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a b s t r a c t

Perovskite-type LaMnO3 and La0.8Sr0.2MnO3 with high specific surface areas were prepared by stearic
acid gel combustion method. The obtained powders were characterized by XRD, FT-IR, SEM and XPS
techniques. Their catalytic activities were investigated on thermal decomposition of hexahydro-1,3,5-
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trinitro-1,3,5-triazine (RDX) by TG-DSC techniques. The experimental results show that LaMnO3 is a more
effective catalyst than La0.8Sr0.2MnO3 for the sublimation and melting process of RDX because of its higher
concentration ratio of surface-adsorbed species. And the catalytic activity of La0.8Sr0.2MnO3 is higher than
that of LaMnO3 for thermal decomposition of liquid RDX. This could be attributed to its higher concen-
tration ratios of surface oxygen and Mn4+/Mn3+. In conclusion, the concentration ratios of surface oxygen
and Mn4+/Mn3+ could play key roles for RDX thermal decomposition. This study points out a potential

more
way to develop new and

. Introduction

ABO3 perovskite-type oxides with A as La, B as transition metal
re widely used in many fields. In particular, they can display
rominent catalytic activities. For example, they have been used
s catalysts for the auto-reforming of sulfur containing fuels [1] for
emoval of ethylacetate, CO and NOx [2] and for the total oxidation
f methane and Volatile Organic Compounds [3]. However, one of
he technical constraints to the use of perovskite-type catalysts is
he inability to produce high specific surface area powders [4].

Structures and properties of ABO3 oxides are strongly influenced
y the synthetic methods. The LaMnO3 and related compounds
ave been synthesized by many methods, including sol–gel
ethod, flame hydrolysis from aqueous solution, complexation

hrough EDTA as well as solid-state reaction [5] and solution com-
ustion synthesis [6]. In this study, we prepared perovskite-type
aMnO3 and La0.8Sr0.2MnO3 with high specific surface areas by
tearic acid gel combustion method, where stearic acid was used
s reaction solvent, dispersant, complexing agent.

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is the key ener-

etic material and the most common oxidizer in the rocket
ropellant. Considering the limited loading of RDX and its com-
osites in the rocket, it is crucial for us to further improve its
ecomposition efficiency to produce large amount of energy as far

∗ Corresponding authors. Tel.: +86 0351 3921414; fax: +86 0351 3921414.
E-mail address: zx wei@126.com (Z.-X. Wei).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.068
active perovskite-type catalysts for the RDX thermal decomposition.
© 2009 Elsevier B.V. All rights reserved.

as possible and to decrease its burning temperature for easy oper-
ation and control. So, catalysis of RDX thermal decomposition is of
interest. Some additives or catalysts such as nanodiamond/Cu [7,8],
nano-LaCoO3 [9], and nanometer-sized lanthanum oxide [10] have
been proved effective to improve the decomposition or explosion of
RDX. In order to search more additives or catalysts for RDX thermal
decomposition, LaMnO3 and La0.8Sr0.2MnO3 were prepared and
investigated for RDX thermal decomposition in this study. These
researches are not only favorable for the controlled preparation of
LaMnO3 and La0.8Sr0.2MnO3, but also for the deep understanding
of their effect on the decomposition of RDX.

2. Experimental

2.1. Auto-combustion synthesis of perovskite-type LaMnO3

MnCl2·4H2O, La(NO3)3·6H2O and stearic acid were used as
raw materials to prepare LaMnO3 powder. First, MnCl2·4H2O and
La(NO3)3·6H2O with Mn/La molar ratio of 1/1 were added into the
excess of 8.0–10.0% molten stearic acid in a porcelain crucible reac-
tor. After that, the resulting mixture was continuously stirred and
kept at 118 ◦C for a sufficient period of time to allow the La-Mn-

