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a b s t r a c t

La1−xSrxMnO3−ı (x = 0.4, 0.5, and 0.6) catalysts were fabricated hydrothermally from KMnO4, MnCl2
(KMnO4/MnCl2 molar ratio = 3/7), and stoichiometric amounts of lanthanum and strontium nitrates in
KOH solution. The physicochemical properties of the materials were characterized by a number of analyt-
ical techniques. It was found that the La1−xSrxMnO3−ı samples fabricated at 250 ◦C are single-crystalline
perovskite-type oxides in the form of microcubes. The as-fabricated La1−xSrxMnO3−ı materials display var-
ious states of oxygen nonstoichiometry. The total amount of oxygen vacancies and Mn4+ in the catalysts
decreases in the order of La0.5Sr0.5MnO3−ı > La0.4Sr0.6MnO3−ı > La0.6Sr0.4MnO3−ı. It has been found that
the trends of catalyst reducibility and catalytic performance of the three catalysts follow a similar order.
We observed 100% toluene conversion at 255 ◦C over the La Sr MnO catalyst, 113 ◦C lower than that
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. Introduction

In the past two decades, researchers have been working on
he synthesis and applications of perovskite-type oxides (ABO3).
mong the ABO3 materials, those of the La–Mn–O family have been

nvestigated intensively for catalytic applications. The La–Mn–O
ompounds show high level of oxygen mobility and thermal stabil-
ty, and display stable oxidation states of the La and Mn elements
1]. An important aspect of this class of materials is that the com-
ounds can be doped with other elements without having the ABO3
tructure significantly disturbed [2].

The physicochemical properties of the nanocrystalline materials
re found to be distinctly different from those of their bulk coun-
erparts [3]. Although there are many reports on the fabrication of
ano- and micro-crystalline oxides [2,4–8], reports on the catalytic
roperties of the materials are rare. The main reason is that it is hard

o achieve good size and morphology selectivity in the fabrication
f the nanocrystals, especially in the generation of one-dimensional
rystallites. It has been demonstrated that the materials with dis-
inct morphology are superior to their irregular counterparts in
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be related to the high Mn /Mn ratio, distinct oxygen nonstoichiometry,
of the catalyst.

© 2008 Elsevier B.V. All rights reserved.

atalytic performance [9–12]. The ABO3 catalysts reported in the
iterature are mostly polycrystalline, and it is rare to come across
ingle-crystalline ABO3 in catalytic applications. Very recently, Teng
t al. prepared La0.5Sr0.5MnO3−ı microcubes hydrothermally. They
bserved good catalytic activity over the material in the combus-
ion of methane, and attributed the outstanding performance to the
nique structure and surface morphology of the single-crystallites
13]. In the past decade, we have prepared and characterized

large number of ABO3 and perovskite-type halo-oxides; the
atalytic performance of the materials was evaluated for the oxi-
ation of carbon monoxide and/or light hydrocarbons [14]. Lately,
e fabricated La1−xSrxMO3−ı (M = Mn, Co; x = 0.4–0.6) microrods,
icrocubes, and nanowires by means of direct hydrothermal

ynthesis [15,16]. In this paper, we report the generation of
trontium-doped lanthanum manganite (La1−xSrxMnO3−ı, x = 0.4,
.5, and 0.6) microcubes via a template-free hydrothermal method.
he crystallites show distinct morphology and exhibit excellent
atalytic activity for toluene combustion.

. Experimental
.1. Catalyst preparation

For the synthesis of the La1−xSrxMnO3−ı (x = 0.4, 0.5, and
.6) materials, 0.003 mol KMnO4, 0.007 mol MnCl2·4H2O, and

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:hxdai@bjut.edu.cn
mailto:pctau@hkbu.edu.hk
dx.doi.org/10.1016/j.molcata.2008.10.006
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toichiometric amounts of lanthanum and strontium nitrates
ere dissolved in deionized water (total volume = 36 mL). Then
.233, 0.290, and 0.350 mol of KOH was added, respectively, to
he mixtures which were designated for the generation of the
a0.4Sr0.6MnO3−ı, La0.5Sr0.5MnO3−ı, and La0.6Sr0.4MnO3−ı samples.
fter ultrasonic treatment for 1 h, the mixtures were hydrother-
ally treated in 50-mL Teflon-lined stainless steel autoclaves at

50 ◦C (the pressure was 15–20 atm) for 50 h. The obtained sub-
tance (black in color) was washed several times with distilled
ater and dried at 120 ◦C overnight. For the purpose of comparison,
e prepared also a polycrystalline La0.5Sr0.5MnO3−ı catalyst (cal-

ined at 950 ◦C for 4 h) by means of citric acid complexing [10]. All
he chemicals and regents (analytical grade) were purchased from
he Beijing Chemical Regent Company and used without further
urification.

