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Preparation of high surface area;LaA ,MnOs (A = Ba, Sr or Ca)
ultra-fine particles used for Cfbxidation
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Abstract

Ultra-fine particles of La_ A .MnO3 (A = Ba?", SP*+ or C&t, x < 0.3) with high surface area and single perovskite structure
were prepared by a N€0Os;—NaOH coprecipitation method. The so-prepared ultra-fine particles exhibited high catalytic activitysfor CH
total oxidation. The ultra-fine particles of La,Ba,MnO3 prepared with this method were thermally more stable than Ladviutal
Lai_,Sr.MnOs, and its surface areas were close to Z0gnafter sintering at 1000C for 2 h. La,_,Ba,MnO;3 exhibited higher activity
for methane total oxidation than La, Sr,MnO3, and among the La ,Ba,MnOs series La gBay2MnO3 showed highest activity.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction to the sintering of the primary particles. Thus, their catalytic
activity is significantly lost at higher temperature. Hibino
Perovskite-type oxides (general formula ABOhave et al. [19] produced high surface areapls®rooMnO3 by
been attracting much attention for more than two decadesvibration mill. When the LagSrp2MnO3z was treated at
due to their potential commercial applications as catalysts 1173 K in air for 1h, its surface area dropped from 35 to
for various reactions: oxidation of CO [1,2] and light hydro- 10 n?/g. Ng Lee et al. [4,20] prepared high surface area per-
carbons [3-6], combustion of natural gas or{JA-10] (to ~ ovskite by partial substitution of & with K™ in LaMnOg,
control NO, emission by lowing combustion temperature), and the surface area of {a,K,MnOs_; were under 5 g
reduction of NO and S©[11-13], hydrogenation and hy- when sintered at 1173 K for 12 h. An alternative method to
drogenolysis of hydrocarbons [14], etc. Compared to noble increase surface area of perovskites is to impregnate it on
metal catalysts, perovskites are less expensive, thermallysupport materials such as alumina or cordierite [8,21,22].
more stable and exhibiting comparable catalytic oxidation However, the solid-state reaction of perovskite components
activity. To date, however, such materials have found very with the support material at elevated temperature is often a
limited applications in place of precious platinum catalysts serious problem in this method.
in industrial pollution abatement and automobile emission  The properties of perovskite-type oxides, of general for-
control. One of the technical constraints to the use of per- mula ABO;s, depend tightly on the nature of A and B ions
ovskite catalysts is the inability to produce high surface and on the valence state of A and B. The A site ions are
area materials. in general catalytically inactive and influence thermal sta-
Some methods for preparing perovskite-type oxides with bility of perovskite, while the transition metal ions at B
comparably high surface areas have been proposed: decomposition are active components. By replacing part of A or B
position of oxalate, cyanide, citrate or acetate precursorsions with A" and B, respectively, it is possible to create or
[15,16], freeze drying [17], improved complexation [2], sSuppress oxygen vacancies on the catalysts. Of the ABO
sol-gel—cellulose complexation [18], etc. These methods areexamined, La—Mn system, i.e. LaMgQhowed high oxi-
characterized by the calcination at a comparatively low tem- dation activities, and most excellent activity was attained
perature, resulting in surface areas between 20 and?B)m by Lai_,Sr,MnOs [23-26]. Other systems [4,10,20], such
However, their surface areas decrease to?@min most as La_A,MnO;3 (A: Sr, Ce, Eu or K) also exhibited high
cases to under 5%y, as they are calcined at 1273K, owing oxidation activity. The surface areas of 1aA,MnO3
(A: Sr, Ce, Eu or K) are much higher than that of LaMnO
* Corresponding author. as sintered at same temperature. Hence we think that A
E-mail address: liuy@mail.impu.edu.cn (Y. Liu). position substitution may be a possible route for producing
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high surface area perovskites. Among;LgA, MnO3 sys- solution, indicating the metal ions were completely precip-
tem, La_,Ba,MnOs3 has been rarely reported. itated. Considering the high pH value of the precipitating

