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Abstract

LaFeO3 perovskites have been prepared by the glycine–nitrate process (GNP) at various glycine-to-nitrate molar ratios. The perovskites have

been systematically characterized by X-ray diffraction, BET surface area, scanning electron microscopy, transmission electron microscopy and

temperature-programmed reduction to study the effect of glycine concentration on various properties of LaFeO3. The X-ray diffraction patterns of

the as-prepared and calcined samples show the formation of orthorhombic phase without any impurities. The BET specific surface areas of various

perovskites increased with an increase in glycine-to-nitrate ratio (GNR) of 2.0 but were nearly constant at higher ratios. The scanning electron

microscopy indicates that the prepared material is flake-like at GNRs �1.5 and exists as agglomerated particles at GNRs �2.0. The particle size of

the as-prepared samples was in the range of 30–130 nm depending on the GNR and the calcined samples exhibited particle size in the range of 60–

160 nm. The samples that were prepared at GNR < 1.5 did not show any peaks in temperature-programmed reduction, but the samples prepared at

a GNR of 2.0 and above showed the reduction of Fen+.
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1. Introduction

Perovskites are ABO3 type structured materials with a rare

earth metal at the A-site and a transition metal at the B-site. The

ionic radius of the A-ion is larger than 1.0 Å, while the size of the

B-ion is in the order of 0.6–0.8 Å. Perovskites have been

considered for various applications including catalysis [1–3],

solid oxide fuel cells [4–7], gas sensors [8] and as magnetic

materials [9,10]. One of the common perovskites is LaFeO3,

which has been reported for studies on Fischer–Tropsch

synthesis [11], partial oxidation of methane [12,13] and diesel

reformation [14]. Methods for preparation of LaFeO3 perovskite

include solid-state method [15], coprecipitation [16], sol–gel

method [17], citrate-gel method [18] and combustion method

[16,19]. These synthesis methods result in materials that differ in

microstructure, porosity and surface area. In the conventional
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solid state method, the oxides/carbonates are ground and fired at

high temperatures (�1000 8C). This method leads to large

particle size and might result in secondary phases as impurities

due to high temperature treatment. The wet chemical methods

result in fine particles that are homogeneous in size but require

long preparation time and calcination at a specific temperature

depending on the final requirements for the catalyst. In recent

years, combustion method has attracted significant interest due to

its simplicity [16,19]. Although synthesis of LaFeO3 by

combustion method has been reported [16,19], there is a lack

of information on the influence of glycine concentration on

various properties of LaFeO3.

In the present study, LaFeO3 perovskites have been prepared

by the glycine–nitrate process (GNP) with different amounts of

glycine and at different preparation temperatures to investigate

the effect of these parameters on surface area, particle size,

microstructure and reducibility. The synthesized perovskites were

characterized by X-ray diffraction to confirm the phase purity, by

BET for surface area, by transmission electron microscopy for

particle size and by temperature-programmed reduction to study

the reducibility. The results obtained from the characterization are

discussed in the light of preparation conditions.
d.

http://dx.doi.org/10.1016/j.ceramint.2011.07.026
mailto:rajender.kondakindi@gmail.com
http://dx.doi.org/10.1016/j.ceramint.2011.07.026


Fig. 2. X-ray diffraction patterns of the calcined perovskites.

Fig. 1. X-ray diffraction patterns of the as-prepared LaFeO3 perovskites.
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2. Experimental

2.1. Preparation of perovskites

LaFeO3 perovskites have been prepared by the combustion

method using glycine as the fuel. Lanthanum nitrate

(La(NO3)3�6H2O, 99.9%), iron nitrate (Fe(NO3)3�9H2O,

99.98%) and glycine (NH2CH2COOH, 99.5%) were obtained

from Alfa Aesar, USA. Glycine-to-nitrate ratio (GNR) has been

calculated based on the oxidizing and the reducing valencies of

nitrate and glycine, respectively. The oxidizing valency of

lanthanum nitrate is �15 (La(NO3)3 = 3 + 3(0 + (�6)) = �15)

and the reducing valency of glycine is +9 (H2NCH2COOH =

2(1) + 0 + 4 + 2 + 4 � 2 � 2 + 1 = +9). Hence, 1 mol of

lanthanum nitrate requires 1.66 mol of glycine (GNR = 1.0).

