the
3d transition metal series hold a tactical research area because
of their diverse technological potential in the areas of solid
oxide fuel cells, catalysts, gas sensors, magneto-optic or
magneto-resistant properties, etc.'’~'”* These above-mentioned

properties can be tuned by innumerable possibilities of Received: August 30, 2022 O
chemical substitutions in the A- or B-site of the perovskite Accepted: December 15, 2022 &,
structure. Such a chemical substitution causes changes in the Published: December 28, 2022

ionic radii and valencies of A- and B-site cations, which @
ultimately modify the structural features and electronic states
of perovskite oxides. Among perovskite oxides, lanthanum
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have been studied by several groups of researchers.”> ™ Azad
et al.”® have investigated the structure of the Cr**-substituted
lanthanum ferrite perovskite (LaFeysCr,s0O;), and its magnet-
ization measurement results reveal the overall antiferromag-
netic behavior of the synthesized compound. A magnetic
cluster state has been found near the transition temperature Ty
=265 K due to the weak uncompensated magnetic moment. In
addition to this, Hu along with his co-authors have studied the
magnetic properties of LaFe,_Cr,0; (0 < x < 1) series.”’
They demonstrate that the magnetization varies with the
doping of Cr’* and becomes maximum for the sample at x =
0.5. Furthermore, the weak ferromagnetic interaction in
samples with x = 0—0.9 is attributed to the Fe—O-Cr
superexchange and Fe—O—Fe antisymmetric exchange inter-
actions. The M versus H curve of Cr**-substituted LaFeQ; also
shows a weak ferromagnetism in the temperature range of 5—
300 K. The temperature-dependent magnetic studies man-
ifested the irreversibility in the ZFC-FCC curve, which is
ascribed to the antiferromagnetism and ferromagnetism
exchange interactions.”®

In recent years, heterogeneous photocatalysis has gained a
lot of attention due to its potential applications in many fields
such as the generation of renewable and sustainable hydrogen
fuel, degradation of organic pollutants, and CO, photo-
reduction.”” ™" Among the aforementioned applications,
photodegradation of synthetic organic dyes, pharmaceutical
goods, etc., have received a lot of interest since they are
manufactured in vast quantities all over the world and are
continually affecting the environment.”® Organic dyes such as
rhodamine B, methylene blue, and methyl orange have
potential applications in photographic, textile, paper, and
leather industries. It is very important to treat these dyes in
wastewater, as they cause carcinogenicity and neural and
reproductive toxicity in humans and animals. Perovskite oxides
have been proved to be very promising photocatalysts for the
treatment of organic water contaminants.”*~*' For instance,
nanocrystalline LaFeOj is extensively used as a photocatalyst
for dye degradation.'”'**™* It has shown better photo-
catalytic efficiency than that of the P2S photocatalyst because
of its narrow optical band gap.* Again, Kumar et al."* have
reported 83% photocatalytic degradation of methyl orange in
180 min using LaFeO; nanospheres.

The crystallite size/surface area of perovskite oxides can be
managed by the fabrication method. These types of nano-
structured orthoferrites can be prepared by hydrothermal
synthesis,” coprecipitation,*’ sol—gel process,” and other
methods.”” Among all methods, the combustion approach has
been the most commonly employed because it is cheap,
requires little preparation time, uses less energy during
synthesis, and is environmentally friendly also.

Among perovskite oxides, LaFeOj is one of the most studied
perovskite oxides in the field of photocatalysis, owing to its
high stability, nontoxicity, and suitable band gap energy values
that lie in the range of visible light. The photocatalytic activity
of LaFeO; can further be improved by doping Cr*" at the Fe®"
site, as Cr’* promotes conversion of Fe'* to Fe and
eventually, Fe’* causes a photo-Fenton-type reaction, which
is responsible for photodegradation.” In addition to this,
LaFeO, possesses an antiferromagnetic character due to Fe**—
O—Fe’" interactions and Cr’" substitution at the Fe site can
introduce Fe**—~O—Cr’* double-exchange ferromagnetic inter-
actions, thereby causing a drastic change in magnetic
properties. In view of this, we have synthesized nanocrystalline
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Cr-doped lanthanum orthoferrite LaFe, ;Cr,;O; by a combus-
tion method using different fuels because it is a simpler
process, yielding pure products, and significantly saves time
and energy consumption over traditional methods. The
photocatalytic activity of nano-LaFe,Cr,;O; perovskite
oxides was investigated for the removal of different organic
dyes from water in their unitary and ternary solutions.
Rhodamine B was selected as a model pollutant, and under
the same optimized conditions, methylene blue, methyl orange,
and their mixture were photocatalytically degraded. In this
article, the comparative impact of different fuels on the
structural, optical, magnetic, and photo-oxidative degradation
of dyes was discussed. Furthermore, surface area, photo-
luminescence spectroscopy, and optical band gap studies were
used to evaluate the efficiency of the prepared nanoperovskites
as photocatalysts. The LaFe,Cr,O; nanocatalyst can act as a
multifunctional catalyst in the realm of photocatalysis, which
can be used to tackle environmental problems due to its
straightforward and effective technique of manufacturing.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. The chemicals used in the
present work, such as lanthanum nitrate hexahydrate (99.9%)
[La(NO,;);-6H,0], iron nitrate nonahydrate (>98%) [Fe-
(NO;);:9H,0], chromium nitrate nonahydrate (98.5%) [Cr-
(NO;);-9H,0], glycine (99%), poly(vinyl alcohol) (PVA)
(98—99%), urea (99%), rhodamine B (RhB), and hydrogen
peroxide (27% w/w), were purchased from Alfa Aesar.
Methylene blue (MB) and methyl orange (MO) were from
Loba Chemie. All the chemicals were reagents of analytical
quality and were used directly without further purification.

