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Abstract
Catalysts with the formula of LaCoMnxO(3+ä), where x is 0.0, 0.2, 0.3 and 0.5 were
studied for CO and C2H6 oxidation. Ethane was selected as a model for hydrocarbon
combustion. Samples were prepared by the citrate method and calcined at 600oC for 8
h. Prepared catalysts were characterized by FT-IR, XRD, SEM, TEM, TPR and EDS
analyses. Structural studies show that the manganese oxide addition up to 0.5 mol, i.e.
50%, has no effect on the LaCoO3 perovskite phase formation. Crystallite size of
different phases, comprising perovskite and manganese oxide, was determined by the
Scherrer equation. Addition of 0.3 mol manganese was observed to improve the
catalytic property of the lanthanum cobaltite; oxidizes the CO and hydrocarbons at
lower temperature.
Keywords: Mixed Oxides, LaCoO3, Manganese Oxide, CO Oxidation, Hydrocarbon
Oxidation, Perovskite

1. Introduction
Poisonous components such as carbon
monoxide, observed to be in the automotive
exhaust gas, exit from the engine. These
harmful components are converted to inert
gases, such as carbon dioxide in catalytic
converters, before the exhaust gas is emitted
to the atmosphere [1]. The catalytic
converters are, in fact, reactors that consist of
monolithic honeycomb skeletons, made of
ceramic or metallic materials [1]. This
structure is then coated by a ceramic
substrate impregnated with platinum group
metals (PGM) as the active catalytic sites.
However, due to the rising cost of PGM,
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many researchers have been searching for
alternative materials as the active catalytic
phase .
Perovskite group of materials with a general
formula of ABO3 in which A and B are
cations of different sizes, are known as one
of the most promising active phases for the
environmental applications. The catalytic
properties of perovskite type oxides basically
depend on the nature of A and B ions [1].
The A site ions are catalytically inactive. The
nature of these ions, however, also influences
the stability of the perovskite phase.
Replacement of part of A or B ions with
other heterovalent ions can induce structural
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modifications that may generate oxygen
vacancies and/or change the valence state of
the original cations [1]. Lanthanum cobaltite,
LaCoO3, belongs to a family of mixed
electronic
and
oxide-ion
conducting
perovskites that are good candidate materials
for catalysts, oxygen separation membranes,
solid oxide fuel cell cathodes, and oxygen
sensors [2]. In particular, partial substitution
of La with divalent ions, e.g. Sr2+, increases
the average oxidation state of the cation in
position B, which is Co cation [1].
Cobalt containing perovskite type oxides
have received great attention due to their
interesting application properties [3]. It has
been pointed out that the important role of
the lattice distortions, generated by A-site
substitution in perovskites, is on their
structural and catalytic properties. Partial
substitution of the A ion by another of a
lower oxidation state may induce important
changes in stability [3]. Perovskites are well
known catalysts for numerous oxidation
reactions. These include total and partial
oxidation of methane and carbon monoxide
oxidation [4]. The perovskite structure is
very versatile and can stand many crystalline
defects.
Noble metal based catalysts are more
preferred because of their high activity in
complete ethanol combustion than those
containing base metal oxides. However,
noble metals are expensive and sensitive to
poisons. Manganese oxides have been
reported as an active catalyst for oxidation,
among others, of methanol and ethanol.
Manganese oxides are compounds with a
typical berthollide structure that contain
labile lattice oxygen. Their catalytic
Iranian Journal of Chemical Engineering, Vol.9, No. 2