In a typical GNP, nitrates of lanthanum and iron were dissolved

in 50 ml of deionized water in a beaker (2 g batch). Glycine was

added to this nitrate solution according to the desired GNR. The

solution, while being stirred, was heated on a hot plate to

vaporize most of the water. Once the solution became

sufficiently thick to initiate combustion, the beaker was placed

in a furnace maintained at 300 8C. LaFeO3 samples were

synthesized at a furnace temperature of 300 8C with 8 different

GNRs ranging from 0.75 to 4.0. Additional two samples were

prepared at 100 8C and at 450 8C at a GNR of 2.0 to study the

effect of preparation temperature on the morphology and BET

specific surface area. All the powders obtained after the

combustion were ground, sieved through no. 100 mesh and

finally calcined at 700 8C for 2 h.

2.2. Characterization

X-ray diffraction patterns were recorded on a Scintag X-ray

diffractometer with Cu Ka radiation in the 2u range 20–808.
The particle size has been calculated by Scherrer equation after

subtracting the instrument broadening. The BET specific

surface areas were measured on an Autosorb-I instrument at

liquid nitrogen temperature. The samples were degassed at

200 8C for 2 h before the analysis. Mossbauer spectroscopy in

transmission and constant acceleration mode was performed

with a 57Co in Rh matrix. The isomer shifts are reported with

respect to a-Fe. The analysis was carried out at room

temperature. Scanning electron micrographs of perovskite

samples were recorded on a Philips XL30 instrument after gold

coating the samples. The samples for transmission electron

microscopy analysis were prepared by dispersing sample

powders in ethanol followed by spraying onto Cu grids using an

air gun. Transmission electron micrographs of various samples

were recorded on a Philips CM20 instrument at 200 kV.

Temperature-programmed reduction experiments were car-

ried out on a Zeton Altamira AMI-200 instrument. Approxi-

mately, 0.03 g of the catalyst was loaded in a quartz tube and held

between two quartz wool plugs. The temperature of the catalyst

was measured using a thermocouple that was in contact with the

sample. The sample was pretreated at 300 8C for 30 min in a flow

of Ar (50 ml/min). After the pretreatment, the reactor was cooled

to room temperature and the gas flow changed to 10 vol.% H2 in
H2/Ar mixture (50 ml/min). The sample temperature was then

ramped to 900 8C at a heating rate of 10 8C/min. The change in

the thermal conductivity of the gas mixture, due to hydrogen

consumption, was measured as the signal.

3. Results and discussion

3.1. X-ray diffraction (XRD)

XRD patterns of the as-prepared LaFeO3 perovskites are

shown in Fig. 1. All the prepared samples are in the

orthorhombic phase without any impurities such as single

oxides/metal. The phase formation was also confirmed after the

calcination step at 700 8C (Fig. 2). It is important to note that

the intensities are not normalized in Figs. 1 and 2 and, hence,



Table 1

BET areas and particle sizes of various LaFeO3 perovskites.

S.no. Glycine to nitrate

molar ratio

BET area

(m2/g)c

Particle size (nm)

BETc XRDc

1 0.75 7.8/6.9 116/131 109/115

2 1.0 6.5/5.7 139/158 134/139

3 1.5 14.3/10.5 63/86 75/85

4 2.0 26.2/13.5 34/67 29/65

5 2.0a 27/16.4 33/55 23/55

6 2.0b 27.8/15.6 32/58 25/54

7 2.5 �/13.6 �/66 �/72

8 3.0 �/13.4 �/67 �/64

9 3.5 �/9.3 �/97 �/64

10 4.0 �/13.6 �/66 �/58

a The sample was prepared at 450 8C.
b The sample was prepared at 100 8C.
c As-prepared/calcined. Fig. 3. Mossbauer spectrum of LaFeO3 sample prepared at 100 8C.
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cannot be compared in terms of crystallinity. Table 1 shows the

particle sizes of perovskites calculated by Scherer equation.

Particle size of the as-prepared and the calcined samples did not

change much at lower GNR (�1.0). As the glycine concentra-

tion increased in the precursor solution, the particle size of the

perovskites decreased until a GNR of 2.0 and remained

constant with the further increase in GNR. It has been reported

that the combustion temperature reach >1000 8C for samples

prepared at a GNR of �1.0 [20]. This high temperature causes

sintering of the particles, which explains the observed large

particle size at lower GNRs. As the glycine concentration

increases, the maximum attainable temperature decreases to

<500 8C (GNR � 2.0) [20]. This lower value of maximum

attainable temperature in the combustion yields smaller

LaFeO3 particle size for samples synthesized at higher GNR.

The amount of gaseous products generated also increases

drastically above a GNR of 1.0. The large volume of the gas
Fig. 4. Scanning electron micrographs of
products at higher glycine concentration (GNR > 1.0) inhibits

the sintering of the particles. Hence, smaller particle size can be

noticed. LaFeO3 samples prepared at 100 8C and 450 8C at a

GNR of 2.0 were also found to be single-phase material. The

particle size measurements carried out on these two samples are

very close to that of the sample that was prepared at a GNR of

2.0 at 300 8C. It might be safely concluded from Figs. 1 and 2

that the temperature of preparation does not have any effect on

the phase purity and the particle size of LaFeO3.

