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Abstract In this study, LaFeO3 oxides were prepared by
citric acid sol-gel method. The samples were subjected to
various calcination temperatures in order to investigate the
physicochemical properties of the oxide affected by the
parameter. Samples were characterized by XRD, TG/DTA,
IR, laser granulometry and cyclic voltammetry. By impos-
ing various calcination temperatures, phase evolutions were
observed. However, the calcination temperature affects sig-
nificantly the particle size and catalytic activity of the oxide
at higher temperature. Oxygen evolution shows that the cur-
rent density at 1,050 °C is five times greater than at 950 °C.
From these results, the best calcination temperature can be
chosen to arrive at the effective catalyst necessary for the
desired catalytic reaction.
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1 Introduction

Perovskite-type oxides have attracted great interest in both
applied and fundamental areas of solid-state chemistry,
physics, advanced materials and catalysis [1]. In particu-
lar, perovskites have been widely studied in recent years
as deep oxidation catalysts due to their relatively low cost,
high activity and thermal stability, which make them poten-
tial alternatives to noble metals in environmental power
generation (NO, and unburned hydrocarbons control) and
exhaust clean-up (volatile organic compounds removal, auto-
mobile converters). Much attention has particularly been
paid to lanthanum-transition metal-based perovskite oxides,
which were introduced into catalysis some 30 years ago
[2,3].

This work envisages the use of perovskite-type materials
as anodes for extractive metallurgical processes. The LaFeO3
is identified to thrive as a suitable electrode for O, evolution
in alkaline system due to its high electronic conductivity and
thermal stability. It is a p-type semiconductor catalytic mate-
rial of perovskite structure (ABO3). Its gas sensing prop-
erties, especially for toxic and noxious gases of NO, and
CO are reported [4]. Although, there are many studies of
preparation of LaFeOs oxides [4-8], few works have been
carried out on the effect of the calcined temperature on the
processes of formation of perovskite-like LaFeO3 nanocrys-
tals, structural and electrochemical properties of LaFeO3
oxides.

In our present work, lanthanum ferrite has been synthe-
sized by the citric acid sol-gel method using absolute alcohol
as solvent and characterized for its physicochemical prop-
erties. The effect of the calcined temperature on the phase
formation processes, particle size and electrochemical per-
formance of this material is presented.
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2 Experimental

Lanthanum ferrite was synthesized by the citric acid sol-gel
method. Aqueous solutions of La(NO3)>-6H,O (Biochem)
and Fe(NO3)3-9H,O (Biochem) were first dissolved in
absolute ethanol separately. The molar amount of citric acid
was equal to total molar amount of metal nitrates in solution.
Citric acid (Biochem) was added to the precursors under vig-
orous stirring. The obtained solution was heated at 110 °C
for 12 h and calcined from 400 to 1,050 °C under air to obtain
the final powder.

TGA and DTA analyses of the precursor were carried out
using a Linseis STA PT1600 thermal analyzer with a heating
rate of 10 °C per minute and under atmospheric conditions.
XRD characterization of samples was carried out with a D8
Advance-Brucker using a CuKe line at 0.1540 nm. IR spec-
tra were recorded using FTIR-Shimadzu 8400S spectrome-
ter. Powder size distribution was characterized with a laser
particle size analyzer (Mastersizer 2000, Malvern).

The electrochemical experiments for O, reduction and
evolution were performed using a Volta Lab 40 poten-
tiostat/galvanostat. The measurements were carried out in
a three-compartment cell. Potassium hydroxide electrolyte
solution (1 M) was prepared by dissolving the required
amount of KOH (Merck) into bidistilled water. The work-
ing electrodes (I cm?) were obtained by painting, with
an oxide suspension. The loading of catalyst films was
12 4+ 3 mg cm~2 in each case. The counter electrode used was
a Pt plate. The reference electrode was Hg/HgO/1 M KOH.
All potentials in the text have been referred to this reference
electrode.

