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a b s t r a c t

Three-dimensionally ordered macroporous (3DOM) lanthanum–iron-oxide (LaFeO3) with different pore

diameters was prepared using a colloidal crystal of polymer spheres with different diameters as

templates. Ethylene glycol–methanol mixed solution of metal nitrates was infiltrated into the void of

the colloidal crystal template of a monodispersed poly(methyl methacrylate) (PMMA) sphere. Heating

of this PMMA–metal salt–ethylene glycol composite produced the desired well-ordered 3DOM LaFeO3

with a high pore fraction, which was confirmed by powder X-ray diffraction (XRD), scanning electron

microscopy (SEM), transmission electron microscopy (TEM), mercury (Hg) porosimetry, and ultravio-

let–visible (UV–vis) diffuse reflectance spectra. 3DOM LaFeO3 with pore diameters of 281 and 321 nm

shows opalescent colors because of photonic stop band properties. Catalytic activity of the 3DOM

LaFeO3 for combustion of carbon particles was enhanced by a potassium cation, which was involved

from K2S2O8 used as a polymerization initiator.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Perovskite-type iron (Fe) and lanthanum (La) mixed metal
oxides, LaFeO3, have attracted much attention as oxidation
catalysts, sensors, and electrode materials [1–5]. The most
common method for preparing LaFeO3 is a solid state reaction
between the component metal oxides or carbonates, and this
method requires a calcination temperature higher than 1273 K
to obtain the desired product as a single phase, which results
in reduction in surface area (usually less than 1 m2 g�1) due to
large crystal sizes. Increase in specific surface area, i.e., decrease
in particle sizes, is desired to enhance performance of their
application.

In order to increase the specific surface area, so-called wet-
chemical procedures, including thermal decomposition of pre-
cipitated precursors [2,6,7], a microemulsion method [8], and
pyrolysis of complex precursor [9,10], have been reported. In
these methods, lanthanum and iron precursors are dissolved in a
solvent and homogeneous mixing of metals is ensured, thus
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reducing calcination temperature to form the desired LaFeO3.
Nano-crystalline LaFeO3 can be formed and specific surface area
can be increased. If crystallite size of LaFeO3 is 30 nm, specific
surface area is calculated to be 30 m2 g�1 [11]. Thus, produced
materials are aggregates of nano-particles.

Recently, much attention has been focused on three-dimen-
sionally ordered macroporous (3DOM) materials with pores sized
in the sub-micrometer range because of their application in
photonic crystals, catalysis, and separation [12,13]. 3DOM
materials are produced by the following procedure: (i) a colloidal
crystal template is prepared by ordering monodisperse spheres,
e.g., polystyrene, poly(methyl methacrylate) or silica, into a face-
centered close-packed array (opal structure), (ii) interstices in the
colloidal crystal are then filled with liquid metal precursors, either
neat or in solution, which solidify in voids of sphere templates,
resulting in an intermediate composite structure, and (iii) an
ordered form is produced after removing the template by
calcination or extraction. The ordered (‘‘inverse opals’’) structures
synthesized using this method consists of a skeleton surrounding
uniform close-packed macropores. The macropores are intercon-
nected through windows that form as a result of contact between
the template spheres prior to infiltration of the precursor solution.
Furthermore, the 3DOM materials have high porosity, theoreti-
cally ca. 74%.

We have been interested in preparing 3DOM LaFeO3, because
the 3D macropores together with high porosity can permit more
facile transport of guest molecules and ions compared to
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aggregates of nano-particles prepared using the usual wet-
chemical procedure, which is attractive for catalysis materials
and electrode materials. Furthermore, regular 3D periodicity with
a distance of several hundred nanometers is attractive for
photonic crystal materials.

