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Initial Stage Growth Mechanism of LaFeO; Perovskite
through Magnetomechanical Ball-Milling of Lanthanum
and Iron Oxides
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Abstract The initial stage growth mechanism of LaFeO; perovskite has been investigated using magnetomechanical
milling of La,0; and Fe,0;. X-ray diffraction, differential scanning calorimetry and thermogravimetry analysis, Mdssbau-
er and optical diffuse reflectance spectroscopy were combined to study the phase evolution of the composites during the
milling process. The XRD results showed that La,O; is unstable and converted to La(OH);. No reaction between La(OH);
and Fe,O; took place when the milling time was less than 25 hours. The LaFeO; was detected only when the milling time
was around 50 hours for shear and 25 hours for impact mode, respectively. The DSC-TGA results suggested a two-step
dehydration of La(OH);. The Mossbauer spectra of the composites consisted of two sextets and one doublet, indicating the
La*" substitution of Fe** into the Fe,0; lattice and the Fe** substitution of La*>" into the La(OH); lattice. The formation of

LaFeO; occurs between nano-sized La*" substituted/un-substituted Fe,0; and LaOOH.
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1. Introduction

ABOs-type perovskite materials have attracted consider-
able attention due to their wide applications, such as cata-
lysts[1,2], gas sensing materials[3,4], magnetic materials[5],
fuel cell materials[6,7], and electric ceramic materials[8,9].
Up to now, many routes have been developed to synthesize
RFeO;-type perovskite materials (R stands for rare earth
metal), such as the conventional method based on the solid
state reaction between R,0; and Fe,O; at high temperature
[10], the sol-gel combustion method[11], and the gly-
cine-nitrate process method[12]. The complication in solid
state reaction to produce single phase LaFeOj; lies mainly in
how to mix the reactants homogeneously. Otherwise, the
high reaction temperature is required and second phase of-
ten exists in the prepared composite oxides. To obtain pure
LaFeQ;, it has been reported that calcination at 1000°C for
184 hours is needed, and X-ray diffraction patterns with
shorter periods of calcination time still show peaks of La,0;
and Fe,O; phases that do not completely react[13]. Even in
the sonochemical method, crystalline LaFeO; can only be
observed by calcining the precursor at 800°C in air for 24
hours, additionally, this method utilizes expensive reactants
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[14]. The catalytic activity and the gas sensing characteris-
tics of LaFeO; are strongly dependent on the particle size
[15,16], and the calcinations at high temperature for long
periods of time increase the average particle size and de-
crease the surface area, which in turn limits the potential
application of LaFeO; as catalyst and gas sensor.

For catalytic applications of LaFeO; based materials, two
main factors are mostly considered, such as the typical
crystalline structure and large surface area[17]. High energy
ball milling is a well established method for preparing
amorphous, composite and nanocrystalline materials with
high surface area and interesting defects. This preparation
method is promising for use at a production scale due to its
relatively low cost and simple operation.

Kaliaguine et al. have reported the process for synthesiz-
ing ABOs-type perovskite using high energy ball milling,
the obtained materials showed high surface area and high
defect density, and the improved catalytic activity in vola-
tile organic compounds (VOC) oxidation[18,19]. Recently,
Zhang et al.[20] have employed the mechanochemical me-
thod to synthesize the RFeO; at room temperature using
R,0; and Fe,0; as reactants (R = La, Nd, Sm). However,
the magnetic properties were not studied. Cristobal et al.
[21] also synthesized the LaFeO; using high-energy milling
of La,0; and Fe;04 or Fe,05; the magnetic properties of the
obtained materials were measured by vibration sample
magnetometry and showed significant ferromagnetic com-
ponents due to the spin-canting effect induced by the me-
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chanochemical treatment. However, the growth mechanism
of LaFeO; with different starting reactants (Fe;O, and
Fe,0;) was not fully discussed, and an extra step, calcina-
tions of hygroscopic La,O5 at 1000°C for 2 hours, was in-
troduced. Recently, Mossbauer spectroscopy was used to
characterize the magnetic properties of the as-obtained sys-
tems, especially the substitution between transition metal
jons and Fe*" into o-Fe,O; and the transition metal oxides
lattices at atomic resolution. However, the conventional ball
milling is highly energetic, and the solid state reactions
normally take place at very short time periods. Therefore, it
is very difficult to trace the structural transformation and
reaction mechanism during the milling processes. It has
been demonstrated that the magneto-mechanical milling can
be used to synthesize magnetic systems with low values of
impurities, which is very important for understanding the
initial stage of reaction mechanism.