properties are attributed to their oxygen
storage capacity in the crystalline lattice
which is due to the capacity of manganese to
form oxides with variable oxidation states
(MnO, Mn2O3, MnO2 or Mn3O4). According
to the labile oxidation state, Mn is capable of
playing the role of either a reducing agent
(Mn2+ - e → Mn3+ - e → Mn4+) or an
oxidizing agent (Mn4+ +e→Mn3++e→ Mn2+),
acting in both cases as an active component
of the redox system [5]. MnO2 and Mn2O3
were identified as the catalytically active
components; the ratio between both of these
oxides is a function of Mn loading
(dispersion),
temperature
of
catalyst
treatment during preparation, method of
preparation and Mn precursor [6]. Low cost
of MnOx is in contrast to the expensive noble
metal catalysts. With the growing demands of
innovative technology, manganese oxides
based catalysts may find a new application.
Supported and unsupported manganese
oxides have been found to be active for the
various catalytic reactions such as oxidation
of carbon monoxide, methane, hydrocarbons
and are also found active for the
decomposition of ozone, N2O, H2O2, the
selective catalytic reduction of NO and the
removal of hydrogen sulfide [7-14]. Mixed
oxides of Mn such as Mn/ceria and
Mn/copper oxide were also found to enhance
the catalyst activity during the CO oxidation
and SCR of NO, respectively [15-16].
The structural transformation of MnOx
depends on the calcination temperature
during pretreatment. Thus, low calcination
temperature and low Mn loading led to
formation of more MnO2 phase, whereas
high
Mn
loading
and
calcination
23
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temperatures favored formation of Mn2O3 or
Mn3O4 phases [17-19].
This work is directed to study the manganese
oxide added lanthanum cobaltite toward the
oxidation of a model exhaust gas, comprising
the CO and C2H6 component. The
relationship between the structure, redox
properties and dispersion of the MnOx on the
LaCoO3 and catalytic property is understood
by the characterization techniques of the Xray diffraction (XRD), scanning electron
microscopy (SEM), fourier transform
infrared spectroscopy (FT-IR) and hydrogen
temperature-programmed reduction (H2TPR) analyses.
2. Experimental
Samples of LaCoMnxO(3+ä), where x is 0.0,
0.2, 0.3 and 0.5 were prepared by the citrate
method in a way almost identical to that
reported by L. Abadian et al. [20]. A solution
with appropriate moles of the corresponding
metal nitrates and citric acid equivalent with
nitrate ions moles was evaporated at 80oC
overnight. The obtained spongy, friable
material was subsequently dried at 150oC
overnight. The resulting material was
powdered and kept at 200oC overnight. The
resulting brown material was completely
powdered and calcined at 600oC for 8 h. The
crystal structures of the fresh catalysts were
determined by X–ray powder diffraction
(XRD) method in a Philips Xpert MPD
diffractometer using Cu-K (ë=1.54056 Å)
radiation filtered by a copper tube, operated
at 50 KV and 40 mA. Diffraction patterns
were recorded in the 2 range of 20 – 90o at a
scanning rate of 0.02° (2è)/min. The average
crystallite size was calculated by applying the
Scherrer equation on the reflection [21-23].
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Scanning electron microscopy (SEM) and
energy dispersive X-ray micro analysis
(EDX) were done by a Philips XL30
instrument to investigate the particle size and
morphology as well as the elemental
composition of the catalysts. Transmission
electron microscopy (TEM) image was
obtained on a Philips XL30 transmission
electron microscope with an accelerating
voltage of 100 kV. H2-temperature
programmed reduction (TPR) tests were
carried out using a Quantachrome
CHEMBET-3000 apparatus. The TPR
experiments were performed on 0.020 g of
perovskite samples by 10 cm3 STP/min of
7.0% H2 in Ar. Temperature was raised from
100 to 950°C with a heating rate of
10°C/min. FT-IR spectra were recorded in a
Perkin-Elmer spectrum RXI-IR spectrometer,
operating in ratio, single-beam, or interfrogram mode, in the range of 400–1600cm-1.
The samples were finely ground in an agate
mortar with KBr as diluent and pelleted for
the IR analysis. The catalytic activity of the
samples was studied using a model exhaust
gas containing a mixture of 6.0% CO and
0.2% C2H6, as a hydrocarbon (HC) model
compound, in Ar. A schematic of the
experimental set-up and the reactor is shown
in Fig. 1. The flow rates of the model gas
mixture and air were set by mass flow
controllers in order to obtain a synthetic
exhaust gas with total flow rate of 47 cm3
STP/min and ë = 1. Here ë is the
stoichiometric number with the definition of
(Air/Fuel)Actual
. Oxidation of the
ë
(Air/Fuel)Stoichiometric
synthetic exhaust gas pollutants was studied
in a fixed bed micro-reactor (5mm × 300mm)
at atmospheric pressure. All the perovskite
samples were pelleted, crushed and sieved to
Iranian Journal of Chemical Engineering, Vol. 9, No. 2
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particle size of 80–120 mesh size. The
amount of 200 mg of each perovskite (~4mm
in height), supported on a small amount of
ceramic wool (~ 3mm in height), was used
for measuring oxidation activities of the
catalysts. The reactor temperature was raised
in a tubular furnace (70 mm) by a
temperature controller. A thermocouple,
attached to the outer wall of the reactor, was
used for both monitoring and controlling the
temperature of the reactor. Concentration of
the effluents was analyzed by a gas
chromatograph equipped with a methanizer
and FID. Also, a set of valves allowed
bypassing the reactor feed and provided a

direct measurement of the pollutants
concentrations in the feed by the gas
chromatograph.
For
conversion
measurements
versus
temperature,
concentration of the effluents was analyzed
after steady state was achieved at the desired
temperature. The temperature was then
increased to the next level and again after
steady state was reached, analysis of the
reaction products was performed. This
procedure was repeated for the whole
temperature range, i.e. 70–650°C, used in this
investigation. No carbon dioxide was
detected using an empty reactor equipped
with the ceramic wool.

