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A series of LaFeO3; perovskite nanoparticles (NPs) were successfully formed by a direct sol-gel method
involving different citric acid to metal ratios of x (where x = 2-16). The resulted precursors were treated
via auto-combustion, followed by calcination at different temperatures (300-700 °C). Size-controlled
LaFeOs3 NPs were getting smaller down to 18.8 nm at high citric acid ratio, showing relatively high surface
area up to 27.6 m?/g . Photocatalytic activity of the formed LaFeO5; NPs was explored for methylene blue
(MB) degradation in the absence and presence of 0.5 mM H,0, under light irradiation. Results showed
that variation of citric acid to metal ratio alter the band gap and reduce the photo-generated charge car-
riers recombination of LaFeO; NPs. Moreover, the LFC4-500 material (LaFeO5 synthesized using x =4,
and calcined at 500 °C) was the most active photocatalyst in solution at pH = 3 and 0.5 mM H,0,, with
the highest efficiency > 99% within 30 min and showed excellent reusability without etching even after
several cycles. Significantly, the LaFeO; NPs characteristics were correlated with their synthesis condi-
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tions and the type of interaction with citric acid during initial stages of crystal formation.
© 2022 Society of Powder Technology Japan Published by Elsevier B.V. All rights reserved.

1. Introduction

Discharge of organic contaminants from agricultural, textile,
petrochemical, dying, painting, cosmetic, and pharmaceutical
industries in water supplies cause serious problems for human,
animal, and the aquatic environment [1]. Biological degradation,
physical separation, and chemical treatment technologies were
utilized for the removal of organic contaminants from wastewater
[2-4].The biodegradable contaminants can be treated using
microorganisms through a slow biological treatment process [5].
However, the complete removal of persistent organic contami-
nants from the environment is imperative and represents a great
challenge. The chemical oxidation has been encouraged as a
promising, efficient, economical, and acceptable methodology for
large-scale wastewater treatment [6]. Advanced oxidation pro-
cesses (AOPs) particularly Fenton reaction (Fe?*/H,0,) and
Fenton-like reactions (Fe3+/H202) received much attention because
they can produce nonselective and highly reactive hydroxyl radi-
cals, which offer an eco-friendly technology for efficient degrada-
tion of persistent organic contaminants. Typically, a homogenous
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Fenton reaction includes a combination of dissolved ferrous ions
and hydrogen peroxide (H,0,). However, the application of
homogenous Fenton reaction in large-scale industry is limited
because (i) the activity of ferrous ions is pH-dependent and (ii) dif-
ficult separation of the catalyst from the ultimate effluent. There-
fore, the heterogeneous Fenton or Fenton-like catalytic reactions
were developed by utilizing iron-based materials. Iron oxides
[7,8], iron oxyhydroxide [9], metal ferrites [MyFe;.xO4 (M = Zn,
Mn, Co)][10], BiFeOs[11], graphene-BiFeOs3[12] SrFeOs[13] and
iron oxide NPs immobilized on mesoporous silica were studied
[14]. Furthermore, the catalytic efficiency was enhanced by utiliz-
ing external energy such as UV light, microwave, electricity, and
ultrasound radiation [15]. Although the tremendous research
efforts in the heterogeneous Fenton reactions, sluggish Fe(Il)
regeneration kinetics, low reaction efficiency, and high H,0, con-
sumption are still the major challenges. To overcome these limita-
tions, the control synthesis of iron-based catalysts in terms of
structural, compositional, and electronic properties and their cat-
alytic activity progress under photonic, electric, and ultrasonic dri-
ven forces should be addressed.

Light-driven photo-Fenton reaction was explored recently as a
highly promising approach to boost = Fe (II) regeneration and
H,0, activation compared to the other heterogeneous
Fenton processes. Fortunately, most iron oxides and ferrite are
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semiconductors that have narrow band gaps, which might interact
with visible light irradiation [16,17]. However, the short transfer
distance of photo-generated charge carriers (hole/electron pairs)
leading to a fast recombination rate and thus reducing the overall
photocatalytic efficiency. Perovskites are well known as multi-hole
semiconductors that show interesting applications in photocataly-
sis [18]. Perovskite-type oxides have a general formula ABOs,
where A, and B are rare earth metal ions and transition metal ions,
respectively. Interestingly, the band gap energy of ABO5; can be
tuned by altering the A and B ions or doping of different ions in
the perovskite crystal lattice. Among the ABOs perovskites, Lan-
thanum orthoferrite (LaFeOs) is a promising visible-light-driven
photocatalyst. It is a p-type semiconductor with narrow band gap
energy between 2 and 2.6 eV and unique optoelectronic properties
[19,20]. It has an orthorhombic structure, consists of FeOg octahe-
dron units and La>* lies in between these units. Thanks to their
thermal and chemical stability, LaFeO3; mixed metal oxide has been
used in many potential applications such as sensors [21], water
splitting [22], photocatalysis [19,23,24], and solid oxide fuel cells
[25]. Since, the characteristics of LaFeO3; are mainly depending on
the stoichiometric ratio, surface morphology, and particle size,
several synthetic strategies including; sol-gel [26], microwave-
assisted thermal decomposition [27], hydrothermal [28],
sonochemical [29], co-precipitation, and low-temperature thermal
decomposition were recently reported [30]. The sol-gel method is
one of the most successful methods for large-scale production of
nanostructured LaFeOs. However, the LaFeO3; NPs tend to agglom-
erate at high temperatures. Hence, the active sites for photocat-
alytic degradation efficiency will be sequentially reduced. The
LaFeO3; NPs were successfully dispersed on different porous sup-
ports. Formation of high surface area and thermally stable LaFeO3
nanocomposite were recently achieved by our group via the dis-
persion of their citrate precursors in nonporous silica [31] and
ordered mesoporous MCM-41 silica [32].0ther dispersion phases
were reported such as TiO, nanotubes [19] and carbon [33]. To
the best of our knowledge, crystal size control of LaFeO3 to nano-
sized level from a single precursor has not been explored yet.