stearic acid gel to be formed. Then, the porcelain crucible reactor
was placed on a hot plate increased to 500 ◦C. At this stage, the gel
volatilized and autoignited, with the evolution of a large volume of
gases to produce loose powder, after the loose powder was calcined
at 700 ◦C for 1 h, perovskite-type LaMnO3 was obtained.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zx_wei@126.com
dx.doi.org/10.1016/j.jhazmat.2009.12.068
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after heating to 600 ◦C for 1 h (Fig. 3b), but intense peaks associ-
ated with the perovskite-type La0.8Sr0.2MnO3 structure emerge.
By 600 ◦C for 2 h, the LaOCl has completely decomposed and
perovskite-type La0.8Sr0.2MnO3 peaks are formed. The perovskite-
ig. 1. FT-IR spectra of stearic acid (a), La-Sr-Mn-stearic acid gel (b), La-Mn-stearic
cid gel (c).

.2. Auto-combustion synthesis of perovskite-type
a0.8Sr0.2MnO3

Perovskite-type La0.8Sr0.2MnO3 powder was synthesized using
a(NO3)3·6H2O, SrCO3, MnCl2·4H2O and stearic acid as raw materi-
ls according to the same procedures and experimental conditions
s were described for the preparation of LaMnO3. Here, the molar
atio of La(NO3)3·6H2O:SrCO3:MnCl2·4H2O is 0.8:0.2:1, the molten
tearic acid is the excess of 8.0–10.0%. After the loose powder
btained by combustion of La-Sr-Mn-stearic acid gel was calcined
t 600 ◦C for 2 h, the perovskite-type La0.8Sr0.2MnO3 was formed.

.3. Powders characterization

The composition and phase purity of obtained powders were
xamined by X-ray diffractometer (CuK� = 1.54 Å, 40 kV, 30 mA, 2�
rom 10◦ to 80◦). FT-IR spectra were registered by using a Nexus
70 FT-IR in KBr pellets. The BET specific surface areas of the
btained powders were evaluated from the linear parts of the BET
lot of the N2 isotherms, using a NOVA4200e analyzer. Scanning
lectron microscopy (SEM) (HITACHA, Model S-4800) was used
o investigate the morphology of obtained powders. XPS analysis
as performed by a PHI Quantera SXM apparatus, equipped with
standard Al Ka excitation source. The binding energy (BE) scale
as been calibrated by measuring C1s peak (BE = 284.8 eV) from the
biquitous surface layer of adventitious carbon.

.4. Catalytic activity test

The obtained powders and RDX were mixed in 2:98 (wt.%)
espectively by rubbing method to prepare the samples for TG-DSC
xperiments. The samples were placed in a 40 �L Al pan and cov-
red with a piercing Al lid. The experiments were carried out at
eating rates of 10 ◦C min−1 on a NETZSCH STA 449C and about
mg of sample was used. N2 was used as the carrier gas at a flow

ate of 50 mL min−1.

. Results and discussion

.1. FT-IR analysis

FT-IR spectra of stearic acid, La-Sr-Mn-stearic acid gel and La-
n-stearic acid gel are shown in Fig. 1. Comparing Fig. 1b and c with
, one can see that a new band 1544 cm−1 for La-Sr-Mn-stearic acid
el and two new band 1544 cm−1 and 1600 cm−1 for La-Mn-stearic
cid gel were observed, which is assigned to the stretching vibration
f –COO. These results indicate that stearic acid replaced NO3

−, Cl−

nd CO3
2− to complex with metal ions after the corresponding salts
Fig. 2. XRD of obtained powders: LaOCl powder mixture (a), LaOCl powder mixture
calcained at 600 ◦C (b), perovskite-type LaMnO3 calcained at 700 ◦C (c).

were added into the melted stearic acid, and a strong coordination
interaction between salts and stearic acid exist, indicating stearic
acid was used as complexing agent.