However, it has been difficult to prepare 3DOM LaFeO3 using
conventional sol–gel methods or precipitation methods, and we
have therefore developed a facile method for production of 3DOM
LaFeO3 using a colloidal crystal template of poly(styrene) [14]. We
used an ethylene glycol (EG)–methanol mixed solution of metal
nitrate salts, which can be converted to a mixed metal glyoxylate
or metal oxalate derivatives by in-situ nitrate oxidation at a low
temperature before removal of the template. Further calcination
removed the polymer template and converted the glyoxylate salt
to mixed metal oxide, resulting in production of 3DOM mixed iron
oxide materials in high yield. This in-situ solidification ensures the
chemical homogeneity of the product. However, pore structure
was poorly ordered.

We later found that poly(methyl metacrylate) (PMMA) is a better
template material, and we reported in our previous communication
that well-ordered 3DOM LaFeO3 can be produced [15].

In this paper, we describe the preparation and structural
characterization of 3DOM LaFeO3 with different pore diameters
using PMMA templates with different sphere diameters.
2. Experimental

2.1. Materials

All chemicals used were of reagent grade and they were used
as supplied. Suspensions of monodisperse poly(methyl metha-
crylate) (PMMA) spheres (diameters: 18376, 26879, and
413715 nm) were synthesized using potassium peroxosulfate
as a polymerization initiator by literature techniques [16].
Suspensions of monodisperse poly(methyl methacrylate) (PMMA)
spheres (diameters: 27778 and 444712 nm) were synthesized
using 2,20-azobis(2-methylpropionamidine) dihydrocholoride as a
polymerization initiator by literature techniques [17]. These
spheres were packed into colloidal crystals by centrifugation.
The obtained template was crushed with an agate mortar
and the obtained particles were adjusted to 0.425–2.000 mm in
size using testing sieves (Tokyo Screen, Co. Ltd.) [16,18]. Quartz
sand (10–15 mesh) was purchased from Kokusan Chemical
Works (Tokyo).
2.2. Characterizations

Powder X-ray diffraction (XRD) patterns were recorded on a
diffractometer (Rigaku, RINT Ultima+) equipped with a graphite
monochromator using CuKa radiation (tube voltage: 40 kV, tube
current: 20 mA). The diffraction line widths were obtained after
subtraction of the instrumental width determined by the line
width of silicon powder, and crystallite sizes were calculated from
the width of the most intense lines using the Scherrer equation.
Cell parameters were calculated using a least-squares method
from 6 XRD lines. Scanning electron microscopy (SEM) images
were obtained with a JSM-7400F (JEOL). Samples for SEM were
dusted on an adhesive conductive carbon paper attached to a
brass mount. Transmission electron microscopy (TEM) images
were obtained with a JEM-2000FX (JEOL) using accelerating
voltage of 200 kV with LaB6 filament. Samples for TEM were
prepared by sonicating small amounts of the powder in 5 ml of
ethanol for 1 min and then depositing a few drops of the
suspension on a holey carbon grid. Nitrogen adsorption
measurements were performed on an Autosorb 6 (Quantachrome,
USA) sorption analyzer. Prior to the sorption measurements, the
samples were degassed under vacuum at 473 K for 1 h. Surface
areas were calculated by the Brunauer–Emmet–Teller (BET)
method. Meso and macropores were characterized by an Hg
porosimetry experiment using PoreMaster 33P (Quantachrome,
USA). Pore sizes were calculated using the Washburn equation
with an Hg contact angle of 1401 and a surface tension of
480 dyne cm�1. Diffuse-reflectance (DR) UV–vis spectra were
obtained on a JASCO V-570 spectrophotometer equipped with
an ISN-470 reflectance spectroscopy accessory. Samples were
randomly oriented bulk powders. Elemental analyses were
carried out by Mikroanalytisches Labor Pascher (Remagen,
Germany).