In this work, we have developed a technique for prepar- process, this result is rational. With such washing and fil-
ing high surface area La,A;MnOs (A = Ba, Sr or tration circulation (Fig. 1), ICP results showed that the
Ca) ultra-fine particles, and we found that the so-prepared content of Nd in the product of perovskite oxides is under
La;_,Ba,MnOs ultra-fine particles possessed much higher 10 ppm.
surface area and more thermally stable, and exhibited much
higher oxidation activity than La ,Sr,MnOs when they 2.2. Characterization technique
were treated at 1273 K.

Specific surface areas were calculated by the BET method
from the N> adsorption isotherms, recorded at liquid ni-

2. Experimental trogen temperature on a Micromeritics apparatus model
ASAP-2000. Prior to the adsorption measurements, samples
2.1. Catalyst preparation were out-gassed at 573K for 4 h.

Powder X-ray diffraction (XRD) patterns of samples were

Substituted La ,A.MnO3 and LaMnQ perovskites recorded on Riguku D-Max X-ray diffractometer using Cu
were prepared by coprecipitation method. In the synthesis, Ka radiation. Particle size and texture of samples were inves-
La(NO3)3-6H20, 50wt.%Mn(NQ@)2 solution, Sr(NQ)a, tigated at Hitachi H-600 transmission electron microscope
Ba(NGs),, Ca(NG)2, NepCO3 and NaOH were used. The (TEM).
preparation process was listed in Fig. 1. The amounts of X-ray photoelectron spectroscopy (XPS) spectra were ob-
distilled water and ethanol listed in Fig. 1 are for produc- tained with PHI-5600 ESCA system spectrometer equipped
ing 10g of perovskite oxides. For so-prepared samples,with a hemispherical electron energy analyzer and a Mg
their composition were analyzed with inductively coupled X-ray anode (1253.6 eV) was used. The pressure in analysis
plasma (ICP) atomic emission spectrometry (Perkin Elmer, chamber during data acquisition was under 1Ba. The
Plasma 40). The results showed that the composition of analysis area was set at 0.8 frfihe high-resolution spec-
metals in the ultra-fine particle were same as the starting tra were recorded with pass energy of 23.5eV. The survey

Solution of metal nitrate in Na;CO3-NaOH  solution

stoichiometric ratio, the at 131an01<} ratio, the Eotfil
total  concentration  of concentration of Na' is
3.0 mol/L

metal ions is 1.0 mol/L

l pH: 10£0.5, stirring l

Distilled water,

400mL
Stirring for 90min ¥
hydrogel
Filtration, Washing and filtration cycle
for six times. In the washing process,
600mL distilled water was used and the
hydrogel were strongly stirred
for 20min at each times.
hydrogel
Solvent exchanging by ethanol in order to
replacing water in the gels by ethanol:
50mL ethanol was added to the gel
and it was stirred for 20min, then filtration.
Repeat this procedure for three times.
alcogel

Drying, calcination at 350°C for 2h in air
Calcination at a temperature between
700°C—1200°C for 2h in air

La; xAxMnOj ultra-fine particles with
perovskite structure

Fig. 1. Preparation procedure of catalysts.
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spectra were carried out with pass energy of 187.85eV. The3. Results

binding energies (BE) were calibrated with respect to the C

1s value of a contaminated carbon as 284.6eV. The accu-3.1. X-ray diffraction

racy of binding energy was estimated to-h8.2 eV. All the

data of spectra were treated using PHI Multipak Version 6.0 The results of XRD phase analysis are listed in Table 1,

software. and its representative profiles are shown in Fig. 2. XRD pat-
terns make possible to monitor not only catalyst structure
2.3. Catalytic activity but also the temperature windows at which the pure per-