3.2. Phase composition and microstructure of LaMnO3 and
La0.8Sr0.2MnO3

The X-ray diffraction patterns of the powders obtained by com-
bustion of La-Mn-stearic acid gel are shown in Fig. 2. The broad
and poorly defined peaks in Fig. 2a correspond to LaOCl (PDF
# 64-7261). So, the loose powder obtained by the combustion
of the La-Mn-stearic acid gel is a mixture of LaOCl and signifi-
cant amounts of amorphous materials. The LaOCl peaks are also
present after heating to 600 ◦C (Fig. 2b) and, additionally, intense
peaks associated with the cubic perovskite structure emerge. By
700 ◦C, the LaOCl has completely decomposed and the single-
phase perovskite-type LaMnO3 (PDF # 75-0440, cubic, a = 3.880)
is formed.

Fig. 3 shows the X-ray diffraction patterns of the powders
obtained by combustion of La-Sr-Mn-stearic acid gel. The broad
and poorly defined peaks in Fig. 3a correspond to LaOCl (PDF #
64-7261). So, the loose powder obtained by the combustion of the
La-Sr-Mn-stearic acid gel is also a mixture of LaOCl and significant
amounts of amorphous materials. The LaOCl peaks are still present
Fig. 3. XRD of obtained powders: LaOCl powder mixture (a), LaOCl powder mixture
calcained at 600 ◦C for 1 h (b), perovskite-type La0.8Sr0.2MnO3 calcained at 600 ◦C for
2 h (c).
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Sr0.2MnO3 ×10K (a) and LaMnO3 ×30K (b).
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IR (Figure 1s, Supporting Information) and the C1s XP spectra of
La0.8Sr0.2MnO3 and LaMnO3 (Fig. 5), the surface-adsorbed oxygen
species consist of adsorbed oxygen (Oad), hydroxyl groups or water
and carbonate species. For La0.8Sr0.2MnO3, O1s spectra (Fig. 6a)
Fig. 4. SEM of obtained powders: La0.8

ype La0.8Sr0.2MnO3 exhibits rhombohedral symmetry, space group
3c (PDF # 167).

Fig. 4 shows the SEM images of LaMnO3 and La0.8Sr0.2MnO3. It
an be seen that La0.8Sr0.2MnO3 and LaMnO3 are almost-spherical
ano-agglomerates with characteristic scale ∼0.25–0.5 �m
Fig. 4a) and ∼0.05–0.1 �m (Fig. 4b), respectively. Moreover,
he SEM images reveal a uniform grain size distributions and
omogeneous microstructures.

In this study, the specific surface areas of LaMnO3 calcained
t 700 ◦C for 1 h and L0.8Sr0.2MnO3 calcained at 600 ◦C for 2 h are
6.76 m2/g and 12.62 m2/g, respectively. However, the correspond-

ng values for LaMnO3 prepared by oxalyl dihydrazide and urea
queous solution combustion methods are 12.5 m2/g [11], 5.6 m2/g
12], respectively; the values for La0.8Sr0.2MnO3 obtained by citric
cid combustion synthesis and the amorphous citrate process are
1.53 m2/g [13], 5.1 m2/g [14], respectively. Obviously, the values

n this study are higher. This is because that the formation of gel is
n the non-aqueous medium of stearic acid. This is helpful to pre-
ent the hydrolysis of the metal ions and make a well-premixed
el, resulting in the better crystallized structures and high specific
urface areas. In addition, the long-chain structure of stearic acid
as been used as the dispersion and lead to the formation of the
owders with high specific surface areas. Therefore, stearic acid
el combustion is an effective way to prepare nanometer/ultrafine
owders.

.3. FT-IR spectra

In the FT-IR spectra of LaMnO3 and La0.8Sr0.2MnO3
Figure 1s, Supporting Information), the wide bands observed
t about 3466 cm−1 are characteristic of the H–O bending mode
f absorbed water or hydroxyl groups, and the bands observed at
bout 2359 cm−1 correspond to the physically surface-absorbed
O2 (due to the deformation mode of gas-phase CO2, unperfectly
ubtracted). The band at 1637 cm−1 corresponds to the surface-
dsorbed oxygen species (Oad) [15], and the bands at 614 cm−1

orrespond to the stretching mode of the Mn–O–Mn or Mn–O bond
11]. These results showed that the adsorbed water or hydroxyl
roups, surface-adsorbed oxygen exist on the surface of LaMnO3
nd La0.8Sr0.2MnO3.