2.2. Synthesis of LaFe, 5sCry 50;. LaFe( ;Cr, ;O; materials
were fabricated by a nitrate combustion method. In a typical
preparation procedure, stoichiometric amounts of metal
nitrates and fuel were taken and mixed together in an agate
mortar and pestle for about 2 h to get better homogeneity. Due
to the hygroscopic properties of metal nitrates, a slurry was
formed, which was then transferred to a beaker and heated on
a hot plate at 80 °C till a gel was produced. The gel was further
heated in an oven at a suitable temperature depending on the
nature of fuel used. In the case of glycine, combustion takes
place at 120 °C, yielding a fluffy product in the beaker.
However, for both poly(vinyl alcohol) and urea, combustion
nearly occurred between 240 and 250 °C. These samples were
subjected to further heat treatment at 700 °C for 4 h to obtain
reddish-brown products. In this method, no water was used
during the preparation of the precursor solution to get rid of
impurities produced by water completely. The materials
fabricated using glycine, PVA, and urea fuels were labeled as
LFCO-G, LECO-P, and LECO-U, respectively.

The exothermic reactions for the desired composition with
each fuel are shown as follows:

The reaction using urea as a fuel is

La(NO,);-6H,0 + 0.5Fe(NO,),-9H,0 + 0.5Cr(NO,),
“9H,0 + SNH,CONH,
— LaFe, Cr,;0; + 5CO, 1 +25H,0 1 +8N,1

The reaction using poly(vinyl alcohol) (PVA) as a fuel is

https://doi.org/10.1021/acsomega.2c05594
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La(NO,);-6H,0 + 0.5Fe(NO,),-9H,0 + 0.5Cr(NO,),
“9H,0 + 3C,H,0
— LaFe,Cr,0; + 6CO, 1 +21H,0 1 +3N,1

The reaction using glycine as a fuel is

La(NO,);-6H,0 + 0.5Fe(NO,),-9H,0 + 0.5Cr(NO,),
“9H,0 + 3.33NH,CH,COOH
— LaFe, Cr, 05 + 6.66CO, T +23.33H,0 1 +4.66N,

2.3. Material Characterization. Thermogravimetric anal-
ysis (TGA) was conducted under a nitrogen atmosphere using
a Perkin Elmer thermal analyzer (STA-6000). The materials
were heated from 10 to 900 °C at a heating rate of 10 °C per
minute. The phase constitution of the prepared nanosamples
was determined by means of Bruker D8-advance X-ray powder
diffraction (XRD) using Cu Ka radiation (4 = 1.5406 A) at
room temperature, and data were collected in a 26 scan range
from 10 to 100° with 0.02° step size. The Rietveld structural
refinement technique was used to calculate the structural
parameters for each sample using the GSAS program. The
shape, morphology, and purity of the synthesized nanosamples
were studied using field emission scanning electron microscopy
(FE-SEM) and energy dispersive X-ray spectroscopy (EDS) on
a Zeiss EVO18 LaB6 filament scanning electron microscope.
High-resolution transmission electron microscopy (HRTEM)
was conducted to determine the particle size using a TEM CM
200 (Philips) microscope operated at 200 kV. The specific
surface area, pore size, and pore volume of nanomaterials were
characterized using the Brunauer—Emmett—Teller (BET)
method using a BELSORP MINIX utilizing nitrogen gas at
77 K. Degassing of the samples was done at 180 °C prior to the
BET surface area measurements. The UV—vis diffuse
reflectance spectra for calculating the band gap of the samples
were recorded using a UV—vis spectrometer (Perkin Elmer,
model Lambda 1050+). Photoluminescence properties of the
system were measured using a Hitachi F-4700 fluorescence
spectrophotometer equipped with a Xe lamp as a light source.
A Quantum Design SQUID magnetometer was used to
measure the thermal variation of magnetization in the range of
10-300 K under both ZFC and FC conditions and the
magnetization in relation to the applied magnetic field at 10 K.

2.4. Photocatalytic Experimental Details. A self-
designed UV—visible reactor chamber was employed for the
photocatalytic reaction using the visible light source 250 W Hg
lamp with the wavelength greater than 400 nm (~10 cm above
the solution surface), which was positioned in the middle of a
reaction vessel for ensuring the maximum degradation of the
dye. In the experiment, 0.1 g of LaFeysCrysO; as a
photocatalyst was added to 100 mL of RhB solution (10
ppm) in a 400 mL beaker. The suspensions were stirred in the
dark for an optimized time of 60 min to ensure the
establishment of absorption—desorption equilibrium between
the photocatalyst and RhB. Furthermore, 1 mL of H,0, was
added to the reaction mixture, which was then subjected to
visible light irradiation under continuous stirring. A total of 4
mL of the suspension was taken out and centrifuged after the
specified time intervals. The supernatants were analyzed by
monitoring the absorbance at 553 nm using a Perkin Elmer
model Lambda 1050+ UV-—vis spectrophotometer. To
examine the recyclability and stability of the catalyst, the
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catalyst was rinsed with water and ethanol multiple times and
dried in an oven. A similar procedure has been followed for
photodegradation of MB, MO, and the mixture of dyes (RhB +
MB + MO).

3. RESULTS AND DISCUSSION

3.1. Thermogravimetric Analysis (TGA). TGA measure-
ments have been carried out to investigate the thermal
behavior of the precursors dehydrated at 80 °C for all fuels,
and the corresponding TGA profiles are depicted in Figure 1.

- LFCO-G
= LFCO-P
= LFCO-U

100+

204

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 1. TGA curves of LFCO nanomaterials.