3 Results and Discussions
3.1 TG/DTA Analysis

A typical TGA and DTA curves heating from 25 to 900 °C
for the LaFeOs3 precursor is shown in Fig. 1. The TGA curve
exhibits five weight loss stages at the temperature ranges of
25-180, 180-270, 270-380, 380-550 and 550-630 °C. The
DTA curve exhibits one broad endothermic peak at 120 °C,
three strong exothermic peaks at about 180, 350 and 510 °C
and two weak exothermic peaks at about 230 and 620 °C.
The first gradual weight loss step from 25 to 180 °C
accompanying with a broad endothermic peak and a strong
exothermic peak can be ascribed to the removal of the resid-
ual water and a partial decomposition of citric acid chain.
The second weight loss stage at the temperature range of
180-270 °C accompanying with a weak exothermic peak
corresponds to the decomposition of citrates and some of
the nitrates. The third small weight loss from 270 to 380 °C
associating with the strong exothermic peak at about 350 °C
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Fig. 1 TG and DTA curves of LaFeO3 precursor heated in air at
10 °C min~!
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Fig. 2 XRD patterns of the powders LaFeO3 calcined at different tem-
peratures

corresponds probably to the remaining organic matter and
formation of the disordered LayOs [9]. The fourth weight
loss from 380 to 550 °C accompanying with a strong exother-
mic peak corresponds to the combustion of residual carbon
and nitrates. A weak weight loss above 550 °C was detected.
It was accompanied with a small exothermic peak which can
be attributed to the formation of the LaFeO3 crystal. There
is no weight loss above 630 °C.

3.2 X-ray Diffraction

Figure 2 presents XRD patterns of LaFeO3 calcined at dif-
ferent temperatures. After being heated at 400 °C in air, the
powder is almost amorphous. When the powder is calcined at
T > 550 °C, the amorphous phase disappears and the charac-
teristic peaks of the perovskite phase appear with low inten-
sity, which signified the transformation of amorphous phase
to the crystalline pure orthorhombic phase. The crystallinity
of the LaFeOs phase is improved with increasing calcination
temperature. Further heating only increased the intensity of
the X-ray peaks, and no other phase peaks are observed.



Arab J Sci Eng (2014) 39:147-152

149

50
n

40 -

30
E | .
O 20 l/

10

]
0 T T T T T T T T T T 1
400 500 600 700 800 900
T (°C)

Fig. 3 Crystallite size of LaFeO3 samples calcined at different tem-
peratures

The same result was also reported using a bio-inspired
method [10] and another based on the thermal decomposition
of a cyanide-bridged heteronuclear complex, La[Fe(CN)g]
-5H,0 [5], indicating that LaFeOs3 begins to crystallize into
the pure orthorhombic structure at 600 °C and its crystallinity
increases with increasing calcination temperature.

While using the co-precipitation method [5], XRD pat-
terns at different temperatures indicate that the perovskite
phase becomes pure at the calcining temperature above
800 °C. The peak broadening at lower angle is more mean-
ingful for the calculation of particle size, therefore, size of
nanocrystals has been calculated using Debye—Scherrer for-
mula [11]. This formula for crystallite size determination is
given by:

D = 0.89)/BcosO (h

where D is the crystallite size, A is the wavelength of X-
ray, B is the full width at half maximum (8 expressed in
radians), 6 is the Bragg’s angle. The particle size obtained
from XRD for different calcination temperatures is presented
in Fig. 3. From this figure, it is clear that the crystallite size
increases with increasing temperature and it is substantial
after heating to above 750 °C. It was attributed to a typical
effect of temperature on crystal growth. The same trend was
also found for LaFeOs prepared by a sol-gel method using
glycine as a chelating agent [12].

3.3 IR Spectroscopy

The FTIR spectra of LaFeOj3 precursor and calcined powder
at different temperatures recorded in the range 400—4,000
cm~! are shown in Fig. 4. The broad absorption band at
3,440 cm~! is associated with the O—H stretch of intermole-
cular hydrogen bonds or molecular water. The sharp absorp-
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Fig. 4 Infrared spectra of powder LaFeO3 calcined at different tem-
peratures

tion band at 1,120 cm™! can be attributed to the vibrational
mode of carbonates. The band at 855 cm™! corresponds to
nitrate ions.

After calcining the LaFeOj3 precursor for 6 h, the bands
corresponding to carbonates and nitrates disappear and two
new bands at 560 and 450 cm™! are observed. These bands
are assigned to Fe—O stretching vibration and O—Fe—O defor-
mation vibration, respectively [13]. It can be observed that
most organic species in the precursor powders disappeared
after calcination between 550 and 650 °C which coincides
with the XRD analysis discussed earlier. It is observed that
the band positions are the temperature-dependent.

