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Nanocrystalline LaCoO3 perovskite particles confined in SBA-15 silica
a new efficient catalyst for hydrocarbon oxidation
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Abstract

Highly crystalline LaCoO3 perovskite particles were prepared by a novel microwave-assisted process with a La–Co citrate c
precursor in the host pores of mesoporous SBA-15 silica. The resulting material exhibited considerably higher catalytic activ
complete methane oxidation than a LaCoO3/SBA-15 sample prepared by a conventional method with a bulk LaCoO3 perovskite. This
suggests that a higher density of lattice defects achieved on the high-surface-area LaCoO3 nanocrystals synthesized by microwave process
is essential for the superior performance of the catalyst.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Catalytic combustion of methane is an attractive,
able technology for the environmentally friendly producti
of energy because energy use is more efficient and
lutant emissions are minimal compared with conventio
flame combustion[1–4]. Catalyst systems based on su
ported noble metals have been extensively investigated
the complete oxidation of methane[1–3], but they gener-
ally deactivate rapidly under reaction conditions becaus
sintering and loss of active species. In the developmen
more suitable catalysts for the combustion of methane,
perovskite-type oxides (PTOs) containing transition-m
ions (e.g., Co, Mn, Fe) have attracted considerable atten
recently as promising new hydrocarbon combustion ma
als because of their high thermal stability and relatively l
cost compared with their conventional noble-metal co
terparts[5–9]. However, the potential applications of the
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materials are greatly limited by their small surface ar
(generally below 50 m2 g−1) [7–9].

One possible way of circumventing this problem is to d
perse perovskites on porous supports with a high spe
surface area to optimize the catalytic performance[10–16].
Recently, silica-based mesoporous materials have bee
ported to be promising supports for a number of catalytic
active species because of their high surface area and s
well-ordered pore structures[17–20]. Here, for the first time
we have found that highly crystalline LaCoO3 perovskites in
SBA-15 channels, which are fully accessible to the reac
molecules, can be prepared by novel microwave-ass
processing (MAP) of a La–Co citrate complex precursor
side the SBA-15 host and are highly efficient catalysts
methane combustion. It was demonstrated that the us
microwave heating in the synthesis of dispersed LaC3
perovskites makes possible the convenient and rapid ge
ation of SBA-15-hosted perovskite nanocrystals with fav
able microstructural modification, resulting in the creat
of a high density of lattice defects. This in turn leads to
significant enhancement of their performance for catal
methane combustion.
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2. Experimental

2.1. Catalyst preparation

Pure siliceous SBA-15 was prepared according to a
cedure in the literature[17]. Conventional and microwave
synthesized LaCoO3 perovskites in SBA-15 hosts were pr
pared in two steps under similar conditions. Typically, 2.
of SBA-15 was impregnated by incipient wetness with
alcoholic solution containing equimolar amounts of La a
Co citrate complex precursors (the molar ratio of citric a
to total Co+ La cations was fixed at 1), corresponding
10 wt% LaCoO3 loading, followed by vacuum drying a
60◦C. This process was performed six times to achieve
nal LaCoO3 content of 60 wt%. The resulting La–Co citra
complex precursor inside the silica nanotubes was subje
to microwave irradiation in a domestic microwave ov
(500 W, 2.45 GHz) for 6 min to obtain the final black powd
(MLC-60). During the microwave treatment, the maximu
temperature was ca. 700◦C (monitored by an optical pyrom
eter; Minolta). With a similar procedure, except that the fi
calcination step was conducted in a muffle oven at 600◦C for
6 h in air, the CLC-60 sample containing the same LaC3
content in the SBA-15 host was prepared. For compariso
reference bulk LaCoO3 sample was prepared by calcinati
of the La–Co precursors, obtained by a conventional “cit
method” at 700◦C for 4 h in air[21].

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns were collected on
Bruker AXS D8 Avance X-ray diffractometer with Cu
Kα radiation (λ = 1.5418 Å). The BET surface area an
the pore volume were determined by N2 physical adsorp
tion at 77 K on a Micromeritics TriStar 3000 adsorpti
apparatus. The active oxygen sites on the catalysts
studied by temperature-programmed desorption of O2 (O2-
TPD) monitored with an on-line quadrupole mass sp
trometer (QMS200, Balzers OmniStar). TEM images w
recorded digitally with a Gatan slow-scan charge-coup
device (CCD) camera on a JEOL 2011 electron microsc
operating at 200 kV.

