ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Journal of Catalysis 250 (2007) 1-11

JOURNAL OF
CATALYSIS

www.elsevier.com/locate/jcat

Catalytic behavior of hydrothermally synthesized Lag 5Srg sMnO3
single-crystal cubes in the oxidation of CO and CHy

Fei Teng®, Wei Han ®, Shuhui Liang *, Buergen Gaugeu®, Ruilong Zong ?, Yongfa Zhu **

a Department of Chemistry, Tsinghua University, Beijing 100084, PR China
b State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Dalian 116023, PR China

Received 14 January 2007; revised 2 May 2007; accepted 6 May 2007

Available online 27 June 2007

Abstract

Lag 5Srg sMnO3 single-crystal cubes and nanoparticles were synthesized by hydrothermal and citrate routes, respectively. Their catalytic prop-
erties for low-temperature CO oxidation and high-temperature CH4 combustion were evaluated, and the effects of crystal structure and morphology
on the catalytic properties of the catalysts were investigated. The activity (220 °C) of the complete oxidation of CO over the single cubes was
lower than that (190 °C) over the nanoparticles. After running at 600 °C for 48 h under the reaction conditions, the surface area of the nanoparti-
cles decreased significantly, but the cubes nearly maintained their surface area. For CH4 combustion, the Lag 5Srg sMnO3 cubes showed a higher
activity (T = 360°C, Tjo: the temperature at 10% conversion of CHy) than the nanoparticles (779 = 440°C). The different activities were

attributed to their different crystal structures and morphologies.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Since the 1950s, manganites (Laj_yAxMnO3, A = Sr, Ba,
Ca) have attracted much attention because of their unique
physicochemical properties [1-4]. These solids, widely used
as oxidation catalysts and as cathode materials in solid-oxide
fuel cells, have been studied intensively [5,6]. They were pre-
pared mainly using high-temperature ceramic, coprecipitation,
citrate, and sol-gel routes [7-10]. The obtained materials are
usually composed of assorted polycrystals with various ex-
posed crystal planes that could exhibit the different catalytic
activities. It is generally accepted that the crystal structure and
morphology of the catalysts have a significant influence on ac-
tivity [11-15]. Recently, Wang and Zhu reported that SrCO3
nanowires showed higher activity for ethanol oxidation than the
nanoparticles due to their different exposed lattice planes [14].
Besides, Zhou et al. reported that CeO; nanorods were more re-
active for CO oxidation than the corresponding nanoparticles.
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They revealed that the predominantly exposed {001} and {110}
crystal planes in CeO, nanorods were more reactive than the
{111} crystal plane in the nanoparticles [15]. Therefore, design-
ing or synthesizing highly reactive/selective catalysts has been
an intriguing and challenging goal in heterogeneous catalysis
[16,17]. Single crystals or well-defined superlattices of man-
ganites are needed to elucidate their catalytic properties. Single-
crystal materials have received much attention because of their
different intriguing properties than those of polycrystal materi-
als. Generally, single crystals of the manganites are grown using
the flux and floating-zone melting methods [18-23]. However,
these methods require high temperatures (> 1000 °C) and com-
plex operating procedures. Recently, Lag5A05MnO3 (A = Ca,
Sr, Ba) single crystals were synthesized under hydrothermal
conditions and their magnetization properties were determined
[24-29]. Nevertheless, to date, little work has been devoted
to the study of the catalytic properties of these single-crystal
cubes. It is desirable to research the catalytic properties of
Laps5A05MnO3 single-crystal cubes, which may differ from
those of polycrystal nanoparticles.

In this work, Lags5SrosMnO3 single-crystal cubes were
synthesized in one step by the hydrothermal method, and
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the effects of alkali concentration and hydrothermal tem-
perature on the product were investigated. For comparison,
Lag 5Sr9 sMnO3 nanoparticles were also prepared by the cit-
rate method. The catalytic properties of the single-crystal
cubes and the nanoparticles for the oxidation of CO and
CH4 were researched. The catalysts were characterized by X-
ray diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersed spectra (EDS), transmission electron mi-
croscopy (TEM), high-resolution transmission electron mi-
croscopy (HRTEM), selected area electron diffraction (SAED),
N, adsorption isotherm, laser Raman spectra (LRS), CO,
0,, CHy4 temperature-programmed desorption (TPD), and H,
temperature-programmed reduction (TPR).

2. Experimental
2.1. Synthesis of Lag 5SrosMnO3 single-crystal cubes

The synthesis of LapsSrgsMnOs3 single-crystal cubes was
carried out under hydrothermal conditions as described pre-
viously [28,29]. KMnO4, Mn(CH3COO),-4H,0, Sr(CHz-
C00);-0.5H,0, and La(CH3COO)3-1.5H,0 were used as the
starting materials, and KOH was used as the mineralization
agent. All of the chemicals were analytical grade and used
without purification. The molar ratios of La/St/Mn were kept at
0.5/0.5/1, based on the stoichiometric ratios of Lag 5sSrg sMnO3.
The molar ratio of KMnQ4 to Mn (CH3COQ), was 3/7. Typi-
cally, the starting chemicals were dissolved in 40 mL of deion-
ized water, and then 44.8 g of KOH was added to the solution
under stirring. After 10 min of stirring, the mixture was poured
into an autoclave (50 mL volume), and then subjected to hy-
drothermal treatment at 240 °C for 24 h. After cooling to room
temperature, the solids were separated by centrifuging, washed
with deionized water, and dried at 80 °C for 24 h. To investigate
the effect of KOH concentration on the product, the concentra-
tion of KOH was varied from 20, 15, 10, and 5 mol L~ 1.