The various stages such as adsorbed water molecules,
combustion reactions, removal of combustion residue, phase
transformation, and stabilization of the pure phase at higher
temperatures can be analyzed by TGA plots. The weight loss
for each dried precursor takes place mainly in three steps. TG
curves of precursors of LFCO-G and LFCO-U show a weight
loss of 6 and 8%, respectively, below 190 °C, while for the
precursor of LFCO-P, the weight loss is 16% at ~140 °C,
which corresponds to the vaporization of the adsorbed water.”"
Further heating of precursors causes an abrupt decomposition
between 190 and 205 °C for LFCO-G, 190 and 450 °C for
LFCO-U, and 140 and 500 °C for LFCO-P, and these are
related to the combustion reaction between nitrates and fuels
in dried precursors with the liberation of large amounts of
gaseous products.”>* The final and minimal weight losses for
LFCO-G, LFCO-U, and LFCO-P in the temperature range of
205—-690, 450—690, and 500—690 °C, respectively, could be
attributed to the removal of organic residues.”’ Furthermore,
for higher temperature, no weight loss can be found, showing
the formation and stabilization of phases.

3.2. Powder X-ray Diffraction. Figure S1 presents the
powder X-ray diffractograms of the synthesized materials, and
the results reveal that all three materials crystallize in the Pbnm
space group with an orthorhombic structure at room
temperature. The observed peaks for LEFCO-G are sharp and
intense, which indicate its high crystalline nature, whereas in
the case of LFCO-P and LFCO-U, comparatively slight broad
and intense peaks are seen, confirming that they are more
nanocrystalline than LFCO-G. Furthermore, no traces of
impurities have been detected from the XRD pattern of all
materials, which authenticates the monophase formation of the
solid solutions observed within the detection limit of the XRD.

The average crystallite size was calculated from Scherrer’s
formula™’

https://doi.org/10.1021/acsomega.2c05594
ACS Omega 2023, 8, 555—-570
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D= kA
B cos 0 (1) LFCO-U

where D, k (0.9), 4, B, and O represent the crystallite size,
dimensionless shape factor, wavelength of X-ray radiation, full
width at half maximum of the most intense diffracted peak, and
angle of diffraction, respectively. The crystallite sizes of the
synthesized nanomaterials calculated using XRD data are listed
in Table 1. The results show that the crystallite size of LFCO-

Table 1. Structural Parameters Obtained from the Rietveld
Refinement of the X-ray Diffraction Pattern for LFCO
Nanomaterials®

compound LECO-G LFCO-P LFCO-U
a (A) 5.5338(2) 5.5336(11) 5.5499(9)
b (A) 5.5152(3) 5.5141(11) 5.4972(11)
c (A) 7.8047(4) 7.8013(16) 7.7767(13)
vV (A)} 238.20(2) 238.04(8) 237.26(7)
x La —0.0071(4) —0.0091(8) —0.0094(6)
o(1) 0.0746(29) 0.074(6) 0.082(4)
0(2) 0.7102(23) 0.693(4) 0.6926(28)
y La 0.0241(4) 0.0221(8) 0.0218(6)
o(1) 0.4946(29) 0.494(6) 0.502(4)
0(2) 0.2680(23) 0.250(4) 0.2504(28)
z 0(2) 0.0271(23) 0.010(4) 0.0095(28)
Uy, La 0.01600(4) 0.01840(2) 0.02278(4)
Fe/Cr 0.00766(4) 0.01076(3) 0.01432(3)
o(1) 0.02856(5) 0.03487(3) 0.06996(3)
0(2) 0.02823(2) 0.03834(5) 0.02454(6)
R,y 0.0669 0.0844 0.0688
R, 0.0522 0.0634 0.0526
b 1.677 2.238 1.479
D (nm) 36.4 27.2 20.9

“The atomic sites are La 4c[x, y,0.25]; Fe 45[0.5,0,0]; Cr 45[0.5,0,0];
O(1) 4c[x, y,0.25]; and O(2) 8d [, y, z] in the space group Pbnm.

G is higher than that of the other materials, ascribed to its
higher decomposition temperature for the combustion reaction
than that of other fuels.”***

3.3. Structural Parameter Estimation by Rietveld
Refinement. Using powder XRD data, the Rietveld refine-
ment approach via GSAS software was utilized to evaluate the
crystal structure and lattice parameters. The structural
refinement has been carried out in the orthorhombic setting
with La 4c[x, y, 0.25], Fe/Cr 4b[0.5, 0, 0], O(1) 4c[x, y, 0.25],
and O(2) 8d[x, y, z] in the space group Pbnm. The XRD
patterns were typically refined for the lattice parameters, scale
factor, backgrounds, pseudo-Voigt profile function (u, v, and
w), atomic coordinates, and isothermal temperature factors
(Uso)- The Rietveld refinement plots shown in Figure 2 reveal
that there is good agreement between the observed and
calculated patterns, which is based on the consideration of
lower R, and R, values. The refinement results consisting of
structural parameters along with the residuals for the weighted
pattern R, the pattern R, and the goodness of fit i of all the
samples are listed in Table 1. The refinement results show that
the structural parameters are in good agreement with the
samples of the same composition reported previously.”® It has
been found that the lattice parameters of the synthesized
samples are lower than those of the reported LaFeO,, thus
confirming the doping of smaller Cr’" ions in the place of
comparatively larger Fe®* ions at the B-site.’” The selected
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Figure 2. Rietveld Refinement profile for the P-XRD patterns of
LFCO nanomaterials.

bond lengths, bond angles, and their averages are given in
Table S1. The results show that the average (Fe/Cr O) bond
lengths are quite similar and virtually do not change when
using different fuels. These are found to be in good agreement
with the theoretical value (1.98 A) calculated using Shannon
radii for Fe’* and Cr’* in the high spin state with a
coordination number of 6. These results are consistent with
the fixed valence of Fe and Cr, confirming that valency is a
major parameter controlling the bond length. The values of
average (Fe/Cr O Fe/Cr) bond angles indicate that there is a
considerable distortion in the (Fe/Cr)Og4 octahedra of all the
samples.

