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ABSTRACT

Reactive lanthanum orthoferrite nanoparticles were obtained by a polymeric precursor route. Nanopar-
ticle growth and crystallization from amorphous precursor, as well as the formation of a grain boundary
network in polycrystalline aggregates at different calcination temperatures were studied by conven-
tional and high-resolution electron microscopy; electron and X-ray diffraction analysis; Raman; IR; and
UV-vis spectroscopy. Microstructure measurements were compared to X-ray diffraction and chemical
analysis results. Electron diffraction, combined with electron microscopy results were used to deter-
mine the content of amorphous phase. The coherent crystalline domain size and the particle size have
been monitored by XRD and electron microscopy in order to determine the evolution of both crystal size
and the onset temperature for crystallites formation. The results demonstrate that at 550°C we obtain
pure single-phase nanocrystalline LaFeOs, sized ~40 nm, without the presence of amorphous phase. The
magnetization curves in the 5-350 K range indicate weak ferromagnetism of the LaFeO3; powders.

Magnetic properties

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite type oxides ABO3 where position A is occupied by
the rare earth ion, and position B by the transition metal ion, dis-
play significant catalytic properties making these materials of great
importance to be used in advanced technologies as soft oxide fuel
cells [1,2], catalysts [3,4], chemical sensors [5] and oxygen perme-
ation membranes [6,7].

LaFeO3 (LF) is a well-known ABO3 perovskite oxide material
which consists of FeOg octahedra units with La3* ions inserted
between these units. Bulk LaFeOs3 is known to be antiferromagnet
with a Néel temperature Ty of 740 °C [8]. LF perovskite oxides are of
practical interest as electro-ceramics due to their attractive mixed
conductivity displaying ionic and electronic defects [9-11], due to
the presence of Fe2*/Fe3*mixed valences, accompanied by oxygen
non-stoichiometry. The mixed valence states can play a promi-
nent role in affecting the magnetic properties of the LF materials.
The great stability of the perovskite framework allows the partial
substitution at the A site and/or B sites modifying the catalytic,
redox and structural properties of this type of materials. Investi-
gation of the structure is important both for basic knowledge and
for applications in which materials involving electronic transfer are
of interest. The structure, properties and potential applications of
LF materials are strongly influenced by the synthesis processing of
the precursor powders, therefore a lot of research is aimed both at
its processing and characterization. The drawbacks associated to
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the diffusional constraints in solid state synthesis result into slow
kinetics and high temperature synthesis, uncontrolled particle size
and low surface area, thus generated the interest towards solution
techniques involving improvement of the synthesis conditions for
obtaining pure phases with the aim of lower reaction temperatures
of homogeneous powders [12-20].

Based on the target applications, different synthesis methods
have been used as alternative for solid state reactions and mechan-
ical chemical solid reaction, including coprecipitation [21,22],
combustion [23-26], sol-gel [27-29], gel [30] and sol-gel [31],
autocombustion, polyol [32], microemulsion [33], hydrothermal
[34], sonochemical [35], low temperature [36] and microwave
assisted [37] thermal decomposition. However there are no studies
concerning the presence of residual carbon, the calcination temper-
ature that should be used to eliminate it, or the thermal evolution
of the obtained powders: crystal size, presence of agglomerates. In
this context, the synthesis of crystalline LF powders by methods
that involve the use of organics, such as the amorphous complex
method and the polymerizable complex method (PC method) at
low temperature, based only on X-ray diffraction evidence, should
not ignore the presence of residual carbon and the formation of
polycrystalline agglomerates [38,39].

Within this framework, we report the synthesis and microstruc-
ture evolution of nanosized LF powders prepared from the La-Fe
metal polymeric precursor by means of a simple Pechini-type
polymerizable complex (PC) method based on polyesterification
between citric acid and ethylene glycol [26,40]. The present
research reports the crystallization process, nucleation and grain
growth of LF from the amorphous precursors during thermal treat-
ment, the amount of amorphous phases present; the crystallites
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lattice in the powders and the formation of grain boundaries and
local sintering behavior above the crystallization temperature, as
well as vibrational and magnetic properties of the nanocrystalline
powders obtained at different temperatures. Results determine the
suitability and advantages of the use of PC method to provide weak
ferromagnetic homogeneous small particle size powders with high
sinterability and to prepare LF ceramics at low temperatures.