2.2. Synthesis of Lag 5Sro.sMnO3 nanoparticles

Lag 5519 sMnO3 nanoparticles were prepared by the citrate
method [9]. The solution was prepared by dissolv-
ing Mn(CH3COO);-4H,0, Sr(CH3COO),-0.5H,0, La(CH3s-
C00)3-1.5H,0, and citric acid (CA) in deionized water,
in which the molar ratios of La/St/Mn/CA were kept at
0.5/0.5/1/4. The resulting solution was evaporated at 80 °C and
completely dried at 80 °C overnight in an oven. The spongy
material thus obtained was crushed and calcined at 700 °C for
3 h under flowing air.

2.3. Characterization

The sample was characterized by XRD (Rigaku D/MAX-
RB X-ray powder diffractometer), using graphite monochrom-
atized CukK, radiation (A = 0.154 nm), operating at 40 kV and
50 mA. The patterns were scanned from 10° to 70° (26) at a
scanning rate of 1° min~!. A nitrogen adsorption isotherm was

performed at —196 °C on a Micromeritics ASAP2010 gas ad-
sorption analyzer. The sample was degassed at 250 °C for 5 h
before the measurement. Surface area was calculated by the
BET method. The morphology of the catalyst was characterized
by TEM using a JEOL 200CX microscope with an accelerating
voltage of 200 kV. HRTEM (using a JEOL JEM-2010) was used
to determine the surface structure of the sample. The powders
were ultrasonically dispersed in ethanol and then deposited on a
thin amorphous carbon film supported by a copper grid. Sample
morphology and composition were also characterized by SEM,
using a KYKY 2800 microscope equipped with a Link ISIS
EDS analyzer with an acceleration voltage of 15 keV and a cur-
rent of 1.2 nA. In the X-ray map recording, a current of 6.7 nA
was used. LRS spectra were measured at room temperature us-
ing a Jobin Yvon/Atago-Bussan T-64000 triple spectrometer
with a liquid nitrogen-cooled CCD detector. Acquisition time
was between 800 and 1200 s. The green line (A = 514.5 nm) of
an Ar* laser was used to excite the Raman spectra, using a laser
power of 20 mW on the sample. Measurements were made un-
der the microscope, using a 90 microscopy objective; the laser
spot size was around 1-2 p. Raman measurements covered the
range of 100-800 cm~!. To obtain a high signal-to-noise ra-
tio, the Raman spectrum was the average of 5 successive scans

obtained at a spectral resolution of 2 cm™!.

2.4. CO-TPD, CH4-TPD, O»-TPD, and H>-TPR

The CO-TPD measurements were performed on a conven-
tional CO-TPD instrument. To remove the pollutants adsorbed
on the sample, 0.1 g of catalyst was loaded into a quartz re-
actor and heated in He flow at 250 °C for 2 h. Then the sys-
tem was cooled to room temperature under the flowing He gas
(40 mL min~"). The sample was saturated with CO at room
temperature for 0.5 h, and the excess adsorbates were removed
by allowing the sample to remain in a He flow until no signif-
icant amount of adsorbates could be detected. The temperature
was ramped to 600 °C at a linear heating rate of 20°C min™~!.
Mass spectrometry (MS) was used to monitor the variations of
the m /e ratio of CO (28) to CO; (44).

The CHy- and O,-TPD measurements were made using the
same instruments used for CO-TPD. The catalyst was first pre-
treated in He atmosphere (30 mL min—1) at 500 °C for 0.5 h,
then cooled to 100 °C. Then the adsorption of gas was per-
formed in a flow of 4 vol% CH4 (balanced by He) or 20 vol%
O, (balanced by He) for 30 min. In the flowing He gas, the
catalyst bed was maintained at 100 °C for another 30 min to
eliminate physically adsorbed CH4 or O,. Finally, the tempera-
ture was ramped to 600 °C for CH4-TPD or 800 °C for O,-TPD
at a rate of 20 °C min~!. The desorbed CHy4 or O, was analyzed
using a gas chromatograph with a hydrogen flame ionization
detector (GC-FID) for CH4 or with a thermal conductivity de-
tector (GC-TCD) for O,.

H,-TPR of the catalyst was conducted on a fixed-bed
continuous-flow reactor—GC combination system. 20 mg of cat-
alyst sample was used for each test. The sample was flushed by
a purified argon stream, first at 400 °C for 30 min and then
cooled to room temperature, followed by flushing with an He-
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carried 5 vol% H, gaseous mixture as reducing gas for starting
the TPR test. The rate of temperature increase was 20 °C min~!,
Changes in the hydrogen signal were monitored using an online
GC-TCD.

2.5. Catalytic oxidation of CO and CH4

The oxidation of CO was carried out in a conventional flow
system at atmospheric pressure. First, 0.1 g of catalyst was
loaded into a quartz reactor (5 mm i.d.), with quartz beads
packed at both ends of the catalyst bed. A thermocouple was
placed in the catalyst bed to monitor the reaction temperature
because CO oxidation is an exothermic reaction. Before each
run, the catalyst was flushed with air (100 mL min’l) at 600°C
for 1 h to remove adsorbed species from the surface, and then
cooled to 30°C. A gas mixture of 2 vol% CO and 98 vol%
air was fed to the catalyst bed at a gas hourly space velocity
(GHSV) of 12,000 h~!. The inlet and outlet gas compositions
were analyzed by an on-line gas chromatograph with a GDX-
403 GC-column (1.5 m x 4 mm) at 100 °C and a hydrogen
FID.

