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ABSTRACT Single-phase highly crystalline LaFeOj is synthesized by autocombustion of the gel complex ob-
tained from citrate and metal nitrate precursors. The XRD analysis exhibited the transformation of amorphous
phases of La,O3 and Fe,Oj5 into highly crystalline LaFeO3 at 1000 °C. The agglomerated semi spherical mor-
phology is observed. The average particle size of sintered pellets at 1000 °C for 4 h, 8, 12, and 16 h heating
time is found 105, 130, 160 and 200 nm, respectively. TGA analysis revealed 27% weight lost due to the
decomposition of La(OH); and Fe(OH); into La;O3, Fe;O3, and LaFeOs. Electrical properties of LaFeO3 were
found to be dependent on micro-structural heterogeneities i.e., grain and grain boundaries. Two probe DC re-
sistivity exhibited decrease in resistance with increasing heat treatment and time. The outcomes of this study
confirmed the potential applications of perovskite-type LaFeOs in energy and environmental sectors.
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1. Introduction

While industrial development has improved the quality of life with the remarkable inventions and revolutions, it
has also created several issues and challenges related to the environment and energy [1]. The need for solutions to
environmental issues and alternative energy sources has increased the interest in synthesis and application of new materials
[2-4]. In recent years, much attention is given to the perovskite materials for their substantial optical and electrical
characteristics [5,6]. Recently, novel materials having perovskite structures, including HoFeOj3 [7], GdFeOj3 [8] CaMnOs3
[9] Nd; St FeO3 [10], YbFeOs [11] SmFeO3 [12] etc. have been thoroughly studied Lanthanum orthoferrite (LaFeOy3),
is one of the recognized perovskite-type oxides. It has an orthorhombic perovskite structure with space group Pbnm [13]
LaFeOs constitutes FeOg units with La®>* ions inserted between these units [14]. Considering Neel temperature (T )
of 740 K bulk LaFeOj is known to be antiferromagnetic [15]. The prominent mixed conductivity properties of LaFeO3
encourage its electro-ceramic applications. It is chemically stable in both reducing and oxidizing environments With
atomic doping of LaFeOs, several improved properties can be achieved including higher electrical conductivity, greater
dielectric constant and low dielectric loss susceptibility, polarizability and average type of permittivity [16, 17] Several
methods have been introduced for the synthesis of LaFeOs [18]. These methods include the thermal decomposition
of the coprecipitated precursor [La(OH)3 and Fe(OH);3], calcination of a mixture of LasO3 and FeoOs3, and the thermal
decomposition of heteronuclear complex i.e., La[Fe(CN)g [19] LaFeOs is found to be synthesized at 600, 800 and 1000 °C
from La-Fe-(CN), La-Fe-OH and La-Fe-O respectively. The uniform atomic level structure of LaFeOg is obtained during
thermal decomposition of the La[Fe(CN)g]-5H2O heteronuclear complex. Hence, the low temperature condition favored
the synthesis of pure LaFeO3 nanoparticles.

Another study used Las(COs3)3 and Fe(CO)5 as a starting material for the synthesis of nanocrystalline perovskite-
type LaFeO3 via sonochemical method [20]. The highly crystalline and homogenized product is obtained and the particles
were found to have 30 nm size, as confirmed by transmission electron microscopy (TEM). The coercivity and saturation
magnetization of the particles were found 250 H.. and 40 memu g~ ', respectively. The shorter annealing time and lower
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processing temperature increase the significance of this method than that of other chemical techniques that involve the
longer soaking and very high calcination temperature. It is noteworthy that longer soaking and higher temperature result
in high porosity and poor uniformity that may affect the properties of the powder [20].

A study reported the synthesis of nanosized (30 nm) LaFeOs powder via sol-gel auto-combustion method [21]. The
process involved the homogeneous sol formation followed by dried gel formation and combustion of dried gel. The
citrate-based sol-gel pathway is also introduced for the synthesis of uniform LaFeOs nanowires [22]. Other methods
for synthesis of LaFeOgs include glycine combustion method [23], SBA-16 template method [24], microwave-assisted
method [25], glucose sol-gel method [26], solid-state reaction method [27], starch assisted soft-chemistry method [28],
high energy milling [29], floating zone method [30], and auto-combustion of the gel complex acquired from metal nitrate
and citrate precursor [31].

The main objective of this study is to synthesize the single-phase highly crystalline perovskite-like LaFeOg for prac-
tical application in the field of energy and environment. The influence of sintering conditions on the phase transformation
is determined via advanced characterization techniques and the results are discussed concisely. The electrical properties
of perovskite-like LaFeOg are also determined. Based on findings of this study, perovskite-like LaFeOg is proposed for
practical application in the field.

