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Preparation of LaFeO3 particles by sol-gel technology
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Department of Physical Chemistry, University of Santiago de Compostela,
E-15706 Santiago de Compostela, Spain
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The study of submicroscopic particles in already known systems has resulted in a
renewed interest due to the large differences found in their properties when the particl
size is reduced, and because of possible new technological applications. In this work
we report the preparation of LaFeO3 particles by the sol-gel route, starting from a
solution of the corresponding metallic nitrates and using urea as gelificant agent.
Gels were decomposed at 200±C and calcined 3 h at several temperatures,T , in the
range 250–1000±C. The samples were structurally characterized by x-ray diffraction
(XRD) showing that the orthoferrite crystallizes atT as low as 315±C. From the x-ray
diffraction peak broadening, the particle size was determined. The size increases from
to 300 nm as the calcinationT increases. Infrared spectroscopy was used to characteriz
gels and calcined samples. From these studies a mechanism for the gel formation is
proposed. Study of the magnetic properties of LaFeO3 particles shows the presence of
a ferromagnetic component which diminishes as the calcination temperature increases
vanishing atT  1000 ±C.
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I. INTRODUCTION

Perovskite-type oxides containing transition metal
have been known to show high catalytic activity for the
complete oxidation of hydrocarbons, and their potentia
ity of replacing noble metals as combustion catalysts h
been examined extensively.1,2

LaFeO3 is an orthoferrite which crystallizes in the
space groupD2h

16-Pbnm3,4 and shows antiferromag-
netic order belowTN  740 K.5 This material is an
orthorhombic distorted version of AMO3 cubic per-
ovskites (A  Sr, Ca, or a rare earth; M transition
metal; e.g., SrFeO3) as a result of steric adjustments
when smaller rare-earth elements are substituted at t
A sites. The Fe atoms have an oxygen octahedral loc
environment and the distortion is manifested as a tiltin
of the octahedra off thec-axis direction. The degree of
tilting is dependent on the size of the A atom and thi
determines the deviation of the Fe–O–Fe superexchan
angle from 180±.6

Until now, almost all the studies about these com
pounds have been performed on single crystals a
powders obtained by solid state reaction.7 This tech-
nique, which uses metal oxides as starting materia
and needs several annealings at high temperatures d
ing long periods of time with frequent intermediary
grindings, has several problems, e.g., poor homogene

a)E-mail address: qfmatcvv@uscmail.usc.es
J. Mater. Res., Vol. 13, No. 2, Feb 1998
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and high porosity of the samples, no control on th
particle size, etc. To avoid these problems, which ar
common to the synthesis of other type of perovskites
several sol-gel techniques have been developed, show
different advantages compared with the conventional c
ramic fabrication techniques. For example, with sol-ge
techniques8–11 high purity and good homogeneity materi-
als require lower processing temperatures and shorter a
nealing times than conventional techniques, they prese
a high reproductivity, and they have a good control of th
stoichiometry, size, and shape of the particles obtaine

The study of fine and ultrafine particles has gaine
increasing interest due to the new properties the materia
may show when grain size is reduced and, therefore, th
new applications that can appear.

In the present work we describe the synthesis o
LaFeO3 microparticles via sol-gel technology, which
allows the preparation of polycrystalline powders a
lower temperatures than those used by solid state r
action. Samples calcined at several temperatures we
prepared in order to study the effect of the calcinatio
temperature on their structural and magnetic propertie
Infrared studies were carried out on the gel and it
decomposition products, and a mechanism is propos
for the gel formation.

II. EXPERIMENTAL PROCEDURE

In the synthesis procedures carried out in this wor
all the reagent-grade chemicals employed were Aldric
 1998 Materials Research Society 451
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(Steinheim, Germany) and were used without furthe
purification. La2O3, LasNO3d3 ? 6H2O and FesNO3d3 ?

9H2O were dried in a vacuum desiccator and stored i
an inert glove box before use, because they are highly h
groscopic. In order to obtain a polycrystalline referenc
pattern, LaFeO3 was synthesized by solid state reaction
For this purpose, La2O3 and a –Fe2O3 (hematite) were
used as starting materials. A stoichiometric mixture o
these reagents was ground in an agate ball mill for 6
and then annealed 184 h at 1000±C in several steps with
intermediary grindings.

