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a b s t r a c t

A series of AAl12O19 (A = La, Sr, Ba, Ca, Ce), AMAl11O19 (A = La, Sr; M = Cu, Mn, Fe, Ni, Mg) and
Sr1−xLaxMnAl11O19 (x = 0.2–0.8) hexaaluminates were prepared successfully using urea combustion
method. The influences of the molar ratio (R) of urea to the total metal ions in hexaaluminates and the urea
combustion temperature on the formation of the hexaaluminates were investigated. The structure of the
hexaaluminates was characterized using X-ray powder diffraction (XRD) and temperature-programmed
reduction (TPR). The catalytic activity for methane combustion was evaluated. The results indicated that
the preparation conditions were: for LaAl12O19, the value of R was 3, the combustion time was in the
range from 40 to 60 min, and the combustion temperature was not less than 500 ◦C; For LaFeAl11O19 and
LaMnAl11O19, the value of R was 3–7, the combustion time was 40 min, and the combustion temperature
RD
PR

was less than 500 and 400 ◦C, respectively; for AAl12O19 (A = Sr, Ba, Ca, Ce), LaMAl11O19 (M = Cu, Ni, Mg),
SrMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) and Sr1−xLaxMnAl11O19 (x = 0.2–0.8), the value of R was 3, the com-
bustion time was 40 min, and the combustion temperature was 500 ◦C. The prepared hexaaluminates had
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pure hexaaluminate phase

. Introduction

Recently the high temperature catalytic combustion of methane
as received considerable attention because of the more efficient
urning in wider air-to-fuel ratio and with lower NOx emissions
han the conventional thermal combustion. Methane combustion
as been proposed for many industrial applications, such as gas
urbine, jet engines, etc. In these applications, the operation tem-
erature is in the range of 1000–1400 ◦C. Therefore, the major
ifficulty is the development of a practical catalyst with high tem-
erature stability and low temperature activity [1–3]. Supported
oble catalysts are well known to be active for methane com-
ustion. But their commercial exploitation is hampered due to
ecomposition, poisoning and cost [4,5]. Perovskite-type oxide
atalysts exhibit high activity and thermal stability for catalytic
ombustion of methane. However, their specific surface areas are
ery low, limiting to some extent application in systems with high

as hourly space velocity (GHSV), such as methane combustion
eaction [6].

Hexaaluminate materials containing alkali, alkaline earth or rare
arth metal have �-Al2O3 or magnetoplumbite-type crystal struc-

∗ Corresponding authors. Tel.: +86 10 64412054; fax: +86 10 64419619.
E-mail addresses: jisf@mail.buct.edu.cn (S. Ji), licy@mail.buct.edu.cn (C. Li).
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cture and excellent catalytic activity in the methane combustion.
© 2008 Elsevier B.V. All rights reserved.

ure. This structure consists of alternate stacking of a spinel block
ith close packed oxide ions and a mirror plane with the large

ation. The oxygen diffusion along the perpendicular c-direction is
aster in a hexaaluminate crystal than that along the perpendicular
-direction. Therefore, mirror planes are expected as a preferential
iffusion route of oxide ion. The crystal growth along the perpen-
icular c-direction should be, therefore, suppressed to crystallize

n thin plate-like morphology. Due to this anisotropic crystal shape
nd mass diffusion, a large surface area can be maintained at
igh temperature. Therefore, hexaaluminate materials have been
eported to be promising catalysts for high temperature catalytic
ombustion due to their high catalytic activity, excellent thermal
tability and high heat-resistant [7]. However, generally, hexaa-
uminates are difficult to prepare. Furthermore, the preparation

ethods have a significant influence on the properties of hexaalu-
inates. Hence, in order to obtain hexaaluminates with excellent

roperty, many researchers have recently made great efforts to find
ome proper methods to prepare hexaaluminates. The solid-state
eaction method [8,9] is simple. But this method requires high
alcination temperature and long calcination time. Furthermore,

his method easily leads to formation of other crystal structure,
hich decreases the performance of the materials. The alkoxide

ydrolysis method [10–12] can prepare hexaaluminates with high
pecific surface area. However, this method requires complicated
ynthetic steps, expensive reagents. Moreover, this method has

http://www.sciencedirect.com/science/journal/13811169
mailto:jisf@mail.buct.edu.cn
mailto:licy@mail.buct.edu.cn
dx.doi.org/10.1016/j.molcata.2008.05.015
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tringent requirements like control of pH, temperature, etc. The co-
recipitation method [7,13–15] can also prepare hexaaluminates
hose performance is almost the same as that of hexaaluminates by

he alkoxide hydrolysis method. But the co-precipitation method is
ery difficult to prepare transition metal cations substituted hexaa-
uminates. The reverse microemulsion method [16,17] can prepare
exaaluminates with ultrahigh specific surface areas. However, this
ethod has many disadvantages: very complicated synthetic steps,

ong synthetic time, low yield of products, high cost and difficulty
n preparing transition metal cations substituted hexaaluminates.
ccordingly, the commercial exploitation of this method is ham-
ered. The template method [18] comes from the synthesis of
esoporous materials. But this method is very complicated, and

emplates have a significant influence on the performance of the
exaaluminates. Though these methods have been employed to
repare hexaaluminates with excellent catalytic activity, they can-
ot be applied to a large-scale and economic production because
hey require high calcination temperature (about 1200 ◦C), long cal-
ination time (about 5 h), complicated synthetic steps, high energy
ost and some expensive and toxic reagents which cause environ-
ental pollution.
In recent years, combustion method [19–24] has been widely

mployed to produce cermet [25–27], solid solutions [24,28–30],
erovskite-type oxides [20,31] and spinel [32–34] because it is a
uite simple, fast, inexpensive and less energy cost preparation
oute without the intermediate decomposition and/or calcining
teps. The method exploits an exothermic, usually very rapid and
elf-sustaining chemical reaction between oxidizers and fuels,
hich is ignited at a temperature much lower than the actual
hase transformation temperature. Its key feature is that the heat
equired to drive the chemical reaction and accomplish the com-
ound synthesis is provided by the reaction itself and not by an
xternal source [31,35]. Usually, the desired metal nitrate salts are
sed as the oxidizers and various organic compounds, such as
rea, citric acid, carbohydrazide, glycine and alanine, as the fuels.
or most purposes, urea is the most convenient fuel to use: it is
eadily available commercially, is cheap, and generates the high-
st temperature [20,31]. In previous work, we prepared Co–Mg
olid solutions [36], Ce–La solid solutions [37] and scheelites [38]
y urea combustion method, and these materials exhibit excellent
atalytic activity for the combustion of methane. However, as far
s we know, there is no report on hexaaluminates prepared by
rea combustion method. In this study, a series of AAl12O19 (A = La,
r, Ba, Ca, Ce), AMAl11O19 (A = La, Sr; M = Cu, Mn, Fe, Ni, Mg) and
r1−xLaxMnAl11O19 (x = 0.2–0.8) hexaaluminates were quickly pre-
ared at low temperature by urea combustion method. The aim

s to apply the urea combustion method to the preparation of
exaaluminates, and develop a new and environmentally friendly
reparation method of hexaaluminates for catalytic combustion of
ethane.