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals and reagents used in this study were of analytical grade and used as received. Lanthanum nitrate
hexahydrate and iron nitrate nonahydrate were purchased from Sigma-Aldrich.

2.2. Synthesis of LaFeO3

The appropriate amount of lanthanum nitrate hexahydrate [La(NOs)3-6H2 O], citric acid monohydrate [C¢HgO7-H30]
and iron (IIT) nitrate nonahydrate [Fe(NO3)35-9H20] were dissolved (separately) in deionized water to achieve 0.1 M con-
centration (Fig. 1). Both nitrate solutions were mixed in glass beaker and stirred for 45 min. The prepared solution was
dropwise added into the 500 mL solution of citric acid monohydrate. The mixture was heated to 70-75 °C. Followed
by evaporation of solvent, wet yellow gel is obtained that was further dried in electric furnace (100 °C). The dried gel is
ground and kept in the glass beaker. The top of beaker is covered with aluminum foil and small holes were made in the
foil. The beaker was placed in furnace and the temperature is increased to 150 °C with the increasing rate of 5 °C/min.
The brown color precipitate is collected at bottom that was ground to the fine particles. The obtained particles were sin-
tered at different temperatures (450, 600, 800 and 100 °C) for 4 h. The obtained products were named as described in
Table 1.

200ml solution of 200ml solution of
Lanthanum nitrate Iron nitrate
Mixing 2 solutions place on

magnetic stirrer for 45mints

\

o Precipitation,
500ml citric | fitrati Grindi
acid solution » i .on& »
— Sintering at 450 to Fine
Characterization ‘ 1000 °C ‘ powder

F1G. 1. Scheme of LaFeO3 synthesis
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TABLE 1. List of samples prepared with different sintering conditions

Sample identity Sintering conditions

LFO-COP-Precipitates | precipitated powder

LFO-COP-450 °C sample treated at 450 °C for 4 h
LFO-COP-600 °C sample treated at 600 °C for 4 h
LFO-COP-800 °C sample treated at 800 °C for 4 h

LFO-COP-1000 °C sample treated at 1000 °C for 4 h

2.3. Instrumentation

Different characterization techniques are applied to identify the elemental and morphological properties of the syn-
thesized products. Temperature of electric furnaces is internally controlled. The crystallization progression was examined
by differential thermal analysis (DTA) and thermogravimetric analysis (TGA). The surface morphology and crystalline
structure of LaFeOj3 is examined by scanning electron microscope (SEM) and X-ray diffraction (XRD), respectively. The
resistance and capacitance characteristics of LaFeO3 are measured via impedance spectroscopy.

3. Results and discussion
3.1. Thermal analysis

Fig. 2 shows the thermal decomposition progression of LaFeO3. A small endothermic peak was appeared at 330 °C
and the sharp change in phase is started after 600 °C The weight loss is proceeded up to 800 °C in several steps. About 27%
weight loss is observed due to the decomposition of La(OH)3 and Fe(OH)s present in the total mass of the sample. The
decomposition of hydroxides resulted in the Lay O3, FeoO3 and LaFeOg3 phases. This weight loss was found in consistent
with reported value of 27.5% [20]. About 90% decomposition of hydroxides is achieved at 650 °C. A negligible weight
loss is observed when the temperature is increased from 800 to 1200 °C. The heat absorption at 800 °C is intensely
reduced when compared to 600 °C, however, a minor heat absorption was observed up to 1200 °C. Although LFO450 and
LFO600 contributed to initiate the transformation of amorphous phases, these conditions are not enough to achieve the
higher crystaline form of LaFeO3. The single crystalline phase of LaFeOs is started at 800 °C. The slight loss in weight
from 800 to 1200 °C is attributed to the loss of minute quantity of oxygen [32].
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FI1G. 2. TGA results of the precipitated powder

3.2. XRD analysis

The XRD analysis of the precipitate and the sintered samples is conducted to determine the phase transformation and
crystallinity of the material. Fig. 3 shows the XRD pattern of the precipitate. The diffraction peaks observed at the 26 of
27.5°,28.1°,39.8°,48.8°,55.7° and 64.8° represented the crystalline planes of La(OH)3 (110), (101), (201), (211), (112)
and (311), respectively. The corresponding planes were compared with the standard XRD pattern of La(OH)s (JCPDS
card No. 36-1481) and found in fine agreement with earlier studies [33, 34]. In addition, the diffraction peaks at the
20 of 22.1°, 26.0°, 38.5°, 42.6°, 43.9°, 61.4° and 70.0° indicated a phase of Fe(OH)3 The major peaks of amorphous
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phase of Fe(OH)3 found at 26 of 38.5°, 42.6° and 43.9° assigned to the corresponding (031), (222) and (213) planes,
respectively [35] The characteristic peaks of Fe(OH)3 were also found in good agreement with standard pattern (JCPDS
card 38-0032).
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F1G. 3. XRD pattern of LFO-COP-Precipitate