2. Experimental procedures

The starting materials were La;03-3H,0 and Fe-citrate (Merck). Citric acid (CA)
was dissolved in water and at ~60°C addition of lanthanum oxide and Fe cit-
rate (1:2 molar ratio) was followed. The polymeric precursor powder preparation
method has been described in detail elsewhere [26]. A clear orange solution of sta-
ble metals-citric acid complexes was obtained and ethylene glycol (EG) was added
to this solution. The temperature of the solution was increased to 90°C and kept
at this temperature until the formation of a viscous and transparent lightly orange
gel; as the polyesterification reaction between CA and EG occurs in the solution, the
immobilization of the metal ions in the polymeric network is generated. Contin-
uously increasing temperature determines water excess removal and also a more
viscous and bubbly mass, without any precipitation. The mixture initially boils with
frothing and foaming to the capacity of the container and undergoes dehydration
followed by exothermic decomposition (with no flame) to yield a solid oxide prod-
uct. The resulting material was treated at 400°C and complete dehydration takes
place which determines to the bottom of the container of a dark brown to black ash
which was ground into a powder, referred to as the “precursor” hereafter. The colour
indicates that the powder contains carbon. Based on a thermogravimetric analysis
[26] the “precursor” powder was ground and heat treated in open air between 500 °C
and 900 °C. The products obtained at different stages were characterized by different
techniques. The colour of the powder changed with the thermal treatment temper-
ature, from dark brown at 400 °C it became light brown to orange at 500°C, while
starting 550 °C has kept a light orange-reddish colour.

The precursor and the calcined LF powders were characterized by XRD, in a 20
range from 15° to 75° with scanning speed of 0.75° min~', at room temperature using
Cu-Ka radiation (Siemens D-500). The powder morphology was observed by scan-
ning electron microscopy (SEM) (Zeiss EVO LS10), transmission electron microscopy
(TEM) and electro-diffraction (ED) (Hitachi HS0OMT and JEOL 2010).

Raman spectra were measured at room temperature using a Jobin Yvon/Atago-
Bussan T-64000 triple spectrometer with a liquid nitrogen cooled CCD detector.
Acquisition time was between 800 s and 1200s. The green line (A =514.5 nm) of Ar*
laser was used to excite Raman spectra using a power of ~450 wW. Measurements
were carried out under the microscope, using a 90 x microscope objective; the laser
spot size was around 1-2 wm. Raman measurements covered the range between
100cm~' and 2000 cm"'.

IR spectra were obtained at a resolution of 2cm~!, over the frequency range
from 1000 to 370cm™!, using a model M80 Carl Zeiss Jena Specord spectropho-
tometer. The spectra were taken from thin (~20 mg/cm?) KBr pellets containing
samples of approximately 1 wt.% Pellets were prepared by compacting an intimate
mixture obtained by grinding 1 mg of substance in 100 mg KBr. Ultraviolet visible
spectroscopy diffuse reflectance spectra were acquired with a JASCO spectrometer.

The magnetic properties of the nanocrystalline LF were studied. Measurements
of the magnetization versus temperature with magnetic applied field were recorded
on a home-made unit VSM (Vibrating Sample Magnetometer) with a sensitivity no
less than 104 (emu/g), using Lock-in amplifier Model 5210 (USA) with temperature
controller OXFORD ITC 503. Temperature variation of the magnetization was mea-
sured in the temperature range 50-350K, at H="500 Oe, after cooling the samples by
the liquid nitrogen from room temperature down to 77 K. The magnetization curves
vs. magnetic field were measured with a quantum design SQUID magnetometer at
temperatures between 5K and 300K.