In this work, the initial stage growth mechanism of La-
FeO; perovskite is investigated using the low energetic
magnetomechanical milling of La,0;-Fe,O; mixtures in 1:1
ratios at room temperature. X-ray diffraction, simultaneous
DSC-TGA, Méssbauer spectroscopy and UV-Vis spectros-
copy are employed to study phase information, thermal be-
havior and magnetic properties of composite oxides at dif-
ferent durations of milling time. The growth mechanism of
LaFeO; in connection with phase evolutions of the Fe,O3
and La,0; under magnetomechanical milling process is
discussed.

2. Experimental

Lanthanum and iron oxides were commercially pur-
chased from Alfa Aesar: lanthanum oxide (99.99% metals
basis, average particle size about 60nm), and iron oxides
(a-Fe,0;, 99% metal basis, average particle size about
48nm). For magnetic milling, powders of lanthanum and
iron oxides (total mass 40 g for shear and impact mode,
respectively, molar ratio 1:1) were placed into the vial of a
magneto-mill Uni-ball-mill 5. The milling modes in this
mill could be easily adjusted from the low-energy shear to
the high-energy impact. In the shear mode, the balls both
rotate and oscillate around an equilibrium position at the
bottom of the milling cylinder in a strong magnetic field
(0.4 T). In the impact mode, the ball movement during the
milling process is confined to the vertical plane by the cell
walls and is controlled by the external magnetic field. In
both cases, the magnetic field is provided by FeNdB mag-
nets. The intensity and direction of the magnetic field can
be externally adjusted, allowing the ball trajectories and
impact energy to be varied in a controlled manner.

The X-ray diffraction patterns of samples were obtained
using a PANalytic X’Pert Pro MPO diffractometer with
CuK, radiation (45kV/40mA, A = 1.54187 A) with a nickel
filter on the diffracted side. A silicon-strip detector called
X’cellerator was used. The scanning range was 10 - 80° (20)
with a step size of 0.02°. The average particle size was de-

termined by the Scherrer method. The lattice parameters
were extracted from Rietveld structural refinement of the
XRD patterns.

Simultaneous DSC-TGA experiments were performed
using a Netzsch Model STA 449 F3 Jupiter instrument with
a Silicon Carbide (SiC) furnace. Samples were contained in
a manufacturer’s alumina crucible with an alumina lid. Se-
ries of experiments were performed using 20 + 2 mg sample
size. The atmosphere consisted of flowing protective argon
gas at a rate of 50ml/min. DSC and TGA curves were ob-
tained by heating samples from room temperature to 800°C
with a ramp rate of 10°C/min. Both DSC and TGA curves
were corrected by subtraction of a baseline which was run
under identical conditions as the DSC-TGA measurement
with residue of samples in the crucible. The Netzsch Pro-
teus Thermal Analysis software was used for DSC and TGA
data analysis.

Room temperature transmission Mdssbauer spectra were
recorded using an MS-1200 constant acceleration spectro-
meter with a 10mCi *’Co source diffused in Rh matrix.
Least-squares fittings of the Mdssbauer spectra were per-
formed with the NORMOS program.

Optical diffuse reflectance spectra were obtained using a
Varian Cary 5000 UV/Vis/NIR spectrophotometer. The
sample was loaded into a Harrick Praying Mantis diffuse
reflectance accessory that uses elliptical mirrors. BaSO,
was used as a 100% reflectance standard. Scans were per-
formed from 2500 to 200nm at a rate of 600nm/min, wave-
length data were converted to electron volts, and the percent
reflectance data were converted to absorbance units using
the Kubelka—Munk equation[22].

3. Results and Discussion
3.1. X-Ray Diffraction

Figure 1 shows the evolution of XRD patterns of mixed
lanthanum and iron oxides at different milling times for the
shear mode. The starting materials are pure Fe,O; and
La,03; however, due to the highly hygroscopic characteris-
tics of La,0s, the La,0O5 converts to La(OH); when the

Fe,0; and La,03 are milled for very short time. This was
confirmed by the XRD pattern of 2 h milled mixture of
Fe,O; and La,O; (Figure la). The diffraction peaks of
La(OH); have much stronger intensities comparing to those
of the Fe,O3 phase. No La,0Os3 phase was detected, indicat-
ing that all of La,O; phase was converted to La(OH); phase
for La-containing components; La,O; is highly instable
when exposed to air after very short milling time. The
presence of Fe,O; and absence of Fe(OH); diffraction peaks
also suggests that Fe,O; is relatively stable in air.