Followed by 4 h sintering at 450 °C, a peak appeared at 260 of 31.6° indicated the presence of LaFeO3 due to the onset
of the reaction between Fe(OH)3 and La(OH)3 (Fig. 4). However, the existence of LaFeOj3 is not highly marked due to
the incomplete transformation of La(OH)3 and Fe(OH)3 in to LaFeO3. Another study found that the diffraction peaks of
LaFeQOj3 remains uncertain when the sample is calcined below 500 °C [24]. The major reason behind this phenomenon is
the low crystallinity and higher amorphous phase of LaFeOs. In addition, differential peaks corresponding to Fe,O3 and
Lay0O3 were also found, as compared with the reported spectra of FeoO3 [36] and LasOg [37]. It is noteworthy that the
amorphous phases of hydroxides started transformation into crystalline form due to heat treatment.
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FIG. 4. XRD pattern of LFO-COP-450 °C

The samples obtained after 4 h sintering at 600 °C also displayed the amorphous phase of LaFeO3, Fe;O3 and Las O3
as shown in Fig. 5. XRD pattern of LFO 600 revealed the higher crystallinity than that of LFO 450. This is found in



Synthesis, characterization and electrical properties of the nanosized... 185

220 < LaFeOs
O Fe:O3
O La0s

200

O(121)

180
160 +

140 4

Intensity
<(110)

120 +

< (202)

100

80 (9]

60 +

20 30 40 50 60 70 80
2 Theta

FIG. 5. XRD pattern of LFO-COP-600 °C

consistence with TGA results, where, 90% of hydroxides were decomposed when 600 °C is applied. Fig. 6 shows the
XRD pattern of particles sintered for 4 h at 800 °C. The diffraction peaks observed at the 26 of 231°, 32.5°, 40.1°, 46.8°,
57.9°, 67.0° and 77.5° represented the crystalline planes of LaFeO3 (101), (121), (22), (202), (123), (004) and (204),
respectively. The obtained data was appeared in fine agreement with a reported XRD pattern of LaFeOg that is calcined
at 850 °C [38]. Although the higher level of crystallization is evident from the XRD pattern of LFO 800, some impurities
such as La>O3 and Fe,O3 are also observed.

Although, the XRD pattern of the as-burnt powder is attributable to a mixture of amorphous and crystalline phases,
heat treatment progressively improved the crystallinity of the powder to a well crystalline phase at 800 °C. All the XRD
peaks are well indexed by an orthorhombic unit cell of LaFeO3 with space group of Pbnm (JCPDS 37-1493). Substantial
variations in the peak intensity and full width at half maximum (FWHM) of orthoferrite peak were identified during heat
treatment. It is found that FWHM of the orthoferrite peak decreased as we increased the temperature of heat treatment.
This infers an increase in crystallite size at higher temperatures. The average crystallite sizes determined by Scherer’s
formula were 12, 23 and 43 nm for LFO450, LFO600 and LFO800, respectively. LaFeO3 phase formation during ignition
and increase in crystallinity with increase in heat treatment temperature were appeared in fine agreement with the reported
studies [39].

Further sintering at 1000 °C resulted in the formation of the crystalline phase of LaFeQs, as identified via XRD
analysis (Fig. 7). All the diffraction peaks were attributed to the single crystalline phase of LaFeO3 without any impurity.
The obtained pattern was found in consistence with the standard pattern of orthorhombic LaFeOs (JCPDS card 37-1493).
The calculated cell parameters of LaFeO3; were a = 5.563, b = 5.562 and ¢ = 7.868. The diffraction peaks and
corresponding crystalline planes were also found in fine agreement with earlier studies [16,40]. The effect of sintering
time on the crystalline structure of synthesized LaFeOs is also assessed. LaFeOs pellets were prepared under 40 bar
hydraulic pressure and sintered at 1000 °C by keeping in a ceramic boat for 4, 8, 12 and 16 h. The XRD pattern of all
the samples is presented in Fig. 8. All the spectra indicated the single crystalline phase of LaFeO3. However, an increase
in the time of heat treatment resulted a slight shift in diffraction peaks towards higher or lower angle from their actual
position. This phenomenon indicates the compressive strain and decrease in the length of the cell parameters. As shown
in Fig. 8, at 4 h we can see that there is a non uniform strain in which broading of the peak is visible whereas, the peak
position is shifted toward the higher angle due to the uniform strain in case of 8 h sample. The XRD pattern after 12 h did
not indicate any strain and peak was found at its original position. In case of 16 h treatment, the peak is again shifted to
the higher angle from their original position that is an indication of uniform strain.