3. Results and discussion

The combustion synthetic routes are difficult to control and
can cause a highly non-uniform temperature profile on the sam-
ple. In the liquid mixing technique Pechini-type method [40], the
process chemistry can be controlled, viscosity, polymer molecu-
lar weight of the solution can be tailored by varying the CA/EG
ratio and the synthesis temperature so that an uniform solution
can be produced. By controlling the temperature of heating the
mixture (and implicitly the polyesterification and the formation of
large metal/organic polymers) autocombustion with flame can be
avoided. In our case, the material did not experience spontaneous
combustion, after judicious thermal treatment. The ash of the gel
after charring at 400 °C in the mantle heater, or “precursor” mate-
rial, shows an amorphous character. The amorphous precursor is

Fig. 1. (A and B) SEM micrographs of the LaFeO; amorphous precursor.

made of soft black shiny particles, Fig. 1A shows SEM micrographs
revealing the typical macro-sized precursor particles at different
magnification. Some particle surfaces reveal the disgregation of the
big particles in smaller micron-sized particles (Fig. 1B).

The combustion of the organic part of the amorphous precursor
between 300°C and 500°C is a strongly exothermic process asso-
ciated to the evolution of large amounts of gas resulting in major
weight loss. The evolution of the gas not only helps the precursor
material to disintegrate but also to dissipate the heat of decom-
position, thus inhibiting agglomeration and sintering of the fine
particles and helping the instantaneous formation of perovskite
oxides. During charring, spontaneous combustion can occur easily
raising the sample temperature and determining undesirable prod-
uct crystallization. The temperature of heat treatment influences
the reactivity and particle size. The thermal evolution of the pre-
cursor as crystallization, crystal size, presence of agglomerates and
the formation of polycrystalline particles was followed in detail.

Thermal treatment at 500°C results in the break-up of the
macrosized amorphous precursor into hard smaller particles. The
powder became lighter in colour from black to dark brown
to almost brown-orange, the dark colour revealing the carbon
presence in the material from the combustion process. At this tem-
perature the La-Fe precursor has lost all its organic part; SEM
micrographs of the hard particles result of the break up of the
amorphous precursor macro-sized particles (Fig. 2A and B) reveals
that they are in fact agglomerates of nanocrystalline seeds, clearly
observed at higher magnification images of the particles surface
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Fig. 2. LaFeO3; powder after the precursor was treated at 500 °C: (A and B) SEM micrographs; (C) XRD pattern; (D) Raman spectrum.

(Fig. 2B). Crystallization of LaFeO3 with orthorhombic symmetry
takes place already at temperature as low as 500 °C. The XRD pat-
tern after the precursor was treated at 500 °C (Fig. 2C) shows the
main features attributed to perovskite LaFeO3 crystallites as well
as a prominent wide bump from the amorphous part contribu-
tion to the spectra. Raman measurements were carried out as a
sensitive tool to study the crystallization process from amorphous
and to determine the optimum conditions for thermal treatment
at early stage crystallization. Raman vibrational spectroscopy is
known to be a powerful technique to determine the structure
distortion and oxygen motion of perovskite-type materials and
study order-disorder effects in the lattice at different temperatures
[38,41-43]. The Raman spectrum in Fig. 2D shows a single wide
band around 650 cm~!, indicating a highly disordered anion lattice
of the LaFeO3 nanocrystallites.

Our structural observations based on SEM, XRD and Raman mea-
surements demonstrate that at temperatures above the onset of
crystallization a carbon rich amorphous phase still remains, hold-
ing together the nanocrystallites in hard agglomerates of nanosized
crystallites and the material is in fact an inorganic composite of both
amorphous and crystalline phases.

The XRD pattern, Raman spectrum and SEM image of the sam-
ples calcined at 550 °C are shown in Fig. 3A-C. The SEM micrograph
(Fig. 3A) reveals the formation of disperse particles with homo-
geneous diameters in the range 30-50 nm. A mean particle size
of ~40nm was calculated from over 200 LaFeO3; nanocrystals in
SEM micrographs. The XRD pattern (Fig. 3B) is characteristic of the

monophase perovskite according to the JCPDS File 37-1493. This
XRD pattern confirms that the lowest calcination temperature to
obtain pure phase perovskite LF nanocrystallites is 550 °C; crystal-
lization of the amorphous part is complete at this temperature.