As the milling progresses, the diffraction peak intensities
of the starting materials Fe,O; and La(OH); decrease
slightly for milling times of 4, 8, and 12 h respectively,
suggesting the slight decrease in particle sizes of both start-
ing materials under the low energetic shear mode milling
process. Especially, after 25 hours of milling time (Figure
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le), the diffraction peak intensities of both Fe,O; and
La(OH); decreased dramatically and the peaks broadened as
well, indicating the longer ball milling time causes further
decrease in particle size of the starting materials. The aver-
age particle sizes of the Fe,O; and La(OH); were estimated
to be ~ 25nm and ~ 2 1nm, respectively. La(OH); and Fe,03
are still the phases which could be detected, suggesting
there is no occurrence of solid state reaction to form La-
FeOj; phase at this milling time scale.
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Figure 1. XRD patterns of mixed La,0s-a.-Fe,O; samples in 1:1 molar

ratio under shear mode and milling time of: (a) 2 hours; (b) 4 hours; (c) 8
hours; (d) 12 hours; (e) 25 hours; (f) 50 hours, respectively.

After 50 h of milling time (Figure 1f), dramatic phase
evolutions occur. First of all, the diffraction peaks corres-
ponding to La(OH); and Fe,O; are still present, but the peak
intensities decrease dramatically, indicating the further de-
creases in average particle sizes of the La(OH); and Fe,O;.
On the other hand, the XRD diffraction peaks correspond-
ing to the LaFeO; (JCPDS No.: 37-1493) phase could be
observed (Figure 1f), indicating the occurrence of the solid
state reaction between Fe,O; and/or La(OH); related phase.
The diffraction peaks of LaFeO; phase are very broad, sug-
gesting the formed LaFeO; phase is amorphous with the
average particle size less than 10nm. The most interesting
observation is the appearance of the lanthanum oxyhydrox-
ide phase (LaOOH), which has not been observed during
the conventional milling process. The LaOOH phase is due
to the dehydration of La(OH); under the magne-
to-mechanical milling process. Comparing with the conven-

tional ball milling, the magneto-mechanical milling pos-
sesses lower energy and it may only covert the La(OH);
phase to intermediate LaOOH phase. The conventional mil-
ling, with much higher energy and faster ball-rotation speed,
may convert La(OH); phase to La,0O; phase directly, there-
fore, no intermediate LaOOH phase is observed. The further
evidence is confirmed by the two-step dehydration of
La(OH); phase in the next DSC-TGA measurement. The
average particle sizes of both LaOOH and LaFeO; phases
are smaller than 10nm as estimated from Scherrer equation,
suggesting the formation of LaFeO; phase may occur be-
tween nano-sized Fe,O; and LaOOH, and the average par-
ticle size of starting materials is smaller than 10nm to in-
itiate this type of solid state reaction under milling process.
Figure 2 shows the evolution of XRD patterns of mixed
lanthanum and iron oxides at different milling times for
impact mode. Similar XRD pattern evolutions as a function
of milling time were obtained as those of samples milled
under shear mode and the average particle sizes of both
La(OH); and Fe,O; decrease with the milling time. Howev-
er, there are still some differences in XRD patterns between
shear and impact modes. For the more energetic impact
mode, four phases are present after 25 hours of milling time
(Figure 2¢), Fe,0;, La(OH);, traces of LaOOH and LaFeO;
perovskite phases. The earlier appearance of LaOOH and
LaFeOs; phases is in good agreement with the fact that the
impact mode is more energetic than the shear mode. Similar
to the shear mode, the formed LaFeO; phase is amorphous,
with broad and low intensities in the XRD diffraction peaks.
Both the LaOOH and LaFeO; perovskite phases have the
average particle sizes smaller than 10nm, while the average
particle size of La(OH); is ~ 20nm. This confirms our pre-
vious assumption that the formation of LaFeO; perovskite
may occur between nano-sized Fe,O3; and LaOOH. After 50
hours of milling time under impact mode (Figure 2f), the
diffraction peak intensities of LaOOH and LaFeO; phases
increase. This suggests the growth of the LaFeO; and fur-
ther dehydration of La(OH); under longer milling time. The
diffraction peak intensities of Fe,O; decrease, suggesting
the consumption of Fe,O3; as well as further decrease in
average particle size of Fe,O; phase. Interestingly, no
La(OH); phase is observed, which is different from low
energetic shear milling mode, suggesting that all of the
La(OH); phase converts to LaOOH phase under higher
energetic milling process, besides the formation of LaFeO;
perovskite. LaOOH was also obtained as intermediate
product from the thermal transformation of La(OH); at
330°C[23], can be synthesized using an electrochemical
method[24], and it completely changes to La(OH); within
48 h in ambient atmosphere by water absorption.