The combustion of CH4 was conducted in a conventional
flow system at atmospheric pressure. First, 0.1 g of catalyst was
diluted with 0.1 g of quartz powder and loaded into a quartz
reactor (5 mm i.d.) with quartz beads packed at both ends of the
catalyst bed. The thermocouple was placed in the catalyst bed to
monitor the reaction temperature, because CH4 oxidation is an
exothermic reaction. Before each run, the catalyst was flushed
with air (100 mL min~1) at 600 °C for 1 h to remove adsorbed
species from the surface, then cooled to 200 °C. A gas mixture
of 2 vol% CH4 and 20 vol% O (balanced with Ar) was fed into
the catalyst bed at a GHSV of 100,000 h—!. The inlet and outlet
gas compositions were analyzed by online GC with a packed
column of carbon molecular sieve (1.5 m x 4 mm) and a TCD.

To investigate the thermal stability of the catalyst, the reac-
tion was run at 600 °C for 48 h under the reaction conditions.
The conversion of CHy at 600 °C was measured every 4 h.

3. Results and discussion

3.1. Hydrothermal synthesis of Lag 5Sro.sMnQO3 single-crystal
cubes

Fig. 1A gives the XRD patterns of the hydrothermally syn-
thesized Lag 5Srg sMnO3 sample at 240 °C and 20 M KOH and
the counterpart by the citrate method. No shift in the diffraction
peaks can be observed for the samples, and all of the diffraction
peaks can be well indexed to a pure perovskite structure with
a high crystallinity. The XRD patterns of the hydrothermally
synthesized Lag 5Srg sMnO3 sample can be indexed to a primi-
tive cubic unit cell [space group Pm3m, a = 0.3841(4) nm], in
agreement with the lattice parameter of their bulk counterpart.
To investigate their crystal structures, the wide-angle scanning
was performed in the range of 65°-70°, as shown in Fig. 1B.
A broadening of the diffraction peaks of the sample by the cit-
rate method can be seen, compared with the hydrothermally
synthesized sample. This indicates that the crystal size of the

110
200 211
111
100 220
(a) 1 210
. § é
$ :d
H i s 3% &
r (b)' T i T I‘- '.L' f' '!. T "w“r ' ‘\.I
10 20 30 40 50 60 70
(A) 2 Theta / degree
220 (c)
220 (c)
()
224 (t) s,
(b) K
; _._........,] ................. ]- .u.---: """" ; : .
65 66 67 68 69 70
(B) 2 Theta / degree

Fig. 1. The XRD patterns of the Lag 5Srg sMnOs catalysts: (A) single-crystal
cubes synthesized hydrothermally: 20 M KOH, 240 °C, 24 h; (B) nanoparticles
prepared by the citrate route: calcined at 700 °C for 5 h.

nanoparticle sample prepared by the citrate route is smaller
than that of the sample prepared by the hydrothermal route.
The average size of the nanocrystals is 20.7 nm, calculated
using Scherrer’s equation. Furthermore, although peak split-
ting was reduced to some extent due to the small crystal size
of the nanoparticles, splitting of the {220} diffraction peak is
still discernible in the nanoparticles. As shown in Fig. 1B (b),
the {224} diffraction peak appears, consistent with the pres-
ence of a tetragonal crystal structure [space group [4/mcm,
a = 0.54806(3) nm, ¢ = 0.77206(6) nm]. The peak splitting
is consistent with the presence of a tetragonal polymorph. The
distorted structure might be due to the small size of the crys-
tals and a large surface strain [30]; thus, it can be assumed
that the nanoparticle sample may be a mixture structure of
I4/mem and Pm3m. Calculations using the XRD data reveal
that the nanoparticle sample contains 60% cubic polymorph
and 40% tetragonal polymorph. Woodward et al. previously re-
ported that a Lags5Srg5sMnO3 sample prepared by a ceramic
synthesis method comprised a mixture of cubic and tetragonal
polymorphs [31]. This means that the Lag 5Srg sMnO3 samples
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Fig. 2. SEM, TEM, HRTEM, and SAED images of the Lag 5Srg s MnO3 catalysts: (a, b, c, d) single-crystal cubes; (e, f) nanoparticles.

prepared by different methods have different crystal structures,
as was further confirmed by LRS (as discussed later).

Furthermore, the morphologies of the Lag 5SrgsMnO3 sam-
ples were observed with SEM, TEM, and HRTEM. As shown in
Figs. 2a and 2b, the hydrothermally synthesized Lag 5Sr9 s MnO3
sample consists of cubes with an average diameter of about
1.5 p but a wide size distribution in the range of 0.1-2 p. The
sharp spots of in the SAED patterns (insert of Fig. 2c) confirm
the single-crystal structure of the cubes. The absence of the ex-
tra reflections and/or the diffuse streaks suggests the presence
of long-range ordering lattices. Fig. 2d shows that the surface
of the cubes is clean and has no sheathed amorphous phase,
whereas the clear lattice fringes confirm the high crystallinity
and the single-crystalline nature. The interplanar spacing is cal-
culated to be 0.39 nm, which is consistent with the {110} plane
of a cubic LapsSrpsMnOs3 crystal, indicating the preferred
growth along the [100] direction. The EDS spectra (see Fig. S1
in Supplementary material) show that the compositions of the
cubes are close to the stoichiometric ratios of Lag 5Srg.sMnO3
(i.e., La:Sr:Mn = 25.59:24.44:49.11). On the other hand, the
sample prepared by the citrate route comprises the nanoparti-
cles (30-50 nm), as shown in Figs. 2e and 2f. It is clear that the
synthesis method has a significant influence on the morphology
of the product.

