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LaBO; (B=transition metal) perovskite oxides, which have
well-defined structure and high thermal stability, have been
widely studied on their physical and chemical properties. An
interesting potential application of the perovskites as cata-
lysts is their use for redox reactions.'” LaFeO; perovskite
oxide is one of highly active catalysts for oxidation of hydro-
carbons and has been prepared by various synthetic methods
including sol-gel method, sonochemical method, hydrother-
mal method, and polymerizable complex method.*’ How-
ever, since these methods start from solution precursors,
they need calcining at relatively high temperatures to obtain
the crystalline particles, which results in the formation of
crystalline powder with small surface area.'®!" The small
surface area of LaFeOs powder may limit its potential use as
catalyst.

Metal oxide catalyst is generally used in the form of fine
powder to give a large surface area. Fine particles of metal
oxide may agglomerate into large particles at high temper-
atures, which results in deactivation of the catalyst. Recently,
ordered porous compounds having high surface areas such
as MCM, SBA, and AAO have attracted much attention as
new materials for support with high loading and dispersion
of catalysts.""!* However, the nanostructures may be collap-
sed by a solid-state reaction between catalyst and support at
high temperatures. Metal oxide in the form of porous nano-
wires or nanotubes may be an advantage for its application
as non-supported catalyst owing to its high surface area.
Anodic aluminum oxide (AAO) membranes have used as
the templates for synthesizing one-dimensional structures in
a previously inaccessible size range by inclusion chemistry.
Because AAO membranes can be synthesized with control-
lable pore diameter in the range of 5-200 nm, they are
favorably used as templates for preparing the metal oxides in
the form of nanowire or nanotube. Until now, some ceramic
nanowires and nanotubes have been successfully synthe-
sized using AAO templates.®!*1

In this work, porous LaFeO; perovskite nanowires were
prepared using AAO template by a sol-gel method. Amphi-
philic triblock copolymer (F127), which is widely used in
the synthesis of nanostructured materials because its
assemblies can lead to mesostructures, was employed to
induce the formation of mesopores in the final oxide nano-
wires. The oxide nanowires were examined as catalysts for

the oxidative coupling of methane in the temperature range
of 650-800 °C at atmospheric pressure and their catalytic
results were compared with the fine powder catalyst. The
catalysts were characterized by XRD, FE-SEM, HR-TEM,
and N sorption measurements.

Experimental

Anodic aluminum oxide membrane with a dimension of
200 £ 20 nm pore size, 5 cm? area, and 60 pm thickness was
obtained from Whatman Co. (Anodisc 13). Prior to use it as
template, the membrane was immersed in a hot H,O,
(35.0%) solution for 30 min, subsequently treated in hot
deionized water under agitation for 30 min, and dried at 90
°C. The resulting membrane was immersed in 10 wt %
octadecylchlorosilane (C1sH37SiCls, 90 + %, Aldrich-Sigma)
solution dissolved in Ar-bubbled benzene (98%, Merck)
under agitation for 12 h, where the membrane surface was
modified from hydrophilic to hydrophobic. The hydro-
phobic membrane was recovered by the filtration, washed in
benzene, and dried at 60 °C. Figure 1 shows FT-IR spectra of
the AAO membrane before and after treatment with octa-
decylchlorosilane. The IR spectrum of the membrane after
treatment with octadecylchlorosilane exhibits two absorp-
tion bands at 2850 cm™' and 2927 cm™'. The former is due to
symmetric stretching of C-H in methyl group and the later is
due to asymmetric stretching of C-H, suggesting that the
membrane surface is hydrophobic.