2.3. Synthesis of 3DOM LaFeO3

Lanthanum nitrate hydrate (La(NO3)3 �6H2O, 10.8 g) and iron
nitrate hydrate (Fe(NO3)3 �9H2O, 10.1 g) (final metal concentra-
tion: 2 M) were dissolved with ca. 5 mL of ethyleneglycol (EG) by
slow stirring in a 100 mL beaker at room temperature until the
nitrate salt had dissolved, and the produced EG solution was
poured into a 25 mL volumetric flask. Methanol (10 mL) and EG
were added in amounts necessary to achieve the desired
concentration (final concentration of methanol being 40%
of the volume). Then the PMMA colloidal crystals were soaked
in the solution for 3 h. Excess solution was removed from the
impregnated PMMA colloidal crystals by vacuum filtration. The
obtained sample was allowed to dry in air at room temperature
overnight. A 0.5 g amount of the sample was mixed with 2.5 g of
quartz sand (10�15 mesh) and calcined in a tubular furnace
(inner diameter of ca. 21 mm) in an air flow (50 mL min�1). The
temperature was raised at a rate of 1 K min�1 to 873 K and held
for 5 h.

3DOM LaFeO3 materials were prepared using PMMA templates
with different diameters. PMMA templates with diameters of 183,
268, 291 and 413 nm prepared using a potassium peroxosulfate
polymerization initiator and PMMA template with diameters of
277 and 444 nm prepared using a 2,20-azobis(2-methylpropiona-
midine) dihydrocholoride polymerization initiator were denoted
as 3DOM-PPS-183, 3DOM-PPS-268, 3DOM-PPS-291, 3DOM-PPS-
413, 3DOM-AMPD-277, and 3DOM-AMPD-444, respectively.

2.4. Synthesis of nonporous LaFeO3

The EG�methanol solution of the mixed La–Fe nitrate was
heated in a muffle oven at a rate of 1 K min�1 to 473 K. A 0.5 g
amount of the produced solid was calcined in a tube furnace with
an air flow (50 mL min�1). The temperature was raised at a rate of
1 K min�1 to 873 K and held for 5 h.

2.5. Synthesis of nonporous LaFeO3-K (K: ca. 0.08 wt%)

The EG�methanol solution (10 mL) of the La–Fe nitrate was
mixed with aqueous solution (200mL) of K2SO4 (8.7 mg), and this
solution was heated in a muffle oven at a rate of 1 K min�1 to
473 K. A 0.5 g amount of the produced was calcined in a tube
furnace with an air flow (50 mL min�1). The temperature was
raised at a rate of 1 K min�1 to 873 K and held for 5 h.

2.6. Catalytic tests

Catalytic activity of the prepared materials was tested in a
TG-DTA apparatus. A 20 mg amount of the prepared materials
was soaked in 25 mL of the carbon particle colloidal solution
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(Nanoamand, NanoCarbon Research Institute Ltd., nanoscale
diamond (diametero10 nm) colloid dispersed in ethanol) diluted
with 625 mL of ethanol and ultrasonicated for 5 min. The solution
was dried at 353 K for 1 h and the obtained 1:10 by weight
mixture (10 mg) of carbon and catalyst was heated in a TG-DTA
apparatus under air flow (50 mL min�1).
3. Results and discussion

3.1. Preparation and structural characterization of 3DOM LaFeO3

with different pore sizes

In our previous communication [15], we described the
preparation of 3DOM LaFeO3 using a colloidal crystal template
of PMMA with a diameter of 291 nm (Entry 3, Table 1). Well-
ordered 3DOM LaFeO3 with a pore size of 198 nm was obtained.

PMMA spheres with different diameters ranging from 183 to
444 nm were prepared using potassium peroxosulfate (PPS) or
2,20-azobis(2-methyl propionamidine) dihydrochloride (AMPD) as
a polymerization initiator. These PMMA spheres were packed into
a colloidal crystal and tested as templates. Ethylene glycol–
methanol mixed solution of lanthanum nitrate and iron nitrate
was infiltrated in the void of the PMMA colloidal crystal template.
After calcination at 873 K, the obtained solid was characterized
using SEM, TEM, XRD and N2-adsorption, and data are summar-
ized in Table 1.