3.4. BET Surface Area. Surface area has a considerable
effect on the magnetic properties and catalytic activity, and the
same can be determined by N, physisorption. The BET surface
area, total pore volume, and mean pore diameter obtained for
the synthesized nanomaterials are presented in Table 2. The

Table 2. BET Surface Area, Total Pore Volume, and Mean
Pore Diameter for LFCO Nanomaterials

BET surface area  total pore volume mean pore
compound (m*/g) ch3/ g) diameter (nm)
LECO-G 1.82 1.01 X 1072 22.171
LFCO-P 4.66 5.05 x 1072 43.307
LFCO-U 7.33 6.88 X 1072 37.579

https://doi.org/10.1021/acsomega.2c05594
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Figure 3. BET adsorption—desorption isotherms for LFCO nanomaterials. The insets in each isotherms show the BJH pore size distribution

curves.

sorption experiment on the activated phase of all materials
revealed a type IV isotherm (Figure 3) according to the
IUPAC classification, demonstrating a mesoporous structure.”®
The loops did not show any saturated adsorption at high P/P,,
further supporting the mesoporous character of the materials.
The LECO-G has the lowest surface area and the smallest total
pore volume among all the materials because of the high flame
decomposition temperature of glycine, which leads to the
collapse of pores, and hence, reduction in the surface area and
pore volume occurs.”**>>? In addition to this, LECO-U shows
a significantly high N, uptake among all materials, indicating
well-developed porosity. BET results are also supported by
crystallite size obtained from XRD data (Table 1). LECO-U
has the highest surface area among all the samples, attributed
to its lowest crystallite size. The insets of Figure 3 represent the
pore size distribution curves for the desorption branch of
isotherms for all nanomaterials. It has been observed that the
pore size is concentrated in the range of 2—20 nm for all
LFCO samples, indicating the presence of the mesoporous
structure in the synthesized nanomaterials.

3.5. Elemental Purity and Morphological Analysis.
Examination of the nanomaterials in SEM images reveals that
all the material particles have nearly roundish shapes (Figure
4). In LFCO-G, a recognizable agglomeration of irregular-
shaped particles has been observed comparatively to other
materials. A close inspection of the SEM images sharply
indicates the higher porosity in LFCO-P and LFCO-U than
that in LFCO-G. The EDX patterns of the phases are displayed
in Figure 4, and the values of the experimental elemental
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compositional mass percentage and the theoretical ones are
concluded in Table 3. The EDX results confirm the proposed
chemical composition with the expected presence of La, Fe,
Cr, and O and also ensured that no additional impurity is
obtained during the preparation. HRTEM investigations
(Figure S) also reveal the surface structures of the synthesized
nanomaterials. The average particle sizes of LFCO-G, LFCO-
P, and LFCO-U obtained from the HRTEM micrographs are
60, 34, and 26 nm, respectively, indicating the agglomeration
in the synthesized nanomaterials.

3.6. Optical Properties. Figure S2 shows the UV—vis
diffuse reflectance spectra (DRS) of LFCO nanoparticles
synthesized using different fuels. The DRS response of all the
materials is analogous to that of a similar type of perovskite
structures®” and is attributed to the electronic transition from
the valence band (O,,) to the conduction band (unoccupied
3d). Figure S2 reveals that the reflection of light occurs after
530 nm and continues to increase for all LFCO materials but is
found to be maximum for LFCO-G. It is caused by the
increased possibility of reflection for photons that lack the
sufficient energy to interact with electrons or atoms. This
indicates that absorption mainly occurs before 530 nm, and
hence, all LFCOs could serve as potential visible light-driven
photocatalytic materials.

The following relational expression is used to calculate the
band gap and is given by Tauc, Mott, and Davis®’

(hva)l/n = A(hv - Eg) (2)
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Figure 4. SEM micrographs and EDX spectra of LFCO nanomaterials.
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Table 3. EDX Results of the LFCO Nanomaterials

compound LFCO-G LFCO-P LFCO-U LECO
experimental ~ experimental  experimental  theoretical
elements mass % mass % mass % mass %
La 57.43 57.58 §7.70 57.67
Fe 11.71 11.63 11.52 11.59
Cr 10.72 10.88 10.63 10.79
(¢] 20.14 19.91 20.15 19.93

where h, v, @, E,, and A are the Planck constant, frequency of
vibration, absorption coefficient, band gap, and proportional
constant, respectively. The values of the exponent n denote the
nature of the sample transition. The values n = 1/2,n=3/2,n
=2, and n = 3 are used for direct allowed transition, direct
forbidden, indirect allowed, and indirect forbidden transition,
respectively. The obtained diffuse reflectance data are
converted to the Kubelka—Munk function F(R). Since the
quantity F(R) is proportional to the absorption coefficient, a is
replaced by F(R) in Tauc’s equation, and thus, in the actual
experiment, eq 2 becomes

[F(R)hw]'/" = A(hv — E,) 3)

The direct allowed sample transition is generally used for
perovskite materials to calculate the band gap as reported by a
number of researchers.”>~%* Therefore, in the present work, n
= 1/2 is used to estimate E,. A Tauc plot, i.e,, a graph between
the function [F(R)hv]* and photon energy (hv) was plotted,
and the linear part of the Tauc plot (Figure 6) is extrapolated
to [F(R)hv]* = 0 to get the band gap energy. The band gap
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energies of LEFCO-G, LFCO-P, and LFCO-U nanomaterials
are found to be 2.09, 2.48, and 2.58 eV respectively, which are
comparable to the previously reported values.®® It is observed
that with a decrease in the particle size, the band gap energy
increases, which is attributed to the quantum confinement
effect.”>®” Therefore, for the photocatalytic degradation of
organic pollutants, these LEFCO nanostructures have sufficient
band gap energy that can be triggered by visible light.