In this context, a series of size-controlled LaFeO3; NPs were
formed by using of a direct sol-gel auto-combustion method. The
crystallinity, band gap and particle size were effectively controlled
using different molar ratio of citric acid (x = 2, 4, 8, and 16), and
subsequently calcination at different temperatures (300, 500,
600, and 700 °C). The obtained materials showed very interesting
structural, textural, morphological properties, which reflected on
their optical and photocatalytic activity towards MB decolorization
as a model of organic contaminants, under-stimulated sunlight.
MB is widely discharged from many agricultural and industrial
activities in water supplies causing intensive harmful effects.
Therefore, removal of MB from these effluents is a very important
issue for many current researches. The optimized conditions for
photocatalytic experiments were investigated and the decoloriza-
tion mechanism of MB was also proposed by using electron, hole,
and radical scavengers.

2. Experimental and method
2.1. Materials

All chemicals were of the highest analytical grade available
used without further purification. Lanthanum nitrate hexahydrate
(La(NO3)3-6H,0, 99%), citric acid CsHgO7 (98%), and Ferric nitrate
nanohydrate Fe(NOs);-9H,0 were purchased from Alpha chemical
Co. LTD. Hydrogen peroxide (H,0,, 30%), Ammonium hydroxide
(NH40H, 33%), and methylene blue (MB) were purchased from
BDH Chemicals Ltd. Hydrochloric acid (HCl, 37%) obtained from
RIEDEL-DE HAEN company. Sodium persulphate, EDTA, t-butyl
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alcohol, and sodium hydroxide were purchased from Sigma Aldrich
Co. Ltd.

2.2. Formation of LaFeO3 NPs.

The LaFeO3; materials were synthesized by a direct sol-gel auto-
combustion method using citric acid as a complexing agent with
molar ratios (x = 2, 4, 8, and 16). The stoichiometric amount of ferric
nitrate nanohydrate Fe(NOs3);-9H,0 (5 mmol) and lanthanum
nitrate hexahydrate La(NOs3)3-6H,0 (5 mmol) were dissolved in
100 mL doubly distilled water under continuous stirring. Then, a
solution of citric acid was dropwise added. The pH of the aforemen-
tioned mixture was adjusted by the addition of NH4OH to reach pH
8 and stabilize the nitrate-citrate sol. Homogenous nitrate-citrate
sols were produced and stabilized at room temperature for one
hour under magnetic stirring. The resultant sols were dried over-
night at 120 °C. Dried gel materials were chars gradually after their
drying in the order of LFC16 > LFC8 > LFC4 > LFC2 precursors due to
the expected oxidation of citric acid species at low temperature. It is
known that, the charring process of citric acid led to dehydration,
CO, loss and fragmentations into small species at low temperature,
specially, in presence of some nitrate species. The dried gels were
transferred into a dried crucible and ignited by a Benzen stove to
form a fluffy powder. Then, the final products were calcined at dif-
ferent temperatures (300, 500, 600, and 700 °C) for 1 h at a heating
rate of 1 °C/min. The produced LaFeO3; samples were assigned as
LFCx-yyy, where (x) represents citric acid molar ratio, and (yyy) is
corresponding to calcination temperatures. The LaFeO3; materials
were then used for further photocatalytic reactions.

2.3. Characterization of LaFeO3 NPs.

The X-ray diffraction pattern of LaFeO; materials was recorded
using D8-advance X-ray diffraction with monochromatic Cu-K,
radiation (A = 1.5418 A), and a scan rate of 0.05°/min in the 26
range from 10° to 80°. The diffraction patterns were analyzed using
PDF-2 Release 2009. Fourier transform-infrared (FTIR) spec-
troscopy in the attenuated total reflectance (ATR) mode of LaFeO3
samples was carried out using the Bruker Alpha FTIR instrument in
the range 400-4000 cm~! using KBr to investigate the chemical
functional groups. Simultaneous Thermogravimetric-Differential
(TG-DTA) thermal analyses were obtained using a thermal analyzer
model sdt 600 v20.9 build 20. TGA and DTA thermograms were
collected during heating up, with a ramp rate of 10 oC/min, from
room temperature (RT) to 900 °C in a flow of air atmosphere at
50 mL/min.

The diffuse reflectance spectra of LaFeO5; samples and the absor-
bance measurements of MB were performed at UV/VIS/NIR spec-
trophotometer model JASCO 770 V. Textural properties and
specific surface area of LaFeO; samples were determined by mea-
suring N, adsorption/desorption isotherms at 77 K using
BELsorp-mini, Japan. Before N, adsorption/desorption measure-
ments, the LaFeO; samples were degassed using flow N, gas
(99.999%) at 300 °C for 8 h. The specific surface area (Sggr) was cal-
culated by the Brunauer-Emmett-Teller (BET) and and pore size
distribution was derived by Barrett-Joyner-Halenda (BJH) methods.

Transmission electron microscopy model JEOL JEM model
2100F was used to explore the morphology of LaFeOs; samples.
The LaFeOs; samples were grinded, dispersed in ethanol and
dropped on a copper grid. Prior to inserting the LaFeOs into the
TEM column, the grid was vacuum dried for 20 min.

2.4. Set-up of the photocatalytic experiment.

The photocatalytic experiments were carried out using a
cylindrical reactor made from quartz with a total capacity of
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50 mL surrounded by a circulating water jacket to keep solution
temperature at 30 °C. The reactor was placed horizontally in front
of a 75 W xenon lamp producing a wide range of wavelengths to
simulate sunlight. The reactor was positioned away from the lamp
with light intensity simulated 1 sun (100 mW cm2) using a Thor-
labs digital handheld energy meter console (PM100D) connected
with a calibrated high sensitivity thermal sensor (S401C, Thorlabs).