The control experiments were carried out to investigate the
influence of alkali concentration and hydrothermal temperature

on the formation of Lag 5Srg sMnO3 samples. At low concentra-
tions of KOH (15, 10, and 5 M) or the low temperature (220 °C),
the as-prepared products consisted of both cubes (0.1-2 p) and
nanowires (50-100 nm x 2 p). Their XRD and SAED pat-
terns confirm that the nanowires are La(OH); and the cubes
are perovskite (see Figs. S2 and S3 in Supplementary material).
Further, the amount of perovskite phase decreased obviously
with decreasing KOH concentration and temperature, but the
amount of La(OH)3; phase increased significantly. It is obvi-
ous that the KOH concentration and hydrothermal temperature
have a significant influence on the phase compositions of the
products, as has been reported by Spooren et al. [28] and Ur-
ban et al. [29]. It has been reported already that small changes
in reaction conditions can affect the morphology of mangan-
ite [32]. At low alkalinity, the formation of La(OH)3 crystals
may be due to its low nucleation energy barrier. High alkalinity
may provide a critical condition for the nucleation and crys-
tallization of the manganites and is needed for the formation
of the LagsSrgsMnOs crystals, likely due to its high nucle-
ation energy barrier. Chen et al. [33] have reported that the
KOH concentration dominates the crystallization and formation
of Pri_,Ca, MnOs;. They also reported that the Mn-containing
precursor is a critical factor in the formation of Lag 5Srg sMnO3
under hydrothermal conditions. The transformation from K-
birnessite precursor to perovskite plays an important role in the
preparation of mixed-valence manganese oxides, because the
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framework manganese of birnessite, usually (42, +3, +4) or
(43 and +4), can easily transform to mixed-valence manganese
in the products.

Some groups have reported the hydrothermal synthesis of
the Lag5MpsMnOs (M = Ca, Sr, Ba) “nanowires” [25-27,
34], but their TEM observation of the “nanowires” is puz-
zling. Before observation with TEM, the powders were first
ultrasonically dispersed in ethanol and then deposited on a
thin amorphous carbon film supported by copper grids. Dur-
ing preparation of the TEM sample, the large, heavy cubes can
easily deposit on the bottom of the tubes while the light, small
nanowires can be present stably in ethanol. As a result, only
the light, small wires will be deposited on the Cu grid. In the
La(OH)3-containing sample, we only observed the “nanowires”
without further intense shaking of the tube by hand after the ul-
trasonic stirring. If this sample was intensively shaken by hand
further before taking drops of the sample, both the cubes and
the nanowires were observed simultaneously (see Figs. S2 and
S3 in Supplementary material). We believe that the TEM im-
ages represented the morphology of only a small part of the
sample. Therefore, caution should be taken when observing the
morphology of the sample with TEM. Although their XRD pat-
terns of the “nanowires” can be indexed to the perovskite, a
small portion of the La(OH)3 crystals present in the product
cannot be discerned by XRD. Therefore, we assume that the
“nanowires” are actually La(OH)s crystals, not perovskite crys-
tals. As a result, at low alkalinity or low temperature, the sam-
ples obtained were composed of both perovskite and La(OH)3
crystals. Therefore, both high alkalinity and high temperature
are necessary for the formation of single-phase Lag 5519 5 MnO3
crystals.

3.2. Catalytic oxidation of CO over Lag 5Sr9.sMnO3
single-crystal cubes

Fig. 3 gives the light-off curves of the CO oxidation over
the Lag 5519 sMnOs3 catalysts. Here, Lag 5sSrg.sMnOj3 cubes and
nanoparticles are designated as C and P, respectively. The com-
plete oxidation of CO was achieved at 220 °C over C and at
190 °C over P. The Lag 5Srp s MnOj3 cubes clearly showed lower
activity than the nanoparticles. The activity of the catalyst may
be related to the number and distribution of the active sites,
which are closely related to the textural properties and crystal
structures of the catalysts [35]. The nanoparticles are smaller
(30 nm) than the cubes (ca. 1.5 p) (Fig. 2), and the BET surface
area of the nanoparticles (20.56 m? g~!) is much larger than
that of the cubes (3.71 m? g~!) (Table 1). The Lag 5SrgsMnO3
nanoparticles may supply more active sites than the cubes.
Their different activities also may be related to their different
fine crystal structures.

To shed light on the relationship between crystal structure
and catalyst activity, LRS scattering spectra of the Lag 5Srg5-
MnOs samples were determined, as shown in Fig. 4. LRS
spectroscopy is very sensitive not only to the structural phase
transition, but also to the subtle changes in the local structure
or the electronic states [36,37]. The LRS spectra of the doped
La;_yAxMnOj3 crystals are composed of two parts, one part

100 Y _
O
q y‘ /
80 - 9
= vV /
= s /
S 604 s /
& - ]
z . /
3 s /
o 40 .' /1
o N /
4 ’f
20 4
TR 4 —eC
. i cenpesP
O__!’Lc! T T T T T T T T T T
50 100 150 200 250 300 350

T/°C

Fig. 3. The oxidation activities of CO over the Lag 5SrgsMnOj3 catalysts:
C, single-crystal cubes; P, nanoparticles.

Table 1
The reaction rate of CO at 120 °C and surface areas of the Lag 5Srg 5MnO3
catalysts

Sample Preparation SAP Reaction rate at 120°C
m?g~l (107 molh~!m2)

ca Dried at 80 °C 4.29 67.1

P2 Calcined at 700°C,3h  20.56 91.5

& C and P, cubes and nanoparticles synthesized by the hydrothermal and cit-
rate routes, respectively.
b SA, surface area by BET method.
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Fig. 4. LRS spectra of the Lag 5Srg sMnOs catalysts.