3.7. Magnetic Studies. The field variation of magnet-
ization up to 70 kOe at 10 K was performed for the
synthesized nanosamples as shown in Figure 7. The linear
relationship between magnetization (M) and magnetic field
strength (H) suggests the antiferromagnetic behavior of the
prepared samples. However, small hysteresis loops in the M vs
H curves indicate the presence of some weak ferromagnetism
in the samples. The coexistence of superexchange antiferro-
magnetic Fe**—O—Fe* and Cr’*—~O-Cr** and double-
exchange ferromagnetic Fe**—O—Cr’* interactions is respon-
sible for the weak ferromagnetic character in LECO samples.*®
Furthermore, the maximum magnetization (M,,,,) for LFCO
samples increases with an increase in the crystallite size as
given in Table 4. This behavior is due to the fact that with the
increase in the particle size of nanomaterials, the number of
magnetic moments contributing to magnetization in-
creases.”” !

Zero-field-cooled (ZFC) and field-cooled (FC) magnet-
ization in the 10—300 K temperature range was also performed
for the synthesized samples under an applied magnetic field of
100 Oe, as presented in Figures 8a—c. All the synthesized
materials show strong divergence between ZFC and FC curves
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Figure 6. Tauc plot transformation of diffuse reflectance spectra of LFCO nanomaterials.

due to the magnetic frustration between the antiferromagnetic
and ferromagnetic characters. The ZFC-mode magnetization
(Mzgc) of LECO-G shows a decrease in magnetization with a
decrease in temperature. The Mg for LECO-P first increases
up to 49 K and then starts decreasing with a decrease in
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temperature, while LEFCO-U shows a broad peak in the range
of 160—190 K and finally decreases with a decrease in
temperature. The FC mode for all samples shows a positive
magnetization and increases regularly with a decrease in
temperature. The Néel temperature (Ty) of samples was
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Figure 7. Variation of magnetization (M) with the applied field (H) for LFCO nanomaterials.

Table 4. Magnetic Parameters of the LFCO Nanomaterials

parameters LECO-G LFCO-P LFCO-U
Mpo(emu g7h) 223 1.93 1.36
Ty (K) 267 289
Hei(B.M.) 4.25 342
6 (K) —290 =SS

obtained from dy/dT versus T plot, as presented in the inset of
Figure 8b,c. The values of Ty for LEFCO-P and LFCO-U were
found to be 267 and 289 K, respectively, but no such transition
was observed for LFCO-G, which could be beyond the
measurable range of the SQUID. It is important to mention
that our synthesized nanophases have a much lower value of
Ty than that reported for LaFeO; (750 K),”* which is
understandable, as doping of Cr’* in LaFeO; weakens the
AFM character by the introduction of the Fe**—~O—Cr** FM
interaction. The variation of inverse molar susceptibility with
temperature is presented in Figure 8d. It can be seen that the
samples LFCO-P and LFCO-U obey the Curie—Weiss law in a
very small temperature range above Ty as shown in the linear
fit in Figure 8d, while no such behavior is shown by LFCO-G.
The Curie—Weiss law shows the relation between molar
susceptibility and temperature as

_C

T-0 (4)
where C is the Curie constant and 0 is the Curie—Weiss
constant. The value of C is provided by the slope of the linear

fitted region as depicted in Figure 8d. The effective magnetic
moment was then calculated by substituting the value of C in

A
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the equation g = 2.828\/ C. The theoretical value of the
. . . 73,74
magnetic moment was predicted from the relation

'ucal = \/O.SMFZeH + O.Sﬂczr3+ (5)
where pip (5.91 BM.) and pc (3.87 B.M.) are the spin-only
magnetic moments of Fe’* and Cr’" ions, respectively. The
values of . for the phases LFCO-P and LFCO-U are
summarized in Table 4, which are found to be smaller than the
theoretical one (5 B.M.). Furthermore, the value of @ was
determined by extrapolating the straight line fit to the
temperature axis, and its values are also listed in Table 4.
The negative values of 6 and smaller values of ¢ than those of
M, confirm the presence of antiferromagnetic interactions in
the samples between the magnetic ions.

3.8. Photocatalytic Activity of LFCO Materials. To
evaluate the photocatalytic performance of nano-LFCO
materials, photodegradation of RhB dye in aqueous solution
as a model dye was studied.

3.8.1. Control Experiments. To achieve the favorable
conditions for photodegradation of RhB, various components
such as catalyst, hydrogen peroxide, and visible light have been
considered. Different combinations of components such as
RhB + light, RhB + light + H,0,, RhB + catalyst + light, RhB +
catalyst + H,O, + dark, and RhB + LFCO + H,0, + light were
considered, and their results are shown in Figure 9a. It has
been found that the dye in the presence of light does not show
any degradation in 60 min. About 10% degradation was
obtained with H,0, only, and a similar result is reported in the
literature.””~"” When the catalyst was added to the dye
solution in the presence of light without H,0O,, about 8%
degradation occurred. The degradation efficiency increases
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Figure 8. Variation of magnetization as a function of temperature for (a) LECO-G, (b) LECO-P (inset showing the dy/dT versus T plot), (c)
LFCO-U (inset showing the dy/dT versus T plot), and (d) plot of y3{ versus T for LECO nanomaterials.

abruptly to 84% when the catalyst and the oxidant H,O, were
employed together in the dark for 60 min, which can be due to
a Fenton-like process. However, degradation of RhB was found
to be maximum, i.e., 99% in the same interval of time under
visible light irradiation along with the catalyst and the oxidant
H,0,. This significant acceleration in degradation in the
presence of light is attributed to the combined effect of
photocatalysis and the Fenton-like process. Hence, it was
concluded that a catalyst, H,0,, and visible light are required
variables for maximum degradation efficiency.