For the synthesis of LaFeO3 via sol-gel technology
using urea as gelificant agent stoichiometric amoun
of lanthanum and iron nitrates were used as startin
materials, due to their high solubility in water. The
initial concentrations were 0.2 M in La(III ), 0.2 M in
Fe(III ), and the urea concentration was fixed atc  10,
with c  fureagyfLasIIIdg 1 fFesIIIdg. The reasons
for using this value ofc are given elsewhere.11 The
solvent was evaporated directly on a hot plate wit
continuous stirring at temperatures ranging between 7
and 125±C. When cooling down, a gel appeared, which
was decomposed in an oven at 200±C in air, yielding a
precursor of these samples. After 1 h dry-grinding, th
precursor was calcined at several temperatures (rang
between 250 and 1000±C) in order to study the effect of
the calcination temperature on their structural and ma
netic properties. Decomposition and calcination wer
carried out in a Quastar HEM-L-1 furnace in a static
air atmosphere with a heating rate ofø10±Cymin. All
the samples were quenched in air to room temperatu
after calcination.

The structural characterization of the polycrystalline
powders was carried out by x-ray powder diffraction
using a diffractometer Philips PW-1710 with Cu anod
(radiation CuKa of l  1.54186 Å). The measurements
were performed in air at room temperature. Infrare
spectroscopy measurements of the gel were carried o
in a Bruker IFS 66V spectrophotometer and calcine
samples were measured in a Mattson Cygnus 100 i
frared spectrophotometer flushed with dry air. KBr pel
lets between rock salt plates were used and IR spec
were scanned between 4000 and 400cm21 with a scan
resolution of 2cm21 for the Bruker and of 4cm21

for the Mattson spectrophotometers. Magnetization o
the samples was measured with a DMS 1660 vibratin
sample magnetometer (VSM).

III. RESULTS AND DISCUSSION

A. Infrared spectroscopy: Properties of the gel

The IR spectra of the gel and its calcination product
are shown in Fig. 1 and compared with the IR spectrum
of urea. In Table I is shown the absorption maxima
for urea and their assignments according to Penlan
452 J. Mater. Res., Vol. 13
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et al.12 The precursor and the products calcined below
315 ±C give somewhat complicated spectra, due to the
simultaneous presence of urea and its decomposition
products, although the bands at 1380 and 830cm21 may
be assigned to the nitrate group. We have observed tha
when the orthoferrite crystallizes, at 315±C, almost all
the organic stuff was removed and only the bands from
the nitrate group remained up to 500±C. The band at
565 cm21 may be assigned to the Fe–O stretching.13

Hydrogen bonding was observed for the gel and the
precursor, surely due to the hydroxide ions, because o
the shift of theC°°°° O stretching to lower frequencies
(1662cm21) and the NH2 bending to higher frequencies
(1625cm21).14 For the samples calcined at temperatures
lower than the orthoferrite crystallization, the presence
of a carbonyl vibration at 1725cm21 is also observed,
which intensity decreases as the calcination tempera
ture increases. This band indicates that a coordination
bond is formed between the nitrogen and the central
metal atom.12 This N ! M bond increases the electron
demand by the donor nitrogen atom and blocks the
resonance between this nitrogen atom and the carbony
group, increasing theC°°°° O double bond character. For
the precursor, we have observed the presence of two
bands at lower frequencies (around 3030cm21) than that
from N–H stretching vibrations (3450 and 3350cm21),
which may be assigned to the N–H stretching vibrations
of the coordinated NH2 group.12 Since free and coordi-
nated N–H frequencies were observed in the spectra
it can be concluded that only one nitrogen atom of
each urea molecule coordinates to the central meta
ion. Nevertheless, the percentage ofN ! M bonding
decreases as the calcination temperature increases, as c
be observed in Fig. 1(b). The formation of theN ! M
bond implies a more single character for the C–N bond,
shifting it to lower frequencies (1450cm21). For the pre-
cursor the bands observed at 1588 and 1633cm21 may
be assigned to the free and coordinated NH2 bonding
vibrations. Taking into account all the assignments we
can assume the gel network is made by a random distri-
bution of metallic ions crosslinked through hydroxides,
nitrates, and urea (O- and N-coordination).