. Experimental

.1. Preparation of hexaaluminate samples

Hexaaluminate samples were prepared by the urea combus-
ion method using metal nitrate salts as metal cation precursors,
nd urea CO(NH2)2 as fuel. Herein, the molar ratio of urea to the
otal metal ions in hexaaluminates was named R. Stoichiometric
mounts of the desired metal nitrates with ions ratio of metal

ations and an amount of urea were mixed. The amount of urea
as determinated by the value of R. The mixture was mulled

t room temperature for about 10 min, and then combusted in
muffle furnace at certain temperature in air. After a few min-

tes, the combustion reaction was completed and hexaaluminate

a
s
m
e
b
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as obtained. For LaAl12O19 and LaFeAl11O19 samples, the combus-
ion temperature is in range of 300–800 ◦C, and for LaMnAl11O19
amples, the combustion temperature is in range of 275–800 ◦C.
or the three samples above, the combustion time is 40–60 min,
nd the R is 1–7. The main aim is to find the optimal prepara-
ion conditions of the hexaaluminates. For AAl12O19 (A = Sr, Ba,
a, Ce), LaMAl11O19 (M = Cu, Ni, Mg), SrMAl11O19 (M = Cu, Mn, Fe,
i, Mg) and Sr1−xLaxMnAl11O19(x = 0.2–0.8) hexaaluminates, the
reparation conditions are as follows: the combustion temperature

s 500 ◦C, the R is 3, and the combustion time is 40 min.

.2. Characterization of hexaaluminate samples

The phase structure of the samples was characterized by XRD
sing a Rigaku D/Max 2500 VB2+/PC diffractometer with a Cu K�
adiation operating at 200 mA and 40 kV. The morphology of the
amples was observed by a Hitachi S-4700 field emission scanning
lectron microscope (SEM). BET specific surface areas (SSA) were
etermined by nitrogen adsorption at liquid nitrogen temperature,
ith a Thermo Electron Corporation Sorptomatic 1990 instrument.

rior to each analysis the sample was degassed 4 h at 250 ◦C under
acuum.

Temperature-programmed reduction (TPR) experiments were
erformed over 50 mg of sample using a Thermo Electron Corpora-
ion TPD/R/O 1100 series Catalytic Surfaces Analyzer equipped with
TC detector. Samples were preheated with 10 vol.% O2/He mix-

ure heating 20 ◦C/min up to 400 ◦C, and then cooling in flowing
2 down to room temperature, and thereafter reduced with 5 vol.%
2/N2 mixture heating 10 ◦C/min up to 1000 ◦C. Water produced by

he sample reduction was condensed in a cold trap before reaching
he detectors. Only H2 was detected in the outlet gas confirming
he effectiveness of the cold trap.

.3. Catalytic activity tests

Methane catalytic combustion experiments were performed
ith a conventional fixed-bed quartz reactor (i.d., 8 mm; length,

00 mm) loaded with 0.2 g of the catalysts with a size of 40–60
eshes at atmospheric pressure. Methane combustion involved
gas mixture of 2 vol.% CH4 in air, with a GHSV of 3000 ml/(g h).

he total flow rate in the catalytic test is 10 ml/min. The reaction
f methane combustion was stabilized for 30 min at the required
emperature, and the outlet products were measured with gas chro-

atography (Beijing East & West Electronics Institute, GC-4000A).
hen, the reaction temperature was increased by 50 ◦C and the pro-
edure was repeated until methane conversion approached 100%.
he reaction temperature was controlled with a K-type thermocou-
le placed in the vicinity of the catalyst bed. In every case, carbon
ioxide and water were the only reaction products detected along
he whole experiment.

. Results and discussions

.1. AAl12O19 (A = La, Sr, Ba, Ca, Ce) hexaaluminates

In urea combustion method, the urea/nitrate ratio and the com-
ustion temperature are key factors in the formation of phase
tructure of materials. It has been found that materials have good
hase structure and catalytic performance when the urea/nitrate
atio is equal to about 3 [24,31]. Combustion is a quick reaction,

nd products by urea combustion method can be obtained in a
hort time. Therefore, the combustion time is considered to be a
inor factor in the formation of phase structure of materials. How-

ver, In order to obtain pure and well-crystallized materials and
urn-off any carbonaceous residues, the products are needed to be
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Table 1
T50, T90 and specific surface areas of hexaaluminates

Catalysts T50 (◦C) T90 (◦C) SBET (m2 g−1)

LaAl12O19 517 610 9.1
LaAl12O19 (1200 ◦C for 5 h) 519 606 9.4
SrAl12O19 529 634 16.0
BaAl12O19 543 652 10.6
CaAl12O19 550 660 24.3
CeAl12O19 574 664 13.9
LaCuAl11O19 448 533 19.8
LaMnAl11O19 485 567 17.8
LaMnAl11O19 (1200 ◦C for 5 h) 488 570 17.3
LaFeAl11O19 512 593 14.2
LaFeAl11O19 (1200 ◦C for 5 h) 513 598 15.0
LaNiAl11O19 545 608 11.2
LaMgAl11O19 610 684 21.6
SrCuAl11O19 457 542 17.1
SrMnAl11O19 533 600 15.4
SrFeAl11O19 570 640 11.6
SrNiAl11O19 587 682 8.7
SrMgAl11O19 603 695 18.3
Sr0.2La0.8MnAl11O19

a 514 598 –
Sr0.2La0.8MnAl11O19 485 570 18.5
Sr0.4La0.6MnAl11O19 490 573 17.7
S
S

s
3
b
p
c
F
p
o
p
2
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m
ror planes can be formed by introduction of the large cations (La, Ca,
Sr, Ba, Ce), and Al2O4

2− spinel blocks are separated by these mirror
planes, resulting in the fact that the crystal growth along the c-axis
is suppressed. Therefore, due to this anisotropic crystal shape, a
F. Yin et al. / Journal of Molecular C

ept for a period of time at combustion temperature, or be further
alcined at a temperature for a period of time. The period of time
aries from minutes to hours [28–30,34]. Herein, when the urea
ombustion method is used for preparation of LaAl12O19 hexaalu-
inate, the combustion time is 60 min and the value of R is 3. The

im is to study the influence of the combustion temperature on the
ormation of phase structure of LaAl12O19. Fig. S1 in the supplemen-
ary data shows the XRD spectra of LaAl12O19 samples prepared at
ifferent combustion temperature.