No La,0; phase was detected during studied milling time
range (from 0 to 50 hours) for both shear and impact modes,
indicating that it is not a necessary step for La(OH); and/or
LaOOH to dehydrate to La,0; and then to produce LaFeO;
perovskite under milling process. The simultaneous ap-
pearance of LaOOH and LaFeO; phases and the similar
particle sizes also suggested that the solid state reaction to
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form LaFeO; occurs between nanosized LaOOH and La*"
partially substituted/un-substituted Fe,O;.
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Figure 2. XRD patterns of mixed La,0s-a-Fe,O; samples in 1:1 molar

ratio under impact mode and milling time of: (a) 2 hours; (b) 4 hours; (c) 8
hours; (d) 12 hours; (e) 25 hours; (f) 50 hours, respectively.

3.2. Simultaneous DSC-TGA

Simultaneous DSC-TGA experiments have been used to
study the solid-solid interaction of mixed TiO,-Fe,O; sys-
tems and thermal behavior of precursors of the LaFeO; pe-
rovskite-type composite oxides nanocrystals[25,26]. Diffe-
rential thermal analysis (DTA) was also employed to study
the thermal behavior of Fe,O; + 3Al + Fe powder mixture
under different milling times[27]. It was found that the mil-
ling process has a great effect on the thermal behavior of
the mixed oxide systems and nanocomposite powder.

Figures 3 and 4 display the simultaneous DSC-TGA
curves of mixed starting materials after different milling
times for shear and impact modes, respectively. For the 2 h
milled sample under the shear process (Figure 3a), two en-
dothermic peaks can be clearly observed from the DSC
measurement, with peak temperatures at 367 and 527°C,
respectively. The thermal behavior of the 2 h milled sample
was simultaneously investigated using TGA analysis (Fig-
ure 3g). The thermogravimetry reveals two major weight
losses: one is in a relatively low temperature range from
300°C to 385°C, with a weight loss of -6.45% and the other
starts at 450°C and ends at 530°C, with a weight loss of

-2.94%. These two weight losses are due to the dehydration
of La(OH);, which was formed when La,O3 was exposed to
air and absorbed moisture. These two weight losses are in
good agreement with the DSC curve for this sample, which
shows two endothermic peaks. The peak temperatures of
367 and 527°C on the DSC curve are exactly at the centre
of the TGA curve where the two weight losses occur. The
first weight loss of 6.45% between 300 and 385°C is con-
sistent with the conversion of La(OH); — LaOOH (theo-
retical value 6.69%) considering the presence of Fe,0;,
while the second weight loss of 2.94% corresponds to the
further dehydration of LaOOH to form La,0O;. The relative
ratio of these two weight losses is about ~ 2.19, in good
agreement with the two-step dehydration processes of
La(OH); —» LaOOH — La,0; with theoretical relative
weight loss ratio of 2.
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Figure 3. DSC curves of mixed La,0;-a-Fe,O; samples in 1:1 molar
ratio under shear mode and milling time of: (a) 2 hours; (b) 4 hours; (c) 8
hours; (d) 12 hours; (e) 25 hours; (f) 50 hours, and TGA curves of mixed
La,0s5-0-Fe,0; samples in 1:1 molar ratio under shear mode and milling
time of: (g) 2 hours; (h) 4 hours; (i) 8 hours; (j) 12 hours; (k) 25 hours; (1)
50 hours, respectively.