The photocatalytic experiment was carried out at different pHs,
LaFeOs; NPs dosage, and H,0, concentrations in presence of 10 mg/
L MB at ambient temperature. Based on our results, the mixture
was purged with nitrogen and stirred in dark for 30 min to reach
adsorption/desorption equilibrium before irradiation [10,23]. The
photocatalytic experiments were carried out in three replicates.
The decrease in MB concentrations was monitored by measuring
the absorbance at Amax = 655 nm. The decolorization of MB in
absence of catalyst was also investigated using a xenon arc lamp
and monochromatic light source at Apax = 365 nm. It was found
that; the decolorization efficiency of MB is negligible compared
to LaFeO; photocatalyst. The pH 3 was selected to be an optimum
medium for MB decolorization over LaFeO3; under-stimulated solar
light irradiation. A 50 mL cylindrical reactor involves 10 mg/L of
MB and 10 mg of LaFeO3; sample was magnetically stirred in dark
for 30 min to reach adsorption/desorption equilibrium. Then,
H,0, was added to the mixture to initiate the photo-Fenton-like
reaction. At interval time, 4 mL of the reaction mixture was with-
drawn, centrifuged to separate the aqueous phase from the solid
catalyst, and the transparent solution was then analyzed by UV/
VIS/NIR spectrophotometer. The absorbance is corresponding to
Co. After that, the reactor was illuminated with a xenon lamp under
continuous stirring for 120 min and 60 min in the absence and
presence of H,0,, respectively [24]. At a regular interval, 4 mL of
the mixture was taken out, centrifuged, and measured the absorp-
tion intensity corresponding to C.. The photocatalytic efficiency
was calculated using the following relationship;

G -G

Efﬁ'ciency(%):( @ % (1)

3. Results and discussion
3.1. Characterization of the catalyst

The LaFeOs; NPs were synthesized using a sol-gel auto-
combustion method in presence of different molar ratios of com-
plexing agents i.e. citric acid (x = 2, 4, 8, and 16). Fig. 1(a-d) shows
wide-angle X-ray diffraction patterns of LaFeO3; materials calcined
at different temperatures (300, 500, 600, and 700 °C). Typical
diffraction peaks of LaFeO; material were presented in the range
of 20 from 10° to 80°, clarifies that all LaFeOs; materials have a well
crystalline phase. The characteristic diffraction peaks of LaFeO;
phase located at 20° = 22.38°, 32.03°, 39.54°, 46.03°, 57.26°,
67.20°, and 76.47°, that corresponding to (101), (121), (220),
(202), (312), (242), and (420), respectively. These peaks were
assigned to orthorhombic structure (JCPDS 37-1493) with a space
group Pnma and lattice parameters a = 5.566 A, b = 7.854 A, and
¢ = 5.553 A. Further, there are no additional secondary diffraction
peaks regarding La,03 or Fe,03 confirming a pure phase of LaFeO3
nanocrystals [23]. The intensity of the diffraction peaks was
enhanced by increasing the calcination temperatures. Further,
the intensity of the diffraction peaks at a ratio of 4 is the highest
amongst other citric acid molar ratios. It was found, the increase
of the citric acid ratio retards the formation of large crystals of
LaFeOs even at higher temperatures. Therefore, the citric acid ratio
is a crucial prerequisite for the formation of highly crystalline
LaFeO3 materials of multiple sizes. High crystalline LaFeO; materi-
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als can be obtained at a citric acid molar ratio of 4 even at a mod-
erate temperature > 300 °C. The crystal size was calculated using
the Debye-Scherrer equation as follow;

0944
P B (coso) (2)

where 1 is a radiation wavelength (1.518 nm), 1, is the full width
of half maximum of peak intensity in radian and 0 is a Bragg angle
in degree. The D, represents a grain or crystal size in nm. The crystal
size of LaFeO3 samples were calculated and found in the range of
18.83-29.34 nm as shown in Fig. S1 and Table 1. The crystal size
was increased at elevated calcination temperature, which is in
agreement with XRD data reported by Kéferstein et al. [34]. The crys-
tallite size of LaFeOs NPs was enhanced at all calcination tempera-
tures by increasing the citric acid ratio from 2 to 4, followed by a
noticeable decline for ratios 8 and 16. Thirumalairajan et al. sug-
gested that the citric acid ratio of 2 was necessary to obtain a pure
LaFeO; crystal without the presence of any secondary products such
as Lay0s3, Fe,03, and La(OH); [23]. However, the suggested sol-gel
procedure offered a pure LaFeOj3 crystal with a controlled grain size
by adjusting only the molar ratio of complexing agent i.e. citric acid
even at different calcination temperatures.

To investigate the surface functional groups, FTIR spectroscopy
of LaFeO; NPs was carried out in the range of 400-4000 cm™! at
different citric acid ratios and calcination temperatures as shown
in Fig. 2 (a - d). The FTIR spectra were analyzed by matching with
the previously reported FTIR spectra of LaFeOs; materials
[35-37,40-44]. The absorption bands at 453, and 575 cm™! are
attributed to O-Fe-O deformation vibration and Fe-O stretching
vibration, respectively, being characteristic of the octahedral FeOg
group in LaFeOs [23,35]. The characteristic peaks related to Fe-O,
which enhance and become sharper at the high calcination tem-
perature. These observations are in agreement with the XRD data
since the intensity of diffraction peaks were increased at elevated
temperatures. A small band located at 847 cm™! is assigned to
asymmetric stretching modes of the carbonate ions. The bands
located at 1402 and 1494 cm ™! are characteristic absorption peaks
of asymmetric stretching of metal carbonates, which cannot be
detected using XRD [36]. The absorption band at 1647 cm™! is
related to C = O of carboxylic group and 2355 cm™! are related to
asymmetric and symmetric stretching vibrations of carboxyl root
[23,37]. Noticeably, these absorption bands were increased at a
high citric acid ratio. The observed broad band at 3421 cm™! is
attributed to H-O stretching vibration modes or physically
absorbed water on the particle surface [23]. The intensity of the
hydroxyl group band was reduced with increasing the calcination
temperatures. The absorption band located at 3608 cm™~! which
appeared only at a high calcination temperature of 700 °C is char-
acteristic of La-O [35]. These results confirm the formation of a
pure LaFeOs; crystal combined with carbon residues.

Simultaneous TGA-DTA analysis was carried out for the LaFeO3
materials pre calcined at 300 °C in the flow of air atmosphere. The
TGA curves along with their DTG curves are shown in Fig. 3 (A), and
DTA curves are shown in Fig. 3 (B), respectively. The measured
weight losses at fixed temperatures of 300, 500 and 700 °C were
calculated to estimate the percentage of carbon in the LaFeO3; sam-
ples. The weight loss in the range of 200-350 °C was found to be
1.3, 2.0, 2.3, and 2.7%, while the weight loss found to be 8.8, 14.7,
6.66, and 10.7% upon heating to 500 °C for LFC2, LFC4, LFC8 and
LFC16, respectively. Meanwhile, the total weight losses upon heat-
ing to 700 °C are 11.0, 17.7, 8.9, and 12.9% for LFC2, LFC4, LFC8 and
LFC16, respectively. It seems that the LFC4 sample was containing
the highest percentage of carbonaceous material compared to LFC8
and LFC16 (prepared with the high ratio of citric acid). Such behav-
ior might be related to the formation of different of M — L;, com-
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Fig. 1. XRD patterns of LaFeO; samples synthesized using different molar ratio of citric acid and calcined at (a) 300 °C (b) 500 °C (c) 600 °C (d) 700 °C.