Amorphous carbon is a common impurity formed during the
combustion of the organic part in samples prepared by polymer-
izable complex method and it is not normally detected by XRD,
but is readily detected by Raman spectroscopy. The Raman spec-
trum (Fig. 3C) clearly shows the absence of the D and G bands
(~1350cm~! and ~1480 cm~!, respectively) of amorphous carbon
in the higher Raman shift region of Fig. 3C, demonstrating that solid
carbon is not present in the sample treated at 550°C. The struc-
tural observations confirm the formation of single phase LaFeO;
nanocrystalline powders of 30-50 nm particle size.

The structure of the nanocrystallites were further analyzed in
higher detail. Fig. 4 shows the TEM micrographs and ED pattern
of the sample treated at 550°C clearly displaying the obtained
nanocrystallites and the characteristic polycrystalline rings of
LaFeOs in the ED pattern. Based on TEM/ED measurements, we have

Table 1
Proportion of amorphous phase after each calcination temperature.

Temperature (°C) Amorphous (vol%)

400 >90
500 ~20
550 -
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Fig. 3. LaFeOs; nanocrystallites obtained after the precursor was treated at 550 °C: (A) SEM micrograph of the nanocrystalline powder; (B) XRD pattern; (C) Raman spectrum.

estimated the proportion of amorphous phase after each calcina-
tion temperature, 400, 500 and 550°C, and the results are shown
in Table 1.

Fig. 5A and B shows the LaFeO3 nanocrystallites obtained at tem-
peratures of 650°C and 900°C, the highest temperature used for
thermal treatment. Rounded shape, homogeneous, uniform grain
size nanoparticles with average size of 55 nm are observed in the
powder treated at 650°C (Fig. 5A). An interesting aspect to take
into consideration is that no significant growth of particles was
noticed with the increase of the temperature to 650 °C; the parti-
cle size remained almost constant between 500 °C and 650 °C. The
average crystal size increased, from 30-50 nm to 100-120 nm, at
temperatures between 700 °C and 900 °C, results observed both in
SEM (Fig. 5B) and TEM (Fig. 6). Fig. 6 illustrates TEM micrographs of
LaFeO3 nanoparticles treated at 700 °C showing the development
of grain boundaries in sintered chain-like nanoparticle aggregates.
Transmission electron microscopy revealed that LaFeO; was com-
posed of fine particles linked together; bright field and dark field
images indicated that the linked particles were individual crys-
tals with no indication of an intercrystalline amorphous phase
at grain boundaries. Increasing temperature to 900 °C determined
the further increase in nanocrystallite size and formation of grain
boundaries and sintering. Sinterization of the powder, bounding of
the grains and grain growth are observed at this temperature. Local
sinterization occurred at 900°C without excess of grain growth,

which proves the high reactivity of the ceramic powders synthe-
sized by the polymerizable complex method and indicates that
finely grained LaFeO5 ceramics could be obtained by sintering the
obtained powders at temperatures below 1000 °C.

TEM and HRTEM were employed to obtain information about
the structure of the produced LaFeO5 aggregates at 900 °C (Fig. 7)
and showed crystallite particles with an average size around
100nm, or higher in the case of larger crystals result of the
local sintering of several nanocrystallites, consistent with aver-
age crystalline sizes calculated from the peak broadening in X-ray
diffraction using the Debye-Scherrer method and with the aver-
age particle size obtained from SEM images (Fig. 5). Concordance
between the grain size from SEM and TEM measurements and
XRD crystalline domain size indicates that the observed LaFeO3
nanoparticles crystallized directly from the amorphous phase as
single domain crystallites. The LaFeO3; nanocrystallites develop
a grain boundary network structure, illustrated in Fig. 7A and
B, revealing local sintering and the formation of grain bound-
aries; dislocation networks are clearly seen associated with the
grain boundaries in the TEM micrographs. HRTEM measurements
demonstrated a random orientation of the crystallites and a good
crystalline order inside the orthoferrite particles. The nanoparticles
exhibit clearly resolved lattice fringes with the interplanar spac-
ing of 0.39 nm and 0.28 nm, assigned to the (101) planeand (121)
plane respectively, of the orthorhombic LaFeO5 structure indicating
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Fig. 4. TEM micrograph and ED pattern of the precursor calcined at 550 °C.