XRD analysis of the residue of the 2 h milled sample af-
ter DSC-TGA measurements shows there is no detectable
LaFeO; phase after heat treatment up to 800°C. Therefore,
the wide exothermic band on the DSC curve of the 2 h
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milled La,03-Fe,0; sample in the studied temperature range
can be assigned to the crystallization of the starting mate-

rials under heat treatment.
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Figure 4. DSC curves of mixed La,0;-a-Fe,O; samples in 1:1 molar
ratio under impact mode and milling time of: (a) 2 hours; (b) 4 hours; (c) 8
hours; (d) 12 hours; (e) 25 hours; (f) 50 hours, and TGA curves of mixed
La,05-0-Fe,05 samples in 1:1 molar ratio under impact mode and milling
time of: (g) 2 hours; (h) 4 hours; (i) 8 hours; (j) 12 hours; (k) 25 hours; (1)
50 hours, respectively.

As the milling progresses in the time range of 4 to 25 h,
two endothermic peaks on DSC curves and the correspond-
ing two weight losses can still be seen (Figure 3b-e and
Figure 3h-k), suggesting the presence of La(OH); phase,
which is consistent with the XRD results. Through the
analysis of the percentage values of the two weight losses, it
can be observed that the two values for each sample de-
crease as a function of milling time. The slight decreases in
the intensities of the two endothermic peaks on DSC curves
and the two corresponding weight losses may suggest that
part of the La(OH); enters the Fe,Oj5 lattice, with the release
of water during the milling processes. There is a small exo-
thermic peak at 624°C for 25 h milled sample (Figure 3e),
which can be assigned to the formation of LaFeO; phase
under heat treatment. This suggests that the milling process
can lower the temperature of the solid state reaction be-
tween La(OH); and Fe,05 to form LaFeOs perovskite.

For the sample after 50 h of milling time (Figure 3f), the
first endothermic peak can still be clearly seen, with the
peak temperature at 383 °C, while the second endothermic
peak is not distinguished. The small exothermic peak with
peak temperature ~ 667 °C can be assigned to the formation
of LaFeO; perovskite. The TGA curve (Figure 31) still
shows two corresponding weight losses, with the values of

-3.82% and -1.58%, respectively. The dramatic decreases in
the two weight losses are due to the consumption of
La(OH); to convert to LaOOH and form LaFeO; perovskite
after the long milling time. This is confirmed by the XRD
results that the intensities of La(OH); diffraction peaks
dramatically decrease at this milling time scale, part of
La(OH); dehydrated to LaOOH and reacted with Fe,O; to
form LaFeO; perovskite.

The DSC and TGA curves of milled samples under im-
pact mode are shown in Figure 4. Similar thermogravime-
tric results to those of shear mode milled sample were ob-
tained. The intensities of the two endothermic peaks de-
crease with the milling time, and the corresponding weigh
losses decrease, suggesting the consumption of La(OH);
phase and part of La(OH); entering into Fe,O5 lattice. After
25 and 50 h milling time, the appearance of the small exo-
thermic peak suggests that the milling process can lower the
solid state reaction temperature between La(OH); and
Fe,0;. It has to be noted that no La(OH); phase can be de-
tected after 50 h of milling time (Figure 2f), while the DSC
and TGA curves still show the two-step dehydration of
La(OH);. Since no special care for the 50 h milled sample
has been taken after the milling process, part of LaOOH
phase may absorb moisture under ambient atmosphere and
convert back to La(OH); phase.
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Figure 5. Mossbauer spectra of mixed La,Os-o-Fe,Os; samples in 1:1
molar ratio under shear mode and milling time of: (a) 0 hour; (b) 2 hours;

(c) 4 hours; (d) 8 hours; (e) 12 hours; (f) 25 hours; (g) 50 hours, respec-
tively.
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3.3. Mossbauer Spectroscopy

Figures 5 and 6 show the room temperature transmission
Mossbauer spectra of mixed La,0s-0-Fe,O; oxides (1:1
molar ratio) after milling for 2, 4, 8, 12, 25, and 50 hours
under shear and impact modes, respectively. The hyperfine
parameters corresponding to these spectra are given in Ta-
ble 1. For the physically mixed Fe,O;-La,O; oxides, the
Moéssbauer spectrum can be only fitted with one sextet, with
the values of hyperfine magnetic field (B), isomer shift
(I.S.), and quodrupole shift (Q.S.) of 47.93 T, 0.458 mm/s,
and -0.297 mm/s, respectively, representing the pure Fe,O;
phase (Figure 5a and Figure 6a).
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Figure 6. Mossbauer spectra of mixed La,Os-o-Fe,O; samples in 1:1
molar ratio under impact mode and milling time of: (a) 0 hour; (b) 2 hours;
(c) 4 hours; (d) 8 hours; (e) 12 hours; (f) 25 hours; (g) 50 hours, respec-
tively.