2.3. Catalytic tests

The catalytic oxidation of methane was carried out
a fixed-bed quartz microcatalytic flow reactor (6 mm O
4 mm ID) at atmospheric pressure with 100 mg of cata
(60–80-mesh) loading[19]. To prevent the development
hot spots in the catalytic bed, the catalysts were diluted
300 mg of quartz powder (40–60-mesh). The feed wa
mixture of CH4/O2/He with a molar ratio of 1:4:95 and
total gas flow of 10–100 mL min−1, giving a space velocity
(GHSV) in the range of 20,000–200,000 h−1. The feed and
the product gases were analyzed on-line with a gas c
matograph (Type GC-122, Shanghai).

3. Results and discussion

Table 1gives the characteristics of the two LaCoO3/SBA-
15 samples with a high LaCoO3 loading of 60 wt%, pre-
pared by conventional and microwave-assisted methods
the parent SBA-15 and bulk LaCoO3 perovskite referenc
samples. The LaCoO3 perovskite phase (XRD) of the bu
LaCoO3 reference sample, prepared by the conventiona
rate method, had an average crystal size of 15.4 nm an
extremely low surface area of 6 m2 g−1 (Table 1). Incorpo-
ration of LaCoO3 perovskite into the SBA-15 mesopores
sults in a shift in the X-ray diffraction peaks to higher ang
in the low-angle region, together with a strong attenuatio
the peak intensities. According to Wang et al.[20] and Saue
et al.[22], this does not indicate degradation of the SBA
structure, but may be a consequence of the X-ray sca
ing on the confined LaCoO3 nanocrystals and the reduc
SBA-15 concentration in the composites. TEM unambi
ously confirmed the integrity of the SBA-15 structure in
LaCoO3/SBA-15 composites of sample MLC-60, which fu
ther revealed that the darker LaCoO3 particles (as verified b
EDX) were uniformly dispersed in the SBA-15 nanotubu
f

Table 1
Characteristics of LaCoO3 perovskites in SBA-15 hosts

Sample SBET
a

(m2 g−1
cat)

NSBET
b

(m2 g−1
SiO2

)

PV

(cm3 g−1)

PD
(nm)

dXRD
c

(nm)
Cell parameters (Å)d

a c

SBA-15 695 695 1.22 7.6 / / /
MLC-60 204 (84) 510 0.44 6.0 6.5 5.411 13.263
CLC-60 185 (76) 463 0.36 5.3 7.2 5.413 13.222
LaCoO3 6 / 0.04 / 15.4 5.438 13.096
LaCoO3

e / / / / / 5.441 13.088

a The data in parentheses are the surface area of the LaCoO3 particles estimated by SA= 6000X/(ρd), whereρ = 6.5644 g cm−3 (theoretical density o
LaCoO3 perovskite),d = particle diameter,X = loading.

b The specific surface area (NSBET) normalized to 1 g of the host material.
c The average particle diameters calculated from XRD data based on Sherrer equation.
d The lattice parameters calculated by the square method according to the Cohen procedure[23].
e Standard data from Powder Diffraction File 25-1060[24].
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MLC-6
Fig. 1. TEM micrographs (left, inset shows image of the encircled area at higher magnification) and corresponding EDX spectrum (right) of sample0.
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channels (Fig. 1). The parallel fringes across the nanocr
tal images had a periodicity of 2.65 Å (LaCoO3) (inset in
Fig. 1), which corresponds to planes with ad-spacing of
d110 = 2̃719 Å in the LaCoO3 perovskite structures[23].
The average particle size of the LaCoO3 particles in the
MLC-60 sample is 5–8.5 nm, in good agreement with
value calculated from the peak broadening of the X-ray
fraction pattern (Table 1).

The preservation of the well-defined hexagonal arran
ment of the SBA-15 framework, after the introduction
LaCoO3 perovskite, is further supported by the N2 ad-
sorption data. The specific surface area and the cumul
pore volume of the parent SBA-15 were 695 m2 g−1 and
1.22 cm3 g−1, respectively. The results inTable 1clearly
demonstrate that the insertion of LaCoO3 perovskite cause
a remarkable loss of pore volume and a reduction in the
diameter of the SBA-15 host materials. However, the
crease in specific surface area in the LaCoO3-loaded sample
is due mainly to an increase in the density of the mat
als upon La–Co oxide incorporation. This is reflected by
high values of the specific surface areas normalized to
of the host material (Table 1). The pore volume and pore d
ameter of the MLC-60 sample are much higher than thos
the CLC-60 sample prepared by the conventional meth
demonstrating the potential of the microwave technique
preparing dispersed perovskite catalysts with favorable
tural properties. Moreover, a pronounced modification of
lattice parameters of the MLC-60 sample with respect to
conventional sample is observed[23,24], which further il-
lustrates the unusual dielectric heating effect of microw
irradiation on the microstructure of the LaCoO3 perovskite
lattice.

