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Abstract

Highly crystalline LaCo@ perovskite particles were prepared by a novel microwave-assisted process with a La—Co citrate complex
precursor in the host pores of mesoporous SBA-15 silica. The resulting material exhibited considerably higher catalytic activity in the
complete methane oxidation than a LaG#&BA-15 sample prepared by a conventional method with a bulk LaQuovskite. This
suggests that a higher density of lattice defects achieved on the high-surface-area bha@o@ystals synthesized by microwave processing
is essential for the superior performance of the catalyst.
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1. Introduction materials are greatly limited by their small surface areas
(generally below 50 rg 1) [7-9].
Catalytic combustion of methane is an attractive, vi- One possible way of circumventing this problem is to dis-

able technology for the environmentally friendly production perse perovskites on porous supports with a high specific
of energy because energy use is more efficient and pol-surface area to optimize the catalytic performajide-16]
lutant emissions are minimal compared with conventional Recently, silica-based mesoporous materials have been re-
flame combustiorf1-4]. Catalyst systems based on sup- ported to be promising supports for a number of catalytically
ported noble metals have been extensively investigated foractive species because of their high surface area and stable
the complete oxidation of metharjig—3], but they gener-  well-ordered pore structur¢s7—20] Here, for the first time,
ally deactivate rapidly under reaction conditions because of we have found that highly crystalline LaCe@erovskites in
sintering and loss of active species. In the development of SBA-15 channels, which are fully accessible to the reaction
more suitable catalysts for the combustion of methane, themolecules, can be prepared by novel microwave-assisted
perovskite-type oxides (PTOs) containing transition-metal processing (MAP) of a La—Co citrate complex precursor in-
ions (e.g., Co, Mn, Fe) have attracted considerable attentionside the SBA-15 host and are highly efficient catalysts for
recently as promising new hydrocarbon combustion materi- methane combustion. It was demonstrated that the use of
als because of their high thermal stability and relatively low microwave heating in the synthesis of dispersed LagoO
cost compared with their conventional noble-metal coun- perovskites makes possible the convenient and rapid gener-
terparts[5-9]. However, the potential applications of these ation of SBA-15-hosted perovskite nanocrystals with favor-
able microstructural modification, resulting in the creation
mgpondmg authors. Fax: +86 21 65642978, o_f a_h_igh density of lattice defec_ts. This in turn leads to th_e
E-mail addresses yongcao@fudan.edu.d. Cao), significant enhancement of their performance for catalytic
knfan@fudan.edu.c(K.-N. Fan). methane combustion.
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2. Experimental device (CCD) camera on a JEOL 2011 electron microscope
operating at 200 kV.
2.1. Catalyst preparation
2.3. Catalytic tests
Pure siliceous SBA-15 was prepared according to a pro-
cedure in the literaturgl7]. Conventional and microwave- The catalytic oxidation of methane was carried out in
synthesized LaCo&perovskites in SBA-15 hosts were pre- a fixed-bed quartz microcatalytic flow reactor (6 mm OD,
pared in two steps under similar conditions. Typically, 2.0 g 4 mm ID) at atmospheric pressure with 100 mg of catalyst
of SBA-15 was impregnated by incipient wetness with an (60—-80-mesh) loadinfl9]. To prevent the development of
alcoholic solution containing equimolar amounts of La and hot spots in the catalytic bed, the catalysts were diluted with
Co citrate complex precursors (the molar ratio of citric acid 300 mg of quartz powder (40-60-mesh). The feed was a
to total Co+ La cations was fixed at 1), corresponding to mixture of CHy/Oo/He with a molar ratio of 1:4:95 and a
10 wt% LaCoQ loading, followed by vacuum drying at total gas flow of 10-100 mL mint, giving a space velocity
60°C. This process was performed six times to achieve a fi- (GHSV) in the range of 20,000-200,000’h The feed and
nal LaCoQ content of 60 wt%. The resulting La—Co citrate the product gases were analyzed on-line with a gas chro-
complex precursor inside the silica nanotubes was subjectednatograph (Type GC-122, Shanghai).
to microwave irradiation in a domestic microwave oven
(500 W, 2.45 GHz) for 6 min to obtain the final black powder
(MLC-60). During the microwave treatment, the maximum 3. Resultsand discussion
temperature was ca. 70CQ (monitored by an optical pyrom-
eter; Minolta). With a similar procedure, except thatthe final  Tapje 1gives the characteristics of the two LaCgSBA-
calcination step was conducted in a muffle oven at®Dr 15 samples with a high LaCeQoading of 60 wt%, pre-
6 h in air, the CLC-60 sample containing the same LagoO pared by conventional and microwave-assisted methods, and
content in the SBA-15 host was prepared. For comparison, athe parent SBA-15 and bulk LaCgQerovskite reference
reference bulk LaCo@sample was prepared by calcination  samples. The LaCofperovskite phase (XRD) of the bulk
of the La—Co precursors, obtained by a conventional “citrate | 3co0Q; reference sample, prepared by the conventional cit-