.2. Chemical analysis for Mn4+ content

The content of Mn4+ was determined by having a sample
igested in a known but excess amount of standard Mohr’s
alt (Fe(NH4)2(SO4)2·6H2O) solution that was acidified with
.00 mol L−1 H2SO4; the excess amount of Fe2+ was back-titrated
ith 0.0167 mol L−1 K2Cr2O7 in 3.00 mol L−1 HCl solution using

.5% sodium diphenylamine sulfonate solution as indicator [17,18].
he experimental error in the determination of Mn4+ content was
stimated to be ±0.10%.

.3. Catalyst characterization

The crystal phases of the as-synthesized samples were
etermined on an X-ray diffractometer (XRD, Bruker/AXS D8
dvance) operated at 40 kV and 200 mA using Cu K˛ radiation

� = 0.15406 nm) and a nickel filter. The XRD patterns were recorded
n the 2� = 10–80◦ range. The specific surface areas of the sam-
les were determined by means of N2 adsorption at −196 ◦C on a
icromeritics ASAP 2020 apparatus with the samples outgassed

t 250 ◦C for 2 h under vacuum prior to sample cooling and N2
dsorption. The scanning electron microscopic (SEM) images of
he samples were recorded on a JEOL JSM 6500F instrument also
quipped for energy-dispersive X-ray (EDX) analysis (operated at
0 kV). The transmission electron microscopic (TEM) images and
elected area electron diffraction (SAED) patterns were collected
ver a JEOL-2010 instrument (operated at 200 kV).

X-ray photoelectron spectroscopy (XPS, VG CLAM 4 MCD ana-
yzer) was employed to determine the La 3d, Sr 2p, Mn 2p, O 1s,
nd C 1s binding energies (BE) of the surface entities of the as-
ynthesized samples using Mg K˛ (h� = 1253.6 eV) as excitation
ource. The instrumental resolution was 0.5 eV. After being treated
n O2 (flow rate = 20 mL min−1) at 500 ◦C for 1 h (for the removal of
urface carbonate and adsorbed water), the samples were cooled
o room temperature (RT) and transferred into the spectrometer
nder helium (GLOVE BAG, Instruments for Research and Industry,
SA). The above step guaranteed no exposure of the treated samples

o air. The samples were then outgassed in the preparation cham-
er (10−5 Torr) for 0.5 h and introduced into the analysis chamber
3 × 10−9 Torr) for recording. The C 1s peak at 284.6 eV was taken
s a reference for BE calibration.

For the O2 temperature-programmed desorption (O2-TPD) stud-
es, the sample (0.1–0.2 g) was placed in the middle of a quartz

icroreactor of 8-mm inner diameter (i.d.). The outlet gases were

nalyzed on-line by mass spectrometry (Hiden HPR20). Before each
un, the sample was treated in O2 (flow rate = 20 mL min−1) at
00 ◦C for 1 h, followed by cooling to RT in O2 and helium purging
flow rate = 40 mL min−1) for 4 h. The purpose of helium purging
as to remove gas-phase oxygen in the system. The sample was
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hen heated (10 ◦C min−1) from RT to 900 ◦C. The amount of O2 des-
rbed from the catalyst was quantified by calibrating the peak area
gainst that of a standard O2 pulse (50.0 �L).

Hydrogen temperature-programmed reduction (H2-TPR) was
arried out in the RT to 900 ◦C range with the sample (50 mg) placed
n a quartz fixed-bed microreactor (i.d. = 6 mm). Before each run,
he sample was treated in an O2 flow (50 mL min−1) at 500 ◦C for
h and then cooled down to RT under the same atmosphere. After
eing purged by N2 (flow rate = 50 mL min−1) for 30 min, the sam-
le was reduced in a flow of 5% H2/Ar (50 mL min−1) at a heating
ate of 10 ◦C min−1. The effluent was monitored by a thermal con-
uctivity detector (TCD). The thermal conductivity response was
alibrated against the reduction of a known CuO powder sample
Aldrich, 99.995%).

.4. Catalytic test

The catalytic activity was evaluated with the sample charged
n a continuous flow fixed-bed quartz microreactor (i.d. = 8 mm).
he catalyst (0.1–0.2 g, 40–60 mesh) was diluted with an equal
mount of quartz sands (40–60 mesh). The reactant feed (flow
ate = 33.3 mL min−1) was 1000 ppm toluene + O2 + N2 (balance)
ith a toluene/O2 molar ratio of 1/400, and space velocity of

0,000 h−1. To change the space velocity and toluene/oxygen molar
atio, we altered the amount of catalyst and mass flow of oxygen,
espectively. The outlet gases were analyzed on-line by a gas chro-
atograph (Shimadzu GC-2010) equipped with a flame ionization

etector and a TCD, using a Chromosorb 101 column for toluene
nd a Carboxen 1000 column for permanent gas separation.