ovskite structure is formed. As can be observed, it is possi-
The catalytic oxidation of methane was carried out in a ble to obtain pure perovskite structure oxides at ®D0or
fixed-bed quartz tubular reactor (9 mm i.d.) at atmosphere LaMnO3 and La gAp 2MnO3, while for Lag gAg.4MnO3 and
pressure. The 30QH5) mg of catalysts were used. The re- Lag7A0.3MnQOs, the calcination temperature of forming pure

action mixture was 3.5vol.% Chl 17.0vol.% Q and N perovskite structure increase to above 80(see Table 1).
to balance, and its space velocity was 20,000 ggitg The It is observable as for substitution ion in d.@Ag4MnO3
product analysis was accomplished using an on-line gasthat the larger the ion size i€t < SrPt < Ba2t) the
chromatograph with a TC detector. more difficulty the perovskite structure to be formed.
Table 1
Characteristics of catalysts
Catalysts Calcination Structur@ SgeT (M?/g) Particle Tso% (°C) T100% (°C)
temperature°C) size (nm)
LaMnOs 700 s.p. 34.7 25 367 375
800 s.p. 21.8 35 390 420
1000 s.p. 1.8 200 600 700
1200 s.p. 0.15 705 720
LaggCa2MnOs 700 s.p. 37.6 22 375 390
800 s.p. 30.3 30 375 390
1000 s.p. 3.02 150 675 730
1200 s.p. 0.20 690 750
Lag.6Cap.4MnOs 700 AA 43.0 18 380 445
800 A 34.6 25 385 400
1000 s.p. 5.02 180 685 720
1200 s.p. 0.43 715 750
Lag.gSr2MnO3 700 S.p. 32.9 25 355 370
800 s.p. 28.4 30 365 380
1000 s.p. 9.69 65 585 650
1200 s.p. 0.22 710 750
Lap.sSr.4MnO3 700 AANA 44.2 18 375 390
800 AA 36.2 20 375 400
1000 s.p. 7.86 70 500 600
1200 s.p. 0.47 705 740
Lap.9Bag1MnOs 700 s.p. 44.8 18 405 420
800 s.p. 438 20 390 410
1000 s.p. 19.3 40 455 480
1200 s.p. 1.00 730 740
Lag gBag2MnOs 700 s.p. 47.0 15 365 410
800 s.p. 36.0 20 365 390
1000 s.p. 16.7 45 405 420
1200 s.p. 0.1 700 740
Lag.7BagsMnOs 700 A 29.7 25 385 395
800 s.p. 26.2 30 380 400
1000 s.p. 12.7 55 410 435
1200 s.p. 1.15 700 740
Lag.6Bao.4aMnOs 700 AAA 30.8 28 380 390
800 AN 26.2 35 385 400
1000 A 15.5 45 410 435
1200 s.p. 2.42 700 740

2s.p. stands for single perovskite structure, @ndtands for impurity peaks (the more of, the stronger of the impurity peak).
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Fig. 2. X-ray diffraction patterns of: (a) baBap4MnOj3 calcined at different temperatures and (b) LeBa,MnOs catalysts calcined at 70C (x: 0-0.4).

It can be seen from Fig. 2(b) that with the increasexof of LaMnQO;s, and the particle sizes of the former are much
in La;—,Ba,MnOs, the diffraction peaks move to lowep 2 smaller than that of the latter (for catalysts sintered at
values, indicating that lattice inter-planar spacing and lat- 1000°C). These results indicate that partial substitution of
tice parameters increase with the increase dfBeontent, La3t with Ba?t, SPt or C&" can efficiently elevate the
which may be caused by higher ion size of?8dn com- thermal stability of LaMn@. The specific surface areas
parison with L&". The shift of the peak position is also of all the samples decreased markedly as the samples are
an indicative of the accommodation of Baions into the sintered at 1200C.
lattice structure. Fig. 2(a) shows that crystal size increased Among the three substitution ions, the Bais most
(diffraction peaks become narrower) with the increase of efficiency, and the thermally most stable catalyst is

calcination temperature. La;_,Ba,MnO3. The specific surface areas of dgBap 2
MnO3z and La gBag1MnO3 calcined at 1000C are 16.7
3.2. TEM and physical adsorption and 19.3 /g, respectively.