B. Mechanism of the gel formation

The role of the urea in the synthesis reaction is very
important.11 In an aqueous solution, metallic ions are
coordinated by water molecules, but when an aqueous
solution of urea is heated at temperatures>75 ±C, de-
composition of urea toCO22

3 and NH3 (with releasing
of hydroxide ions) becomes faster.15 In the absence of
acids the following reaction takes place:

urea! NH4
1CNO2.
, No. 2, Feb 1998
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(a) (b)

FIG. 1. (a) Infrared spectra evolution as a function of the calcination temperature, 4000–2000cm21. Lower part shows the IR spectra of
the urea and the as-prepared gel. (b) Infrared spectra evolution as a function of the calcination temperature, 2000–400cm21. Lower part
shows the IR spectra of the urea and the as-prepared gel.
n

n

b

s

TABLE I. Main absorption maxima for urea and their assignme
according to Penlandet al.12

Observed frequencies (cm21) Type of vibration

3457, 3349, 3260 N–H stretching
1682, 1607 C°°°° O stretching and NH2 bending
1467 C–N stretching
1154 NH2 rocking
1004 C–N stretching
573, 559 N–C–O deformation
500 N–C–N deformation

In acid media a rapid quantitative conversion of t
cyanate ion to ammonium ion occurs16:

CNO2 1 2H1 1 2H2O ! NH4
1 1 H2CO3 .

The rate of decomposition depends on the tempera
and urea concentration.16 Some new ligands which ca
substitute water molecules in their coordination positio
around the metal ions (NH4

1, OH2, CO22
3 ) appear

in solution. The substitution degree of water by oth
ligands depends on the nature and concentration
metallic ions and ligands. The elimination of water
J. Mater. Res., Vol.
ts

he

ture
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y

evaporation promotes the substitution of water ligands,
according to the following scheme:

fM ? sH2Odmg n1 1 xLq2 ! fM ? sH2Odm2x ? Lxg p1

1 xH2O ,

where M  La(III ), Fe(III ) and L  NH3, OH2, CO22
3

urea. Urea ligands can coordinate metallic ions through
the carbonyl group or the amino group,12 but Fe(III )
coordination occurs through the oxygen of urea.17 The
infrared spectra of tetramethylurea (tmu) complexes of
lanthanide elements, [Ln(tmu)6] (ClO4)3, indicate the
presence of this O-coordination.18 In our case, infrared
spectra have indicated that O-coordination is present in
the gel, but in the samples decomposed at temperature
below the LaFeO3 crystallization some extent of N-coor-
dination was observed.

The initial aqueous solution has an acid pH (ø2.2).
This pH remains acid during most of the evaporation
process, lowering a little bit as far as water removing
goes on due to the formation of polynuclear species,19

e.g.,

Fe2sOHd41
2 1 FeOH21 1 H2O ! Fe3sOHd31

4 1 H1.
13, No. 2, Feb 1998 453
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When urea begins to decompose small amounts
precipitate appears. The x-ray pattern of the precip
tate indicates that ferrihydrite,Fe5O7sOHd ? 4H2O, and
LasNO3d sOHd2 ? H2O are formed, due to the hydroxide
ions released during this step. The acid hydrolysis
Fe(III ) ions leads to ferrihydrite, as has been proposed
Cornell et al.19 When enough water is evaporated tem
perature raises decomposing urea faster, increasing
pH due to the ammonia release. When the temperatu
is around 125±C (close to the melting point of urea)20

the mixture is taken out from heating. While the mixture
cools down, a gel is formed, due to the condensatio
of monomers through the hydroxide ligands, formin
long chains.21 Metallic ions will then be located in the
gel network with a statistical distribution according to
the stoichiometric amounts of these ions in the startin
solution. It is to be noted that a small amount of thes
ions are not statistically distributed in the gel due to th
precipitation of some of these ions.

C. X-ray diffraction

X-ray diffraction patterns of the ceramic sample
show that 184 h at 1000±C are necessary to obtain pure
and well crystallized LaFeO3. For shorter periods of time
x-ray patterns still show peaks of La2O3 and a-Fe2O3

that have not reacted. This sample was used as a stand
reference for comparing with the sol-gel samples.