LaFeOs; nanowires were prepared from La(NOj3);-6H,O
(99.99%, Aldrich.) and Fe(NO3)3-9H>0 (99.999%, Aldrich).
In a typical synthesis, 2.166 g La(NO3);-6H,O and 2.020 g
Fe(NOs)3-9H,0 were dissolved into ethylene glycol (99.9%,
Merck) under intense stirring. 1.0 g F127 triblock copolymer
(BASEF, average molecular weight; 12,600) was dissolved in
ethanol (99.9%, Merck). Both the metal nitrate solution and
the F127 solution were then mixed together under intense
stirring for 2 h. The hydrophobic membrane was immersed
in the precursor solution and agitated for 12 h. The pre-
cursor-inserted AAO membranes were maintained at 60 °C
for 4 days, then heated up to 600 °C with a heating rate of
1 °C/min or 20 °C/min in air, held at 600 °C for 6 h, and
subsequently cooled down to room temperature at a de-
creasing rate of 20 °C/min. The LaFeOs; nanowires were
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obtained by removing the template in 1 M NaOH solution at
60 °C for 12 h. The oxide nanowires were analyzed by X-ray
powder diffraction (XRD) using a Philips X-pert MPD
system equipped with Cu-Ka radiation (A = 1.5418 A). Field-
emission scanning electron microscopy (FE-SEM) and high-
resolution transmission electron microscopy (HR-TEM)
analyses were performed for the oxide nanwires using a JSM
6700F and a JEOL 3010, respectively. N, sorption isotherms
of the oxide nanowires were obtained at liquid nitrogen
temperature using a Micrometrics automatic gas adsorption
system (ASAP 2010). BET and BJH analyses were perform-
ed to determine the surface area and the pore size distribu-
tion, respectively.

The catalytic reaction was performed in a continuous flow
reactor which consisted of quartz tube (0.8 cm i.d. and 3 cm
length) sealed to 0.4-cm-i.d. quartz tubes on two ends. The
feed flow rate of the reaction mixture at ambient condition
was CH4/O»/He=10/2/8 cm*/min and the purity of the gases
was greater than 99.99%. The amount of catalyst used for
this reaction was typically 15 mg. The gas products were
analyzed by on-line gas chromatography equipped with a
thermal conductivity detector (TCD) and a flame ionization
detector (FID). Methane conversion and product selectivity
were typically compared after 1 h time-on-stream.

Results and Discussion

In this work, the dissolution of lanthanum nitrate and
iron nitrate in ethylene glycol formed glyoxylate anion:
C,HeOx(/) + 2NOs (aq) —> C2H2042‘(aq) + 2NO(g) + 2H,0.
During the calcination treatment of precursor-filled AAO
membrane, solvents like ethanol and water were removed
from the membrane, metal glyoxylates were decomposed
into metal oxides by evolving CO,(g) and H,O(g), and
LaFeO; oxide grew within the AAO pores to form the
nanowires. Figure 2 shows typical FE-SEM images of the
oxide before and after removing AAO template, indicating

——— After
- — — Before

Absorbance (a. u.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 1. FT-IR spectra of AAO membrane before and after
reaction with octadecylchlorosilane.
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Figure 2. FE-SEM image of LaFeOs; nanowires within AAO
template calcined with 20 °C heating rate during the calcination
treatment. The inset shows the oxide nanowires after removing the
AAO template.

the oxide product in the form of nanowires. The length of the
nanowires was less than 30 um. Figure 3 exhibits the X-ray
powder diffraction patterns of the oxide nanowires, indicat-
ing monophase LaFeOj; perovskite oxide with orthorhombic
structure. HR-TEM images of the oxide nanowires are shown
in Figure 4, which reveals that many pores are irregularly
distributed in the oxide nanowires. The pores may be
interconnected to form channels in the oxide nanowires, but
the channels were not clearly identified in this work. The
pore size distributions obtained by the BJH analysis
indicated the existence of mesopores in the oxide nanowires.
Average pore sizes were 10.2 nm for the sample calcined
with 1°C/min and 6.4 nm for the sample calcined with
20 °C/min. BET surface areas were determined to be 28.5
m%/g for the sample calcined with 1 °C/min and 21.7 m%/g
for the sample calcined with 20 °C/min.
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Figure 3. X-ray diffraction patterns of LaFeO3 nanowires calcined
with (A) 1°C/min heating rate and (B) 20 °C/min heating rate
during the calcination treatment. LaFeO3 (JCPDS no. 37-1493).



Notes

The oxide nanowires are considered to be composed of
numerous cystal grains which are interconnected. We calcu-
lated average sizes of crystal grains, d, using the FWHM
value of the (1 2 1) major peak, B, and Scherrer equation:
d=0.9A/BcosB, where A is the wavelength of the X-rays. The
values calculated were 26.1 nm and 42.7 nm for the samples
calcined with 1°C/min and 20 °C/min, respectively. The
result suggests that the crystal grain size (or the extended
crystallinity) is controllable with heating rate during the
calcination treatment. LaFeOj; fine powder was prepared as a
reference sample by the conventional citrate sol-gel method.
The resultant LaFeOs fine powder, which was calcined at
600 °C with 20 °C/min heating rate, had a surface area of 5.3
m?*/g. Though the surface areas of the LaFeO; nanowires are
lower than those of mesoporous materials like SBA15 and
MCMA41, their values are higher than that of the LaFeOs fine
powder.