Representative transmission electron micro-graphs of 3.3, Activity for CH, total oxidation
La;_+A;MnO3 and LaMnQ@ are shown in Fig. 3, and the
average particle sizes derived from TEM and specific sur-  Light-off temperature Ts00) and full conversion tem-
face areas of the samples are listed in Table 1. As seenperature {100% diffusion become rate controlling step) on
from Fig. 3 and Table 1, partial substitution of ¥fain the catalysts are presented in Table 1, and representative
LaMnOs with Ba2™, St or C&t result in a substantial  relationship profiles of Chiconversion vs. reaction temper-
increase of its specific surface area and a decrease of parature are shown in Fig. 4. For catalysts sintered at°@)0
ticle size. Especially for catalysts sintered at comparably the Tsge, andT10o9 Were varied in a small scale. Except for
high temperature, such as 10@D. The specific surface LaggSt2MnOs, activity of LaMnG; is a little higher than
areas of La_,A,MnQOg3 are significantly higher than that the activity of La_,A,MnOs. As for catalysts sintered at
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Fig. 3. TEM micrograph of: (a) LggBap2MnO3 and (b) LaMnQ@ calcined at different temperatures.

800°C, all of the partial substituted perovskite are more shown in Fig. 5. The binding energies of the Mg2p

active than LaMn@. It should be mentioned that full
conversion is achieved under 500 on La_,Ba,MnO3
sintered at 1000C, and what is noticeable is that full
conversion on LagBag2MnOs3 sintered at 1000C was at-
tained around 42€C. For the catalysts calcined at 100D,
LaggsBap2MnO3 is much more active than LaMnCeven
much more active than La,Sr,MnQOg, indicating that
La;—,Ba,MnOs ultra-fine particles are promising oxidation
catalysts.

3.4. XPS

XPS results of LaMn@ and La gBay>2MnOs are pre-

level of a-Mn,03 and 3-MnO; are 641.20 and 642.40¢eV,
respectively [27]. The binding energies of Mr2p pre-
sented in Table 2 are close to 641.20eV, indicating that
manganese element is mainly in Rin state. The fea-
tures of Mn2p,, peaks for La_,Ba,MnO3 are broad and
asymmetric (Fig. 5b). The covalent character of manganese
ground state can result in the broad of the Mn2p3/2 peak
[28]. As to the asymmetry, an asymmetric indgxwas
introduced, whergs was defined as the ratio of half-width
at half-maximum on a high-binding-energy sid#&4, to
half-width at half-maximum on a low-binding-energy side,
W_ [28]. For LaMnG; sintered at various temperatures, their
B are close to 1.0, while for the series ofdgBag 2MnOs3,

sented in Table 2, and representative profiles of XPS aretheir 8 are around 1.3. These results should be the evidence
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Fig. 4. Light-off temperature curves for the oxidation of methane over: (a),lBa,MnOs and (b) LagAp2MnOs, both were calcined at 100C under
20,000 ml/gath and in 3.5vo0l.% Ch, 17.0vol.% Q and N balance.

of the change of the valence state of manganese element
from Mn3t to Mn** in LaggBag2MnOs.