.4. XPS studies

Fig. 5 shows the C1s spectra of La0.8Sr0.2MnO3 (a) and LaMnO3

b). C1s signal in Fig. 5a and b located at 284.9 eV corresponds to
he reference, and the higher one (around 288.8 eV) can be assigned
o carbonated species. Since La and Sr-based perovskites are basic

aterials, they are easily carbonated in air [14]. However, carbon-
te phases have not been detected by XRD in this study. This conflict
Fig. 5. C1s XP spectra of La0.8Sr0.2MnO3 (a) and LaMnO3 (b).

can be resolved by considering the different sampling depth of the
two analytical techniques: XRD is in fact a bulk technique, while
XPS is a surface technique characterized by a sampling.

Fig. 6 shows the O1s spectra of La0.8Sr0.2MnO3 (a) and LaMnO3
(b). In Fig. 6b, O1s spectra of LaMnO3 show two major com-
ponents: one at 529.4 eV is attributable to the lattice oxygen
O2−, and the other broad peak at around 531.6 eV corresponds
to surface-adsorbed oxygen species. Based on the results of FT-
Fig. 6. O1s XP spectra of La0.8Sr0.2MnO3 (a) and LaMnO3 (b).
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Fig. 7. Mn 2p3/2 XP spectra of LaMnO3 (a) and La0.8Sr0.2MnO3 (b).

ndicates two major components: one at 529.4 eV is attributable to
he lattice oxygen O2−, and the other peak at around 531.6 eV corre-
ponds to the surface-adsorbed species, which are also comprised
f adsorbed oxygen (Oad), hydroxyl groups or water and carbon-
te species. A comparison of Fig. 6a and b replies that LaMnO3 has
uch higher surface-adsorbed species.
It is well known that the partial substitution of La3+ by a diva-

ent element in LaMnO3 may introduce a mixture system of Mn3+

nd Mn4+ ions. Fig. 7 shows the Mn 2p3/2 spectra of Mn 2p XP
pectra of LaMnO3 (a) and La0.8Sr0.2MnO3 (b). The Mn 2p3/2 is
road and asymmetric towards the high binding energy side. Peak

ntensities were evaluated by applying a peak synthesis procedure
hat includes three components, namely Mn4+ (642.4 eV), Mn3+

641.3 eV) and a satellite (644 eV). It should be emphasised at this

oint that the deconvolution method yields ambiguity in the recog-
ition of the Mn4+ and Mn3+ species due to the small differences in
heir binding energy values [16].

The different atomic concentration ratios on the surface of
a0.8Sr0.2MnO3 and LaMnO3 were calculated and listed in Table 1.

able 1
urface atomic concentration ratios for LaMnO3 and La0.8Sr0.2MnO3.

La0.8Sr0.2MnO3 Surface oxygen/M1 Mn4+/Mn3+ Mn/M1

48.68 1.77 12.65

LaMnO3 Surface oxygen/M2 Mn4+/Mn3+ Mn/M2

36.44 0.69 6.28

1: total amount of La + Mn + Sr cations + O anion + C for La0.8Sr0.2MnO3; M2: total
mount of La + Mn cations + O anion + C for LaMnO3.
Fig. 8. TG-DSC curves of catalytic thermal decomposition of RDX at a 10 ◦C min−1

in nitrogen: RDX. [a (TG), a* (DSC)], RDX + LaMnO3 [b (TG), b* (DSC)],
RDX + La0.8Sr0.2MnO3 [c (TG), c* (DSC)].