For the sample at 2 h of milling time under shear mode
(Figure 5b), the Mossbauer spectrum was fitted with 2 sex-
tets, indicating the La®>" substitution of Fe’" in the a-Fe,05
lattice; the relative abundance of the magnetic phase with
highest hyperfine magnetic field (48.11 T) is 93.10%, and
the relative population of the magnetic phase with a lower
hyperfine magnetic field of 46.42 T is 6.90%. Similar
Mossbauer spectra with 2 sextets are observed for 4 and 8 h
milled samples. After 12 h of milling time, the Mdssbauer

spectrum was fitted with 2 sextets and 1 doublet (Figure Se).

The small doublet, with isomer shift and quadrupole split-
ting values of 0.478 and 0.484 mm/s, respectively, has a
population of 9.38%, and can be assigned to nonmagnetic
phase with Fe*" substitution of La*" in the La(OH); lattice.
The appearance of the doublet occurs after only 12 h of
milling time suggesting that it is more difficult for Fe** to
enter the La(OH); lattice than for La*" to enter the Fe, 05
lattice.

Table 1. Mossbauer parameters for magneto-mechanical milled
La,0;-a-Fe;0O5 samples in 1:1 molar ratio at different ball milling times
(BMT)

Mode BMT LS. Q.S. B Abundance
(h) (mm/s) (mm/s) (Tesla) (%)
Shear 0 0.458 -0.297 47.93 100
2 0.470 -0.289 48.11 93.10
0.338 -0.585 46.42 6.90
4 0.470 -0.327 48.85 73.36
0.227 -0.268 47.25 26.64
8 0.447 -0.301 48.65 59.08
0.532 -0.147 46.54 40.92
12 0.443 -0.226 48.75 52.77
0.530 -0.136 46.45 37.85
0.478 0.484 / 9.38
25 0.356 -0.279 48.03 28.64
0.533 -0.356 47.83 62.35
0.482 0.483 / 9.01
50 0.440 -0.252 48.83 72.71
0.436 -0.299 47.01 15.99
0.438 0.758 / 11.38
Impact 0 0.458 -0.297 4793 100
2 0.453 -0.285 48.31 78.50
0.452 -0.351 45.72 21.50
4 0.464 -0.295 48.01 79.29
0.348 -0.598 44,12 11.68
0.565 0.671 / 9.03
8 0.372 -0.010 50.36 72.88
0.497 -0.013 47.98 14.04
0.489 0.637 / 13.08
12 0.444 -0.290 48.03 67.28
0.319 -0.651 45.65 22.99
0.347 0.727 / 9.73
25 0.448 -0.278 48.08 68.41
0.640 -0.245 46.35 21.27
0.474 0.685 / 10.32
50 0.463 -0.248 48.02 68.17
0.492 -0.300 46.62 21.48
0.586 0.681 / 10.35
Errors  +/-0.01 +/-0.02 +/-1.0 +/-0.1

When part of La’" substitutes Fe*" in Fe,0; lattice, ferro-
and/or antiferromagnetic ordering among Fe’* can still be
induced by exchange interaction, which gives sextets in
Massbauer spectra with different hyperfine magnetic fields.
However, when a small amount of Fe*" substitution of La*"
in La(OH); lattice is introduced, no ferro- and/or antiferro-
magnetic ordering among Fe’" can be induced by exchange
interaction, therefore, only a quadrupole doublet appears.
The isomer shift of Fe'" extracted from the doublet is a bit
higher compared to the value of Fe’ extracted from the
sextet pattern of Fe,Os, and this may be attributed to the
change of neighbors in these two cases.