A well-ordered 3DOM structure was obtained for all samples,
as shown in SEM images in Fig. 1. Well-ordered air spheres and
interconnected walls created an ‘‘inverse opal’’ structure in three
dimensions, and the next layer is clearly visible in the SEM
images. Large fractions (more than 95% of the particles by SEM
images) of all of the 3DOM materials were highly ordered porous
structures in three dimensions over a range of tens of
micrometers.

It is known that polymerization initiators exist on the surface
of PMMA [19]. These PMMA polymerization initiators did not
affect formation of the 3DOM structure. However, potassium and
sulfur (Entries 1–3 and 4) or chlorine (Entries 5 and 6) from the
initiator remained in the sample after calcination.

The production of LaFeO3 was confirmed by XRD measurement
(Fig. 2) with reference to JCPDS data bank 37-1493. The cell
parameters were very similar to the reported values (Table S1).
Furthermore, no by-products were detected, indicating that the
desired LaFeO3 was successfully obtained. Crystallite sizes
estimated from XRD were 26–36 nm, which correspond to wall
widths.
Table 1
Physicochemical properties of 3DOM LaFeO3 prepared using different polymer templat

Entry Sample Initiatorb PMMA diameter

(nm)

Pore size

(nm)c

Window

(nm)c

1 3DOM-PPS-183 PPS 18376 127 65�56

2 3DOM-PPS-268 PPS 26879 165 70�65

3 3DOM-PPS-291a PPS 29178 198 n.d.

4 3DOM-PPS-413 PPS 413715 281 98�89

5 3DOM-AMPD-277 AMPD 27778 n.d. n.d.

6 3DOM-AMPD-444 AMPD 444712 321 n.d.

7 Non-porous LaFeO3

8 Non-porous LaFeO3-

K

a Data in our previous paper [14].
b PPS: potassium peroxosulfate, K2S2O8, AMPD: 2,20-azobis(2-methyl propionamidi
c Pore sizes and window sizes were estimated from the (110) direction of TEM im
d Crystallite sizes were calculated by Scherrer’s equation from XRD data.
e Carbon particle combustion temperature. T20 is a temperature where 20 wt% of t
The 3DOM structure was characterized in more detail using
TEM (Fig. 3). The 3DOM structure of crystalline materials is a so-
called skeleton structure that consists of strut-like bonds and
vertices [16,18,20,21]. The struts connect two kinds of vertices
and form a CaF2 lattice, in which the eight-coordinated square
prism calcium vertex is larger than the tetrahedral fluorine vertex.
Pore sizes corresponding to the distance between the centers of
two neighboring open spheres were estimated from TEM images
(Fig. 3(a)). Pore sizes are always ca. 30% smaller than the original
PMMA sphere diameter, mostly due to melting shrinkage of the
PMMA sphere [16]. The pore was surrounded by 12 rhombic
windows, and the long diagonal distance and short diagonal
distance of the window were also estimated from TEM images.
Window sizes and pore sizes were increased by increasing the
PMMA sphere diameter.

In the case of 3DOM spinel iron oxide, MFe2O4 (M: Ni, Zn, and
Co), we have observed additional voids in the eight-coordinated
square prism vertices [16]. In the case of 3DOM LaFeO3, voids
were observed both in struts and vertices, as indicated by arrows
in Fig. 3(b).

Fig. 3(c) and (d) show TEM images of 3DOM-PPS-268 obtained
after calcination at 473 and 673 K, respectively. These products
were amorphous compounds. After calcination at 473 K, PMMA
still remained and a 3DOM structure in the polymer was clearly
seen (Fig. 3(c)), and additional voids in the square prism vertices
were observed. After calcination at 673 K, the polymer was
removed and a 3DOM structure was observed, and additional
voids in the square prism vertices and struts were clearly
observed. Swelling of the voids in the square prism vertices was
observed at this temperature. The swollen vertices were shrunk
by crystallization at a higher temperature.