3.8.2. Optimization of Various Components. The photo-
catalytic degradation of the organic dye RhB in LFCO-H,0,
(catalyst—oxidant) system was mainly influenced by the
catalyst dosage, oxidant dosage, and RhB concentration.
Therefore, it is important to optimize these components to
obtain the maximum photocatalytic degradation of RhB. Due
to the higher surface area, LFCO-U has been preferred to
optimize the above-said parameters for photocatalytic perform-
ance for degrading the RhB dye.

(a) Optimization of the catalyst dosage: Photocatalytic
degradation of the dye was examined by changing the
catalyst dosage from 0.5 to 1.5 g/L, while other
parameters were kept constant (1 mL of H,0, and
100 mL of 10 ppm dye solution). Figure 9b depicts the
impact of the catalyst dosage on RhB degradation when
exposed to visible light. The results have shown that the
degradation increases with the increase in the catalyst
concentration from 0.5 to 1 g/L, which is attributed to
the increase in the number of surface active sites on the
photocatalyst.”® A further increase in the catalyst dosage
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(b)

declines the dye degradation. This downward trend of
dye degradation is induced by blockage of penetration of
visible light due to the large amount of catalyst in
solution, which in turn causes a decrease in the OH®
radical concentration.”” With further consideration of
the fact that other parameters such as dye concentration
and H,0, dosages may affect the degradation, the
optimized catalyst dosage considered was therefore 1 g/
L.

Optimization of oxidant dosage: To determine the
appropriate amount of hydrogen peroxide (oxidant) for
the degradation of RhB, three experiments were carried
out with different amounts of hydrogen peroxide (0.5, 1,
and 1.5 mL), keeping the other parameters constant (1
g/L catalyst and 100 mL of 10 ppm dye solution), and
the results are depicted in Figure 9c. It has been found
that as the amount of H,0, is increased from 0.5 to 1
mL, the degradation efficiency of the photocatalyst is
improved, increasing from 60 to 99%. However, a
further increase in the H,0, amount to 1.5 mL does not
further enhance the degradation efliciency but rather
decreases it from 99 to 85%. This reduction in dye
degradation may be due to the excess amount of H,0,,
which causes scavenging of OH® radicals, thus lowering
the concentration of OH® radicals,* and the process can
be shown as

HO® + H,0, — H,0 + HOO® (6)

HOO® + HO®* - H,0 + O, (7)
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Figure 9. (a) Control experiments for the degradation of the RhB dye and optimization of various reaction parameters: (b) catalyst dosage, (c)
H,0,, and (d) initial dye concentration toward maximum degradation of RhB.

Thus, 1 mL of H,O, was used further as the optimized

amount for carrying out the dye degradation reactions.

(c) Optimization of the dye concentration: The initial dye
concentration was varied from S to 15 ppm to know its
influence on photocatalysis at a constant catalyst amount
(1 g/L) and oxidant dosage (1 mL), and the results are
displayed in Figure 9d. The diminishing behavior of RhB
photodegradation at a higher initial concentration (15
ppm) is possibly ascribed to the blocking effect of the
adsorbed RhB molecules on light penetration. As the
concentration of the dye is increased, light is absorbed
by the dye molecules, and thus, light does not reach
efficiently the catalyst surface, i.e., increased initial RhB
concentration reduces the photon’s ability to reach the
surface of the photocatalyst, which lowers the photo-
degradation efficiency. Furthermore, on decreasing the
dye concentration from 10 to S ppm, the degradation
efficiency remains the same as that of 10 ppm dye
solution, and hence, 10 ppm was considered an
optimized dye concentration.

Thus, 1 g/L catalyst dosage, 100 mL of 10 ppm RhB
solution, and 1 mL of H,0, were considered the optimum
operating conditions, which can be further applied to compare
the degradation efficiency of other LFCO catalysts. The
photodegradation of MB, MO, and the ternary mixture of RhB,
MB, and MO dyes has also been studied with LFCO-U under
the same optimized conditions.

3.8.3. UV-Visible spectroscopy studies. The UV—visible
absorption maximum for the RhB dye was observed at 554 nm,
which slowly declines with increasing light exposure and
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disappears in 60 min under the optimized conditions by the
LFCO-U catalyst as illustrated in Figure 12b. This decline in
absorption intensity with time is ascribed to the breakdown of
chromophores, which give intense color to dyes. Furthermore,
the same optimized conditions were applied for degradation of
RhB by other catalysts also (LFCO-P and LFCO-G). For the
LFCO-P catalyst, the RhB dye degrades completely in 70 min,
but for LFCO-G, degradation becomes constant at 27% after
60 min. The graph for degradation of RhB under optimized
conditions by different nano-LFCO catalysts is depicted in
Figure 10.
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Figure 10. Photocatalytic activity of LFCO nanomaterials for
degradation of the RhB dye.
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Figure 11. Schematic diagram of the reaction mechanism involved in photocatalysis of RhB with LFCO-U as the photocatalyst.

The degradation percentage (D%) for RhB at a particular
interval of time is obtained from UV—visible absorption
spectra according to the formula

Ay — A
Do = o =4 g0
4o (8)

where A, is the initial maximum absorbance and A, is the
absorbance at time, “t”.

Since LFCO-U is the most active photocatalyst for the
degradation of the RhB dye, the photocatalytic activity of the
LFCO-U catalyst is also checked for degradation of other
organic dyes such as MB and MO and the mixture of RhB,
MB, and MO, and their UV—visible absorption spectra are
displayed in Figures S3, S4, and 12c, respectively.