The LaFeOs; oxides showed catalytic activities for the
oxidative coupling of methane in the temperature range of
650-800 °C, in which CO,, C;Ha4, and C;Hs were produced
as major products and CO was scarcely produced. Figure 5
shows variations of CH4 conversion and C, selectivity with
temperature for the catalysts. At 800 °C, the LaFeO; nano-
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(b) Calcination rate: 20°C/min

Figure 4. HR-TEM images of LaFeO; nanowires calcined with (a)
1 °C/min heating rate and (b) 20 °C/min heating rate during the
calcination treatment.
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wires calcined with 20 °C/min produced a C, yield of 13.9%
with a C; selectivity of 57.7% and the fine powder produced
a Cyyield of 3.5% with a C; selectivity of 20.3%, which
indicates that the nanowires are more active and selective
than the fine powder in the reaction. The higher activity of
nanowires is considered to be attributable to the higher
surface area. As shown in Figure 5, the LaFeOs nanowires
calcined with 20 °C/min showed higher activity than the
nanowires calcined with 1 °C/min. Both samples calcined
with 1 °C/min and 20 °C/min showed significant difference
in the crystal grain size, but their surface areas didn't differ
significantly, which enables us to consider that the extended
crystallinity or the crystal grain size is directly related to the
catalytic activity.

In general, the total oxidation of methane generally occurs
below 500 °C while the oxidative coupling of methane takes
place in the temperature range of 600-900 °C at high ratio of
CH,/0,."® Tt is generally accepted for the oxidative coupling
of methane that less electrophilic oxygen species like O~
(ads) and O, (ads) on the surface of metal oxide catalyst act
as active sites for methane.'?" The present catalysts pro-
duced C; hydrocarbons above 650 °C in the CH4/O, reac-
tion. Total activity of LaFeOs catalyst in the methane
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Figure 5. Variations of CH4 conversion and C, selectivity with
temperature for oxidative coupling of methane over LaFeO; fine
powder prepared by citrate method (O) and porous LaFeO;
nanowires calcined with 1 °C/min heating rate ([7]) and 20 °C/min
heating rate (<) during the calcination treatment.
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oxidation has been explained by active oxygen species
adsorbed on oxygen vacancies which are formed by the
reduction of Fe** to Fe?* in the oxide.!” However, the origin
of activity of LaFeQOj; catalyst for the oxidative coupling of
methane may be different from the total oxidation because
the oxidative coupling of methane occurs at higher temper-
atures. In case of LaFeOs perovskite, it has been proved that a
small amounts of Fe*" ions in the perovskite structure can be
oxidized to Fe** ions during the calcination process at high
temperatures.”*? The oxidation of Fe** to Fe** can induce a
liberation of lanthanum ions from the perovskite lattice,
based on the principle of controlled valency. The resulting
lanthanum oxide should be related to the nature and reac-
tivity of the perovskite surface. In the previous work,” we
also reported the presence of the surface lanthanum oxide
in the LaFeOs perovskite prepared by the citrate sol-gel
method. Since lanthanum oxide catalyst is strongly basic and
efficiently generate methyl radicals in the oxidative coupling
of methane,'® the catalytic activity of LaFeO; nanowires for
the reaction is considered to be originated from the surface
lanthanum oxide. In this work, the oxide nanowires with
higher crystal grain size showed higher activity for the
catalytic reaction, which implies that the surface lanthanum
oxide is more rich in the oxide nanowires with higher crystal
grain size.

In summary, the LaFeOj; perovskite oxide nanowires were
prepared from metal nitrates and amphiphilic tribolck
copolymer (F127) using AAO membrane template by a sol-
gel method. Compared to the LaFeOj; fine powder prepared
by the citrate method, the oxide nanowires showed higher
surface area and much higher catalytic activity for the
oxidative coupling of methane. The pore size distribution
and the mean size of crystal grains in the LaFeOs nanowires
varied with heating rate during the calcination treatment
of the precursor-filled template. The extended crystallinity
of LaFeOs; nanowires seems to be closely related to the
formation of surface lanthanum oxide which plays a major
role as active phase in the oxidative coupling of methane.
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