As shown in Fig. S1, there are not any diffraction peaks when
he combustion temperature is 300oC (Fig. S1a), suggesting that
here is no formation of the hexaaluminate. When the combus-
ion temperature is 350 ◦C, the diffraction peaks of LaAl12O19
an be observed (Fig. S1b), but the intensity of these peaks is
xtremely weak, indicating that the phase structure of LaAl12O19
tarts to be formed. With the combustion temperature increasing
p to 400 ◦C, the intensity of the hexaaluminate diffraction peaks
lso increases (Fig. S1c). When the combustion temperature fur-
her increases up to 500 ◦C, the intensity of the diffraction peaks
ncreases markedly (Fig. S1d). The characteristic diffraction peaks
f LaAl12O19 are at 35.9◦, 33.8◦ and 31.9◦, respectively, which belong
o the magnetoplumbite-type structure. However, when the com-
ustion temperature increases from 500 to 800 ◦C, the intensity of
he diffraction peaks remains almost unchanged. It is indicated that
he formation of hexaaluminate structure has completed at 500 ◦C.
n order to check the thermal stability of the sample, the LaAl12O19
repared has been further calcined at 1200 ◦C for 5 h in air, and its
RD spectra is shown in Fig. S1h. It is found that after the calci-
ation the XRD patterns of this sample keeps almost unchanged,

ndicating that the hexaaluminate structure is extremely stable.
t the same time, no diffraction peaks of other phase structure
ppear which a pure hexaaluminate can be obtained by the urea
ombustion method.

Form the above results, LaAl12O19 with a pure and complete hex-
aluminate structure can be obtained successfully only at 500 ◦C
ia the urea combustion method. However, hexaaluminates can be
btained at about 1200 ◦C by the conventional preparation method
eported in literatures. Therefore, the formation of LaAl12O19 via
he urea combustion method requires much lower temperature in
omparison with the conventional preparation methods. During
he experiments, the effect of the combustion time on the forma-
ion of LaAl12O19 has also been investigated. The results show that
aAl12O19 with complete hexaaluminate structure can be obtained
hen the combustion time is equal to about 40 min. When the

ombustion time further increases, the influence of the combus-
ion time on the formation of phase structure of LaAl12O19 is
ardly observed. However, the hexaaluminate preparation meth-
ds reported in literatures require a long calcination time (about
h). Therefore, the urea combustion method used to prepare
aAl12O19 requires much less time. Herein, according to the prepa-
ation of LaAl12O19, a series of AAl12O19 (A = Ca, Sr, Ba, Ce) have
een prepared under the following preparation conditions: the
ombustion temperature is 500 ◦C, the value of the R is 3 and the
ombustion time is 40 min. The XRD patterns of AAl12O19 (A = Ca,
r, Ba, Ce) samples are shown in Fig. 1.

From Fig. 1, all the samples have a pure and complete hexaa-
uminate structure, suggesting that these hexaaluminates can be
repared successfully under the above conditions. However, the
rofiles of the diffraction peaks of these hexaaluminates have some
hanges due to the difference of the cations in A site in AAl12O19

A = Ca, Sr, Ba, Ce). For example, the characteristic diffraction peaks
f AAl12O19 (A = Ca, Sr, Ce) are basically at 32.2◦, 34.2◦ and 36.2◦

JCPDS 38-0470, JCPDS 70-0947, JCPDS 48-0055, Fig. 1a–c), respec-
ively. The three samples exhibit almost the same hexaaluminate
rystalline structure, and they belong to the magnetoplumbite-type

F
S

r0.6La0.4MnAl11O19 495 577 16.3
r0.8La0.2MnAl11O19 509 594 18.5

a This sample is prepared by co-precipitation method.

tructure. The characteristic diffraction peaks of BaAl12O19 are at
1.9◦, 33.0◦ and 35.6◦ (JCPDS 26-0135, Fig. 1d), respectively, and it
elongs to �-Al2O3-type structure. In order to further check the
hase stability of hexaaluminate, LaAl12O19 has been further cal-
ined at 1500 ◦C for 5 h in air, and its XRD spectra is shown in
ig. 1e. It is found that after the calcination the small diffraction
eaks LaAlO3 in this sample are observed. The specific surface areas
f AAl12O19 (A = La, Ca, Sr, Ba, Ce) are listed in Table 1. These sam-
les have relatively high specific surface areas varying from 9.1 to
4.3 m2 g−1. At the same time, after calcination at 1200 ◦C for 5 h the
pecific surface area of LaAl12O19 keep almost unchanged, suggest-
ng that hexaaluminate materials prepared by the urea combustion

ethod have an excellent thermal stability. In hexaaluminates, mir-
ig. 1. XRD patterns of AAl12O19 (A = Ca, Sr, Ce, Ba) samples: (a) CaAl12O19; (b)
rAl12O19; (c) CeAl12O19; (d) BaAl12O19; (e) LaAl12O19 (1500 ◦C and 5 h).
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arge specific surface area can be maintained at high temperature
39].

.2. AMAl11O19 (A = La, Sr; M = Cu, Mn, Fe, Ni, Mg) hexaaluminates

It has been reported that the partial cation substitution by some
ransition metals (Co, Ni, Cr, Fe and Mn) for the Al site in hexaa-
uminate lattice can increase markedly catalytic activity for the
ombustion of methane [40]. Hence, according to the preparation
f AAl12O19 (A = La, Ca, Sr, Ba, Ce), we have prepared LaFeAl11O19
ample, and the preparation conditions are as follows: the R is 3,
nd the combustion time is 40 min. The aim is to find an optimal
ombustion temperature. The XRD patterns of LaFeAl11O19 samples
repared at different combustion temperature are shown in Fig. S2

n the supplementary data. From Fig. S2, the diffraction peaks of
aFeAl11O19 are not observed when the combustion temperature
s 300 ◦C (Fig. S2a), suggesting that LaFeAl11O19 hexaaluminate is
ot formed. When the combustion temperature increases up to
50 ◦C, some very weak diffraction peaks of LaFeAl11O19 appear
Fig. S2b). It is indicated that the LaFeAl11O19 hexaaluminate begins
o form. With the combustion temperature increasing further up
o 400 ◦C, the intensity of the diffraction peaks further increases,
oo (Fig. S2c). When the temperature is increased to 500 ◦C, the
ntensity of the diffraction peaks increases dramatically (Fig. S2d).
he characteristic diffraction peaks of LaFeAl11O19 are at 35.9◦,
3.8◦ and 31.9◦, respectively, which belong to magnetoplumbite-
ype structure. However, when the temperature increases from 500
o 800 ◦C, the intensity of the diffraction peaks remains almost
nchanged. It is indicated that LaFeAl11O19 with complete hexaa-

uminate structure has been formed at 500 ◦C. Fig. S2h shows XRD
pectra of the LaFeAl11O19 sample calcined at 1200 ◦C for 5 h in air.
t is found that after the calcination the XRD patterns of this sample
eeps almost unchanged, indicating that LaFeAl11O19 is very stable.
t the same time, no diffraction peaks of other phase structure are
bserved, suggesting that the LaFeAl11O19 has a pure hexaalumi-
ate structure.