related to the distorted noncubic perovskite structure following
the selection rules for first-order Raman scattering and the other
part due mainly to the density of vibration states, classified as
second-order Raman scattering. The Raman spectrum of the
Lag 5Srg sMnOs3 nanoparticles (P) shows three peaks in bands
at 181, 463, and 665 cm™'. The bands at 181 and 463 cm™!
denote the polarization properties of A1y (A1g, resulting from
the motion of the oxygen ions) and Bi; symmetry vibration
modes involving mainly oxygen motions. Following the se-
lection rules for first-order Raman scattering, these bands are
related to the distorted noncubic perovskite structure (caused
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by ion substitution for A-site cations along certain directions
and/or tilting of MnOg octahedral). Compared with the undoped
LaMnO3; compound, however, these bands are weaker [38].
Generally, the Jahn—Teller deformation of the Mn3t0Qg octa-
hedra lowers the local atomic site symmetry, and the new bands
can be considered Jahn—Teller distortion-activated modes [39].
Because the partial substitution of Sr for La reduces the de-
viations from an ideal cubic structure, the presence of Mn**
generated by the doped Sr reduces the static Jahn—Teller dis-
tortion. The band at 665 cm™!, which is much weaker than the
bands of undoped LaMnOs3, is related mainly to a disordered
perovskite structure [39]. The band correlates mainly with the
Jahn—-Teller effect or the density of states of the oxygen phonon,
following the selection rules for second-order Raman scatter-
ing. Further considering the polarization properties of the corre-
sponding Raman tensor components, the observed spectrum of
the nanoparticles seems to be more consistent with a distorted
DZh tetragonal structure [40,41]. For an average structure, the
new Raman bands related to the local Jahn—Teller distortions
will appear in the three intervals (about 180-300, 400-520,
and 580-680 cm™!), which seem to be typical for some pre-
vious Raman studies of perovskite structures in the near-cubic
phase [42]. Therefore, it can be deduced that the nanoparti-
cles share an average structure of cube (Pm3m) with tetragon
(I14/mcm). Nevertheless, the Lag 5Srg sMnO3 cubes do not show
the 181 and 463 cm™! bands (the first-order Raman scattering
bands) that resulted from the smaller Jahn—Teller distortion of
the ideal cubic structure. In an ideal cubic structure (Pm3m),
all lattice sites have inversion symmetry, and the first-order
Raman scattering is forbidden [42]. Moreover, the cube sam-
ple does not show the 665 cm™! band. The disappearance of
the high-wavenumber broad peaks demonstrates that the cube
sample has an idea cubic structure [42]. As a result, MnOg oc-
tahedron distortion by the Mn3*+ Jahn-Teller effect is less and
the number of the oxygen vacancies in the single-crystal cubes
is smaller than those in the nanoparticles. This may indicate
that the single-crystal cubes have a more perfect cubic struc-
ture compared with the nanoparticles with an average structure.
These results are consistent with those from XRD patterns. The
different crystal structures can be expected to affect the adsorp-
tion of reacting molecules and the electron transfer between
Mn*t-0-Mn3+.

CO,-TPD and CO-TPD profiles after CO adsorption on
Lag 5519 sMnOs3 catalyst were obtained to explore the distrib-
ution and number of the active sites. For the CO chemisorption
on manganites, CO molecules would attach to the coordination
sites of MnOg (unsaturated metal sites, Mn>1), where some
oxygen ligands are missing. It seems that CO and coordina-
tion sites of MnOg function as Lewis bases and Lewis acids,
respectively. Chemisorption occurs by donation of 5o elec-
trons in CO to Lewis acid sites of MnOg. A significant portion
of CO desorbed from the catalysts in the form of CO;, and
the total CO adsorption amount on the catalysts was consis-
tent with the CO; and CO desorption amounts. The differences
can be seen in the CO and CO; desorption profiles of the
Lag 5Srg sMnOs3 samples (Fig. 5). In the CO,-TPD profiles of
the Lag 5Srg5sMnO3 catalysts (Fig. 5a), three CO, desorption
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Fig. 5. CO,-TPD (a) and CO-TPD (b) profiles of CO over the Lag 5Srg 5MnO3
catalysts.

peaks can be seen at 70, 145, and 345°C for the nanopar-
ticles, along with three peaks at 375, 425, and 560°C for
the single-crystal cubes. The CO-TPD profiles (Fig. 5b) show
three CO desorption peaks at 170, 345, and 540 °C for the
nanoparticles but only two peaks at 450 and 510°C for the
single-crystal cubes. Clearly, the intensity and the initial tem-
perature of the CO, (CO) desorption peaks over the nanopar-
ticles are stronger and lower than those over the single-crystal
cubes, respectively. The quantitative analysis results given in
Table 2 show that the total amount (194.3 pmol g~!) of CO ad-
sorption on Lag5SrgsMnQO3 nanoparticles is greater than that
(137.0 umol g~!) on the single-crystal cubes, indicating that
more active centers are located on the former than on the latter.
Furthermore, at temperatures below 400 °C, the total adsorp-
tion amount of CO over the nanoparticles is larger than that
over the cubes (161.6 vs 52.3 pmol g’l), indicating that the
nanoparticles could provide more active sites than the cubes at
the lower temperatures. These results agree well with the order
of the activity for CO oxidation. Nevertheless, above 400 °C,
the total adsorption of CO over the cubes is higher than that
over the nanoparticles (84.7 vs 32.7 umol g~ 1), suggesting that
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Table 2
The amounts of CO and CO, desorbed from the Lag 5Srg sMnOj3 catalysts

Sample CO amount CO; amount Total amount of carbonaceous species
(umolg~!/°C) (umolg™!/°C) (umolg™")
T <400 400 < T <600 T <400 400 < T < 600 T <600
C 15.6 40.5 36.7 44.2 137.0
P 56.3 32.7 105.3 0 194.3
100
1 Table 3
HE The reaction rates at 400 °C and the surface areas of the Lag 5Srg 5MnOj3 cata-
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Fig. 6. The variations of CH4 conversion over the Lag 5Srg sMnOj3 catalysts
with the duration at 600 °C under the reaction conditions: 2 vol% CHy, 20 vol%
05, GHSV = 100,000 h— 1.

the cubes have more active sites than the nanoparticles at higher
temperatures. This may indicate that at high temperatures, the
single cubes may have more active sites than the nanoparticles,
which can be related to their different thermal stabilities. As a
result, the cubes had lower activity than the nanoparticles for
low-temperature CO oxidation.