Table 2 The binding energies of La3d of bgBap2MnO3 shifted
XPS results to lower value compared to that of LaMg@ndicating de-
Catalysts Calcination temperatureC] crease of ionicity of La—O bonds. This phenomenon may be
700 800 1000 1200 resulted from the change of part of Binto Mn*+ as L&+
LaNinOs was partially_ rep_lac_ed by divalent Ba In Tab_le 2, we see
BE (La3d.2) (eV) 8341 8341 834.2 8346 an increase in blnd|_ng energy of La3d with increase Qf sin-
BE (Mn3p2) (eV) 641.5 641.5 641.5 641.2 tering temperature (i.e. decrease of surface area and increase
BE (Ba3d)) (eV) of particle size). This could be explained by the decrease
Mn (%) 57.8 57.8 60.0 62.8 of dangling bond numbers on the surface (with increase
'E-S"; ((‘;//‘;); 422 422 40.0 812 of particle size) resulting in increase of ionicity of La—O

bonds. The binding energies of Ba3d ofglgBag2MnO3
are changed a little for all the samples.
The manganese segregation is observed throughout

Lag.sBap2MnO3
BE (La3ds2) (V) 833.8 8339 8340 8345
BE (Mn3ps2) (6V) 6416 6415  641.6 6415

BE (Ba3d2) (eV) 7795 7798  779.6  779.7 the samples and the manganese segregation is higher in
Mn (%)2 60.8 59.0 60.5 58.9 LapgBap2MnO3 than in LaMnQ@. As for LaMnGs, the

La (%) 25.9 26.0 24.3 231 surface content of manganese increases with the increase
Ba (%) 13.3 15.0 15.2 13.2

of sintering temperature. The Ba ion is segregated on
a Atomic ratio on catalysts surface. surface in Lg gBag2MnOs3 series.
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Fig. 5. Typical X-ray photoelectron spectra of: (a) LaMnénd (b) LagBay2MnO3 calcined at 1000C.

4. Discussion Alcohol washing before drying has a significant effect on
the morphology and texture properties of zirconia and alu-
Single perovskite structure was formed forLaSr, MnO3 mina [30,31], which have been rationalized in mainly two
(x < 0.3) when the samples were sintered at 700for ways. Alcohol washing could reduce capillary forces within
2 h through NaCOs—NaOH-coprecipitation method, while  the precipitate as a result of lowing the surface tension, thus
in synthesizing La ,Sr,MnO3; through coprecipitation leading to less pore collapse during the subsequent drying
method [(NH;)2CO3, NH4OH or NaOH as precipitating  or calcination. The second effect of alcohol washing is a
agent] the sintering temperature for obtaining a single per- steric inhibition between primary particles as a result of hy-
ovskite phase were generally higher than 85(Q19,26,29]. drogen bonding of ethanol to surface hydroxyl groups, thus
When the precipitating agent was changed to NaOH or inhibiting inter-particle poly-condensation reactions in the
NaxCOs solution, single perovskite structure could not be gel-drying procedure, which would lead to increase of par-
formed at the same sintering condition. These results indi- ticle sizes. In our experiment, alcohol washing effectively
cate that the NaCO3—NaOH precipitating agent allow the inhibited the particle aggregation of the perovskite-type
components of these metal ions to be uniformly dispersed oxide precursors.
in the precursors, which decreased the activation energy of The specific surface areas of 1A, MnO3 are much
the solid state reaction in the perovskite structure forming higher than that of LaMn@as sintered at 80TC, especially
process. at 1000°C, indicating partial substitution of % with Ba2™,
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St or C&* effectively elevate the thermal stability of the increased the thermal stability and catalytic activity of the
perovskite-type oxides, and the Hais the most effective  perovskite oxides. The results showed that the ultra-fine
substitution ion among the three. The’Bdons were segre-  particles of La_,Ba,MnOs prepared with this method are
gated towards the surface as can be seen in Table 2. Surfacthermally much more stable and more active for methane
content of B&" increased with sintering temperature, except total oxidation than LaMn@and La_,Sr,MnOs.

for sintering temperature of 120C (at so high a temper-

ature, well-dispersed BaO particles might be formed). For

the series of La_,Sr,MnOs, surface segregation of &r Acknowledgements
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