. Results and discussion

.1. Phase composition and surface morphology

The positions and relative intensities of the main XRD peaks
f the La1−xSrxMnO3−ı catalysts (not shown) resemble those of
aMnO3.15 (JCPDS PDF# 75-0440), indicating a cubic ABO3 struc-
ure, in good agreement with the results reported by Teng et al.
13] and Gaudon et al. [19]. As reported by some researchers [19,20],
he symmetry of the manganite structure is largely determined by
he concentration of Mn4+ ions. For Sr-substituted manganite, Mn4+

oncentration is governed by the level of Sr doping. The formation
f the cubic phase at high Mn4+ contents has been attributed to
he loss of Jahn–Teller distortion, and this loss can be related to the
ow Mn3+ level [19,21]. We also observed that with a decrease in
evels of Sr2+ doping, there was an appearance of several weak sig-
als that are ascribable to La(OH)3. It is clear that the extent of La3+

ubstitution with Sr2+ has an effect on phase purity. The results of
RD investigation confirmed that the materials formed directly via

he method of hydrothermal treatment without the need of high-
emperature calcinations were cubic perovskite La1−xSrxMnO3−ı.

Representative SEM and TEM images as well as SAED patterns of
he La1−xSrxMnO3−ı samples are shown in Fig. 1. One can see that
he La0.4Sr0.6MnO3−ı sample contained aggregates (average size:
–20 �m) of intertwined microcubes. The sighting of the “boat-
hape” entities suggested hollow aggregates (Fig. 1(a–c)). Over
he La0.5Sr0.5MnO3−ı and La0.6Sr0.4MnO3−ı samples, one can see
nterwoven structures with the microcubes “growing” in various
irections, giving a sort of “leaf-like” spread with plenty of internal

oids (Fig. 1(e and i)). In the case of the La0.5Sr0.5MnO3−ı sam-
le, there was a small quantity of individual microcubes (Fig. 1(g)).

n the case of La0.6Sr0.4MnO3−ı, there were microcubes with the
nterior exposed (inset of Fig. 1(i)). From the SEM images, one
an observe a small amount of “rod-shape” entities with diame-
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Fig. 1. SEM (a–c, e–g, and i–k) and TEM (d, h, and l) images as well as SAED patter

er and length of 50–850 nm and 0.2–4.5 �m, respectively (Fig. 1(f
nd j)). The results of EDX analysis revealed that (i) there was
o potassium in the fabricated samples (i.e. the as-obtained per-
vskite samples were La1−xSrxMnO3); (ii) the La:Sr:Mn atomic
atio of microcubes was 1.00:0.98:2.01, which was similar to
he nominal La:Sr:Mn atomic ratio (0.5:0.5:1.0); (iii) the “rod-
ike” entities were mainly composed of La ions with a small
mount of Mn and Sr ions, showing a La:Sr:Mn atomic ratio of
2.6:1:2.2. It is apparent that the microcubes are made up of
a0.5Sr0.5MnO3−ı while the microrods are composed of La(OH)3, in
greement with the results of XRD investigation. The TEM images
Fig. 1(d, h, and l)) of the three samples also show the presence
f microcubes. The corresponding SAED patterns revealed that the
a1−xSrxMnO3−ı (x = 0.4–0.6) microcubes are single-crystalline. The
izes of the cubes are 5–25 �m for La0.4Sr0.6MnO3−ı, 0.6–8.5 �m
or La0.5Sr0.5MnO3−ı, and 0.2–11 �m for La0.6Sr0.4MnO3−ı. It has
een reported that factors such as metal precursors, ultrasonic
reatment, and hydrothermal conditions (e.g. temperature, time,
nd pH value) could have an effect on the morphology of the as-

ynthesized products [2,4,22–24]. The La1−xSrxMnO3−ı samples
abricated in this study shows morphologies different from those
f the La0.5Sr0.5MnO3 nanowires reported by Zhu et al. [5] and Liu
t al. [6]. It is possible that evolution of a particular morphology is
etermined by the mechanism of crystal growth [25,26].

a
g
e
b
fl

able 1
hysical property of the La1−xSrxMnO3−ı catalysts.

Catalyst Crystal phase

.4 La0.6Sr0.4MnO3−ı Cubic perovskite + La(OH)3 (trace)

.5 La0.5Sr0.5MnO3−ı Cubic perovskite + La(OH)3 (trace)

.6 La0.4Sr0.6MnO3−ı Cubic perovskite
sets) of La0.4Sr0.6MnO3−ı (a–d), La0.5Sr0.5MnO3−ı (e–h) and La0.6Sr0.4MnO3−ı (i–l).