3.3. Catalytic combustion of CHy over Lag 5SrgsMnO3
single-crystal cubes

The combustion reaction of CH4 was run at 600°C for
48 h under the conditions of 2 vol% CH4 and 20 vol% O,.
The CHy4 conversions at different durations of calcination are
shown in Fig. 6. After running at 600 °C for 48 h, the conver-
sion of CHy over the Lag5SrgsMnO3 cubes was maintained
(96%); but that over the nanoparticles decreased from 92 to
89%. A significant amount of water vapor was produced dur-
ing this process, which would accelerate the sintering of the
oxides under calcination at high temperatures. After the re-
action was complete, the surface area of the cubes decreased
slightly to 3.73 m? g~! (or did not decrease), whereas that of
the nanoparticles decreased significantly to 7.57 m? g~ ! (see
Table 3 and Fig. S4 in Supplementary material). It is obvious
that the single-crystal cubes had higher thermal stability than
the nanoparticles. Several pertinent factors should be consid-
ered. First, the surface-to-volume ratio of the cubes is larger
than that of the nanoparticles, and thus there is a smaller driving
force to sinter. Second, the contact area among the cubes may
be small, which may also hinder sintering of the cubes. Finally,
the perfect single-crystal structure may also contribute to the

Sample SA (m? g_l) Reaction rate at 400 °C (10~> molh~! m—2)
c? 3.73 21.7
P2 7.57 14.6

& After running for 48 h at 600 °C.
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Fig. 7. Light-off curves of CHy over the Lag 5Srg sMnO3 catalysts after run-
ning at 600 °C for 48 h: 2 vol% CHy, 20 vol% O,, GHSV = 100,000 h—!.

stability. Fig. 7 shows the light-off curves of CHs4 combustion
over the Lag 5Srg sMnQO3 catalysts after the reaction. Here the
temperatures at 10 and 90% conversions of CH4 are designated
T1p and Ty, respectively. The Lag 5SrgsMnOs3 cubes showed
higher activity (719 = 360°C; Top = 570 °C) than the nanopar-
ticles (T9 = 440°C; Tog = 620°C).

It is well known that at low conversions of methane, methane
combustion is controlled mainly by surface catalytic reaction;
at high conversions, the oxidation of methane usually includes
surface reactions and free-radical reactions [43]. The free-
radical reactions are more dependent on mass transfer than on
the surface reactions. Before the gases react on the solid sur-
face, gas diffusion from bulk gases to the solid surface occurs.
Because the surface reaction is relatively fast, the influence of
mass transfer from the gas bulk to the catalyst surface on the
reaction should not be ignored. The balance between surface
reaction and mass transfer may be affected by various factors,
including intrinsic activity, particle sizes, porosity and concen-
tration of catalyst. The catalyst’s large surface area is beneficial
to mass transfer, because it may favor the adsorption of more
gases on the solid surface [43]. As aresult, the T7¢ difference of
these samples is 80 °C, which is higher than their Ty difference



8 F. Teng et al. / Journal of Catalysis 250 (2007) 1-11

3.0x10°

2.4x10°

1.8x10°

Desorbed amounts of O,/ mole g‘1

1.2x10° 4
345°C 4707 700°C
6.0x10° - 4 l
00

T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800
T/°C

Fig. 8. O,-TPD profiles from the Lag 5Srg 5 MnO3 catalysts.

1.0x10°
—P
*.m ...... C
3 8.0x10”
S i
g .UX
= |
o -7
%S 6.0x10 _k
[
z |
3
o
5 40x107
el
[0
Q
o
3 7 ettt
& 2.0x10 1.
0.0 T T T T T T T T T T
100 200 300 400 500 600

T/°C

Fig. 9. CH4-TPD profiles from the Lag 5Srg sMnO3 catalysts.

(50°C). Considering the different BET areas of the catalysts,
the intrinsic activity of the catalyst was of main concern.

CHy- and O,-TPD were performed to investigate the ad-
sorption of the reacting species. Fig. 8 gives the O,-TPD pro-
files over the Lag 5Srg5sMnOj3 catalysts. It is well known that
the desorption peaks of oxygen at lower temperatures result
from the oxygen adsorbed on the catalyst surface (designated
a-oxygen), and the desorbed amount of w-oxygen can be re-
ferred to surface oxygen vacancies. It is also well known that
the desorption peaks of oxygen at high temperatures can be re-
ferred to the reduction of Mn ion (designated B-oxygen) [44].
As seen in Fig. 8, «-O, desorbed at 250-550°C, and B-O»
desorbed above 700 °C. The adsorption amounts of «- and §-
O, from Lag 5SrgsMnQOj3 cubes were 65.8 and 76.2 umol g’l,
respectively, larger than those from the nanoparticles (38.2
and 65.7 umol g~ ). Fig. 9 shows the CH4-TPD profiles over
the Lags5Srg5MnOs3 catalysts. As shown, CHs desorbed at
100-400 °C, and nearly no desorption of CH4 occurred above
400°C. The adsorption amounts of CH4 over both samples
were nearly same (0.31 vs 0.29 umol g 1).