3.8.4. Proposed Mechanism for Degradation of Dyes. The
photocatalytic activity of LFCO catalysts toward the
degradation of dyes in aqueous solution is mainly due to
hydroxyl radicals (OH*). A significant degradation (~84%) of
the RhB dye by LECO-U has been observed in the dark and
can be explained by a Fenton-like process. In Fenton
degradation, an iron-based catalyst activates H,O, to generate
hydroxyl radicals, causing an enhancement in the decom-
position of dyes. The possible reactions occurring during this
Fenton process are elaborated below [eqs 9—13]. The Fe®*
sites on the catalyst surface are reduced by H,0,, forming
HOO, and generate Fe?* ions, which in turn react with H,0,
to form OH® radicals, and finally, these radicals are responsible
for the degradation of RhB. Also, there might be the joint role
of Cr’* and Fe’" ions in the degradation of dyes. The Cr** ion
formed by HOO radicals reduces Fe** to Fe, and
subsequently, Fe*" initiates the Fenton reaction.®'

Fe** + H,0, - Fe’* + HOO® + H' ©)
Fe’* + H,0, - Fe’* + HO® + H* (10)
Cr’t + HOO® — Cr** + 0, + HY (11)
Cr** + Fe®t > Fe** + Cr*F (12)
Fe’* + H,0, » Fe’* + HO® + H* (13)

When the reaction mixture is exposed to visible light, two
processes occur simultaneously for the degradation of dyes: (i)
photocatalysis via photogenerated charges and (ii) Fenton-type
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reaction. In the presence of light, excitation of electrons from
the valence band to the conduction band of the photocatalyst
takes place, resulting in the formation of the electron (e”) and
positive hole (h*) pairs. The available photogenerated e~ on
the surface of the photocatalyst activates the H,O, and
dissolved oxygen present in water to produce OH® and O,*”
radicals, whereas the photogenerated h* reacts with H,O
molecules to produce OH® radicals.*”*’ These OH® and O,"~
radicals react with the adsorbed organic reactants efficiently,
eventually resulting in the breakdown of the organic reactants.
The schematic representation of the reaction mechanism
involved in photocatalysis is as shown in Figure 11. The
photocatalytic efficiency of the synthesized LFCO nanoma-
terials is found to be superior to that of the catalysts reported
in the literature, and their comparison is shown in Table S.

Table 5. Comparison of Photocatalytic Activity of the
LFCO-U with that of Some Published Photocatalysts

degradation(min)/
catalyst reaction conditions degradation (%) refs
LaFeOs-doped acid-  RhB = 10 mg L™, 80/98.3 94
modified natural pH = 6, H,0,
zeolite
g-C3N,/LaFeO; RhB = 10 mg L™, 120/97.4 95
H,0,
LaFeO;-doped RhB = 10 mg L™, 90/95.6 80
mesoporous/ pH = 6, H,0,
macroporous silica
LaFeO, RhB = 10 mg L7}, 90/99 96
pH = §, H,0,
LaFesCry 505 RhB = 10 mg L™, 60/99 this
synthesized by urea H,0, work

3.8.5. Photoluminescence Studies. To investigate the
electronic structure and optical properties of the materials to
extract information such as surface defects and efficiency of
suppression of electron—hole (e™/h*) pairs,>””**** photo-
luminescence (PL) studies were carried out, and its spectrum
is shown in Figure 12a. The intensity in PL emission spectra
increases due to the recombination of e”/h* pairs generated
due to the irradiated photons. It has been found that the
intensity of the emission bands increases in the order LEFCO-U
< LFCO-P < LFCO-G, which can be explained with the
support of surface area. The significant decrease in the
emission intensity of LFCO-U could be considered due to its
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Figure 12. (a) Room temperature PL spectra of LFCO nanomaterials and time-dependent UV—vis spectra of (b) RhB dye, (c) mixture of dyes,

and (d) discoloration on photodegradation of RhB.

higher surface area and hence the increase in the surface-to-
volume ratio. This in turn increases the number of defect
centers in the sample, and these defects provide a route for
trapping of holes and eventually cause a fall in the
recombination rate of e”/h* pairs and hence a decrease in
the emission intensity. Thus, this charge separation has
enhanced the photocatalytic activity of LFCO-U compared
to that of other LFCO samples. The remarkable enhancement
of the luminescence intensity of LFCO-G compared to that of
other samples is ascribed to its high rate of recombination of
photogenerated e™/h" pairs, which ultimately shows a very less
photodegradation activity.

3.8.6. Explanation for Photocatalytic Performance of
LFCO Materials for Degradation of Dyes. The optimized
parameters have also been applied to other catalysts (LFCO-G
and LFCO-P) for degradation of the RhB dye. It has been
found that both catalysts LFCO-G (27%) and LECO-P (95%)
exhibit low photocatalytic performance compared to that of
LFCO-U (99%) in the same time interval, as depicted in
Figure 10. The surface area provides an explanation for this
sort of photocatalytic behavior. Since photocatalysis is a surface
phenomenon and LFCO-U has a higher surface area than that
of the other catalysts, it provides a higher number of active
reaction sites and hence results in an effective degradation of
RhB."**® Moreover, recombination of e /h* pairs was also
found to be less prominent in the LFCO-U catalyst, which is
supported by our PL results. Thus, charge separation due to
trapping of e /h* pairs in LFCO-U results in enhanced
photocatalytic activity. Also, according to Fu et al,” for
degradation of organic dyes, e /h" pairs must move from the
inner body to the surface of the catalyst without their
recombination. Furthermore, the recombination rate of e /h*
pairs depends upon the crystallite size. An increase in the size
of the LFCO nanoparticles leads to an increase in the traveling
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time of e”/h" pairs to the surface of the photocatalyst, thus
causing higher probability of recombination rate of e”/h* pairs.
Hence, LFCO-U having the smallest crystallite size leads to
less recombination of e /h" pairs and exhibits excellent
photocatalytic performance in comparison to that of other
LFCO catalysts.