3.2. BET surface area

Table 1 shows the BET specific surface areas of LaFeO3

perovskite samples prepared at various GNRs and temperatures.

The BET specific surface areas of LaFeO3 samples, both as-

prepared and calcined, increased with an increase in GNR up to

2.0 and remained nearly constant at higher GNRs. The increase
 the as-prepared LaFeO3 perovskites.
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of surface areas is attributed to the higher amount of gaseous

products produced at higher glycine concentration (GNR > 1.0).

The gaseous products hinder the agglomeration of particles,

which in turn inhibits the sintering of particles. The BET specific

surface areas of the samples prepared above a GNR of 1.5 are

higher than that of LaFeO3 prepared by solid state reaction [15]

and combustion [21].

The grain equivalent diameter (DBET) has been calculated

using BET specific surface area according to the following

equation assuming that all the particles are spherical.

DBET ¼
6

rS
(1)
Fig. 5. Scanning electron micrographs o
where, r is the theoretical density and S is the specific surface

area of LaFeO3. The particle sizes obtained from BET surface

area and XRD are very similar, which indicates that there is

minimal interparticle contact.

3.3. Mossbauer spectroscopy

The Mossbauer spectrum of LaFeO3 sample prepared at a

GNR of 2.0 is shown in Fig. 3. This sample was prepared at

100 8C. The Mossbauer spectrum showed narrow absorption

lines of 0.25 mm/s. A least squares fit of the spectrum gave a

value for the isomer shift d = 0.36 mm/s, for the quadrupole

shift 2e = �0.069 mm/s and for the magnetic hyperfine field
f the calcined LaFeO3 perovskites.
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Hhf = 523.3 kOe. All these parameters confirm that the iron is in

trivalent state [22]. A small concentration of Fe4+ was also

present in the sample (<0.5%).

3.4. Scanning electron microscopy (SEM)

The SEM micrographs of the as-prepared LaFeO3 samples

are shown in Fig. 4. The grains are well separated in the sample

prepared at a GNR of 0.75 but agglomeration can be noticed in

the samples prepared at higher amounts of glycine. The samples

prepared at higher GNRs (>0.75) also show the presence of

porosity in the agglomerates. Fig. 5 shows SEM micrographs of

the LaFeO3 samples calcined at 700 8C. The samples prepared

at lower amounts of glycine (GNR < 1.5) show the connected

network of the particles. Partial agglomeration of the particles

can be noticed in the sample prepared at a GNR of 1.5. The

samples prepared at a GNR of 2.0 and above are completely

agglomerated (Fig. 5). Although, the agglomerate size is larger,

it can be noticed from Fig. 5 that the primary particle size is

smaller than that of the samples prepared at lower amounts of

glycine.

3.5. Transmission electron microscopy (TEM)

The TEM micrographs of two as-prepared LaFeO3 samples

are shown in Fig. 6. The particle size of the sample prepared at a

GNR of 0.75 is higher (>100 nm) than that of the sample

prepared at a GNR of 2.0 (<50 nm). The shape of the particles

is irregular in both cases. The TEM particle sizes are in good

agreement with the particle sizes estimated by XRD and BET

data. Fig. 7 shows TEM micrographs of a few LaFeO3 samples

calcined at 700 8C for 2 h. The particles in the sample prepared

at a GNR of 0.75 are agglomerated with a size of more than

100 nm, which is in good agreement with the particle size

calculated by Scherer equation. As the amount of glycine

increased in the precursors, the particle size decreased as can be

observed from TEM micrographs. At lower glycine amounts,

the synthesized particles are spherical, but as the glycine

amount was increased the particles exhibited dumbbell-like
Fig. 6. Transmission electron micrographs 
shape. Jadhav et al. [23] observed rectangular polygon shape

for LaFeO3 samples prepared by co-precipitation method. The

particle size in their work was 80 nm for the samples calcined at

450 8C. In the present study, smaller particle sizes were

obtained (GNR � 2.0) though the samples were calcined at

much higher temperatures (700 8C).

3.6. Temperature-programmed reduction (TPR)

The TPR profiles of LaFeO3 perovskites are shown in Fig. 8.