.2. Mn4+ content and structural defects of catalysts

The physical properties of the as-fabricated La1−xSrxMnO3−ı

atalysts are summarized in Table 1. As expected, the bulk
n4+/Mn3+ ratio increased with a rise in x value due to charge

ompensation. It is generally accepted that La-rich La1−xSrxMnO3−ı

amples display oxidative nonstoichiometry while Sr-rich ones
isplay reductive nonstoichiometry [1,27]. According to the
ulk Mn4+/Mn3+ ratios and the principle of electroneutrality,
he extent of oxygen nonstoichiometry (ı) was calculated at
0.012 for La0.6Sr0.4MnO3−ı, 0.015 for La0.5Sr0.5MnO3−ı, and 0.008

or La0.4Sr0.6MnO3−ı. Therefore, with x bigger than 0.4, the
a1−xSrxMnO3−ı samples display a nonstoichiometry of oxygen-
eficient nature, i.e. formation of oxygen vacancies. It is also
bserved that the BET surface areas of the three samples
re <3 m2 g−1 (Table 1), in accordance with the microsize of
a1−xSrxMnO3−ı microcubes.

The O 1s and Mn 2p XPS spectra of La1−xSrxMnO3−ı samples
re shown in Fig. 2. There are signals at BE = 529.2 and 531.8 eV

2−
ttributable to surface lattice oxygen (Olatt) and adsorbed oxy-
en species Oads (e.g. O−, O2

−, or O2
2−), respectively [28–31]. The

xistence of hydroxyl and carbonate species on the surfaces can
e excluded because the samples had been treated in an oxygen
ow at 500 ◦C for 1 h and handled without being exposed to air

Mn4+/Mn3+ (bulk) ı Surface area (m2 g−1)

0.74 −0.012 1.8
0.89 0.015 1.8
1.40 0.008 2.6
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ig. 2. (A) O 1s and (B) Mn 2p XPS spectra of (a) La0.4Sr0.6MnO3−ı , (b)
a0.5Sr0.5MnO3−ı , and (c) La0.6Sr0.4MnO3−ı .

rior to XPS measurement. Usually, a rise in Sr2+-doping level of
a1−xSrxMnO3−ı would result in an increase in oxygen deficiency.
evertheless, due to the leaching of La from La1−xSrxMnO3−ı (La
nded up as La(OH)3), there was in fact a decline in oxygen defi-
iency. With a rise in levels of Sr2+ doping, the Oads/O2− ratio
latt
omes to its highest at x = 0.5 (Table 2), indicating that among the
hree samples, La0.5Sr0.5MnO3−ı possesses the highest amount of
ads. From Fig. 2(B), one can observe two asymmetrical signals at
E = ca. 641.5 and 653.5 eV assignable to Mn 2p3/2 and Mn 2p1/2,

a
o
5
1

able 2
urface molar compositions of the La1−xSrxMnO3−ı catalysts based on XPS results.

atalyst La/Mn Sr/Mn La/Sr

a0.6Sr0.4MnO3−ı 0.54 (0.6)a 0.28 (0.4) 1.89 (1.5)
a0.5Sr0.5MnO3−ı 0.11 (0.5) 0.15 (0.5) 0.71 (1.0)
a0.4Sr0.6MnO3−ı 0.30 (0.4) 0.37 (0.6) 0.81 (0.67)

a The data in parentheses are based on the nominal values.
ig. 3. O2-TPD profiles of (a) La0.4Sr0.6MnO3−ı , (b) La0.5Sr0.5MnO3−ı , and (c)
a0.6Sr0.4MnO3−ı .

espectively [32]. The Mn 2p3/2 peak can be deconvoluted into two
omponents at BE = 641.4 and 642.9 eV whereas the Mn 2p1/2 peak
nto two components at BE = 652.8 and 654.3 eV. The components at
E = 641.4 and 652.8 eV can be assigned to Mn3+ ions, while those at
E = 642.9 and 654.3 eV to Mn4+ ions [32]. An estimation of relative
ignal intensity of Mn3+ and Mn4+ reveals that the La0.5Sr0.5MnO3−ı

ample contains the highest amount of surface Mn4+ (Table 2).
ccording to the surface compositions calculated based on the XPS
esults (Table 2), one can see that there is Mn enrichment on the
urfaces, in concordance with results reported by other researchers
33,34]. In the cases of the La0.6Sr0.4MnO3−ı and La0.5Sr0.5MnO3−ı

amples, the surface Mn4+/Mn3+ ratio is higher than the bulk
n4+/Mn3+ ratio whereas in the case of the La0.4Sr0.6MnO3−ı sam-

le, the bulk Mn4+/Mn3+ ratio is higher than the surface Mn4+/Mn3+

atio. It is worth pointing out that due to the existence of the
a(OH)3 phase and the possible presence of certain phases that are
ndetectable by the XRD technique, the oxygen vacancy densities of
he La1−xSrxMnO3−ı samples could be higher than those calculated
rom the Mn4+ content.