method” at 700C for 4 h in air[21]. rate method, had an average crystal size of 15.4 nm and an
extremely low surface area of 64g~1 (Table J). Incorpo-
2.2. Catalyst characterization ration of LaCoQ perovskite into the SBA-15 mesopores re-

sults in a shift in the X-ray diffraction peaks to higher angles

X-ray diffraction (XRD) patterns were collected on a inthe low-angle region, together with a strong attenuation of
Bruker AXS D8 Avance X-ray diffractometer with Cu- the peak intensities. According to Wang etf{aD] and Sauer
K radiation ¢ = 1.5418 A). The BET surface area and et al.[22], this does not indicate degradation of the SBA-15
the pore volume were determined by Whysical adsorp-  structure, but may be a consequence of the X-ray scatter-
tion at 77 K on a Micromeritics TriStar 3000 adsorption ing on the confined LaCofnanocrystals and the reduced
apparatus. The active oxygen sites on the catalysts wereSBA-15 concentration in the composites. TEM unambigu-
studied by temperature-programmed desorption p{@- ously confirmed the integrity of the SBA-15 structure in the
TPD) monitored with an on-line quadrupole mass spec- LaCoGs/SBA-15 composites of sample MLC-60, which fur-
trometer (QMS200, Balzers OmniStar). TEM images were ther revealed that the darker LaCggarticles (as verified by
recorded digitally with a Gatan slow-scan charge-coupled EDX) were uniformly dispersed in the SBA-15 nanotubular

Table 1
Characteristics of LaCogperovskites in SBA-15 hosts
Sample SpeT? NSBETb PV PD dxrp® Cell parameters (ﬁ?)

(M geap) (M gg ) cmig Y (nm) (nm) p .
SBA-15 695 695 r2 76 / / /
MLC-60 204 (84) 510 o4 60 6.5 5411 13263
CLC-60 185 (76) 463 36 53 7.2 5413 13222
LaCoG3 6 / 0.04 / 154 5438 13096
LaCoQs® / / / / / 5441 13088

2 The data in parentheses are the surface area of the Laga@cles estimated by S& 6000X/(pd), wherep = 6.5644 gcm‘3 (theoretical density of
LaCoQ; perovskite)d = particle diameterX = loading.

b The specific surface area (NSr) normalized to 1 g of the host material.

¢ 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 prig3jdure

€ Standard data from Powder Diffraction File 25-1(2@].



N. Vi et al. / Journal of Catalysis 230 (2005) 249-253 251

channels Fig. 1). The parallel fringes across the nanocrys- 100 o /'0’;/"'
tal images had a periodicity of 2.65 A (LaCgQ(inset in 90 e / /'
Fig. 1), which corresponds to planes withdaspacing of 80} ™5 A0
d110= 2719 A in the LaCo@ perovskite structuref23]. 2 70l 14.0 ,3’ / /
The average particle size of the LaGop@articles in the 5 €0 Ltas 2 °
MLC-60 sample is 5-8.5 nm, in good agreement with the ‘® i ? A 4
value calculated from the peak broadening of the X-ray dif- € 50t e b 2™ / /
fraction pattem-@ble ). i § 40 o5 oonaoootsooote o0 A /
The preservation of the well-defined hexagonal arrange- e 30l ) / e u
ment of the SBA-15 framework, after the introduction of E aA b/ c/
LaCoQ; perovskite, is further supported by the, Nd- 20 A o m
sorption data. The specific surface area and the cumulative 10+ A’A/A/ .,o/ /
pore volume of the parent SBA-15 were 69% gn! and Py Y Ve = Sl .
1.22 cnt gL, respectively. The results ifiable 1clearly 300 400 500 600 700
demonstrate that the insertion of LaGpferovskite causes Temperature (°C)