Fig. 5. SEM micrographs of the LaFeO3 nanocrystallites treated at (A) 650°C; (B)
900°C.

Fig. 6. (A and B) TEM micrographs of the nanocrystalline grains of LaFeO3; formed from the precursor at 700°C.
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Fig. 7. (A and B) TEM images of the formation of grain boundaries and grain boundaries networks during partial sintering of the LaFeO3; nanocrystals at 900 °C; (C) HRTEM

lattice image of the region marked with a square in Fig. 7B.
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Fig.9. The UV-vis spectroscopy results for the powders of LaFeOs treated at 700 °C.
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Fig. 10. (A) Magnetization curve at 5K of LaFeOs calcined at 900°C; (B) enlarged views of the hysteresis loop in the low-field region; (C) temperature dependence of the

magnetization at an applied field of 500 Oe.

the formation of high quality orthorhombic LaFeO3 nanocrystals, in
agreement with the XRD pattern (Fig. 7C). Fig. 7C shows the detailed
lattice image of the crystallite in Fig. 7B.

The formation of lanthanum orthoferrite was studied also by
IR spectroscopy analysis which indicated the characteristic vibra-
tional bands of the oxide. The FT-IR spectra of LaFeO3; powders
treated at 700°C and 900°C are shown in Fig. 8. The spectra
showed bands in the higher wavenumber region of 650-500 and
450-370cm™! arising from the stretching modes and deforma-
tion modes of the FeOg octahedra, respectively [44,45]. Pure rare
earth ferrites have no bands in the region 4000-1000 cm~"! and the
characteristic bands appear only between 600 cm~! and 250 cm™!
indicating the absence of any impurity. Our spectra display bands
at 383, 400, 420, 450, 558, 623 cm~! and agree with those reported
in the literature for LaFeO3 [44-55]. The spectra present an intense
band at 558 cm~! with a shoulder at 623 cm~!.The frequency band
at 558 cm~! was assigned to the Fe—0 asymmetric stretching vibra-
tion mode which involves internal motion of a change in Fe-O
bond length, whereas the shoulder can be assigned to the sym-
metric stretching vibration of Fe-O-Fe bands of the BOg octahedra
[46,47]. All the ferrites show a single band around 400 cm~! [44].
The bands at lower frequencies correspond to the bending mode
sensitive to changes in Fe—-O-Fe bond angle. Bands associated to
La(IIT)-O stretching motion can also appear in this region [46,47]; in
the spectra of the sample treated at 900 °C a weak band appeared at
721 cm~! which may be attributed also to La-0 bond. The complex
spectra allow the observation of well defined absorption bands typ-

ical of ABO3 perovskites and agree well with the reported spectra
in the literature [46-56].

UV-vis spectroscopy has been used to characterize the opti-
cal properties of the LF nanoparticles. Once the LF phase formed
at 500 °C, UV-vis spectroscopy results were the same for all ther-
mal treatment temperatures. Above this temperature the powders
treated at different temperatures kept the same colour. Fig. 9 shows
the results for the powders of LaFeOs3 treated at 700 °C. The absorp-
tion bands shown are observed at 512, 450, 384, 310, 232 nm, but
the spectrum reveals a main absorption broad band at 384 nm. This
main band may be attributed to the band gap electronic transition
from the valence band to conduction band O,,-Fesz4 and the spec-
trum allows us to estimate the optical band gap Eg to be 3.23 eV,
displaced to a higher wavenumber compared to the reported one
by Wang and Farhadi [22,56]. The bands corresponds essentially
Fe3* species as expected for d-d and ligand to metal charge transfer
absorption bands of Fe3* in octahedral coordination [57,58].