Table 1
The calculated crystal size of LaFeO5 derived from XRD patterns.

Sample Crystal size(nm) Sample Crystal size(nm) Sample Crystal size(nm) Sample Crystal size(nm)
LFC2-300 249 LFC2-500 26.5 LFC2-600 254 LFC2-700 29.1
LFC4-300 26.6 LFC4-500 29.1 LFC4-600 26.4 LFC4-700 29.3
LFC8-300 25.2 LFC8-500 26.3 LFC8-600 25.2 LFC8-700 26.7
LFC16-300 18.8 LFC16-500 19.5 LFC16-600 19.9 LFC16-700 23.0

plexes (L = citrate ligands, M = Fe** or La* ions). Noting that the
LaFeOs; materials were calcined in air at 300 °C before the TGA
measurements. This treatment may led to the decomposition of
non-bonded citrate species for LFC8 and LFC16 at < 300 °C, and
these species are supposed to be weakly coordinated or non-
coordinated species. This was justified in terms of the previously
reported studies that different LM species are formed at different
M:L ratios [38]. It has been found [39] that ferric citrate speciation
is significantly dependent on the excess of citrate species available
in the solution. Thus, at low citrate: Fe(IIl) molar ratios, the oligo-
meric species such as trinuclear complexes of [Fe;0(Cit);Hs]* are
the most abundant species; and the mononuclear species of [Fe
(Cit),H4]” was dominating at high citrate: Fe(Ill) ratios [39]. This
indicates that the excess citrate will be present as free (non-
bonded) species at high high citrate: Fe(Ill) ratios. Thus, the
decomposition of such excess free (non-bonded) species was sup-
posed to occur during the ignition step at 300 °C before the TGA
measurements. However, the small DTG peak observed at 320 °C,
with intensity in the order of LFC4 < LFC8 < LFC16, can be assigned
to the presence of residual part of free (non-bonded) citrate
species.

Therefore, the main DTG peak for the different samples, which
was peaking at 410 °C, assigned to the decomposition of strongly
bonded (to the M™ ions) species. Intensity of the latter peak was

following the order of LFC4 > LFC16 < LFC2 < LFC8. Furthermore,
a small DTG peak was observed at 620 °C (for LFC2 and LFC4)
and at 660 °C (for LFC8 and LFC16), which may be assigned for
the combustion of residual carbon/carbonate species. The residual
carbon contents were found to be 2.3, 3.0, 2.4, and 2.2% for LFC2,
LFC4, LFC8, and LFC16, respectively.

The DTA Curves (Fig. 3b) confirms the above assignment about
the presence of strongly bonded citrate species for in the LF4 sam-
ple. The observed peak maxima and peak areas are in the same
order of the weight loss LFC2 < LFC4 > LFC16 > LFC8. Thus, it can
be concluded that the oligomer species of [M3O(Cit);Hs]>” were
the most abundant species in LFC2 and LFC4 precursors, whereas
mononuclear complex [M(Cit);H4]" were predominate in LFC8
and LFC16. This implies that citrate species are more bonded at
low ration, whereas more non bonded, easy to burn, species are
present at high ratios.

The optical band gap energy of perovskite oxide material is one
of the significant key factors for determining the photocatalytic
activity. To recognize the effect of citric acid and calcination tem-
peratures on the optical band gap, the optical properties of LaFeO3
were investigated using UV/Vis spectroscopy. Fig. 4 shows diffuse
reflectance spectra of LaFeO3; materials synthesized using various
citric acid ratios and treated at different calcination temperatures
which is equivalent to the absorbance. The R% values were
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Fig. 2. FTIR spectra of LaFeO3 samples synthesized using different molar ratio of citric acid and calcined at (a) 300 °C (b) 500 °C (c) 600 °C (d) 700 °C.

increased to almost 100% at A > 600 nm, indicating that, the LaFeO;
materials absorb light in the visible region. The strong absorption
is mainly related to the electronic transition from the valance band
to the conduction band, O,, — Fesq. Thus, LaFeO3 could serve as a
potential visible-light-driven-photocatalyst. The optical band gap
of LaFeOs; was accurately determined utilizing diffuse reflectance
measurements through McLean analysis of the absorption edge as
shown in the following equations [34,40].

ahv = k(hv — Eg)'/" 3)

F(R).hv = k(hv — Eg)"/" (4)

Where a is the absorption coefficient, h is Planck’s constant, v is
irradiation frequency, E, is optical band gap energy, and k is the
energy-independent constant. The type of electronic transition
can be determined based on a value of n which usually takes 2,
2/3, 1/2, and 1/3 values for direct allowed transition, direct forbid-
den transition, indirect allowed transition, and indirect forbidden
transitions, respectively. The best fit of the straight line near to
the absorption edge was achieved at n = 2 by plotting the relation
between (F(R).hv)" vs. hv (as shown inset Fig. 4) [34]. The direct
allowed transition was exploited, and the Eq. (4) can be trans-
formed to,

F(R).hv = k(hv — E)"/* (5)

The band gap energy (E;) of LaFeO; materials was determined
and presented in Table 2 by extrapolation of the linear part at
the energy of F(R) — 0. The values of E, were varied from
2.381 eV for LFC8-500 to about 2.557 eV for the LFC2-700 sample.
The band gap values do not change significantly upon thermal
treatment at elevated temperatures which in agreement with pre-
vious studies [34,41]. Further, the values of the band gap were

notably reduced with increasing citric acid ratio up to 8 and then
increased at a ratio of 16 (Fig. S2). The band gap energy of
LFC2-500 and LFC4-500 materials with a crystal size of 26.47 and
29.06 were estimated to be 2.53 and 2.47 eV, respectively. This
behavior might also confirm the presence of a functionalized car-
bon around LaFeOs; NPs, particularly at a higher citric acid ratio
16. Wang and coworkers synthesized LaFeOs; immobilized onto
the carbon sphere via an ultrasonic-assisted method [34]. The band
gap values were decreased from 2.12 eV to 1.43 eV for LaFeO5 and
LaFeOs3/C, respectively. The presence of carbon enhances the corre-
sponding photocurrent due to the lowering of the recombination
rate of electron-hole pairs in visible light absorption. Thus, a study
of citric acid ratio upon crystallization of LaFeO3; materials is a crit-
ical issue to control the band gap and their photocatalytic
applicability.