Table 4 clearly shows that O, desorption amount from both
catalysts was far larger than that of CH4 at 350-550 °C, where

Table 4
The desorbed amounts of Oy and CHy from the Lag 5Srg sMnO3 catalysts

Catalyst Desorbed amount of Op Desorbed amount of
(pmolgfl) CHy (pmolgfl)
a-Oxygen B-Oxygen <400°C >400°C
<700°C 700-800°C

C 65.8 76.2 0.31 0

P 38.2 70.5 0.29 0
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Fig. 10. Hp-TPR profiles of the Lag 5Srg sMnO3 catalysts.

catalytic combustion occurred. This indicates that the com-
bustion of CH4 might proceed with the surface reaction be-
tween the gaseous CHy4 and the adsorbed or/and bulk oxy-
gen. Marchetti and Forni [45] concluded that the oxidation of
methane over SrFeO3 occurs by means of the oxygen from the
catalyst, even in the presence of gaseous oxygen. Therefore, the
existence of oxygen in the vacancies of Lag 5Srg sMnO3 phases
is of great importance to the process, and the catalyst’s oxida-
tion ability increases with increasing lattice oxygen mobility.
Compared with the undoped LaMnO3 compound, cationic va-
cancies are suppressed and anionic vacancies are created by
the substitution of 50% La by Sr, so that the B-peak decreases
noticeably and the «-peak appears. It can be assumed that
Lag 5519 sMnO3 nanoparticles appear as the most active cata-
lyst at low temperatures, because they have more adsorbed oxy-
gen on their surfaces. In contrast, at high temperatures, when
the lattice oxygen becomes available, Lag 5Srg5MnO3 cubes
showed the most catalytic activity, because of the fast transfer
rate of oxygen excess in its structure [46].

H,-TPR profiles of the Lag 5SrgsMnO3 catalysts were ob-
tained to investigate the relative reducibility of the catalyst,
as shown in Fig. 10 and Table 5. For the Lags5Srg5MnOj3
nanoparticles, Hy-TPR peaks were observed at 350, 450, and
750°C; for the Lags5SrosMnOs3 cubes, two reduction peaks
were observed at 430 and 745°C. Because both La’t and
Sr2t are nonreducible under the H,-TPR condition, the re-
duction peaks should result from the reduction of Mn. All
of these profiles showed two clear reduction regions, at 150—
550 and 550-900 °C. The peak at 380-530 °C shifted slowly
to lower temperature. As a result, the second reduction step
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Table 5
The consumed amounts of Hy of the Lag 5Srg sMnOj3 catalysts

Catalyst H> amount of (mol g_l) H, amount of (mol g_l)
<600°C >600°C

C 3.23 1.33

P 3.21 1.31

was strongly activated [47], which was assigned to the reduc-
tion of Mn3* to Mn2. Conceivably, the partial substitution of
Sr>* for La’* would result in increased concentrations of both
Mn**t and oxygen vacancies, leading to increased reducibil-
ity of the catalyst. The small peak (or shoulder) at slightly
lower temperatures (about 200 °C) can be assigned to removal
of the nonstoichiometric excess oxygen accommodated within
the lattice [47]. Thus, the H>-TPR peaks at 350 °C can be at-
tributed to the reduction of Mn** to Mn3* and/or to a single
electron reduction of Mn3* located in a highly coordination-
unsaturated microenvironment. The 450°C peaks may have
resulted from a single-electron reduction of Mn3* located in
a coordination-unsaturated microenvironment. Vogel et al. re-
ported that first LaMnO3 13 was reduced to a stoichiometric
compound at 550 °C, and then the latter compound was re-
duced to manganese(II) oxide by one electron at 1050 °C [47].
The partially reduced Lag 5519 sMnO3_; intermediate thus pro-
duced still preserved the perovskite phase structure as a whole.
The peak at about 745 °C most likely corresponded to the re-
duction of the remaining Mn* to Mn?*, leading to the break-
down of the perovskite phase and the formation of the discrete
oxide phases (Lay O3, SrO, and MnO). The color of the samples,
initially black, became gray after reduction at 930 °C, suggest-
ing that these new phases were present. The stability of Mn**
is probably the most important parameter, but excess of oxygen
should also be taken into account. These two samples consumed
similar amounts of H», but the center positions of their reduc-
tion peaks for the cubes shifted to slightly lower temperatures
than those of the nanoparticles, indicating the easy reducibil-
ity of the cubes. This may be related to their cubic structure, in
which the bond angle of Mn3*—O-Mn** is 180°, favoring elec-
tron transfer [48]. However, for the nanoparticles with average
structure containing distorted tetragon structure does not.

3.4. Different catalytic mechanisms of CO and CHy4 over
Lap 5819 sMnQOj3 catalysts

Methane combustion on metal oxides is known to follow a
redox mechanism [49]. In the oxidation-reduction model, the
limiting step is a reaction occurring between strongly bound
surface oxygen from the oxide lattice and weakly adsorbed
methane molecules. The pairs of Mn*T—Mn>* on the surface or
near the surface may have a significant effect on activity. The
high percentage of Mn**—Mn3* pairs favors the surface reac-
tion. Such pairs might be particularly favorable for adsorption—
desorption flip-flops when remaining isolated from neighboring
pairs. In such a case, charge transfer from one ion to its partner
and vice versa should be easy, because there is no reason for the
electron to remain localized in one or the other cation. Another

contribution to the catalytic activity that also might be related
to the unusual Mn3* oxidation state is the occupancy of ey and
trg orbitals. Previous studies on the influence of B cations on
the catalytic activity of ABOs3 for the CO oxidation have shown
that the maximum activity is attained for an occupation of the
eg levels of less than one electron, while at the same time the
tye electrons are half-filled or totally filled [50].