In the end, the photocatalytic performance of LFCO-U for
the degradation of MB, MO, and the mixture of dyes (RhB +
MB + MO) has been examined to check its applicability.
Figures S3 and S4 represent the absorption spectrum of MB
and MO with the characteristic peak at 664 and 464 nm,
respectively. The cationic dyes MB (98% in 60 min of
irradiation) and RhB (99% in 60 min) have degraded faster
than the anionic dye MO (60% in 60 min of irradiation). Since
LFCO-U is electron-rich, it may attract cationic dye molecules,
while repelling anionic dye molecules, and causes fast
photodegradation of cationic dyes.”” The difference in the
photodegradation of these dyes may be due to their different
molecular structures.”® Based on the reports,”””" the RhB
degradation process begins with an N-de-ethylation and
breakdown of the chromophore. This process involves the
opening of the rings of the molecules and a series of oxidation
products. Finally, mineralization of the smaller molecules
occurs until the final products are obtained, i.e., CO, and H,O.
In the case of MB, the degradation starts with the breaking of
the S—Cl, N—CH,;, CS, CN, and C=O0 bonds. Subsequently,
the degradation of a series of intermediate products occurs,
which will cause the MB rings to open, forming smaller organic
molecules. This degradation process continues until mineral-
ization is achieved.”' MO dye molecules involve the breaking
of the N=N bonds and separate the molecules. Afterward, a
series of intermediate steps occur, in which the molecules will
break into smaller molecules. This process occurs until
complete mineralization is achieved, and CO, and H,O
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remain as the final molecules.”””* In the case of the mixture of
dyes, the degradation completes in 90 min as shown in Figure
12c. It is further mentioned that the peak of MO in the mixture
is not strong due to the highly intense peak of the RhB dye and
MB dye.

3.8.7. Reusability Analysis. The reuse, regeneration, and
stability of the LFCO-U photocatalyst have a significant effect
on the degradation process, which make the process cost-
effective. Here, the catalyst in the case of all three dyes was
regenerated by filtration followed by several counts of washing
with ethanol and distilled water and then dried for 2 h at 120
°C. It can be seen from Figure S5 that LFCO-U has a good
degradation effect on all dyes after being used repeatedly for
five consecutive runs. The slight decrease in the catalytic
efficiency is due to the fact that some sample might be lost
during the separation process (centrifugation, washing, and
drying). Moreover, the XRD patterns of the recovered LFCO-
U catalysts (Figure S6) in the case of each dye after five cycles
demonstrate that the photocatalyst structure is preserved even
after recovery, indicating its high photostability.

3.8.8. Kinetic Study. The pseudo-first-order kinetic model
has been used to evaluate the photocatalytic degradation of the
RhB dye by nano-LFCO samples. The pseudo-first-order
model is expressed by the equation

t (14)

where C, and C, are the concentrations (mg/L) of the dye at
time ¢ = 0 and at particular time, t, respectively, and k is the
degradation rate constant (min~'). The absorbance of a dye
solution in UV—vis spectra is proportional to its concentration
in reaction medium, and thus, the ratio of absorbance at time t
= 0 (A,) to absorbance at time t (A,) is proportional to the
ratio of concentration at time t = 0 (C,) to concentration at
time t (C,), so eq 14 takes the form
In Ao = kt
Ay (1)

The linear fit between In(A,/A,) and reaction time t for RhB
degradation is shown in Figure 13. The regression correlation
coefficients (R*) have been found to be in the range of 0.96—
0.98 for LFCO samples, which indicates that the degradation
of the RhB dye fits well with the first-order kinetic model. The
rate constant (k) is a measure of the rate of the reaction and
has been determined from the slope of straight lines shown in

3 @ LFCO-G

@ LFCO-P °
do LFCO-U

IS

In(A,JA)

Time (min)

Figure 13. Plots of In(A,/A,) versus reaction time (min) with the
synthesized LFCO nanomaterials.
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Figure 13. The greater value of the rate constant corresponds
to a faster reaction. The k values for the degradation of the
RhB dye are found to be 0.00492, 0.0567, and 0.06724 min™"
for LFCO-G, LFCO-P, and LFCO-U, respectively. The
magnitude of k is found to be higher for LFCO-U, and
hence, an efficient photodegradation is obtained for LFCO-U,
as discussed in the photodegradation section.

4. CONCLUSIONS

In conclusion, the pure nanocrystalline phases LFCO-G,
LFCO-P, and LFCO-U with specific surface areas of 1.82,
4.66, and 7.33 m*/g, respectively, were successfully fabricated
by a combustion method using different fuels. Due to the
difference in the surface properties of LFCO samples, a
considerable change in structural, optical, and magnetic
properties has been noticed. The magnetic studies reveal that
magnetization increases linearly with crystallite size, as a
significant number of magnetic moments participate in the
magnetization of the sample having a larger crystallite size.
Both LFCO-P and LFCO-U show antiferromagnetic ordering
at around 267 and 289 K, respectively, whereas no such
transition is shown by LECO-G. Furthermore, the band gap of
the samples lies in the range of 2—2.6 eV, which is suitable for
carrying out visible light-induced photocatalysis. Among the
synthesized samples, LFCO-U shows excellent visible light-
assisted degradation of different dyes and their mixture due to
its higher surface area, small band gap, and less recombination
of photogenerated electrons as supported by PL results.
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