When the combustion temperature is 500 ◦C and the combus-
ion time is 40 min, LaFeAl11O19 samples with different R have been
repared, and Fig. S3 in the supplementary data shows the XRD pat-
erns of these samples. It is obvious that LaFeAl11O19 has not been
ormed when the R is 1 (Fig. S3a). When the R is 2, the diffrac-
ion peaks of LaFeAl11O19 appear, but they are extremely weak,
uggesting that LaFeAl11O19 begins to form (Fig. S3b). When the

increases up to 3, the intensity of diffraction peaks increases
arkedly (Fig. S3c). However, when the R increases from 3 to 7,

he intensity of the diffraction peaks remains almost unchanged.
t is indicated that LaFeAl11O19 with complete structure has been
lready formed when the R is 3. It seems that there is no effect
n the formation of LaFeAl11O19 when the amount of urea further
ncreases.

From the above results, it is found that LaFeAl11O19 hexaalu-
inate can be prepared by the urea combustion method under

he proper preparation conditions. Subsequently, we have prepared
aMnAl11O19 hexaaluminate material. Firstly, the influence of the
ombustion temperature on the formation of LaMnAl11O19 is inves-
igated. LaMnAl11O19 samples are prepared at different combustion
emperature, and other preparation conditions are as follows: the
is 3 and the combustion time is 40 min. The XRD patterns of these

amples are shown in Fig. S4 in the supplementary data. Obviously,
hen the combustion temperature is 275 ◦C, there are not diffrac-
ion peaks (Fig. S4a). When the combustion temperature increases
o 300 ◦C, the very weak diffraction peaks of LaMnAl11O19 appear,
uggesting that LaMnAl11O19 begins to form at 300 ◦C (Fig. S4b).

ith the combustion temperature increasing up to 350 ◦C, the
ntensity of the diffraction peaks increases (Fig. S4c). When the

m
a
e
L
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emperature further increases up to 400 ◦C, the intensity of the
iffraction peaks increases markedly (Fig. S4d). The characteristic
iffraction peaks are at 35.9◦, 33.8◦ and 31.9◦, respectively (JCPDS
6-1217), which belongs to the maguetoplumbite-type structure.
owever, when the combustion temperature increases from 400

o 800 ◦C, the intensity of diffraction peaks of LaMnAl11O19 keeps
lmost unchanged, suggesting that LaMnAl11O19 has been formed
ompletely at 400 ◦C. Fig. S4i shows XRD spectra of the LaMnAl11O19
ample calcined at 1200 ◦C for 5 h in air. It is found that after the cal-
ination the XRD patterns of this sample keeps almost unchanged,
ndicating that LaMnAl11O19 has an excellent thermal stability. In
ddition, no other phase structure appears.

Secondly, the influence of the amount of urea on the forma-
ion of LaMnAl11O19 has been studied. LaMnAl11O19 samples have
een prepared at different R when the combustion temperature is
00 ◦C and the combustion time is 40 min. Their XRD patterns are
hown in Fig. S5 in the supplementary data. It is found that there
re not any diffraction peaks when the R is 1 (Fig. S5a). When the
is 2, the diffraction peaks of LaMnAl11O19 appear, suggesting that

aMnAl11O19 begins to form (Fig. S5b). When the R increases up
o 3, the intensity of these diffraction peaks increases dramatically
Fig. S5c). However, when the amount of urea further increases, the
ntensity of these diffraction peaks remains almost unchanged. It
s indicated that LaMnAl11O19 with complete structure has been
ormed when the R is 3, and the further increase of the amount of
rea has no effect on the formation of LaMnAl11O19.

The influences of the combustion temperature and the value
f R on the formation of LaFeAl11O19 and LaMnAl11O19 have been
nvestigated. The two hexaaluminates with a pure and complete
tructure can be obtained at proper preparation conditions. For
aFeAl11O19, the proper preparation conditions are as follows: the
ombustion temperature is not less than 500 ◦C, the value of R is in
he range 3–7, and the combustion time is 40 min. For LaMnAl11O19,
he proper preparation conditions are as follows: the combustion
emperature is not less than 400 ◦C, the value of R is in the range 3–7,
nd the combustion time is 40 min. Considering the preparation
onditions, the influence of the amount of urea on the formation
f the two samples is almost the same, and they can be obtained
hen the R is 3–7. However, their combustion temperature is differ-

nt, and the formation of LaFeAl11O19 requires higher combustion
emperature than that of LaMnAl11O19 does, suggesting that intro-
uction of Mn can improve the formation of LaMnAl11O19 [15].

According to the preparation of the above two samples, we have
repared LaMAl11O19 (M = Cu, Ni, Mg) and SrMAl11O19 (M = Cu, Mn,
e, Ni, Mg) hexaaluminates. The preparation conditions are as fol-
ows: the combustion temperature is 500 ◦C, the value of R is 3, and
he combustion time is 40 min. The XRD patterns of these samples
re shown in Figs. 2 and 3. From Fig. 2, it is found that all samples
ave complete phase structure of hexaaluminate. For LaMAl11O19
M = Ni, Mg) samples (Fig. 2a and b), their characteristic diffraction
eaks are basically at 31.9◦, 33.8◦ and 35.9◦, respectively, belonging
o the magnetoplumbite-type structure. The characteristic diffrac-
ion peaks of LaCuAl11O19 (Fig. 2c) are slightly shifted compared
o the patterns of the above two samples. The main reason is that
he partial substitution of Cu leads to a cell expansion due to the
arger size of Cu2+ ions compared to that of Al3+ ions [41]. At the
ame time, the intensity of the diffraction peaks of these samples
s different with the different B site ions. For example, the intensity
f the diffraction peaks is weakest in these samples when the Cu
ons are at B site. In order to check the phase stability of hexaalu-
inate, LaFeAl11O19 and LaMnAl11O19 have been further calcined
t 1500 ◦C for 5 h in air, and its XRD spectra is shown in Fig. 2d and
. It is found that after the calcination there is no other phase in the
aFeAl11O19 sample, whereas there is a diffraction peak of LaAlO3
n the LaMnAl11O19 sample. From Fig. 3, it is found that SrMAl11O19
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ig. 2. XRD patterns of LaMAl11O19 (M = Ni, Mg, Cu) samples: (a) LaNiAl11O19; (b)
aMgAl11O19; (c) LaCuAl11O19; (d) LaFeAl11O19 (1500 ◦C and 5 h); (e) LaMnAl11O19

1500 ◦C and 5 h).