For the sol-gel technology samples it is observed th
LaFeO3 crystallizes at temperatures as low as 315±C.
The x-ray diffraction pattern of the gel decomposed a
200 ±C shows a lot of diffraction peaks due to decom
position products which made it very difficult to identify
unambiguously the phases present in the samples. T
sample calcined at 300±C shows small broad peaks due
to a-Fe2O3 and ferrihydrite (Fe5O7OH ? 4H2O), which
transforms intoa-Fe2O3 at higher temperatures. After
crystallization all the samples show small peaks from
two secondary phases: La(OH)3 anda –Fe2O3. In Fig. 2
the results obtained as a function of the calcination tem
perature are shown. La(OH)3 and a-Fe2O3 are formed
by thermal decomposition ofLasNO3d sOHd2 ? H2O and
ferrihydrite, Fe5O7sOHd ? 4H2O, which appeared in the
precipitate formed during the evaporation of the solven
as stated above.

An average crystallite size,Dhkl, was determined
by applying the Debye–Scherrer formula using th
full-width-at-half-maximum (FWHM),b, of the x-ray
diffraction peak atd ø 2.778 Å:

Dhkl sÅd 
k ? l

bssized ? cos Q
,

where k is the shape factor which normally range
between 0.9 and 1.0 (in our casek  0.9), l is the x-ray
wavelength, andQ the Bragg angle.22 b(size) is the
454 J. Mater. Res., Vol. 1
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FIG. 2. X-ray diffraction evolution as a function of the calcination
temperature.

difference in profile widths of broadened and standard
peaks:bssized  bsample 2 bstandard. Another physical
effect that broadens the profile shape peaks is the lattic
microstrain, or mean lattice distortion,e. This effect can
be taken into account by the following equation:

e 
bsstraind
4 ? tan Q

,

where bsstraind 
p

bsample
2 2 bstandard

2. Results for
both crystallite size and microstrain obtained for our
samples according to the above equations are show
in Figs. 3(a) and 3(b), respectively, and as expected
a tendency is observed, to an increase on crystallite
size and a decrease of the microstrain as the calcinatio
temperature and calcination time increase.

D. Magnetic properties

Hysteresis loops at room temperature were measure
for each calcination temperature. Before LaFeO3 crys-
tallization the curves show a superparamagnetic (SP
behavior. At 315±C LaFeO3 crystallizes and a great
change in the magnetic properties takes place, showing
ferromagnetic behavior. When the calcination tempera-
ture increases, a decrease in the ferromagnetic orde
3, No. 2, Feb 1998
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(a)

(b)

FIG. 3. (a) Crystallite size, determined by using the Debye–Scher
equation, as a function of the calcination temperature. The continu
line is a guide to eye. (b) Lattice strain, or mean lattice distortio
as a function of the calcination temperature. The continuous line
a guide to eye.

was observed until samples become antiferromagne
for calcination temperatures near 1000±C (Fig. 4). In
order to understand this behavior, the authors ha
presented a complete magnetic study in Ref. 23, givi
results of Electron Spin Resonance (ESR), Mössbauer
spectroscopy, and magnetization versus temperature

Three magnetic regions were observed with the c
cination temperature. At lowT , before the crystallization
of LaFeO3, the presence of superparamagnetism due
iron oxide particles (mainly,g –Fe2O3) was detected.
Fitting the hysteresis loops to the Langevin functio
an average particle size of 10 nm was determined.
315 ±C, the crystallization of LaFeO3 induces the or-
ganization of the iron oxide changing the magnet
behavior observed at lower temperatures. Between 3
and 700±C, the amount of iron oxide decreases, with i
J. Mater. Res., Vol. 1
er
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,
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FIG. 4. Hysteresis loops measured at 298 K of LaFeO3 synthesized
at several calcination temperatures.

associated ferromagnetism. The system evolves from
nanocomposite (iron oxide1 LaFeO3) to a single phase
(LaFeO3). Above 700±C the third magnetic region is
present, showing similar properties as bulk LaFeO3.

IV. CONCLUSIONS

We have prepared LaFeO3 microparticles by sol-gel
technology using urea as gelificant agent. We were ab
to prepare LaFeO3 at temperatures as low as 315±C.
As the calcination temperature increases, crystallite size
rise from 60 to 300 nm and lattice microstrains get
lower. IR spectra indicate that O-coordination is presen
3, No. 2, Feb 1998 455
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in the gel, but in the samples decomposed at te
peratures below LaFeO3 crystallization, some exten
of N-coordination was observed. As far as we kno
N-coordination from urea was not reported for Fe(III )
and La(III ) ions, which usually coordinate through th
carbonate group only.17,18 For the crystallized sample
we have observed the presence of a ferromagnetic c
ponent which diminishes as the calcination temperat
increases, disappearing at high calcination temperatu
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