Because the oxidation of methane occurs by means of the
surface oxygen (adsorbed or lattice oxygen) from the catalyst,
even in the presence of gaseous oxygen, [51] the existence of
oxygen in the vacancies of Lag 5sSr9.sMnO3 phases is vitally im-
portant to the process. The gaseous oxygen replaces the spent
oxygen from the bulk through a Mars—Van Krevelen mecha-
nism. The rate of the oxidation/reduction cycle and the oxygen
desorption capacity of catalysts are also important for low-
temperature oxidation of CHy, as demonstrated by Machida et
al. [52]. The defective and cation-deficient lattice, as well as
the unstable oxidation states of manganese (Mn3t/Mn*t) re-
sulting in an oxygen excess, have been considered the main
origins of the LaMnQOs3, activity [53]. The catalytic activity
of binary perovskites can be further enhanced by the partial
substitution of Ba for La, which can induce nonstoichiomet-
ric oxygen. This may have two consequences. First, a large
proportion of metal ions in the unstable oxidation state may
be formed. Using X-ray absorption near-edge spectroscopy,
Spooren et al. confirmed an average manganese oxidation state
in Lag sSr9.sMnO3 of 3.5 [24]. Second, the oxygen mobility is
greatly enhanced, related to a structural effect of single-crystal
cubes. At ¢ (tolerance factor) = 1, the ideal perovskite has a cu-
bic structure, with a Mn3T—O-Mn** angle of 180° and no tilt of
the octahedral. These properties favor electron transfer, result-
ing in good reactivity. In fact, in the case of an electron-hopping
mechanism in a perovskite, Mn3*—-O-Mn** bond angles close
to 180° optimize the electron-transfer process. With respect to a
tetragonal structure, the cubic surface should make the hopping
process easier, because possible carriers’ localization phenom-
ena should be highly minimized [54]. In manganese-containing
perovskite, the presence of Mn ions with different oxidation
states is critically important to the transport properties and the
catalytic activity. It has been shown that in the simultaneous
presence of Mn3* and Mn**, electron hopping between those
two ions with intervening oxygen is the basic conduction mech-
anism. Hopping is favored at a 180° Mn**—-O-Mn** angle in
the cubic structure [48].

Concerning the oxidation reaction, it has been clarified that
the surface oxygen (bulk and adsorbed oxygen) play the most
important roles [53,55]. The rate of methane combustion was
low below 400 °C and then grew very fast above 400 °C, sug-
gesting that two kinds of oxygen are involved in the reaction.
The surface-adsorbed oxygen is active at low temperatures and
its coverage decreases with increasing temperature, whereas the
bulk oxygen becomes available at high temperatures. These
findings have been confirmed by XPS spectra [51]. Thus, the
adsorbed oxygen particulates are available at low temperatures,
and the bulk oxygen species are available at high temperatures.

For the low-temperature oxidation of CO, oxygen adsorp-
tion occurs mainly above 300 °C, due to the bulk or gaseous
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oxygen reacting with the CO species. Indeed, the substitution
of Sr** for La’* creates anionic vacancies that improve the
catalytic activity. The oxygen exchange reaction occurs at 200—
300 °C, where adsorbed oxygen related to the anionic vacan-
cies controls perovskite reactivity. This finding confirms that
the oxygen-exchange reaction is a suprafacial reaction, tightly
connected to the presence of anionic vacancies on the catalyst
surface. The suprafacial mechanism is usually active when oxy-
gen mobility is low [56]. Considering the slow diffusion of bulk
oxygen at low temperatures (below 400 °C), the reacted oxygen
may be mainly gaseous oxygen. It is conceivable that the CO
oxidation reaction may proceed via the interaction between the
adsorbed CO and the gaseous oxygen.

For the high-temperature oxidation of CHy, adsorption of
CHj4 on the catalyst is much weaker than that of oxygen, and
CH4 does not adsorb above 400 °C. Furthermore, the catalyst
showed relatively low activity below 400 °C, with CHy4 oxida-
tion occurring mainly above 400 °C. Considering the interplay
between the exothermicity of the adsorption process and the
kinetics of the catalytic reaction [54], it can be seen that the
adsorption of the interacting molecules is favored at lower tem-
peratures, whereas the mobility of bulk oxygen is enhanced at
higher temperatures [54]. Because bulk oxygen is fairly mobile
above 400 °C, the contribution of bulk oxygen to the reaction
may become more relevant. Indeed, it is well known [56] that
the intrafacial mechanism (active above 400 °C) is preferred
when high ionic mobility favors the participation of bulk oxy-
gen. In a steady-state operation, bulk diffusion of oxygen may
speed up the reaction at high temperatures; however, in that case
there may be specific sites at which oxygen is activated and built
into the lattice, from which it diffuses to other specific sites
via the bulk where the oxygen provided through diffusion inter-
acts with CO or CHy. This principle has been claimed for many
Mars—Van Krevelen catalysts [51]. We can tentatively assume
that bulk oxygen plays the most important role in CHy oxida-
tion, and that the CHy oxidation reaction may proceed mainly
through the interaction between the gaseous CHy and the ad-
sorbed oxygen and/or bulk oxygen. A more powerful proof of
this awaits further research.

4. Conclusion

High alkalinity may provide a critical condition for the nu-
cleation and crystallization of manganites and is necessary
for the formation of Lag 5Srg sMnOj3 single-crystal cubes. The
single-crystal cubes showed higher catalytic activity (220 °C)
than the nanoparticles (190 °C) for the oxidation of CO. Com-
pared with LagsSrgsMnO3 nanoparticles, the single-crystal
cubes showed higher thermal stability after running at 600 °C
for 48 h under the reaction conditions. For CH4 combustion, the
Lag5Srp 5sMnOs3 cubes showed higher activity (7790 = 360°C)
than the nanoparticles (779 = 440°C). The different activities
were attributed to their differing crystal structures and mor-
phologies. It was assumed that for the low-temperature oxida-
tion, the CO oxidation reaction may proceed via the interaction
between the adsorbed CO and the gaseous oxygen; for the high-
temperature oxidation of CHy, bulk oxygen played the most im-

portant role in CH4 oxidation, and the CH4 oxidation reaction
might proceed mainly by the interaction between the gaseous
CHy and the adsorbed oxygen and/or bulk oxygen.
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