M = Cu, Mn, Fe, Ni, Mg) samples have a pure and complete phase
tructure of hexaaluminate. Their characteristic diffraction peaks
re basically at 31.9◦, 33.8◦ and 35.9◦, respectively. These sam-
les belong to the magnetoplumbite-type structure. Similarly, the

ntensity of the diffraction peaks of these samples is different with
arious B site ions. For example, SrFeAl11O19 and SrCuAl11O19 have
eaker diffraction peaks in these samples.

The SSA of AMAl11O19 (A = La, Sr; M = Cu, Mn, Fe, Ni, Mg) sam-
les are shown in Table 1. These hexaaluminates have relatively
igh specific surface areas. The SSAs of LaMAl11O19 (M = Cu, Mn,
e, Ni, Mg) samples vary from 11.2 to 21.6 m2 g−1, and the SSAs
f SrMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) samples are in the range
.7–18.3 m2 g−1. It is clear that for those samples with the same M

ons, La-based hexaaluminate samples have higher specific surface

reas than Sr-based hexaaluminate samples. The main reason is
ikely that the ionic radii of La3+ (0.106 nm) is smaller than that
f Sr2+ (0.120 nm), and the migration of La3+ into the lattice of
-Al2O3 is easier than that of Sr3+. Accordingly, the La-based hex-
aluminates can be formed at lower temperature than the Sr-based

ig. 3. XRD patterns of SrMAl11O19 (M = Mn, Fe, Ni, Mg, Cu) samples: (a)
rMnAl11O19; (b) SrFeAl11O19; (c) SrNiAl11O19; (d) SrMgAl11O19; (e) SrCuAl11O19.
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ig. 4. XRD patterns of Sr1−xLaxMnAl11O19 samples: (a) Sr0.8La0.2MnAl11O19; (b)
r0.6La0.4MnAl11O19; (c) Sr0.4La0.6MnAl11O19; (d) Sr0.2La0.8MnAl11O19.

amples, which suppresses the phase transition from �-Al2O3 to �-
l2O3 maintaining relatively high specific surface areas. The study
y Groppi et al. [7] also shows that La3+ used as mirror plane
ations can not only improve the stability but also maintain the
elatively high specific surface areas of hexaaluminate materials.
t the same time, after calcination at 1200 ◦C for 5 h the specific
urface areas of LaAl12O19 and LaMnAl11O19 samples keep almost
nchanged, suggesting that hexaaluminate materials prepared by
he urea combustion method have an excellent thermal stability.

.3. Sr1−xLaxMnAl11O19 (x = 0.2–0.8) hexaaluminates

It has been extensively reported that Sr1−xLaxMnAl11O19
exaaluminates have excellent catalytic activity and thermal sta-
ility for combustion of methane [5,42–44]. Herein, a series
f Sr1−xLaxMnAl11O19 hexaaluminate materials (x = 0.2–0.8) have
een prepared via the urea combustion method. According to the
revious preparation of hexaaluminates, the preparation condi-
ions are as follows: the combustion temperature is 500 ◦C, the

is 3 and the combustion time is 40 min. Fig. 4 shows the XRD
atterns of Sr1−xLaxMnAl11O19 (x = 0.2–0.8) samples. It is clear
hat all the samples have a pure and complete phase structure
f hexaaluminate. The series of samples exhibit almost the same
exaaluminate crystalline structure; their characteristic diffraction
eaks are basically at 31.9◦, 33.8◦, and 35.9◦, respectively, belong-

ng to the magnetoplumbite-type structure. However, there is still
slight shift in 2� of the diffraction peaks due to the difference

f the ratio of La to Sr. The main reason is likely that introduc-
ion of different ions in hexaaluminates leads to different lattice
eformation.

The specific surface areas of Sr1−xLaxMnAl11O19 (x = 0.2–0.8) are
hown in Table 1. These samples have relatively high specific sur-
ace areas varying from 16.3 to 18.5 m2 g−1. At the same time, form
able 1, the specific surface area of SrMnAl11O19 is lower than that
f Sr1−xLaxMnAl11O19 (x = 0.2–0.8), suggesting that introduction of
a in hexaaluminates can improve the specific surface areas of these
amples [7].
.4. Surface morphology of hexaaluminates

The surface morphology of LaAl12O19, LaFeAl11O19 and
aMnAl11O19 is shown in Fig. 5. The preparation conditions of
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are also listed in Table 1. As shown in Fig. 7, their activi-
ig. 5. Surface morphology of hexaaluminate samples: (a) LaAl12O19; (b)
aFeAl11O19; (c) LaMnAl11O19.

aAl12O19 and LaFeAl11O19 are as follows: the combustion temper-
ture is 500 ◦C, the value of the R is 3 and the combustion time
s 40 min. The preparation conditions of LaMnAl11O19 are as fol-
ows: the combustion temperature is 400 ◦C, the value of the R is 3

nd the combustion time is 40 min. From Fig. 5, it is found that the
amples have a plate-like morphology, which is the characteristic
orphology of hexaaluminate. It is indicated that these hexaalumi-

ates has been formed at the preparation conditions. The plate-like

t
e
l
t

Fig. 6. Catalytic activity of AAl12O19 (A = La, Sr, Ba, Ca, Ce) samples.

orphology of hexaaluminate is obtained through the anisotropic
rystal growth, which is typical for the excellent combustion cat-
lyst at high temperature. The kind of morphology can maintains
igh the specific surface area and improves the thermal stability of
exaaluminate materials [45].