The position of valance band (VB) and conduction band (CB)
edges of LaFeOs; materials at a point of zero charge were estimated
using Eq. (6) [45].

Ecs =y — E. — 0.5, (6)

where Ecg and Eyg are the potentials of conduction and valance
band edges, respectively,  is the absolute Mulliken electronegativ-
ity of the constituent elements for the semiconductor, E. is the
energy of free electron on hydrogen scale (~4.5 eV). The x value
of LaFeOs is ca. 5.54 eV. The potentials of conduction and valance
band edges of LaFeOs; samples were estimated as shown in
Table S3. The calculated values of Ecg are —0.22, —0.19, —0.15,
and -0.17 eV vs. NHE for LFC2-500, LFC4-500, LFC8-500, and
LFC16-500, respectively. Meanwhile, the potential of valance band
edge was calculated by the following equation;

Evg = Ecg + Eg (7)
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Fig. 3. (a) TGA-DTG and (b) DTA analysis of LaFeO3 samples synthesized using different ratio of citric acid.

The calculated values of Eyg are 2.31, 2.28, 2.23, and 2.26 eV vs.
NHE for LFC2-500, LFC4-500, LFC8-500, and LFC16-500,
respectively.

Next attention was turned to investigate the morphological
characteristics of LaFeOs in presence of various citric acid ratios.
Fig. 5 shows the TEM micrographs of LaFeO3; materials synthesized
using different molar ratios of citric acid calcined at 500 °C. Aggre-
gated spherical LaFeOs; NPs were observed. The average sizes are
25, 35, 15, and 17 nm for the citric molar ratio of 2, 4, 8, and 16
respectively. The particle size increases from ratio 2 to 4 and then
decreases in ratios 8 and 16 which in agreement with the XRD
data. The carbon residues (which were detected by TGA) were very
significant at a M: citric ratios to produce highly porous structures
as observed in Table 3. Further, the particle size was increased at
elevated calcination temperatures as shown in Fig. S4. Thus,
manipulation of citric acid ratios might have a significant effect
not only on the crystal size but also on the structure of grain
boundaries.

The heterogeneous catalytic process commonly occurs at solid
catalyst surface. Accordingly, the solid catalyst with large high sur-
face area is more favorable because the porous network increased
the area of exposed active sites to reactants molecules. The textural
properties of LaFeO; materials were measured using N, adsorp-
tion/desorption isotherms as shown in Fig. 6. According to IUPAC
classifications, the LaFeO3; materials exhibited type IV isotherm
with an Hs hysteresis loop at a high relative pressure region, which
is characteristic of mesoporous nature. The meso-cavities produced
through the interconnected LaFeO; NPs or extended carbon at a
high citric acid ratio as shown in TEM images. The specific surface
area (Sggr) of LaFeOs; materials was derived from the Burner-

Emmett-Teller method and represented in Table 3. The Sggy values
were found in the range 12-27.6 m?/g which are higher than the
previously reported values [23,32,34]. It was found the materials
calcined at 500 °C have a higher surface area for different citric acid
ratios and then decreased at elevated temperatures. Therefore, the
materials calcined at 500 °C might show high photocatalytic activ-
ity. Further, the Sger was increased with increasing the molar ratio
of citric acid except ratio 4, due to removing of carboneous mate-
rials, which formed through burning of oligomer species. The pore
size distribution was derived from the adsorption curve by the
Barrett-Joyner-Halenda (BJH) method (Fig. 6b). Multi-directional
pore size distribution in the range of mesoporous region was
observed for all synthesized LaFeO; NPs. Such a porous network
offers accessible pores which significantly enhances the diffusion
of ions to the active sites and increases photocatalytic efficiency.

3.2. The photocatalytic activity of LaFeOs.

The photocatalytic activity of perovskite materials is primarily
influenced by metal cation and/or oxygen anion vacancies in the
orthorhombic unity cell, which offered a significant increase in
adsorbed oxygen molecules at the surface. As a result, the effective
electron/hole separation might be achieved by the additional holes
trapping in the distorted crystal lattice. The manipulation of crystal
size and band gap energy of LaFeOs by tuning of citric acid ratio
was presented in this context and will be explored for photocat-
alytic decolorization of MB as a model of organic pollutants.
Fig. S5a shows the effect of solution pH on MB decolorization by
introducing a 0.10 g/L LFC4-500 dosage in a reactor containing
10 mg/L MB in different pHs of 3, 5, 7 and 9 for one-hour
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Table 2

The calculated bandgap energies of LaFeOs at different conditions.
Sample E; (eV) Sample E; (eV) Sample Eg (eV) Sample E; (eV)
LFC2-300 2.54 LFC2-500 2.53 LFC2-600 2.54 LFC2-700 2.56
LFC4-300 2.49 LFC4-500 247 LFC4-600 2.50 LFC4-700 2.54
LFC8-300 239 LFC8-500 2.38 LFC8-600 241 LFC8-700 2.49
LFC16-300 2.45 LFC16-500 243 LFC16-600 2.45 LFC16-700 2.50

under-stimulated solar-light irradiation. The solution pH has a syn-
ergic effect in photocatalytic decolorization of MB because it prob-
ably controls the surface charges or counterions around the LaFeO3
NPs. The highest decolorization efficiency was observed in a solu-
tion of pH 3. These results are in agreement with previously
reported literature [4,42].