Fig. 2 presents the methane conversion as a functio
temperature over MLC-60, CLC-60, and the bulk LaCo3

perovskite catalysts. The light-off temperatures (T10, de-
fined as 10% conversion of methane) were at 406, 477,
Fig. 2. Light-off curves of methane conversion as a function of tempera
measured with (a) MLC-60, (b) CLC-60, and (c) bulk LaCoO3 perovskites.
Inset shows the corresponding Arrhenius plot.

521◦C, and the half-conversion temperatures (T50) were at
510, 538, and 596◦C for MLC-60, CLC-60, and the bulk
LaCoO3 perovskite samples, respectively. Moreover, the
parent activation energy of the MLC-60 sample for meth
combustion was estimated to be∼ 54 kJmol−1 (inset in
Fig. 2), in sharp contrast to the much higher values of 1
and 68 kJ mol−1 for the bulk LaCoO3 perovskite and the
conventionally prepared CLC-60 sample, respectively. T
clearly indicates the considerably higher catalytic activity
the MLC-60 sample prepared in the microwave than tha
the reference samples. The MLC-60 catalyst attained
CH4 conversion by 620◦C; no hysteresis was observed
catalyst performance during heating–cooling–restarting
cles. We believe that the excellent low-temperature cata
activity of this system arises in part from the unusual
crostructure of the MLC-60 sample.
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The “low-temperature step,” observed with the LaCo3
perovskite supported on MCM-41 and previously repor
by Nguyen et al.[16], is not obtained with MLC-60 o
CLC-60. This “step” is suggested to be associated with
occurrence of internal diffusion in the long, regular cyl
drical pores of the mesoporous MCM-41 support[16]. The
fact that such limitations are not observed with the pre
SBA-15-supported LaCoO3 perovskites is probably due
the ultra-large pore diameter of this material, which res
in much less limitation of diffusion. On the other hand,
“normalized activity” (based on the surface area of the c
talline LaCoO3 perovskite phase) (Table 1) of the presen
SBA-15-supported LaCoO3 perovskites appears to be low
than that of the bulk perovskite sample, possibly becaus
the interactions of the LaCoO3 particles with the SBA-15
support or deviations from a spherical morphology.

O2-TPD has been carried out to clarify the nature
the surface oxygen species involved in the SBA-15-loa
LaCoO3 samples for catalytic methane oxidation (n
shown). The MLC-60 sample shows two peaks: theα-peak
(desorbed below 650◦C), ascribed to superficial oxyge
species weakly bound to the surface, and theβ-peak, as-
sociated with lattice oxygen originating from the bulk
the samples[9,25]. It is revealed that the amount of ox
gen released from MLC-60 is much higher than that of b
LaCoO3 perovskite and the conventionally prepared CL
60 sample. This confirms the presence of a higher densi
lattice defects and a higher specific surface area of MLC
than of bulk LaCoO3 perovskite, which may be the main re
sons for the markedly enhanced CH4 combustion activity.
However, the superficialα-oxygen species may also co
tribute to some extent to the superior performance of
present MLC-60 sample.

Microwave-assisted catalyst synthesis has attracted m
attention because it is a much faster, simpler, and m
energy-efficient technique for synthesizing new catal
materials with improved microstructures compared w
conventional methods[26–28]. The currently available meth
ods for the synthesis of perovskite oxides generally req
high temperatures, tedious multistep processing, and
preparation times[26]. By combining microwave heatin
with mixed metal nitrates, which absorb microwaves ea
Jayaram et al.[28] demonstrated the possibility of using m
crowave processing to synthesize the perovskite oxide
LaMO3 (M = Mn, Fe, Cr, Co, Al) with excellent catalyti
activity for the reduction of aromatic nitro compounds w
propan-2-ol. For the first time, we have demonstrated
advantage of microwave-assisted processing as a prom
new synthetic method for the rapid and convenient ge
ation of LaCoO3 perovskite nanocrystals in SBA-15 hos
with favorable microstructural modification, which exhib
superior catalytic performance in the complete combus
of methane. Preparation with microwave-assisted proc
ing takes much less time than conventional muffle-o
heating, making it an attractive alternative for practical
plications.
g

-

4. Conclusions

Microwave-assisted processing of La–Co citrate comp
precursors inside the nanotubular pores of mesostruc
SBA-15 silica allows the incorporation of up to 60 wt
LaCoO3 perovskites, as 5–8.5-nm nanocrystals, into
mesopores. The LaCoO3 nanocrystals are uniformly distrib
uted along nanotubes of mesostructured silica hosts wit
pore blockage. The superior performance of the confi
LaCoO3 nanocrystals in the complete oxidation of metha
has been attributed to their high surface area and a m
higher density of lattice defects on the microwave-deri
samples.
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