.5. Catalytic activity of hexaaluminates

For comparison, the preparation conditions of the samples for
atalytic activity tests are the same, and as follows: the com-
ustion temperature is 500 ◦C, the R is 3, and the combustion
ime is 40 min. The temperature required for a 50% conversion
f CH4 (T50) and the temperature required for a 90% conver-
ion of CH4 (T90) are used to evaluate the activity for methane
ombustion, and T50 and T90 are listed in Table 1. Fig. 6 shows
he results of catalytic activity of AAl12O19 (A = La, Sr, Ba, Ca, Ce)
exaaluminates. The results of catalytic activity of LaAl12O19 cal-
ined at 1200 ◦C for 5 h are also shown in Fig. 6, and its T50 and
90 are also listed in Table 1. It is found that activities of the
exaaluminates are different with various A site ions. In these
atalysts, LaAl12O19 catalyst exhibits the best activity for combus-
ion of methane. After calcinations at 1200 ◦C for 5 h, the activity
f LaAl12O19 remains almost unchanged, indicating that the hex-
aluminate material has an excellent stability. CeAl12O19 catalyst
hows the lowest activity. The order of activities of these cata-
ysts is LaAl12O19 > SrAl12O19 > BaAl12O19 > CaAl12O19 > CeAl12O19. It

as reported that the T10 of LaAl12O19 and BaAl12O19 prepared by
o-precipitation method was about 650 ◦C when reactant gas was
vol.% methane in air with a GHSV of 70,000 cm3/(g h) [5]. Artizzu
t al. [41] prepared BaAl12O19 for catalytic combustion of methane
y alkoxide hydrolysis method. When the reactant gas mixture con-
isted of 1 vol.% CH4, 4 vol.% O2 and 95% N2, the T50 and T90 of
he catalyst were 765 and 780 ◦C, respectively, under a GHSV of
5,000 h−1.

The catalytic activities of LaMAl11O19 (M = Cu, Mn, Fe, Ni,
g) and SrMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) hexaaluminates

re shown in Figs. 12 and 13, respectively. The results of cat-
lytic activity of LaFeAl11O19 and LaMnAl11O19 calcined at
200 ◦C for 5 h are also shown in Fig. 7, and its T50 and T90
ies are different with various M ions. LaCuAl11O19 catalyst
xhibits the best catalytic activity. LaMgAl11O19 catalyst has the
owest catalytic activity. After calcinations at 1200 ◦C for 5 h,
he activities of LaFeAl11O19 and LaMnAl11O19 remain almost
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Fig. 7. Catalytic activity of LaMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) samples.

nchanged, indicating that the hexaaluminate materials have
n excellent stability. The order of activity of these catalysts is
aCuAl11O19 > LaMnAl11O19 > LaFeAl11O19 > LaNiAl11O19 > LaMgAl11O
rsson et al. [46] prepared LaMnAl11O19 catalyst by co-precipitation
ethod. When GHSV was 100,000 h−1 and a methane concen-

ration of 1.5 mol% was used, the temperature for 20% conversion
f methane was 715 ◦C. Li et al. [47] prepared LaMnAl11O19
atalyst for catalytic combustion of methane using the same
ethod. When the reactant gas was 4 vol.% O2 and 1 vol.% CH4

nitrogen as balance) and GHSV = 15,000 h−1, the T50 and T90
ere 690 and 820 ◦C, respectively. When the A site ion is Sr, as

hown in Fig. 8, these samples also show excellent activity for
ombustion of methane. In these catalysts, the order of activity is
rCuAl11O19 > SrMnAl11O19 > SrFeAl11O19 > SrNiAl11O19 > SrMgAl11O
hich is the same as that of LaMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) cat-

lysts. Inoue et al. [10] prepared SrMnAl11O19 catalyst for methane
ombustion using alkoxide hydrolysis method. When the reactant
as was 1 vol.% CH4 in air with a flow rate of 48,000 cm3 h−1, the

◦

10 and T90 of this catalyst were 550 and 770 C, respectively. The
atalytic activities of Sr1−xLaxMnAl11O19 (x = 0–1) catalysts are
hown in Fig. 9. It is found that LaMnAl11O19 catalyst exhibits good
ctivity, and the activity decreases when the Sr is added. Moreover,
he activities of these catalysts decrease gradually with increasing

Fig. 8. Catalytic activity of SrMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) samples.
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Fig. 9. Catalytic activity of Sr1−xLaxMnAl11O19 (x = 0–1) samples.

f the Sr content in Sr1−xLaxMnAl11O19. However, when the Sr
ontent increases from 0 to 0.6, the decrease extent of activity of
hese samples is extremely small. In other words, their catalytic
ctivities are very close. When the Sr content increases from 0.6 to
.8, the decrease extent of activity of these catalysts becomes large
gain. Obviously, SrMnAl11O19 catalyst shows the lowest activity.
rom the results above, when La is introduced to SrMnAl11O19,
he activities of catalysts increases markedly, suggesting that La
omponent in catalysts plays an important role to the catalytic
ctivity for combustion of methane. Machida et al. [43] prepared
series of Sr1−xLaxMnAl11O19 (x = 0–0.8) hexaaluminates for cat-

lytic combustion of methane by an alkoxide hydrolysis method,
nd found that Sr0.8La0.2MnAl11O19 catalyst had the best activity in
hese catalysts, which was different from our experimental results.
he main reason is likely that the preparation method is different.
eh et al. [48] prepared Sr0.8La0.2MnAl11O19 catalyst for catalytic
ombustion of methane using co-precipitation method. When the
eactant gas was 1 vol.% in air and GHSV was 48,000 h−1, the T50
nd T90 of the catalyst calcined at 1200 ◦C with 20 m2 g−1 were 639
nd 735 ◦C, respectively.

From Table 1, it is found that for AAl12O19 (A = La, Sr, Ba,
a, Ce), AMAl11O19 (A = La, Sr; M = Cu, Mn, Fe, Ni, Mg) and
r1−xLaxMnAl11O19 (x = 0.2–0.8) hexaaluminate catalysts, the order
f activity of these catalysts is not related to their corresponding
pecific surface areas, suggesting that the specific surface area of
atalysts is not main factor in activities.

.6. Temperature-programmed reduction measurements

In order to further investigate the relationship between the
tructure and performance of these hexaaluminate catalysts, the
2-TPR of these catalysts are measured, and the H2-TPR profiles
re shown in Figs. 10–13, respectively. From Table 1, methane can
e totally converted into CO2 and H2O below 700 ◦C over these
atalysts. Therefore, the redox properties below 700 ◦C have a sig-
ificant effect on the catalytic activity of catalysts.