After 25 and 50 h of milling time, the Mssbauer spectra
can still be fitted with 2 sextets and 1 quadrupole split
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doublet, respectively. From XRD pattern (Figure 1f) of 50 h
milled sample, the trace of LaFeO; magnetic phase was
detected, however, no dramatic change in Mssbauer spec-
trum can be observed. It has been reported that the
Mossbauer spectra of LaFeOs; can be fitted with different
sets of sextets and doublets due to the wide distribution in
LaFeO; particle size. LaFeOs crystallites prepared by citrate
method in size of 70nm possessed an antiferromagnetic
structure and only one sextet was needed for its fitting,
while those of 12nm were the superposition of weaker anti-
ferromagnetic structure and stronger superparamagnetic
structure, such that broadened sextets and doublets were
needed[28]. The weak ferromagnetic behavior for LaFeO;
with particle sizes of ~ 40nm was also observed from the
hysteresis measurements[14]. The Mdssbauer spectrum of
LaFeOs; single phase prepared by mechanical milling me-
thod was also reported to be composed of a broadened sex-
tet pattern and a broadened singlet[29], as the average
hyperfine magnetic field is lower than that of bulk LaFeO;
[30]. All these suggest that the Mdssbauer spectra of La-
FeO; materials possess different magnetic properties and
can be fitted with different sets of sextets and doublets, due
to the different preparation methods which lead to different
distribution in particle sizes. Therefore, the Mossbauer
spectrum of trace of amorphous LaFeO; phase may overlap
with the La®" substituted/un-substituted Fe,O, phase and the
Fe’* substituted La(OH); phase. The percentage of the
doublet as shown in Table 1 (~ 10%) doesn’t change much
as a function of milling time, suggesting that the 10% may
be the maximum amount of Fe,O; which can enter La(OH);
lattice under present milling conditions.

The Mossbauer spectra of impact mode milled samples
are shown in Figure 6. For the 2 h milled sample, only 2
sextets are needed to fit the Mossbauer spectrum (Figure
6b), representing the La®" un-substituted/substituted Fe,O;
phase. After 4 h of milling time, an extra doublet is needed
(Figure 6¢c), suggesting the Fe’™ substitution of La’" in
La(OH); phase. The appearance of the doublet after 4 h of
milling time for impact mode and 12 h for shear mode is in
good agreement with the impact mode being more energetic
than the shear mode. Similar to the shear mode, the percen-
tage of the doublet, which is around 10%, doesn’t change
much as a function of milling time, confirming our previous
assumption that 10% is the maximum amount that Fe*" can
enter La(OH)j; lattice.

According to the XRD, DSC-TGA, and Mossbauer re-
sults of both shear and impact milling modes, the initial
stage growth mechanism of LaFeO; perovskite through
magneto-mechanical milling method follows these steps:
first of all, as shown by the intensities and broadness of the
XRD diffraction peaks, the particle sizes of starting mate-
rials La,05;/La(OH); and Fe,O; decrease as a function of
milling time; secondly, La’* substitution of Fe’* in Fe,0s
lattice and ~ 10% Fe’* substitution of La’" in La(OH);
phase occur under milling process, which can be identified
by the Mdssbauer spectra with 2 sextets and 1 doublet; at
last, the La(OH); decomposes to LaOOH at longer milling

time and the solid state reaction occurs between Fe,O; and
LaOOH leading to the formation of amorphous LaFeO;
phase; further, milling process causes the completion of the
solid state reaction and the formation of LaFeO; single
phase with well-developed ABOj;-type perovskite crystal-
line structure, which has been identified from our conven-
tional milling method.
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Figure 7. The optical diffuse reflectance spectrum converted to absorp-
tion for samples: (a) original Fe,03, (b) original La,0O;, and (c) physically
mixed La,0;-0-Fe,O; sample in 1:1 molar ratio at 0 hour of milling time.
On the y axis, a is the absorbance and s is the scattering coefficient con-
stant.

3.4. Optical Diffuse Reflectance Spectroscopy

The optical diffuse reflectance spectra for samples Fe,O3,
La,0;, and La,03-a-Fe,0; (1:1 molar ratio) with 0 h of mil-
ling time are shown in Figure 7. For the Fe,0;, the valence
and conduction bands arise from crystal field splitting of the
Fe 3d levels due to the octahedral coordination of oxygen
around Fe[31]. As shown in Figure 7a, diffuse reflectance
spectra of original Fe,0; exhibited a band gap energy value
of ~ 2.2eV, which is consistent with reported value for bulk
hematite[32-34]. Lanthanum (III) oxides have a structure in
which lanthanum is seven-fold coordinated, with four short
La-O bonds (2.30 A) and three longer La-O bonds (2.70 A).
The band gap of La,0; is indirect, and it has been recently
reported it is in the range from 4.3eV to 6.0eV[34,35]. The
valance band is at /" and about 3.5¢V wide. The conduction
band minimum is due to the La d states. The density of
states of La,O; shows that valance band is strongly loca-
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lized on O p states and the conduction band on La d with
some La s, p states starting at 8¢V[34]. The measured band
gap energy of the lanthanum oxide has a value of ~ 5.2eV,
the difference in band gap energy may arise from the coex-
istence of La,O; and La(OH); phases. For sample
La,05-0-Fe,O5 (1:1 molar ratio) with 0 h of milling time, i.e.
just after the physically mixing of the hematite-lanthanum
oxides, the band gap energy of Fe,O; and lanthanum oxide
shifted to higher energy levels, with values of ~ 2.60eV for
Fe,0; and ~ 5.76eV for lanthanum oxide, respectively. The
variations in band gap energies of Fe,O; and lanthanum
oxide are attributed to the change in density of states of 2p
level for O and 3d level for La and Fe. A similar change in
band gap energy was also observed on Fe-doped TiO, sys-
tem[36].
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Figure 8. The optical diffuse reflectance spectrum converted to absorp-
tion for mixed La,03-0-Fe,03 samples in 1:1 molar ratio under shear mode
and milling time of: (a) 2 hours; (b) 4 hours; (c) 8 hours; (d) 12 hours; (e)
25 hours; (f) 50 hours, respectively. On the y axis, is the absorbance and s
is the scattering coefficient constant.