.3. Oxygen species and reducibility of catalysts

The O2-TPD profiles of the La1−xSrxMnO3−ı samples are shown
n Fig. 3. There are three peaks for each sample. The first one locates

◦

nd 800 ◦C, and the third one starts from ca. 800 ◦C. The amount of
xygen desorption in the 250–525 ◦C range is estimated to be 40.2,
6.0, and 15.0 �mol g−1

cat whereas that in the 525–800 ◦C range to be
24.6, 137.3, and 120.8 �mol g−1

cat for the samples with x = 0.6, 0.5,

Mn/(La + Sr + Mn + O) Oads/O2−
latt Mn4+/Mn3+

0.34 (0.2) 1.82 0.98
0.50 (0.2) 2.05 1.16
0.43 (0.2) 1.11 0.96
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nd 0.4, respectively. According to Seiyama [35], the peaks in the
ange of 250–525 ◦C could be ascribed to ˛ desorption originating
rom Oads located at oxygen vacancies. Thus, the signal intensity
f ˛ desorption can provide a rough estimation of amount of oxy-
en vacancies on the surface of the samples. Based on the amount
f oxygen desorption in the 250–525 ◦C range, we deduce that the
urface density of oxygen vacancies of the three catalysts decreases
n order of La0.5Sr0.5MnO3−ı > La0.4Sr0.6MnO3−ı > La0.6Sr0.4MnO3−ı.
t is generally accepted that ˇ desorption (desorption of surface

2−
latt) of Mn-based perovskites occurs above 500 ◦C. Nonetheless,

t seems that it is not easy to exclude the possible contribution
f the bulk oxygen species [35–38]. In any case, the occur-
ence of ˇ desorption should result in partial reduction of the
n-based perovskites. We estimate that the amount of oxygen

esorption in the 500–750 ◦C range over the La0.5Sr0.5MnO3−ı,
a0.4Sr0.6MnO3−ı, and La0.6Sr0.4MnO3−ı catalyst is 137.3, 124.6,
nd 120.8 �mol g−1

cat, respectively. In other words, the extent of
desorption is the highest over the La0.5Sr0.5MnO3−ı sample,

nd those over La0.4Sr0.6MnO3−ı and La0.6Sr0.4MnO3−ı samples
re rather similar. From Table 2, one can see that the surface
n4+/Mn3+ ratios of the three catalysts show a similar pattern,
ith that of La0.5Sr0.5MnO3−ı (1.16) being the highest followed

y La0.6Sr0.4MnO3−ı (0.98) and La0.4Sr0.6MnO3−ı (0.96), which are
imilar to each other (Table 2). One can also see in Table 1 that the
ulk Mn4+/Mn3+ ratio of La0.5Sr0.5MnO3−ı, La0.4Sr0.6MnO3−ı, and
a0.6Sr0.4MnO3−ı is 0.89, 1.40, and 0.74, respectively. It is apparent
hat the ˇ desorption of the three catalysts correlate better with
he nature of the catalysts in terms of surface Mn4+/Mn3+ ratios.

Irusta et al. reported that the partial substitution of La3+ for Sr2+

n Mn-based perovskites would promote Mn4+ reduction [39]. The
hree Sr-substituted perovskites show discrepancy in the Mn oxi-
ation state and oxygen nonstoichiometry, and it is expected that
hey are different in reducibility and oxygen transport properties.
ig. 4(A) shows the H2-TPR profiles of the La1−xSrxMnO3−ı samples.
ver the La0.4Sr0.6MnO3−ı sample, the signals at 410 and 760 ◦C
orrespond to a H2 consumption of 2.34 and 1.08 mmol g−1

cat. The
eduction bands at 430 and 732 ◦C (the latter shows a shoulder
t 771 ◦C) acquired over the La0.5Sr0.5MnO3−ı sample represent a
2 consumption of 2.46 and 0.92 mmol g−1

cat, respectively. Over the
a0.6Sr0.4MnO3−ı sample, the intensity of the 462 and 733 ◦C peaks
orresponds to a H2 consumption of 2.32 and 0.95 mmol g−1

cat.
Theoretically, if the reduction of the La1−xSrxMnO3−ı samples

ith x = 0.6, 0.5, and 0.4 corresponded to the change from Mn4+

o Mn2+, the amount of H2 consumed would be 4.74, 4.63, and
5.2 mmol g−1

cat, respectively; if the reduction corresponded to the
hange from Mn3+ to Mn2+, the amount of H2 consumed would
e 2.37, 2.31, and 2.26 mmol g−1