For the photo-Fenton catalytic experiment, H,O, concentra-
tions, and LaFeO; dosage were investigated. Fig. S5b represents
the efficiency of 0.10 g/L LFC4-500 sample for decolorization of
10 mg/L MB in absence and presence of 0.1 mM H,0, at pH 3
in dark and under-stimulated solar light irradiation. The color of
solution was changed to colorless with time. The photocatalytic
efficiency was estimated to be 0.5%, 1.48%, 6.08%, 11.06%, and
45.45% within 30 min for H,0, in dark, H,0,/solar-light (photol-
ysis), LFC4-500/solar-light (photocatalysis), LFC4-500/H,0, in
dark (Fenton-like process) and LFC4-500 [H,0;/solar-light
(photo-Fenton-like process), respectively. It was also observed
that no catalytic efficiency of LaFeOs; materials was observed in
dark conditions. Interestingly, the combination of the LaFeOs
and H,0, under solar-light irradiation accomplished outstanding
photocatalytic efficiency within a short reaction time due to
in situ photo-generated highly reactive hydroxyl radicals (HO)
[4,8,9,14]. It was reported the photocatalytic efficiency was

decreased in a higher pH value due to the undesirable H,0,
decomposition, relatively inactive ferryl ions formation, or gener-
ation of high-valent iron species. Therefore, a solution pH 3 was
selected as the most appropriate conditions for further experi-
ments. Further, the effect of H,0, concentrations upon the decol-
orization of MB was also investigated (Fig. S5c). A 0.1 g/L of LFC4-
500 sample was dispersed in a solution of pH 3 containing 10 mg/
L MB and different H,0, concentrations (0.2, 0.3 and 0.5 mM)
under-stimulated solar light irradiation. The photocatalytic effi-
ciency enhances with increasing H,O, concentrations and reaches
72.3 %, 87.2 %, and 99.3% within 30 min of reaction time. These
results demonstrated that the LaFeOs is an efficient photocatalyst
for the MB decolorization even in the presence of low H,0, con-
centrations. These results are very interesting compared to previ-
ously reported data shown in Table 4. Little hydroxyl radicals
were produced at low H,0, concentrations. However, at high
H,0, concentrations, the produced hydroxyl radical interacts with
H,0, and generates hydroperoxyl species, which likely scavenge
active hydroxyl radicals [43]. Thus, a concentration of 0.5 mM
H,0, was utilized in the photo-Fenton reaction. The effect of
LFC4-500 dosages was also explored in MB decolorization. It
was found a dosage of 0.2 g/L is a sufficient dosage under our
optimized conditions.
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Fig. 5. TEM images of LaFeO3 samples synthesized using different molar ratio of citric acid.

Table 3
Textural properties of LaFeO3 materials at different conditions.
Citric 300 °C 500 °C 600 °C 700 °C
ratio - - - - - - - —
Seer(m’g ") Dp(nm) Vy(em’g™) Sger(m’g™’) Dy(nm) Vy(em’g™") Sger(m’g™’) Dy(nm) Vy(em’g™") Sge{m’g™') Dy(nm) Vy(em’g™)
2 15.5 1.96 0.024 21.0 10.9 0.092 17.2 12.52 0.083 141 2.21, 0.082
4 121 2.21 0.031 16.9 10.9 0.084 16.1 10.9 0.095 12.7 2.21 0.071
8 219 1.74 3.688 238 10.9 0.1433 239 10.9 0.1283 18.8 10.9 0.12
16 22.3 2.21 5.161 27.6 10.9 0.1461 24.1 10.9 0.1181 18.8 1.96 0.091

The UV/Vis spectra of MB decolorization using LaFeO3; materials
were represented in the absence and presence of H,0, under solar
irradiation as shown in Figs. 7, S6 and S7. The spectra of MB were
altered obviously during photocatalytic process in the presence of
H,0,. All the absorption bands at A = 245, 290, 614, and 655 nm are
gradually decreased. These peaks might be assigned to the benzene
ring, phenothiazine conjugate system, and auxochrome group,
respectively. The reduction of these peaks might be related to
destruction of sulfur-nitrogen conjugated system and ring-
opening reaction of phenothiazine [58,59]. Further, the absorbance
of the MB solution with LaFeO3/H,0, approach almost zero after
60 min, indicating a complete decolorization/degradation of MB.
It was found the photocatalytic efficiency of LaFeO; materials is
effectively controlled by the variation of citric acid ratios. The

photocatalytic efficiency of LaFeOs; fabricated by citric ratios 8
and 16 is negligible at all calcination temperatures. This might be
due to the small particle size, narrow bandgap and low carbon
residual content of LFC8 and LFC16 samples which promotes the
recombination rate of photo-generated electron/hole pairs and
inhibits the photocatalytic efficiency [60]. The highest photocat-
alytic efficiency was observed using citric acid ratio 4. The photo-
catalytic efficiencies of LFC4-300, LFC4-400, LFC4-500, LFC4-600
and LFC4-700 are 20.3, 30.8, 45.5, 41.5%, and 46.2% after two hours
of reaction time, respectively. Meanwhile, after thirty minutes of
reaction time, these catalytic efficiencies were dramatically
increased to 52.9, 74.8, 99.6, 99.3, and 99.3% in the presence of
0.5 mM H,0,. We can conclude that the controlling of particle size
of LaFeO3 and residual carbon amount (as presented in FTIR (Fig. 2)
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and TGA (Fig. 3)) are significant factors in the photocatalytic decol-
orization of organic contaminants because they could adjust the
separation of photo-generated hole-electron pairs. In a high citric
acid ratio, the particle size was decreased in all calcination temper-
atures. As a result, the recombination rate of photo-generated
hole-electron pairs was increased and the photocatalytic process
was suppressed even in presence of H,0,. This unexpected behav-
ior of H,0, is related to the acidic surface functional group in the
carbon in the LaFeO3; materials that retard H,0, activity to produce
*OH and thus might decompose to H,O and O, [61]. Wang et al.
found the reduction of particle size for NaNbOs to a certain thresh-
old (<30 nm) increases the recombination rate of photogenerated
electron/hole pairs and decreases the photocatalytic efficiency
[62]. The reduction of particle size might alter the geometry config-

uration of the surface and decrease the coordination number of the
surface atoms which also leads to an increase in the number of
defect sites and immobilization of more excitons on the sample
surface.