The bands displacement is so light that it is only noticed
when comparing spectra of calcined compounds at 400 and
850 °C. This may be due to the slight effect of temperature
on the distribution of ions in the structure.

3.4 Particle Size Analysis

Figure 5 presents the particle distribution of LaFeO3 calcin-
ing at different temperatures. After heating, the ceramics are
made of small grains of diameter smaller than 0.8 pum. How-
ever, these grains agglomerate. This is clearly revealed by
laser granulometry, as shown in Fig. 5, which presents the
percentage of volume occupied by the grains for a particular
diameter.

The powder has been ultrasonically treated in situ in
water for 15 min. The presence of two or three well-defined
peaks for all temperatures show that most of the grains are
aggregated. The grain size is centered around 1.2-18.69 pm
and the aggregate sizes are around 14-55 pm. The grain
size is observed to increase with the calcination tempera-
ture increasing. This trend shows well the crystallite size-
temperature dependency. Dai et al. [12] reported also that
the crystalline size of LaFeO3 oxide prepared using the
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Fig. 5 Particle size distribution of LaFeO3 samples calcined at differ-
ent temperatures
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Fig. 6 Cyclic voltammograms of LaFeOs3 calcined at 950 °C. Scan
rates: from 20 to 100 mV s~

same synthesis method increases from 31.7 to 53.5 nm
with increasing calcination temperature in the range 800-
1,000 °C, while the specific surface area decreases from
12.56 to 2.36 m? g~ 1. The crystallite size results exhibit the
same trend with increasing calcination temperature (Fig. 3).

Similar results were found with LaCoOs oxide [14].
Indeed, the grain size and the crystal size of LaCoOs3
increased with the calcination temperature from 500 to
800 °C using an amorphous complex as a precursor. This
indicates that the calcination temperature has a serious effect
on the grain size and the crystallite size of these oxides.

3.5 Electrochemical Properties
Electrochemical Behavior of LaFeO3 Electrodes

Figure 6 presents the voltammogram of LaFeO3 oxide at
three scan rates calcined at 950 °C. We find in general that this
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Fig. 7 Anodic current density of LaFeO3 as a function of a square root
of the scan rate

electrode has a qualitatively similar behavior. The voltam-
mograms at scan rate of 20, 50 and 100 mV s~ ! exhibit two
redox peaks, an anodic (Epa = 379, 417 and 490 mV) and
a corresponding cathodic (Epc = 102, 59 and 26 mV) peak,
respectively, prior to the onset of the O, evolution reaction,
revealing a pseudo-capacitance due to the Ni(III)/Ni(Il) sur-
face redox couple [15].

Indeed there is, in all cases before the release of oxygen,
the appearance of an oxidation peak. During the scan back,
a reduction peak is observed at lower potential. These peaks
are probably due to the couple Ni(IT)/Ni(III) from the nickel
substrate [16] according to the reaction:

Ni(OH), + OH™ — NiOOH + H,0 + e~

This result means that in anodic branch OH™ ions are electro-
adsorbed in the Ni(III) active sites of the oxide surface prior to
oxygen evolution. An increase in scan rate shifted the anodic
peak to more positive, probably due the effect of ohmic resis-
tance of the oxide.

With the increasing scan rate both anodic and cathodic cur-
rent increases and the cathodic peak potentials have shifted
towards negative values, while anodic peak potentials move
to more positive values. This observation suggests that the
electrode process is diffusion controlled. Anodic peak cur-
rents corrected for capacitive currents to the electrodes cal-
cined at two temperatures vary linearly with the square root
of the scan rate (Fig. 7). This linear relation appears also in
favor of the fact that the redox reaction is controlled by a
process of diffusion of ions in the material.

Electro-Catalytic Activity of LaFeO3 Oxides

The electrochemical activity for oxygen reduction and evolu-
tion reactions was investigated on LaFeO3-coated nickel sub-



Arab J Sci Eng (2014) 39:147-152

151

120

90

-30 4

-1.5 -1.0 ‘ —d.S ‘ 0.‘0 ‘ 0.5 1.0 1.5
E (V/(Hg HgO)

Fig. 8 Thei—F polarization curves of oxygen evolution and reduction
for LaFeOs electrodes calcined at different temperatures in 1 M KOH
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Fig. 9 Electrode performance as a function of temperature at £ = —1

and 0.8 V for oxygen reduction and evolution for LaFeO3

strate. Polarization studies under potentiostatic conditions
were carried out. Figure 8 shows the anodic and cathodic
current-potential curve of air electrode at different temper-
atures. The coated electrode films showed good adherence
during polarization. The voltammetric profile is rather fea-
tureless, showing a wide plateau region. It is clear that the
coated perovskite electrodes present a wide range of elec-
trochemical stability and a temperature dependency of the
current intensity.