cat. The H2-TPR results indicated that
otal H2 consumption was 3.42, 3.38, and 3.27 mmol g−1

cat over the
a1−xSrxMnO3−ı samples (x = 0.6, 0.5, and 0.4), respectively, and the
alues are only slightly lower than the corresponding theoretical
alues (3.58, 3.40, and 3.37 mmol g−1

cat) estimated according to the
ulk Mn4+/Mn3+ ratios (Table 1). The molar ratio of consumed H2
o Mn was calculated at 0.72, 0.73, and 0.72 for the La1−xSrxMnO3−ı

amples (x = 0.6, 0.5, and 0.4), respectively. Since these values are
igher than 0.50, we are sure that both Mn4+ and Mn3+ are present

n the samples [36], as evidenced by the results of chemical analysis
Table 1) and XPS investigation (Fig. 2(B)).

It is apparent that with a rise in the extent of Sr2+ substitu-
ion, there is an increase in reducibility. However, this increase
n reducibility cannot be conclusive. It is known that the small
rystallites of manganese oxides (not detectable by the XRD tech-

ique) are more reducible than the Mn-based perovskites [36]. The
esults of XPS investigation suggested Mn enrichment on the sur-
ace (Table 2), and it is possible that there were small crystallites
f manganese oxides on the La1−xSrxMnO3−ı samples. According

b
t
o
0

ig. 4. (A) H2-TPR profiles and (B) initial hydrogen consumption rate of (a)
a0.4Sr0.6MnO3−ı , (b) La0.5Sr0.5MnO3−ı , and (c) La0.6Sr0.4MnO3−ı .

o findings of Ponce et al. [33] and those of ours [40], we assign
he low-temperature reduction signal to the reduction of Mn4+

o Mn3+ as well as the removal of oxygen adspecies located at
he oxygen vacancies, and the high-temperature reduction signal
o the reduction of Mn3+ to Mn2+. The amount of H2 consump-
ion estimated based on the low-temperature reduction band of
a0.5Sr0.5MnO3−ı, La0.4Sr0.6MnO3−ı, and La0.6Sr0.4MnO3−ı is 2.46,
.34, and 2.32 mmol g−1

cat, respectively. It has been pointed out by
achocki et al. that factors such as high oxygen vacancy density

nd high Mn4+ concentration are beneficial for the catalytic com-

ustion of hydrocarbons [34]. The amount of H2 consumed in the
emperature range of 250–350 ◦C stands for 23.6, 26.0, and 13.3%
f the total H2 consumption detected over the samples with x = 0.6,
.5, and 0.4, respectively. For better understanding of the reducibil-
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Table 3
Catalytic activities of La1−xSrxMnO3−ı samples for toluene complete oxidation.

Tx% (x% = toluene conversion) Catalysts

Single-crystalline
La0.6Sr0.4MnO3−ı

Single-crystalline
La0.5Sr0.5MnO3−ı

Single-crystalline
La0.4Sr0.6MnO3−ı

Polycrystalline
La0.5Sr0.5MnO3−ı
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10% (◦C) 241 209
50% (◦C) 299 25
100% (◦C) 310 255

ty of the three samples, we obtained the initial H2 consumption
ate of low-temperature reduction (Fig. 4(B)). It is apparent that
he La0.5Sr0.5MnO3−ı sample exhibits the highest reduction rate
hile La0.6Sr0.4MnO3−ı shows the lowest. In other words, the order

f the total amount of oxygen vacancies and Mn4+ in the three
atalysts agrees well with that of the reduction rate. As will be
emonstrated in the next section, the catalytic performance of the
ingle-crystalline ABO3 materials follows a similar order.

.4. Catalytic performance

Table 3 shows the catalytic activities of the La1−xSrxMnO3−ı

amples for total oxidation of toluene under the conditions of
oluene concentration = 1000 ppm, toluene/O2 molar ratio = 1/400,
nd space velocity = 20,000 h−1. The Tx% is defined as the tem-
erature for the toluene conversion of x%. From Table 3, one
an see that the temperature difference from T10% to T50% was
0–50 ◦C over all the catalysts, whereas that from T50% to T100%
as only 5–10 ◦C over the single-crystalline catalysts and 72 ◦C

ver the polycrystalline catalyst. The phenomenon of a sudden rise
n toluene conversion within a small range of temperature over
he single-crystalline catalysts is rather similar to that over the Pt
atalyst [41]. Apparently, the single-crystalline La0.5Sr0.5MnO3−ı