Table 1 indicates that the concentration ratio of surface oxygen
(lattice oxygen + adsorbed oxygen species) of LaMnO3 is much
lower than those of La0.8Sr0.2MnO3, although its concentration
ratio of surface-adsorbed oxygen species is far higher (Fig. 6). And
the Mn4+/Mn3+ and Mn/M1 ratios of La0.8Sr0.2MnO3 are higher
than those of LaMnO3. This indicates that the surface layer of
La0.8Sr0.2MnO3 displayed higher oxygen and Mn4+/Mn3+ concen-
tration ratios than those of LaMnO3. This is critically important to
its catalytic activity.

3.5. Catalytic thermal decomposition of RDX

The catalytic activities of La0.8Sr0.2MnO3 and LaMnO3 for the
thermal decomposition of RDX were studied by TG-DSC (Fig. 8). In
all the figures, the shift of DSC and TG baseline based on many detec-
tions carried out on the same instrument were observed. As shown
in Fig. 8a*, a sharp endothermal peak in DSC curve that appears
between 180 and 212 ◦C, corresponding to a weight loss of 1.5%, was
assigned to the sublimation and the melting process of RDX [17],
After mixing the LaMnO3 and La0.8Sr0.2MnO3 with RDX, the onset
temperature in the TG curve shifted from 205.5 ◦C (RDX) to 204.1 ◦C
and 205.3 ◦C, respectively, while the weight loss of the RDX with
LaMnO3 increased from 1.5% (RDX) to 2.5%, but that of RDX with
La0.8Sr0.2MnO3 does not increase in the corresponding tempera-
ture range. Here, the weight loss of RDX with LaMnO3 is 1% more
than that of RDX with La0.8Sr0.2MnO3. This is likely attributed to the
higher concentration ratio of surface-adsorbed species at LaMnO3
surface (Fig. 6). In addition, the melting temperature of RDX with
LaMnO3 is at 206 ◦C, which decreases by 1.2 ◦C, while the tempera-
ture with La0.8Sr0.2MnO3 does not change obviously. This indicates
that LaMnO3 is a more effective catalyst than La0.8Sr0.2MnO3 for
the sublimation and melting process of RDX.

In the DSC curve of RDX, a broad exothermal peak at 246.6 ◦C
is assigned to the decomposition of liquid RDX in nitrogen. The
changes in the exothermic peak have been observed. The exother-
mic peak in presence of LaMnO3 and La0.8Sr0.2MnO3 shifted from
246.6 ◦C (RDX) to 244.5 ◦C and 243.3 ◦C, respectively. Moreover,
it can also be seen from DSC curves that the peaks between
246.6 ◦C and 252 ◦C become precipitous in presence of LaMnO3 and

La0.8Sr0.2MnO3, indicating that LaMnO3 and La0.8Sr0.2MnO3 could
accelerate the reactions between CO and NO or oxidation of CO.
Note that CO and NOx are two major products of RDX thermal
decomposition. Further, the decomposition heats of RDX are simul-
taneously quantitatively determined from the DSC curves with
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nd without LaMnO3 and La0.8Sr0.2MnO3 powders. Adding 2 wt.%
aMnO3 and La0.8Sr0.2MnO3 allows the change of the apparent
ecomposition heat from 559.7 J/g to 565 J/g and 624.6 J/g, respec-
ively. These data indicate that both LaMnO3 and La0.8Sr0.2MnO3
ave catalytic activities, and La0.8Sr0.2MnO3 is a more effective cat-
lyst than LaMnO3 on the thermal decomposition of liquid RDX.