Fig. 10 shows the H2-TPR profiles of AAl12O19 (A = La, Sr, Ba, Ca,
e) hexaaluminates. It is found that the H2-TPR profiles of these
atalysts are different with various A site ions, which is related not

nly to the nature of A site ions but also to the interaction between
he A site ions and other adjacent ions. Because the thickness of the

irror planes depends on the A site ions, the oxygen diffusion in
exaaluminates with different A site ions is different. Therefore, the
2-TPR profiles of these catalysts are different from each other due
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ig. 10. H2-TPR profiles of AAl12O19 (A = La, Sr, Ba, Ca, Ce) samples: (a) LaAl12O19; (b)
rAl12O19; (c) BaAl12O19; (d) CaAl12O19; (e) CeAl12O19.

o the difference of A site ions. For LaAl12O19 catalyst, the reduction
eak begins at 285 ◦C, namely, the initial reduction temperature is
85 ◦C. At the same time, there are four reduction peaks at 350, 440,
41 and 947 ◦C, respectively, indicating that there are four oxygen
pecies in LaAl12O19 catalyst (Fig. 10a). In these catalysts, LaAl12O19
atalyst has the lowest initial reduction temperature and the largest
eduction peak area below 700 ◦C. Therefore, this catalyst exhibits
he best catalytic activity for combustion of methane. In the case
f SrAl12O19 catalyst, the initial reduction temperature is 307 ◦C,
nd there are five reduction peaks at 337, 498, 605, 746 and 927 ◦C,
espectively (Fig. 10b). In comparison with LaAl12O19 catalyst, the
nitial reduction temperature of SrAl12O19 catalyst increases, tem-
erature of the main reduction peak (at 498 ◦C) increases and the
ain reduction peak area decreases, suggesting that the catalytic

ctivity of SrAl12O19 catalyst decreases. BaAl12O19 catalyst begins
o be reduced at 298 ◦C, and there are three reduction peaks at

◦
25, 582 and 772 C, respectively (Fig. 10c). Chu et al. [49] pre-
ared BaAl12O19 hexaaluminate by co-precipitation method, and
ound that BaAl12O19 did not show a reduction peak between 50
nd 1050 ◦C. The main reason is likely that the preparation method
s different. In comparison with SrAl12O19 catalyst, though the ini-

ig. 11. H2-TPR profiles of LaMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) samples: (a)
aCuAl11O19; (b) LaMnAl11O19; (c) LaFeAl11O19; (d) LaNiAl11O19; (e) LaMgAl11O19.
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ial reduction temperature of BaAl12O19 decreases, the temperature
f its main reduction peak (at 582 ◦C) increases markedly and the
ain reduction peak area of BaAl12O19 catalyst decreases. There-

ore, BaAl12O19 catalyst has less activity than SrAl12O19 catalyst.
aAl12O19 catalyst begins to be reduced at 312 ◦C, and there are
low temperature reduction peak (at 480 ◦C) and a high tem-

erature reduction peak (945 ◦C) (Fig. 10d). In comparison with
aAl12O19 catalyst, the initial reduction temperature of CaAl12O19
atalyst increases slightly. Though the temperature of the main
eduction peak (at 480 ◦C) decreases, the main reduction peak area
ecreases markedly. Therefore, CaAl12O19 catalyst shows the less
ctivity. The initial reduction temperature of CeAl12O19 is 360 ◦C,
nd there are two reduction peaks at 568 and 871 ◦C, respectively
Fig. 10e). CeAl12O19 catalyst has the highest initial reduction tem-
erature and the lowest reduction peak area, resulting in the lowest
atalytic activity. From the analysis of H2-TPR profiles of AAl12O19
A = La, Sr, Ba, Ca, Ce) catalysts, there is a corresponding relationship
etween the activity and the redox properties of these catalysts.

The H2-TPR profiles of LaMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) cata-
ysts are shown in Fig. 11. It is clear that the H2-TPR profiles of these
atalysts are different with various M ions. The H2-TPR profiles of
hese catalysts are related to the phase structure, the amount of
ctivity component M in surface, the nature of M and the coordi-
ate of M and other adjacent atoms. LaCuAl11O19 catalyst begins to
e reduced at 174 ◦Cand there is a large reduction peak at 280 ◦C
Fig. 11a). It is indicated that Cu2+ has a high surface concentration
n this catalyst, and is reduced easily. Furthermore, this reduction
ccurs in a single step without intermediate Cu+ formation [41]. At
he same time, there is another weak reduction peak at 920 ◦C, sug-
esting that there is another oxygen species in this catalyst. In these
atalysts, LaCuAl11O19 has the lowest initial reduction temperature
nd the largest reduction peak area. Accordingly, LaCuAl11O19 cat-
lyst shows the best catalytic activity. LaMnAl11O19 catalyst begins
o be reduced at 198 ◦C, and has two reduction peaks at 435 and
27 ◦C, respectively (Fig. 11b). It has been reported [7,50,51] that
he low temperature reduction peak is attributed to the process
f Mn3+ → Mn2+. However, there is no clear attribution to the high
emperature reduction peak. In comparison with LaCuAl11O19 cat-
lyst, the initial reduction temperature of LaMnAl11O19 catalyst
ncreases, its main reduction peak shifts to higher temperature (at
35 ◦C), and the reduction peak area decreases. So LaMnAl11O19
atalyst exhibits lower activity. The initial reduction temperature
f LaFeAl11O19 catalyst is 295 ◦C (Fig. 11c), and there are two reduc-
ion peaks at 485 and 795 ◦C, which are attributed to the process of
e3+ → Fe2+ and Fe2+ → Fe0, respectively [51]. In comparison with
aMnAl11O19 catalysts, the initial reduction temperature increases
ontinuously, the main reduction peak shifts to higher tempera-
ure (at 485 ◦C), and the reduction peak area decreases, resulting
n decrease of activity of LaFeAl11O19 catalyst. LaNiAl11O19 cata-
yst begins to be reduced at 437 ◦C, and has two reduction peaks
t 564 and 960 ◦C, respectively (Fig. 11d). The high temperature
eduction peak belongs to the process of Ni2+ → Ni0 [12,52]. The
eduction process of Ni2+ → Ni0 in LaNiAl11O19 occurs at such high
emperature, indicating that Ni is more strongly bonded in hexaa-
uminate structure. In comparison with LaFeAl11O19 catalyst, the
nitial reduction temperature further increases, the main reduc-
ion peak further increases, and the reduction peak area decreases

arkedly. Therefore, the catalytic activity of LaNiAl11O19 catalyst
urther decreases. For LaMgAl11O19, there is an extremely weak
eduction peak at 472 ◦C, resulting in the lowest activity (Fig. 11e).

t the same time, another reduction peak starts to be reduced
t about 850 ◦C, and this peak has not drop down even up to
000 ◦C, likely because Mg2+ ions in the hexaaluminate lattices are
xtremely stable and only a part of Mg2+ can be reduced to Mg0

t 1000 ◦C, suggesting that Mg ions are more strongly bonded in
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ig. 12. H2-TPR profiles of SrMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) samples: (a)
rCuAl11O19; (b) SrMnAl11O19; (c) SrFeAl11O19; (d) SrNiAl11O19; (e) SrMgAl11O19.