To investigate the photocatalytic reaction mechanism of MB
decolorization over LaFeO5; NPs, 3% ethanol was added to the reac-
tion mixture as shown in Fig. S5d. The photocatalytic efficiency of
LFC4-500 was significantly suppressed to 1.35% and 10% after one
hour in the absence and presence of 0.5 mM H,0, under solar-light
irradiation. Ethanol is known as a hole and hydroxyl radical (*OH)
scavenger [44]. To investigate the dominant reactive species ca.
electron, hole, and hydroxide radicals that responsible for MB
decolorization over LaFeOs surface, different scavenger reagents
such as sodium persulphate (PS), EDTA, and t-butyl alcohol (TB)
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Table 4
Comparison of LaFeOs efficiency for decolorization of methylene blue via photocatalytic processes.
Catalyst Reaction conditions Degradation rate (%) Time (min) Reusability Ref.
LaFeO3 [MB] = 25 mg/L, [H,0,] = 4.0 mM, Catalyst 33% 180 - [46]
CdS/LaFeOs loading = 0.5 g/L, 400 W Hg lamp 97.5% 93% after 5th cycles
LaFeO; [MB] = 15 mg/L, [H,0,] = 17.6 mM, pH 2, 99.38% 60 [47)
Catalyst loading = 0.02 g/L, Visible light
irradiation
LaFeO; [MB] = 10 mg/L, [H,0,] = 176 mM, 500 W 93.8% 240 - [48]
Xenon lamp with 420 nm cutoff filter as a
visible light source.
LaFeO3 [MB] = 20 mg/L, Catalyst loading = 1.0 g/L, 45.5% 180 39.3% after 3rd cycles [49]
LaFeOs/silica fiber 300 W Xenon arc lamp 47.5% -
LaFeO3 [MB] = 20 mg/L, Catalyst loading =2 g /L, 12.6% 60 [50]
AgCl/Ag/LaFeOs 400-W xenon lamp with a cut-off light 97.9% 100 No change after the 5th
below 400 and the light intensity per unit cycle
area was 450 mW/cm?.
LaFeO3 [MB] = 5 mg/L, Catalyst loading = 2 g/L, 59.79% 120 - [51]
high-pressure fluorescent Hg lamp (125 W)
LaFeO3 [MB] = 5 mg/L, Catalyst loading = 0.5 g/L, A 40% 150 - [52]
125 W high-pressure lamp
(Amax = 365 nm) was used as light source
LaFeO3 [MB] = 0.5 mg/L, Catalyst loading = 0.1 g/L, No obvious efficiency 70 - [53]
LaFeO3-C 300 W xenon arc lamp with a UV-cutoff 60%
LaFeOs-rGO filter(400 nm) 98%
LaFeO3 [MB] = 25 mg/L, Catalyst loading = 0.4 g/L, 42% 240 - [54]
400 W mercury lamp with a 420 nm cutoff
filter
LaFeO3 [MB] = 10 mg/L, Catalyst loading = 0.5 g/L,4 48.9% 90 - [55]
0 W fluorescent Light(8.35 W-m — 2 at
420 nm)
LaFeOs/Ti foil [MB] = 10 mg/L, A 500 W tungsten halogen 32.9% 120 [19]
LaFeO3/TiO, NATs lamp with the intensity of 130 mW cm 2. 69.7%
LaFeO3 [MB] = 5 mg/L, Catalyst loading =1 g/L, 3 W 3% 120 - [56]
5%-LaFeO3/g-C3Ny LED irradiation >95% No significant changes in
catalytic efficiency after 4th
cycles
Bulk LaFeO; [MB]= ? Catalyst loading = 1 g/L, 150 W 7.4% 120 [57]
Floral like LaFeO3 high pressure, mercury lamp(2>400 nm) 92.85% No catalytic activity loss
after 4th cycles
LaFeO3; NPs [MB] = 10 mg/L, Catalyst loading = 0.2 g/L, 45.6% 120 95.3% degradation In this work
pH = 3,1 75 W Xenon lamp (100 mW/cm?) efficiency after 5th cycles
as a visible light source
[MB] = 10 mg/L, [H,0,] = 0.5 mM, Catalyst 99.6% 30

loading = 0.2 g/L, pH = 3, 75 W Xenon lamp
(100 mW/cm?)

were utilized, respectively (Fig. S8). In the presence of 2.0 mmoles
of sodium persulphate, the photocatalytic efficiency of LFC4-500
and LFC16-500 was increased up to 100 and 50% within 30 min,
indicating that the persulphate anion scavenge the photogenerated
electrons and form ®SOj species. By addition 2.0 mmoles of EDTA
(as a hole scavenger), the photocatalytic efficiency of LFC-16-500
and LFC4-500 for MB decolorization was significantly enhanced
up to 50% and 63% after two hours due to generation of more elec-
trons reducing oxygen to superoxide radicals or formation hydro-
gen peroxide. These results indicated that the recombination rate
of the photo-generated charge carriers for LFC-16-500 is higher
than that of LFC4-500. Further, the photocatalytic efficiency was
significantly suppressed over the LFC4-500 from 46% to 6% by addi-
tion of 2.0 mmoles TB. Based on these results, the photocatalytic
decolorization of MB was dominated by the formation of ®OH
radicals.

Next attention was turned to examine the charge transfer resis-
tance (R.¢) and separation efficiency between the photo-generated
electrons and holes by electrochemical impedance spectroscopy
(EIS) in the range of 0.01 Hz to 100 kHz at Epc = 0.5 V vs. Ag/AgCl
and Eac = 10 mV. Fig. S9 shows the Nyquist plot of LFC4-500 and
LFC16-500 modified glassy carbon electrode (GCE) in the absence
and presence of 10.0 mmole ascorbic acid in dark and light. A typ-
ical semicircle was observed for LaFeOs; materials regarding charge

10

transfer resistance. The LFC16-500 illustrates a smaller arc radius
than LFC4-500, indicating a low charge transfer resistance of
LFC16-500 in dark. As a result of the smaller particle size, the
LFC16-500/GCE could easily oxidize ascorbic acid. In the absence
of ascorbic acid, both LaFeOs materials demonstrated a decrease
in charge transfer resistance (R.;) after solar light irradiation owing
to charge carrier immobilization. The arc radius of LFC4-500 was
significantly reduced compared to LFC16-500 in in the presence
of ascorbic acid. These findings might support LFC4-500 sensitivity
to solar light irradiation, as well as its low charge transfer resis-
tance and adequate separation of photo-generated electron and
hole pairs for trapping in residual carbon.