Electrode reactions over the surface of the oxides exhibit
high currents. Calcined compounds at high temperature show
higher anodic or cathodic currents than those at lower one.
Compared to all samples, the LFjos50 (LaFeO3 calcined at
1,050 °C) one appears to be more active. As the temperature
increases the catalytic activity will also increases and pro-
vides a catalyst with high crystallite size. Figure 9 presents
the anodic and cathodic current densities obtained at poten-
tials of E = —1 and 0.8 V, respectively.

The highest electrode performance is achieved, for both
cases, with the sample calcined at higher temperature. Oxy-
gen evolution reaction shows an important jump for 7 >
950 °C where the current density at 1,050 °C (i, = 17.5
mA cm~2) is five times greater than at 950 °C (i, = 3.22
mA cm_2), while in the oxygen reduction reaction, the
response of the oxide is less visible and the maximum current
density produced at 1,050 °C is 0.79 mA cm~2. This result is
in good agreement with those reported by Einaga et al. [17]
on the benzene oxidation over LaMO3 (M = Mn, Co and Fe)
perovskite catalysts.

The catalytic performance of the LaFeO3 sample is rele-
vant with the crystalline size and the rate of oxygen migra-
tion from bulk toward surface [12]. In fact, Dai et al.
reported that as the calcination temperature increases in
the range 800-1,100 °C, the crystalline size increases. This
trend agrees well with the average particle size determined
from the XRD pattern parameters of the LaFeO3 oxide
(Fig. 3).

These results show clearly that the catalytic behavior of
iron oxide samples is consistent with their particles size
where smaller particles size was obtained at higher calci-
nation temperature. Indeed, the particle size dependence of
catalyst performance is consistent with the fact that the sur-
face structure and electronic properties change greatly with
the particle size.

Recent works reported that surface area of LaFeOs at dif-
ferent temperatures decreases with increasing temperature
[12,17]. This indicates clearly that the surface area of this
compound as the determining factor in the reduction and
evolution rates should be excluded, as the electrochemical
activity electrode does not increase with its surface area.

Berenov et al. [18] reported an increase in the measured
values of the conductivity with increasing the calcination
temperature for LaFeO3 oxide. Indeed, conductivity values
obtained at 750, 850, 950 and 1,050 °C are 0.13, 0.15, 0.20
and 0.31 S cm™!, respectively. This was probably due to
the increase of oxygen vacancies generated with increasing
temperature. This is in good agreement with measured See-
beck coefficients of LaFeOs which upon heating indicates
the increase in the positive values that can be ascribed to
the increase in the concentration of positively charged oxy-
gen vacancies generated intrinsically [19]. The temperature
dependence of oxygen vacancies in LaFeO3 oxide was also
reported by Levasseur and Kaliaguine [20]. In fact, TPD-O;
experiments show two types of desorbed oxygen species: the
one coming from the surface (a-oxygen) at T < 750 °C
and the other from the bulk (B-oxygen) at 7 > 750 °C, thus
leading to the creation of anionic vacancies.

Consequently, from these results it is suggested that oxy-
gen ion transport plays a predominant role in the overall
electrical conduction in LaFeOs3. This correlation between
the activity and the conductivity evinces the key role of the
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electrical parameter as a determining factor in the reaction
kinetics.

4 Conclusion

This study establishes the effect of calcination temperature
on the physicochemical properties of the lanthanum ferrite,
prepared by citric acid sol-gel method. Phase evolution was
clearly seen as the temperature was varied. However, the var-
ious calcination temperatures were found to make a signifi-
cant impact on the particle size and their distribution of the
samples at higher temperature. This was fully supported by
particle size measurements. In electrochemical study, LF;oso
electrode exhibits significantly greater electroactivity, indi-
cating that this material is the best electrocatalyst for oxygen
reduction and evolution reactions in the investigated tem-
perature range. These results indicate clearly the correlation
between the electrical conductivity and the electrochemical
activity in these compounds.
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