The optical diffuse reflectance spectra of shear mode
milled samples are shown in Figure 8. For the sample under
shear mode and after 2 h of milling time (Figure 8a), the
band gap energy of the resulted sample is ~ 2.91eV, which
is much higher than that of original Fe,O; and slightly
higher than that of Fe,O; in the physically mixed hema-
tite-lanthanum oxide sample. The change in band gap of

Fe,05 after milling process suggested the La®" substitution
of Fe*" in Fe,O; lattice, which is in good agreement with
the Mdssbauer results. No obvious band gap for La,O; was
observed due to the absorbent coefficients falling down and
is very small in the wavelength range of UV-Vis light. No
distinguishable change in the optical diffuse reflectance
spectra was observed when the milling time was extended
to 25 hours. It has been confirmed that LaFeO; perovskite
was formed after 50 hours of milling under shear mode,
however, no significant change was observed in the UV-Vis
spectrum (Figure 8f). This is due to the similar band gap
energies of Fe,0; and the formed LaFeOj; perovskite[37], as
well as the band gap energy of LaFeO; phase being also
ascribed to the electronic transitions from the valence band
to conduction band (O,,—Fes,, ~ 2.52eV). Therefore, the
change in band gap energies of milled samples is mainly
due to the gradual La*" substitution of Fe** in Fe,0; lattice.

Similar UV-Vis results were obtained for samples milled
under the impact mode, with band gap of Fe,O; shifted to
higher energy after 2 hours of milling time. Extended mil-
ling time didn’t cause further dramatic changes in UV-Vis
spectra. All of the milled samples have band gap energies
around 2.9eV.

4. Conclusions

The initial stage growth mechanism of LaFeO; perovs-
kite was investigated through low energetic magne-
to-mechanical milling of La,0; and Fe,O; in stoichiometric
ratios at room temperature. The La,O; was highly hygros-
copic and absorbed moisture under ambient atmosphere to
form La(OH); phase. XRD revealed that the average par-
ticle size of the La(OH); and Fe,0; decreased as a function
of milling time. No solid state reaction to form LaFeO; took
place when the milling time was less than 25 hours for both
shear and impact modes. The detectable phase of LaFeO;
perovskite was found only when magnetomechanical mil-
ling time was around 50 hours for the shear mode and 25
hours for the impact mode, with the simultaneous appear-
ance of LaOOH phase. The DSC-TGA results suggested the
two-step dehydration of the La(OH); to LaOOH and then to
La,0s3. The decreases in intensities of endothermic peaks
and the corresponding weight losses suggested that part of
the La(OH); entered the Fe,O; lattice during the milling
process. The Mossbauer spectroscopy studies showed that
the spectrum of the milled La,0;-Fe,O; composite con-
sisted of two sextets and one doublet, indicating the La®*
substitution of Fe*™ into the Fe,O; lattice, and small
amounts of Fe** substitution of La®" into the La(OH); lattice
under the milling process. The formation of LaFeO; occurs
between nano-sized La’" substituted/un-substituted Fe, 05
and the resultant LaOOH from dehydration of the La(OH);.
Optical diffuse reflectance spectroscopy studies showed that
all of the milled samples have semiconductor properties,
with the band gap energies ~ 2.9eV. As compared to con-
ventional milling, the magneto-mechanical milling method
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offers access to studies of the very first stages of phase
transformations in magnetic systems.
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