The position of CB and VB band edges of semiconductors is an
important factor for photocatalytic processes. The potential of CB
and VB were calculated according to the Mulliken electronegativity
theory, as Ecg = -0.19 eV, Eyg = 2.28 eV for LFC4-500. After solar
irradiation, the LaFeO3; NPs absorb visible light to generate electron
and hole pairs. The suggested mechanism is demonstrated in
Fig. S10. The electrons are transferred from VB to CB and leaving
positive holes in VB as shown in Eq. (8). The photogenerated hole
has more positive potential than ®OH/OH~ (1.99 eV vs. NHE) sug-
gesting that the accumulated holes (2.28 eV vs. NHE) on the VB
of LaFeOj5 can oxidize OH™ to ®OH which subsequently decolorizes
MB dye (Equations (9) and (10)). The LUMO and HOMO levels of
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MB are —0.25 and 1.61 eV, respectively. Thus, the electron of LUMO
could diffuse to CB of LaFeOs. The photogenerated electrons in the
conduction band (-0.19 eV vs. NHE) of LaFeOs are less negative
than 0,/®03 (-0.33 eV vs. NHE) and cannot be able to reduce the
0, to ®03 which also proved that ®03 radicals are not the reactive
species. However, it could reduce the O, to H,0, at (0.68 eV vs.
NHE) which subsequently reduced the H,0, to ®OH at 0.32 eV
vs. NHE. Thus, the adsorbed oxygen on LaFeOs; can be reduced by
two-electrons to form H,0, which is eventually reduced by one-
electron to form ®OH and OH~ (Egs. (11) and (12)). The addition
of a suitable amount of H,0,, facilitate the generation of ®OH
and promote decolorization efficiency (Eq. (13)). At the same time,
the hydrogen peroxide could react with the LaFeOs catalyst and
may cause a reduction of Fe** to Fe?" which participate in the
Fenton-like reaction (Eqs. (14)-(17)) [24].

LaFeOs; + hv — e~ +h* (8)

H,0 + h* —*OH + H* 9)

OH~ + h* —*OH

02 + 2H* + 2e- HHQOz

H202 + e —°*0OH + OH~-

H202 + hy — 2 *OH

=Fe3* + H,0, —= Fe3+ - H,0,

= Fe3* - H,0, —=Fe*" + HO,* + H*

=Fe3* + HO,*—=Fe?* + 0, + H*

=Fe?* + H,0, —=Fe3* + *OH + OH~

Dye + *OH — decolorization products

11

(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)

(18)
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Fig. 8. The integrated first-order reaction rate of the photocatalytic MB decolorization at

Based on the above results, the *“OH has a key role in photocat-
alytic decolorization of MB (Eq. (18)). The photocatalytic rates
were explored by applying first and second-order reaction equa-
tions (Fig. 8). It was found the photocatalytic reaction rate was fit-
ted by the pseudo-first-order reaction. The rat of photocatalytic
reaction value was estimated and found to be 0.0047, 0.0052,
0.076, and 0.094 min~! for LFC2-500, LFC4-500, LFC2-500/H,0,
and, LFC4-500/H,0,, respectively. The rate of reaction was LFC4-
500 is higher than LFC2-500. Besides, the photocatalytic rate for
LFC4-500 was enhanced more than eighteen times in the presence
of 0.5 mM H,0,. These results were also confirmed through the
measurement of Fe>* concentration that leached through the pho-
tocatalytic process. After the photo-Fenton-like catalytic experi-
ment, the filtrate was collected and analyzed using ICP-MS. The
concentrations of leached Fe** metals were found to be 2.0 mg/L
for LEC4-500. The leached Fe3* metal is about 1% of the total LaFeO4
dosage. This negligible concentration of dissolved ferric ions
implied that no significant contribution of homogenous photo-
Fenton-like reaction might occur.

The stability and reusability of the LaFeO5 catalyst is a major
advantage in the development of applicable catalyst. The recycling
of the LFC4-500 catalyst was evaluated by performing the photo-
catalytic decolorization of MB experiment several times. In each
experiment, the LFC4-500 catalyst separated by the centrifuge,
washed with ethanol/water mixture, and then dried in an oven
at 60 °C overnight. The LFC4-500 catalyst showed excellent
reusability with no significant change in the efficiency even after
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Fig. 9. Reusability of LFC4-500 in the photocatalytic degradation of methylene blue
in presence of 0.5 mM H,0,. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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500 °C and citric acid ratios 2, and 4 in (a) absence and (b) presence of 0.5 mM H,0,.

five cycles as shown in Fig. 9. The estimated efficiency calculated
to be more than 98%, indicating that, the LaFeO5 catalyst maintains
its features after five cycles. The results demonstrate also that it is
possible to produce a reusable, economical, and efficient LaFeO;
catalyst by adjusting the citric acid ratio for intensive photocat-
alytic processes.

4. Conclusions

We have successfully synthesized size-controlled LaFeO3; NPs by
using different citric acid: metal ions ratio via a direct sol-gel auto-
combustion method. It was found that the employed citric acid
ratios (2, 4, 8, and 16) and calcination temperatures (300, 500,
600, and 700 °C) were playing a significant role in the formation
of targeted LaFeO3; NPs. Thus, the formation of different L (citrate):
M (Fe and/or La) at low and high M: L ratios affect the size, struc-
ture and properties of the produced NPs. The formed LaFeO3; NPs
obtained with different citric acid ratios showed different behavior
toward the decolorization of MB in the absence and presence of
H,0, under-stimulated solar light irradiation. Among the formed
LaFeOs, the sample LFC4-500 showed promising photocatalytic
efficiency, stability, and reusability for photocatalytic processes.
Furthermore, the formation of highly reactive hydroxide radicals
(OH) via heterogeneous photo-Fenton-like reaction dominates
the photocatalytic pathway. Thus, the complex-assisted sol-gel
method could be employed as an efficient method and economical
protocol to synthesize highly photoactive perovskite materials. The
results also indicated the importance of LaFeOs; as a promising
photo-Fenton-like catalyst and their prospective application as
heterogeneous catalysts for the decolorization of various organics
in wastewater.
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