3.3. SEM Analysis

Fig. 9 shows the SEM images of the LaFeOs sintered at different conditions. The microstructure shows that particles
have sharp grain boundaries and well defined geometric shapes. The agglomerated semi spherical particles were found
similar to the reported nano scale structure of LaFeO3 [41]. A prominent difference is observed in size of the particles
sintered for the different time duration. It is found that the particle size is expanded with increasing the duration of
heat treatment. Another study also found the similar expansion in particle size, when the LaFeOs is sintered at higher
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FIG. 7. XRD pattern of LFO-COP-1000 °C

temperature [42]. The average particle size is found 105, 130, 160 and 200 nm for the samples sintered at 1000 °C for 4,
8, 12 and 16 h, respectively. It depends on the diffusion rate of ions and the concentration of oxygen vacancies that cause
the increase in grain boundries.

3.4. DC resistivity

The DC electrical resistance is measured by two-probe method. This method involves two electrical contacts, and
each contact plays both roles of voltage measurement and current application [43]. The resistance can be determined by
measuring the voltage drop across the sample when passing a constant known current across the samples. The results
obtained from the resistance measurement are summarized in Fig. 10 and Table 2. As the heating time is increased, a
slight decrease in resistance is observed. At the extended heating time, the excessive oxygen vacancies and the defects
resulted in the low resistivity.
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FIG. 8. XRD patterns of pellets sinterred at 1000 °C for different time

TABLE 2. The resistance of sintered sample at 1000 °C

Samples Resistance (£2)

LFO-COP-1000 °C4h | 16.1-107
LFO-COP-1000 °C 8 h | 15.4-107
LFO-COP-1000 °C 12 h | 12.6:107
LFO-COP-1000 °C 16 h | 10.7-107

3.5. Impedance spectroscopy

The impedance spectroscopy is applied to determine the electrical properties of LaFeO3. At room temperature the
frequency range O Hz to 10 MHz shows the frequency dependence of the dielectric constant (Fig. 11). The results exhibited
that the high dielectric constant is due to grain-grain boundaries that changes with particle size, as the increase in heat
treatment time resulted in higher grain size. The sample sintered at 1000 °C for 4 h displayed the lowest value at low
frequency as compared to the sample at 16 h. This is the normal behavior of the dielectrics and the grain size distribution
is narrow. Generally, four types of electric polarization processes (electronic, ionic, dipolar and space charge polarization)
contribute to the dielectric properties [44]. At low frequency all of these polarizations are significant. At higher frequency
space charge polarization gradually decreases. Therefore, the value of dielectric constant is constant at high frequency
(10 MHz).
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FIG. 9. SEM images of pellets sinterred at 1000 °C for different time
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4. Conclusion

This study details the synthesis and characterization of perovskite-type LaFeO3. The synthesized particles were
characterized by XRD and the effect of sintering conditions on crystal symmetry and geometric structure is examined. It
was found that an increase in temperature resulted in the transformation of amorphous hydroxide phases to the crystalline
LaFeOj3 phase. It is also confirmed from XRD results that the synthesized perovskite-like LaFeOs has an orthorhombic
unit cell with space group of pbnm. The unit cell parameters of LaFeO3 were calculated as; a = 5.563, b = 5.562 and
c = 7.868. The SEM results exhibited the semi-spherical particles with sharp grain boundaries. The particles were found
in aggregation and expanded in size when sintered at high temperature. The average particle size of sintered pellets at
1000 °C for 4, 8, 12 and 16 h is determined 105, 130, 160 and 200 nm respectively. TGA analysis indicates that up
to 800 °C of the hydroxides were strongly decomposed. However, after 800 °C weight loss is remarkably decreased.
At 650 °C, 90% of the hydroxides were decomposed attributed to 27% weight loss. Two probe DC resistivity shows
that resistance decreases with the increase in heat treatment and time due to excessive oxygen vacancies and an increase
in particle size. Impedance spectroscopy displayed the high dielectric constant due to the grain-grain boundaries which
change with particle size. Based on the results, perovskite-type LaFeOs material is proposed for practical application in
energy and environmental fields.
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