3.2. Porosity

Porosity was measured using Hg porosimetry [16]. The
incremental intrusion was plotted against pore diameter for
3DOM-PPS-268 and LaFeO3 prepared without a PMMA template
(Fig. 4). The Hg intrusion in the low-pressure region
(ca. 0.1–10mm) is due to the interparticle voids and cracks in
the particles, which are observed on the surface of particles
(for example, Fig. 1(a) and (c)). The sharp increase in Hg intrusion
(the peak top: 79 nm) is due to the interconnecting windows
between macropores (Fig. 4, closed circles), and this value is similar
to the window sizes (70–65 nm) estimated by TEM (Entry 2).

Additional voids in 3DOM struts and vertices were not
detected by Hg porosimetry, indicating that the additional voids
were closed and not accessible.
es

size BET surf. area

(m2 g�1)

Crystallite size

(nm)d

Impurity

(wt%)

T20

(K)e

30 36 K: 0.1 S: 0.2 468

26 26 K: 0.2 S: 0.3 489

25

23 36 K: 0.02 S: 0.2 501

32 33 Cl: 0.05 519

29 30 Cl: 0.05 523

21 36 523

28 46 463

ne) dihydrochloride.

ages.

he carbon was burned.
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Fig. 1. SEM images of 3DOM LaFeO3 prepared using colloidal crystal templates of PMMA(K2S2O8-183 nm), 3DOM-PPS-183 (a), PMMA(K2S2O8-268 nm), 3DOM-PPS-268 (b),

PMMA(K2S2O8-413 nm), 3DOM-PPS-413 (c), PMMA(AMPD-277 nm), 3DOM-AMPD-277 (d), PMMA(AMPD-444 nm), 3DOM-AMPD-444 (e), and non-porous LaFeO3 prepared

without a PMMA template (f).

M. Sadakane et al. / Journal of Solid State Chemistry 183 (2010) 1365–13711368
Porosity was calculated by the amount of intrusion Hg in the
macropore [16]. The calculated porosity of 3DOM-PPS-268 was
80%, which is close to the theoretical value (74%) of porosity of
inverse opals. This result indicates that samples made by our
method have the desired 3DOM structure quantitatively.

In the case of non-porous LaFeO3, most of the pore sizes were
within the range of ca. 0.1–10mm, corresponding to pores
between aggregates of nano-particles (Figs. 1(f) and 3(e)). A small
peak centered at 31 nm corresponds to pore sizes between nano-
particles in aggregates. These results demonstrate that 3DOM
LaFeO3 had high porosity with uniform connecting pore sizes,
which is an attractive feature for potential catalysts, filter
materials, and electrode materials.
3.3. Photonic properties

The color of LaFeO3 is brown, but 3DOM-PPS-413 and 3DOM-
AMPD-444 appeared opalescent green and orange, respectively,
under room light (Fig. 5). The 3DOM LaFeO3 were characterized by
using DR UV–Vis spectroscopy (Fig. 6), and a photonic stop band
centered at 494 or 600 nm corresponding to green or orange color,
respectively, were observed.

An approximate expression for the position of the stop band is
given by

l¼ 2dh k lnavg , ð1Þ

where l is the wavelength of the stop band minimum, dh k l is the
interplanar spacing, and navg is the average refractive index of the
materials [12,22]. The navg is given by

navg ¼ fð1�aÞn2
wallþan2

voidg
1=2

, ð2Þ

where a is pore fraction of the material, nwall is refractive index of
LaFeO3, and nvoid is refractive index of air (nvoid¼1.00). The
interplanar spacing of the (111) sets planes d1 1 1 is given by

d1 1 1 ¼ ð2=3Þ1=2D, ð3Þ

where D is pore size. Calculated navg of 3DOM-PPS-413 and
3DOM-AMPD-444 are 1.08 and 1.14, respectively. We propose
that this small difference is caused by difference of pore fraction
between 3DOM-PPS-413 and 3DOM-AMPD-444. There have been
a lot of publications about photonic stop band of 3DOM metal
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Fig. 2. XRD of non-porous LaFeO3 prepared without a PMMA template (a), 3DOM-

PPS-183 (b), 3DOM-PPS-268 (c), 3DOM-PPS-413 (d), 3DOM-AMPD-277 (e), and

3DOM-AMPD-444 (f).