No reduction of Fe was observed at low temperatures (<700 8C)

for samples prepared at a GNR < 2.0. This observation is

consistent with the other studies [3,24]. The samples prepared at

a GNR of 2.0 and above showed peaks due to the reduction of

Fen+. In another study, it was observed that LaFeO3, prepared by

the reactive grinding method, was reduced in two major steps, the

first peak (�465 8C) was due to the reduction of Fe3+ to Fe2+ and

the second peak (�750 8C) was due to the reduction of Fe2+ to

Fe0 [25]. The two shoulders at the beginning of the first peak were

assigned to a small presence of Fe4+ and/or to a better reactivity

of Fe3+ cations in the perovskite [25]. LaFeO3 prepared by the

citrate method also showed two reduction peaks [26,27].

It has been proposed that the reduction of Fe proceeds as

follows [25]:

LaFe3þO3þ 1=2H2 ! LaFe2þO2:5þ 1=2H2O (2)

LaFe2þO2:5þ H2 ! 1=2La2O3þ Fe0þ H2O (3)

The sample prepared at a GNR of 2.0 showed a peak at

370 8C. In the case of the sample prepared at a GNR of 3.0, a

peak was observed at 386 8C. The peaks at 370 8C and 386 8C
can be assigned to the reduction of Fe4+ as reported elsewhere

[25]. These peaks were assigned to Fe4+ based on the

literature data, but could also be due to Fe3+ as discussed in

Mossbauer spectroscopy. The reduction profile of the sample

prepared at a GNR of 3.5 showed a peak at 456 8C, which

might be due to the reduction of Fe3+ [25]. The LaFeO3

sample prepared at a GNP of 4.0 showed 3 peaks at 310 8C,

396 8C and 475 8C. The peaks observed at 310 8C and 396 8C
of the as-prepared LaFeO3 perovskites.



Fig. 7. Transmission electron micrographs of the calcined LaFeO3 perovskites.
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are likely due to the reduction of Fe4+ with different levels of

interaction. The peak at 475 8C can be assigned to the

reduction of Fe3+ [25]. All the samples showed a reduction

response at temperatures nearly at or slightly above 700 8C
due to the reduction of Fen+ and the reduction did not

complete even at the highest measurement temperature of

900 8C. The presence of the reduction peaks at higher

amounts of glycine is attributed to the smaller particle size of

LaFeO3 and higher porosity.
In order to examine the effect of particle size/surface area on

the reducibility of Fen+, LaFeO3 sample (GNR = 4.0) was

calcined at 700 8C for 12 h and 24 h to deliberately increase the

particle size and to decrease the specific surface area. The BET

specific surface areas of the two samples calcined for 12 h and

24 h are 7.0 and 4.3 m2/g, respectively. The crystallite sizes

(calculated using Scherer equation) of the two samples calcined

for 12 h and 24 h are 100 and 130 nm, respectively (the XRD

patterns are not shown here but were confirmed to be in



Fig. 8. Temperature-programmed reduction profiles of various perovskites.
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orthorhombic phase). For same sample (GNR = 4.0) calcined at

700 8C for 2 h, the BET specific surface area and the particle

size are 13.6 m2/g and 58 nm, respectively. These results

clearly show a significant coarsening effect of calcination for

longer time. The TPR profiles of the two samples calcined for 2

and 12 h can be examined in the plots shown in Fig. 8. It can be

noticed that the intensity of the peaks decreased drastically for

12 h calcined sample and also the peaks shifted to lower

temperatures. The same phenomenon can be noticed for the

sample calcined for 24 h. The decrease of peak intensities in

TPR can be attributed either to the low porosity (low surface

area), which reduces the diffusion of H2 to the core of

perovskite particles [26] or to the increase of particle size of

LaFeO3 as reported elsewhere for the ammonia synthesis

catalysts [28]. Hence, the samples prepared at low GNRs

(<2.0) did not show any reduction peaks or very low intense

peaks due to the limited porosity or due to bigger particle size as

discussed above (Table 1 and Fig. 7).

4. Conclusions

LaFeO3 perovskite has been successfully prepared by the

combustion technique with nanometer size and the effect of

glycine concentration was studied on the properties of LaFeO3.

X-ray diffraction results showed the formation of orthorhombic

perovskite phase irrespective of glycine concentration in the

precursor and the temperature of preparation. The particle size

of the synthesized perovskites decreased with an increase in a

glycine-to-nitrate ratio (GNR) of up to 2.0 and was remained

nearly constant with further increase in GNR. Correspondingly,

the BET specific surface areas of the perovskites increased with

an increase in a GNR of up to 2.0 and remained constant with

the further increase in GNR. The surface area increased by two-

fold for a GNR increase from 0.75 to 2.0. The particle size

measurements by XRD, BET and TEM are in good agreement
with each other. No reduction of Fen+ was noticed at lower

GNRs (�1.5), but the reduction was observed >1.5 due to the

increase of specific surface area and also due to the decrease of

the particle size.
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