aremarkable loss of pore volume and a reduction in the pore
diameter of the SBA-15 host materials. However, the de- Fig. 2. Light—pﬁ curves of methane conversion as a function of tem_perature
crease in s_pecific surface area ?n the La@d@ded samples _ mg:ts :r:if/iv\glttrt] e(iz)'r\f:;g: (’ji(: 3 ihﬁ;j’ﬁ’l 2 ;?Of) bulk LaGogerovskites.
is due mainly to an increase in the density of the materi-
als upon La—Co oxide incorporation. This is reflected by the
high values of the specific surface areas normalized to 1 g521°C, and the half-conversion temperatur@so were at
of the host materiallable ). The pore volume and pore di- 510, 538, and 596C for MLC-60, CLC-60, and the bulk
ameter of the MLC-60 sample are much higher than those of LaCoGQ; perovskite samples, respectively. Moreover, the ap-
the CLC-60 sample prepared by the conventional method, parent activation energy of the MLC-60 sample for methane
demonstrating the potential of the microwave technique for combustion was estimated to be54 kJmol?! (inset in
preparing dispersed perovskite catalysts with favorable tex- Fig. 2), in sharp contrast to the much higher values of 142
tural properties. Moreover, a pronounced modification of the and 68 kJmot?! for the bulk LaCoQ@ perovskite and the
lattice parameters of the MLC-60 sample with respect to the conventionally prepared CLC-60 sample, respectively. This
conventional sample is observgB,24] which further il- clearly indicates the considerably higher catalytic activity of
lustrates the unusual dielectric heating effect of microwave the MLC-60 sample prepared in the microwave than that of
irradiation on the microstructure of the LaCg@erovskite the reference samples. The MLC-60 catalyst attained full
lattice. CH4 conversion by 620C; no hysteresis was observed in
Fig. 2 presents the methane conversion as a function of catalyst performance during heating—cooling-restarting cy-
temperature over MLC-60, CLC-60, and the bulk LaGoO cles. We believe that the excellent low-temperature catalytic
perovskite catalysts. The light-off temperaturdgo( de- activity of this system arises in part from the unusual mi-
fined as 10% conversion of methane) were at 406, 477, andcrostructure of the MLC-60 sample.
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The “low-temperature step,” observed with the LaGoO 4. Conclusions
perovskite supported on MCM-41 and previously reported

by Nguyen et al[16], is not obtained with MLC-60 or Microwave-assisted processing of La—Co citrate complex
CLC-60. This "step” is suggested to be associated with the precyrsors inside the nanotubular pores of mesostructured
occurrence of internal diffusion in the long, regular cylin- gpa-15 silica allows the incorporation of up to 60 wt%
drical pores of the mesoporous MCM-41 supf{d#]. The LaCoQs perovskites, as 5-8.5-nm nanocrystals, into the
fact that such limitations are not observed with the present mesopores. The LaCa®anocrystals are uniformly distrib-
SBA-15-supported LaCofperovskites is probably due t0 ieq along nanotubes of mesostructured silica hosts without
the ultra-large pore diameter of this material, which results pore blockage. The superior performance of the confined

‘i‘n much less Iimitlat’i,on of diffusion. On the other hand, the | 5o, nanocrystals in the complete oxidation of methane
normalized activity” (based on the surface area of the crys- has been attributed to their high surface area and a much

talline LaCoQ perovskite phase)Table J of the present  pigher density of lattice defects on the microwave-derived
SBA-15-supported LaCofperovskites appears to be lower samples

than that of the bulk perovskite sample, possibly because of
the interactions of the LaCaoparticles with the SBA-15
support or deviations from a spherical morphology.

O2-TPD has been carried out to clarify the nature o
the surface oxygen species involved in the SBA-15-loaded
LaCoQ; samples for catalytic methane oxidation (not  This work was supported by the National Science Foun-
shown). The MLC-60 sample shows two peaks: dhpeak dation of China (grants 20473021 and 20203003), the
(desorbed below 65WC), ascribed to superficial oxygen National Major Basic Research Program of China (grant
species weakly bound to the surface, and fhpeak, as- 2003CB615807), and the Committee of Shanghai Science
sociated with lattice oxygen originating from the bulk of and Technology (grant 02QA14006).
the sampleg9,25]. It is revealed that the amount of oxy-
gen released from MLC-60 is much higher than that of bulk
LaCoQ; perovskite and the conventionally prepared CLC- References
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