Comparing thermal decomposition mechanism of RDX has a
eep understanding of the effect of the catalysts on the ther-
al decomposition of RDX. Ab Initio Density Functional of RDX

18] indicates that the initiation of RDX decomposition by N-NO2
omolysis and propagation of the decomposition by hydrogen
tom abstractions should be facile processes. It is reported that
ydrogen atoms in HMX may be abstracted by radicals present

n the gas-phase, such as OH and water [19]. Water is one of
he most abundant species during octahydro-1,3,5,7-tetranitro-
,3,5,7-tetrazocine (HMX) and RDX thermal decomposition. So,
ehrens concluded that OH and H2O may initiate HMX thermal
ecomposition [19]. In consideration of the similar structure and
ecomposition mechanism of RDX and HMX [18,19], one could
onclude that OH and H2O could also initiate RDX thermal decom-
osition. Moreover, surface-adsorbed species such as adsorbed
xygen (Oad), hydroxyl groups or water, are weakly bounded on
he powder surface and usually are considerate as the origin of the
haracteristic catalytic properties [20]. So, one can explain the pos-
ible reason of the catalytic effect of LaMnO3 and La0.8Sr0.2MnO3
or the sublimation and melting process of RDX. During the thermal
ecomposition of RDX in presence of LaMnO3 and La0.8Sr0.2MnO3
ith increasing temperature, the desorbed gases such as H2O

nd O2, which may come from surface-adsorbed H2O, OH− and
dsorbed oxygen (Oad), could abstract the hydrogen atoms from
DX, resulting in accelerating the sublimation and melting process
f RDX. LaMnO3 with a higher concentration ratio of surface-
dsorbed species (Fig. 6) yields a higher catalytic activity.

The specific surface area of La0.8Sr0.2MnO3 (12.62 m2/g) is lower
han that of LaMnO3 (26.76 m2/g). This does not help to explain
he better catalytic activity of La0.8Sr0.2MnO3 for thermal decom-
osition of liquid RDX. To understand this, it is also necessary
o analyze the surface atomic concentration ratios of LaMnO3
nd La0.8Sr0.2MnO3 and decomposition mechanism of RDX. Dur-
ng the thermal decomposition of RDX in presence of LaMnO3
nd La0.8Sr0.2MnO3 with increasing temperature, some surface-
dsorbed species were desorbed and exposed lattice species such
s Mn ion and lattice oxygen. The lattice oxygen, the remanent
urface-adsorbed oxygen (Oad) and Mn ions with different oxi-
ation states are critically important to the oxidation reaction of
O and the reaction between CO and NO [21–23]. These oxidation
eaction can be catalyzed by LaMnO3 [21] and La0.8Sr0.2MnO3 [22].
hese rapid exothermic reactions may accelerate the decomposi-
ion of RDX and result in the increase of the decomposition heat.
a0.8Sr0.2MnO3 with higher concentration ratios of surface oxygen
nd Mn4+/Mn3+ (Table 1) yields a higher catalytic activity.

. Conclusion

Perovskite-type LaMnO3 and La0.8Sr0.2MnO3 with high spe-
ific surface areas were prepared by stearic acid gel combustion
oute. RDX catalytic thermal decomposition reveals that both
erovskite-type LaMnO3 and La0.8Sr0.2MnO3 have catalytic activ-

ties; LaMnO3 has higher catalytic activity than La0.8Sr0.2MnO3
or the sublimation and melting process of RDX because of

ts higher surface-adsorbed oxygen (Oad) and hydroxyl. And
a0.8Sr0.2MnO3 has higher catalytic activity than LaMnO3 for ther-
al decomposition of liquid RDX. This could be attributed to its

igher concentration ratios of surface oxygen and Mn4+/Mn3+.
n conclusion, the concentration ratios of surface oxygen and

[

[

Materials 177 (2010) 554–559

Mn4+/Mn3+ could play key roles for RDX thermal decomposi-
tion.

For perovskite-type oxides ABO3, oxygen vacancies and metal
ions with different oxidation states can be generated by A-site
replacements and through the modification of B-site ion oxida-
tion states by ion substitutions in A- and/or B-sites. As a result of
the combined effect, one can design and prepare perovskite-type
oxides with more active oxygen and B ions with different oxida-
tion states. Thus, studies based on combinatorial perovskite-type
oxide catalysis for RDX thermal decomposition are in progress in
our laboratory.
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