Fig. 3. TEM images of 3DOM-PPS-268. Calcination temperatures were 873 K (a) and (b), 473 K (c), and 673 K (d). View toward the (100) plane. Arrows show pore size and

window size (a) and arrows in (b) indicate additional voids. TEM image of non-porous LaFeO3.

Fig. 4. Incremental intrusion spectra of Hg porosimetry of 3DOM-PPS-268 (closed

circles) and non-porous LaFeO3 prepared without a PMMA template (closed

squares).

M. Sadakane et al. / Journal of Solid State Chemistry 183 (2010) 1365–1371 1369



ARTICLE IN PRESS

Fig. 5. Photographs of non-porous LaFeO3 prepared without a PMMA template (a) and with PMMA templates 3DOM-PPS-183 (b), 3DOM-PPS-268 (c), 3DOM-PPS-413 (d)

and 3DOM-AMPD-444 (e).

Fig. 6. Reflection spectra of non-porous LaFeO3 prepared without a PMMA

template (solid line) and with PMMA templates 3DOM-PPS-183 (open squares),

3DOM-PPS-268 (closed triangles), 3DOM-PPS-413 (solid line with open triangles),

and 3DOM-AMPD-444 (solid line with open squares).

M. Sadakane et al. / Journal of Solid State Chemistry 183 (2010) 1365–13711370
oxides. However, observation of photonic stop band of 3DOM
mixed metal oxide is a rare example.
3.4. Catalytic activity

Catalytic activity of the 3DOM LaFeO3 for combustion of
nanometer size carbon particle was tested using the TG-DTA
apparatus, and combustion temperature T20 (a temperature
where 20 wt% of the carbon was burned) was summarized in
Table 1. Nanometer size carbon material is a model of particulate
matter exhausted from diesel engines, which cause acute health
problems to human beings. LaFeO3 is an active catalyst for the
carbon particle combustion [2,5], and we have demonstrated that
the introduction of 3DOM structure enhanced the catalytic
activity [14]. In the case of 3DOM-PPSs (Entries 1, 2, and 4), cata-
lytic activities are higher than catalytic activity of non-porous
LaFeO3, and the catalytic activity is increased by decreasing the
PMMA diameter. However, the catalytic activity of 3DOM-AMPDs
(Entries 5 and 6) is lower than that of 3DOM-PPSs, and similar
to catalytic activity of non-porous LaFeO3. We have found the
presence of potassium in 3DOM-PPSs (Entries 1, 2, and 4), which
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was included from K2S2O8 used as a polymerization initiator. It is
known that the presence of potassium increases the catalytic
activity [5]. We have prepared non-porous LaFeO3 with potassium
(ca. 0.08 wt%) (Table S1), and this non-porous LaFeO3-K showed
enhanced catalytic activity similar to the catalytic activities of
3DOM-PPSs (Entry 8). This result indicates that the catalytic
activity enhancement is caused by the potassium impurity.
4. Conclusion

Well-ordered 3DOM LaFeO3 materials with pore sizes ranging
from 127 to 321 nm were obtained using a colloidal crystal
template method in a high pore fraction. Our method uses
ethylene glycol–methanol solution of metal nitrates for the metal
precursor solution. High porosity and high order of the 3DOM
materials, which are attractive features for application as future
catalysts, filters, and electrode materials, were confirmed by using
SEM, TEM, Hg porosimetry, and photonic stop band properties.
Together with our previous papers [16,18], we have demonstrated
that our method is a suitable method for preparing 3DOM iron-
based oxide including mixed metal oxides.
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