atalyst performed better than its polycrystalline counterpart.
onsidering the fact that the surface area (1.8 m2 g−1) of the
ingle-crystalline La0.5Sr0.5MnO3−ı catalyst was lower than that
f its polycrystalline counterpart (5.3 m2 g−1), one can ascribe the
iscrepancy in activity to the difference in oxygen nonstoichiom-
try and redox ability as well as the crystal nature. In terms
f increasing catalytic activity, the catalysts followed a sequence
f La0.5Sr0.5MnO3−ı > La0.4Sr0.6MnO3−ı � La0.6Sr0.4MnO3−ı. The
a0.5Sr0.5MnO3−ı (T100% = 255 ◦C at space velocity = 20,000 h−1) and
a0.4Sr0.6MnO3−ı (T100% = 260 ◦C at space velocity = 20,000 h−1) cat-
lysts outperform the LaMnO3 and La0.8Sr0.2MnO3 catalysts over
hich T100% was found to be above 340 ◦C even at a low space veloc-

ty of 184 h−1 [39]. The catalytic performance of La0.5Sr0.5MnO3−ı

nd La0.4Sr0.6MnO3−ı is comparable to that of the widely investi-
ated Pt catalyst [41]. The trends of specific reaction rate (reaction
ate normalized by surface area) versus reaction temperature (not
hown) were similar to that of toluene conversion versus reac-
ion temperature over our single-crystalline catalysts. The results
mplied that the surface area of La1−xSrxMnO3−ı is not a determin-
ng factor for toluene combustion. It is worth pointing out that the
roducts detected were essentially CO2 and H2O as confirmed by
he estimated carbon balance of 99.5%.

It is generally believed that the catalytic activity of ABO3 mate-
ials can be related to (i) oxidation states of transition metal ions,
ii) amount of nonstoichiometric oxygen, and (iii) the structural
efects of the materials [1,35]. Based on the results of Machocki et
l. [34], Lisi et al. [42], and the results of the present study, we sug-

est that the catalytic activities of La1−xSrxMnO3−ı catalysts could
e related to the nature of the redox processes: Mn4+ ⇔ Mn3+. In
ther words, the catalytic performance of the catalysts is deter-
ined by surface as well as by bulk Mn4+/Mn3+ ratios. Machocki et

l. [34] reported that the rate of methane oxidation over LaMnO3

s
a
i
t
m

218 245
255 296
260 368

isplays a linear relationship with the surface Mn4+/Mn3+ ratio.
urthermore, it has been pointed out by Chakrabarty and Rao
43] and reiterated by Teng et al. [13] that M3+–O–M4+ entities
n the surface or near the surface of La1−xSrxMO3−ı (M = Mn,
o) could have an impact on catalytic activity. A rise in the Mn
xidation state could promote redox action in which Mn is par-
ially reduced in the course of providing the reaction with oxygen,
nd then the reduced Mn is reoxidized via the intake of oxy-
en from the gas phase. It has been shown in Section 3.2 that
he bulk Mn4+/Mn3+ ratios of the catalysts decrease in order of
a0.4Sr0.6MnO3−ı > La0.5Sr0.5MnO3−ı > La0.6Sr0.4MnO3−ı (Table 1)
hereas the surface Mn4+/Mn3+ ratio follows a sequence of

a0.5Sr0.5MnO3−ı > La0.4Sr0.6MnO3−ı ≈ La0.6Sr0.4MnO3−ı (Table 2).
y comparing the order of catalytic performance to that of surface
nd bulk Mn4+/Mn3+ ratios, one can see that the order of catalytic
ctivity is similar to that of the surface Mn4+/Mn3+ ratios. In other
ords, the surface Mn4+/Mn3+ ratio of the La1−xSrxMnO3−ı cata-

ysts is a dominating factor that influences the catalytic activity.
Apart from Mn4+/Mn3+ ratios, catalytic activity is often dis-

ussed in terms of mobility of lattice oxygen as related to the
educibility of transition metals in the matrixes of perovskites
44,45]. By comparing the temperatures for maximum reduc-
ion (Tmax) in the low-temperature range shown in Fig. 4(A),
ne can see that an increase in the Sr content would lead to a
ecrease in Tmax. As far as low-temperature reduction is concerned,
educibility of the catalysts decreases according to the sequence
f La0.4Sr0.6MnO3−ı > La0.5Sr0.5MnO3−ı > La0.6Sr0.4MnO3−ı. It was
ointed out by Nakamura et al. [46] that during the oxida-
ion of CO over La1−xSrxCoO3−ı catalysts, the involvement of
attice oxygen, reduction of transition metal ions, and forma-
ion of oxygen vacancies occur concurrently. The role of oxygen
acancies is to enhance the rate of O2 dissociation on the
urface and to increase mobility of O2−

latt [38,44]. It has been
eported that the presence of oxygen vacancies could result
n promotion of oxygen diffusion and enhancement of O2−