exaaluminate lattices. The H2-TPR profiles of SrMAl11O19 (M = Cu,
n, Fe, Ni, Mg) catalysts are shown in Fig. 12. The H2-TPR pro-

les of these catalysts seem to exhibit almost the same reduction
rofiles in shape as LaMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) catalysts,
nly their reduction temperature is different. SrCuAl11O19 catalyst
tarts to be reduced at 155 ◦C. Besides a stronger reduction peak
t 282 ◦C, which is attributed to the process of Cu2+ → Cu0, there
re two weak reduction peaks at 560 ◦C and 918 ◦C, respectively
Fig. 12a). It is indicated that the H2-TPR profiles have changed when
he A site ion is Sr. SrMnAl11O19 catalyst begins to be reduced at
82 ◦C, and there are a low temperature reduction peak at 435 ◦C
nd a high temperature reduction peak at 860 ◦C (Fig. 12b). For
rFeAl11O19 catalyst, the initial reduction temperature is 326 ◦C, its
ow temperature reduction peak is at 583 ◦C and its high tempera-
ure reduction peak is at 825 ◦C (Fig. 12c). For SrMAl11O19 (M = Cu,

n, Fe) catalysts, the order of the initial reduction temperature
n terms of M ions is: Cu < Mn < Fe. The temperature of the main
eduction peak of these catalysts increases as the same order. How-
ver, the reduction peak area decreases gradually as the same order
bove. Therefore, the order of catalytic activities of the catalysts is
rCuAl11O19 > SrMnAl11O19 > SrFeAl11O19. SrNiAl11O19 begins to be
educed at 440 ◦C, its low temperature reduction peak is at 570 ◦C,
nd its high temperature reduction peak is at 982 ◦C (Fig. 12d). In
omparison with SrFeAl11O19 catalyst, though the temperature of
he reduction peak at 570 ◦C of SrNiAl11O19 catalyst decreases, its
eduction peak area decreases markedly. Therefore, the activity of
rNiAl11O19 catalyst is lower than that of SrFeAl11O19 catalyst. There
re four reduction peaks at 439, 562, 708 and 898 ◦C, respectively
Fig. 12e) and that the H2-TPR profiles of SrMgAl11O19 have changed
hen the B site ion is Mg in comparison with LaMgAl11O19 catalyst.
elow 700 ◦C, the reduction peak area of the reduction peaks over
rMgAl11O19 is extremely small. Hence, SrMgAl11O19 catalyst shows
he lowest catalytic activity. From the results above, SrMAl11O19
M = Cu, Mn, Fe, Ni, Mg) catalysts show the same order of activity
s LaMAl11O19 (M = Cu, Mn, Fe, Ni, Mg) catalysts. It is indicated that
he catalytic activity of these catalysts mainly depends on the M
ons.

Fig. 13 shows the results of the H2-TPR measurements of

r1−xLaxMnAl11O19 (x = 0.2–0.8) catalysts. Obviously, all the cat-
lysts exhibit almost the same H2-TPR profiles. Except for
r0.6La0.4MnAl11O19 and Sr0.8La0.2MnAl11O19 catalysts, these cat-
lysts have a low temperature reduction peak and a high
emperature reduction peak, and the reduction peak area of the

c
M
s
b
M

ig. 13. H2-TPR profiles of Sr1−xLaxMnAl11O19 samples: (a) LaMnAl11O19; (b)
r0.2La0.8Mn Al11O19; (c) Sr0.4La0.6Mn Al11O19; (d) Sr0.6La0.4Mn Al11O19; (e)
r0.8La0.2Mn Al11O19; (f) SrMnAl11O19.

ow temperature reduction peak is much larger than that of the
igh temperature reduction peak. For LaMnAl11O19 catalyst, the

ow temperature reduction peak is at 435 ◦C and the high tem-
erature reduction peak is at 927 ◦C (Fig. 13a). When Sr is added,
he low temperature reduction peak shifts to high temperature,
nd the high temperature reduction peak shifts to low tempera-
ure. However, when the Sr content increases, the position of the
wo reduction peaks remains almost unchanged, and is at about
63 and 897 ◦C, respectively. Furthermore, the intensity of the two
eaks keeps almost unchanged with increasing of Sr content in
r1−xLaxMnAl11O19 hexaaluminates. There are two reduction peaks
t 50 and 771 ◦C, respectively, in Sr0.6La0.4MnAl11O19 (Fig. 13d) and
reduction peak at 560 ◦C in Sr0.8La0.2MnAl11O19 (Fig. 13e), indi-

ating that there are other oxygen species in these catalysts.
From Fig. 13, all catalysts begin to be reduced at about 200 ◦C,

amely, the initial reduction temperature of these catalysts remains
lmost unchanged with various x in Sr1−xLaxMnAl11O19 catalysts.
t the same time, the reduction peak area of these catalysts also
emains almost unchanged with x, suggesting that the catalytic
ctivity of these catalysts is close. From the results of activities
s shown in Table 1, it has been found that T50 and T90 of these
atalysts are indeed very close. According to the above results,
r1−xLaxMnAl11O19 (x = 0.2–0.8) catalysts exhibit almost the same
edox properties, resulting in close activity of these catalysts.

. Conclusions

The urea combustion method, as a new preparation method,
as applied successfully to prepare hexaaluminate materials, and
series of AAl12O19 (A = La, Sr, Ba, Ca, Ce), AMAl11O19 (A = La, Sr;
= Cu, Mn, Fe, Ni, Mg) and Sr1−xLaxMnAl11O19 (x = 0.2–0.8) hexaa-

uminates were prepared under the proper preparation conditions.
he prepared hexaaluminates had a pure and complete phase
tructure and relatively high specific surface areas and an excel-
ent catalytic activity for the methane combustion. In AAl12O19
A = La, Sr, Ba, Ca, Ce) hexaaluminates, CaAl12O19 had the highest
pecific surface area of 24.3 m2 g−1, and LaAl12O19 showed the best

atalytic activity whose T90 was 610 ◦C. In LaMAl11O19 (M = Cu,
n, Fe, Ni, Mg) hexaaluminates, LaMgAl11O19 had the highest

pecific surface area of 21.6 m2 g−1, and LaCuAl11O19 showed the
est catalytic activity whose T90 was 533 ◦C. In SrMAl11O19 (M = Cu,
n, Fe, Ni, Mg) hexaaluminates, SrMgAl11O19 had the highest
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pecific surface area of 18.3 m2 g−1, and SrCuAl11O19 exhibited the
est catalytic activity whose T90 was 542 ◦C. In Sr1−xLaxMnAl11O19
x = 0.2–0.8) hexaaluminates, Sr0.2La0.8MnAl11O19 showed the
est catalytic activity whose T90 was 570 ◦C. The H2-TPR results
howed that there was a corresponding relationship between the
atalytic activity in methane combustion and the redox properties
f the hexaaluminates. Comparison with the preparation methods
eported in literatures, the urea combustion method was an
xcellent preparation method of the hexaaluminates.
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