3.1. Magnetic properties of nanocrystalline LaFeO3

The remarkable magnetic properties of the rare earth ortho-
ferrite family of crystals (REFeO3) have attracted continued
experimental and theoretical interests. The direct magnetic inter-
action between nearest neighbors Fe3* moments in this case is
negligible. Instead, the spins are coupled through the oxygen ions
by the mechanism of super exchange interaction. This interaction
is predominantly antiferromagnetic; however, it has an antisym-
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metric component that causes a slight canting of the moments of
adjacent iron atoms and a resultant weak ferromagnetic moment
as well. Magnetic measurements were performed on the nanocrys-
talline LaFeO3; powder. The magnetization vs. magnetic field curve
M(H) at 5K for LaFeOj3 calcined at 900°C, shown in Fig. 10A and
B, reveals a hysteresis loop with a spontaneous magnetization. The
coercive field (H) is 600 Qe and the spontaneous magnetization
is about 0.10 emu/g. The maximum field applied, 50 kOe does not
saturate the magnetization, and the maximum magnetization at
this applied field is 3.0 emu/g. The shape of the hysteresis loop is
characteristic of weak ferromagnetism, and the non-saturation of
the magnetization is characteristic of antiferromagnetic ordering
of the spins in the nanoparticles. The temperature dependence of
magnetization behavior at a magnetic field of 500 Oe, of the sample
calcined at 900 °C, is also presented in Fig. 10C. The magnetization
increases with the decrease of temperature, which reveals that the
system is mainly dominated by the weak ferromagnetism (WFM),
due to the small crystallite size. Normally, the LaFeO3 system is
either weakly ferromagnetic (WFM) or antiferromagnetic (AFM)
with a Néel temperature above 300K [59]. For a 30nm LaFeO3
particle size system, different authors observed WFM, Qi et al.
[60] reported a coercive field of ~90 Oe and a saturation magne-
tization Ms of ~2.75emu/g at room temperature and Shen et al.
[61] reported a coercive field of 137 Oe and a spontaneous mag-
netization about 0.10 emu/g, while Sivakumar et al. [62] reported
values of ~250 Oe and ~0.04 emu/g, attributed to the increase in the
magneto-crystalline anisotropy with the decrease in particle size
in nanosized crystallites. Qi et al. [60] observed that the AFM inter-
action becomes dominant when LaFeO3 nanocrystallites obtained
by the sol-gel autocombustion method are calcined, while WFM is
observed for non-calcined LaFeO3 powder. As La3* is non-magnetic,
the magnetic interaction between La3* and Fe3* is absent. The mag-
netic super-exchange interactions between the Fe ions result in
collinear AFM spin order which contributes to the AFM coupling
along a particular crystallographic direction. However, low symme-
try of the distorted orthorhombic perovskite-type structure leads
to the tilt of FeOg octahedra. Consequently, a canted spin order is
also formed in the Fe lattice, which gives rise to WFM along another
crystallographic direction [59-62]. Therefore, both AFM and WFM
ordering can be observed in the system, also influenced by the
particle size and morphology.

4. Conclusions

The polymerizable complex method offers low crystallization
temperature of single phase ferromagnetic LaFeO; nanopowder
with a homogeneous microstructure. The carbon content in the
precursor is completely eliminated by thermal treatment at 550 °C,
without the formation of agglomerates or inhomogeneities in grain
size as the result of partial sintering. Nanopowders of LaFeO3 with
crystal size of 30-50 nm were obtained at temperatures as low as
550°C, without organic or carbon contamination. High-resolution
electron microscopy measurements reveal that the nanopowder is
composed of single crystalline grains at 550 °C. Dislocations net-
works and other domain boundary-related features are clearly
observed after treatments at 700 and 900 °C of the highly sinterable
nanopowder. Formation of grain boundaries, sintering and grain
growth begins at about 700°C. The average particle size reaches
100-120 nm after successive thermal treatments at 650, 700 and
900°C. The magnetization vs. magnetic field curve M(H) at 5K
for LaFeO3 calcined at the highest temperature of 900 °C showed
weak ferromagnetism and the non-saturation of the magnetiza-
tion characteristic of antiferromagnetic ordering of the spins in the
nanoparticles. Both AFM and WFM ordering can be observed in the
system, influenced by the particle size and morphology.

The results observed during the thermal evolution of the LaFeO3
precursor can find application in the production of different pure
single-phase homogeneous nanopowders of LaFeO3-based ceram-
ics, including LaMyFe;_xO3 solid solutions with other transition
metals (M =Co, Mn) perovskites which are of great interest due to
their electronic and magnetic properties.
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