latt
obility [40,44]. As revealed in Fig. 3, the amount of oxygen

acancies on the La1−xSrxMnO3−ı catalysts followed the order
f La0.5Sr0.5MnO3−ı > La0.4Sr0.6MnO3−ı > La0.6Sr0.4MnO3−ı, which
s similar to the order of the total amount of oxygen vacan-
ies and Mn4+ (Table 1 and Fig. 4). These results suggested that
he La0.5Sr0.5MnO3−ı catalyst contains more oxygen vacancies in
he bulk than La0.4Sr0.6MnO3−ı. It should be noted that a small
mount of La(OH)3 nanorods are formed during the synthesis
f La0.6Sr0.4MnO3−ı and La0.5Sr0.5MnO3−ı. Due to formation of
a(OH)3, the genuine oxygen nonstoichiometry (ı) could be bigger
han that estimated according to the nominal metal compositions
nd the titration results of Mn4+ determination.

The effects of space velocity and toluene/oxygen molar ratio
n the catalytic performance of La0.4Sr0.6MnO3−ı were examined
Fig. 5). As expected, the catalytic activity decreases at elevated

pace velocities (Fig. 5(A)). At 5000 h−1, the values of T50% and T100%
re 210 and 220 ◦C, respectively. Further rise in the space veloc-
ty from 5000 to 40,000 h−1 would result in a marked decline in
he activity. From Fig. 5(B), one can see that when the toluene/O2

olar ratio is changed from 1/100 to 1/400 (i.e. a rise in the O2 con-
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oluene/O2 molar ratio (at space velocity = 20,000 h−1) on the catalytic activity of
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ent), T100% declined from 340 to 260 ◦C (i.e. an increase in activity).
t is clear that the Oads species plays an important role in com-
lete oxidation of toluene. It was proposed by Voorhoeve et al.
47] that oxidation reactions over ABO3 can be classified into two
ypes: (i) intrafacial reactions in which O2−

latt acts as active species;
nd (ii) suprafacial reactions in which Oads acts as active species.
he suprafacial reactions are believed to proceed at temperature
ower than that of the intrafacial reactions. Kremenic et al. studied
he combustion of propylene and isobutene at 300 ◦C over LaBO3
B = Cr, Mn, Fe, Co, Ni) catalysts and suggested that reactions took
lace according to the suprafacial mechanism [48]. In this present
tudy, the complete conversion of toluene occurs below 320 ◦C over
he La1−xSrxMnO3−ı catalysts, suggesting that the combustion of
oluene proceeds via the suprafacial mechanism. It is known that
xidation of hydrocarbons involving Oads depends greatly on partial
ressure of oxygen in the reactant feed [35]. We observed that the
atalytic activity of La0.4Sr0.6MnO3−ı increases with a rise in O2 par-
ial pressure (i.e. a drop in toluene/O2 molar ratio) (Fig. 5(B)). The
henomenon reiterates that Oads species are essential for complete
ombustion of toluene over the La1−xSrxMnO3−ı catalysts.
. Conclusion

Single-crystalline La1−xSrxMnO3−ı perovskite microcubes have
een synthesized from a mixture of KMnO4/MnCl2 (molar
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atio = 3/7) and stoichiometric amounts of lanthanum and stron-
ium nitrates in an aqueous KOH medium via a facile hydrothermal
pproach (250 ◦C for 50 h). The main phase of the as-prepared
atalysts is cubic perovskite. Depending on the extent of Sr
oping and the concentration of KOH, the samples show vari-
us forms of microcubes, and a trace amount of La(OH)3. The
pproach is believed to be applicable to the synthesis of other
BO3 compounds. The fabricated La1−xSrxMnO3−ı catalysts dis-
lay different states of oxygen nonstoichiometry. The total amount
f oxygen vacancies and Mn4+ in the catalysts follows the
rder of La0.5Sr0.5MnO3−ı > La0.4Sr0.6MnO3−ı > La0.6Sr0.4MnO3−ı.
e observed that the trends of catalyst reducibility and cat-

lytic performance of the three catalysts follow a similar order.
he single-crystalline manganite materials display high levels of
atalytic activity for toluene combustion, and among the three fab-
icated catalysts, the La0.5Sr0.5MnO3−ı catalyst performed the best.
nder reaction conditions of toluene concentration = 1000 ppm,

oluene/O2 molar ratio = 1/400, and space velocity = 20,000 h−1,
oluene conversion is 100% at 255 ◦C over La0.5Sr0.5MnO3−ı. It
s deduced that the good performance of the La1−xSrxMnO3−ı

atalysts can be related to the Mn4+/Mn3+ redox couple, the single-
rystalline structure, and the surface oxygen vacancies of the
a1−xSrxMnO3−ı materials.
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