Figure 1. Schematic of the set-up and reactor
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of the MnO2 phase. The manganese oxide
phase, however, is only observed in the
catalysts containing ≥0.3 mole excess
manganese. Disappearance of manganese
oxide phase in catalysts containing lower
than 0.3 mole manganese oxide can be due to
low concentration of species in these
catalysts. The size of the manganese oxide
can also be the other parameter, broadening
the XRD peak. According to the XRD
results, LaCoMnxO(3+ä) catalysts can be
proposed as MnO2 supported lanthanum
cobaltite, i.e. MnO2/LaCoO3.
100
90

C2H6 Conversion

3. Results and discussion
Catalytic performance tests of LaCoMnxO(3+ä)
catalysts where x is 0.0, 0.2, 0.3 and 0.5 for
the carbon monoxide and ethane oxidation
are shown in Figs. 2-3. Ethane was selected
as a model for hydrocarbon oxidation. The
complete removal of the CO is observed to
take place at the range of 150-450oC on
different catalysts. Ethane oxidation is also
completed over LaCoMn0.3O3 catalyst at
460oC. Removal of the ethane, however,
is not completed up to 650oC over
LaCoMn(0.2 or 0.5)O3 catalysts. According to
the reaction temperature, the results of Figs.
2-3 show that the catalyst with the 0.3 mole
manganese added is the best one for the CO
and C2H6 oxidation; i.e. the complete
removal of the CO and C2H6 takes place at
lower temperature over LaCoMn0.3O(3+ä)
catalyst.
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Figure 3. Catalytic performance of LaCoO3,
LaCoMn0.3O(3+ä)
and
LaCoMn0.2O(3+ä),
LaCoMn0.5O(3+ä) catalysts for C2H6 oxidation
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Figure 2. Catalytic performance of
LaCoMn0.3O(3+ä)
LaCoMn0.2O(3+ä),
LaCoMn0.5O(3+ä) catalysts for CO oxidation

LaCoO3,
and

Representative XRD diffractograms of
freshly
calcined
LaCoO3
and
LaCoMn(0.2, 0.3 or 0.5)O(3+ä) catalysts are shown
in Fig. 4. XRD patterns of manganese added
catalysts are observed to be similar to the
LaCoO3 samples. As Fig. 4 shows,
manganese oxide is detected to be in the form
26

Figure 4. XRD patterns of fresh LaCoO3 (a),
LaCoMn0.2O(3+ä) (b), LaCoMn0.3O(3+ä) (c) and
LaCoMn0.5O(3+ä) (d) catalysts, calcined at 600oC for 8h
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The crystallite size of the perovskite phase,
calculated by the Scherrer equation using
XRD peaks positioned at 2è = 23.1, 32.8,
40.5, 47.2 and 58.6o is shown in Table 1. A
crystallite size in the range of 13-30 nm is
observed for LaCoMn(0.0, 0.2, 0.3 or 0.5)O(3+ä)
catalysts. Results show that the lanthanum
cobaltite perovskite structure is not affected
by the manganese addition. A smaller
perovskite crystallite size, however, is
observed upon manganese oxide addition.
The vibration frequencies in the infrared
region are fundamental in the determination
of crystalline structures. FT-IR spectra of
synthesized perovskites are presented in
Fig. 5. The most important band of the
perovskites structure corresponds to the
asymmetrical lengthening of the B-O bond of
the structure’s octahedrons BO6, appearing at
604cm-1 [3, 24]. This band appears sharper
for the perovskites with more symmetrical
structures. The widening of this band and/or
the appearance of a shoulder is obtained for
structures with lower symmetry. A shoulder
at 563cm-1 is a characteristic of a
rhombohedral structure. Lanthanum cobaltite
was reported to have a rhombohedral

structure with higher symmetry. A band at
2800 cm-1 in LaCoO3 spectrum was assigned
to the carbonated segregated La2O3 phase.
The FT-IR spectrum for the manganese
added lanthanum cobaltite is observed to be
the same as that of the LaCoO3 sample
(Fig. 5). A broad FT-IR band with a shoulder
is evidence of a lower symmetry. In
agreement with the XRD pattern, addition of
the manganese has no effect on the
symmetry. XRD and FT-IR results show the
phase segregation does not happen by the
addition of manganese.

Figure 5. FT-IR spectroscopy results of freshly
(a),
LaCoMn0.2O(3+ä)
(b),
calcined
LaCoO3
LaCoMn0.5O(3+ä) (d)
LaCoMn0.3O(3+ä) (c) and
catalysts, calcined for 8 h at 600oC

Table 1. Crystallite size of perovskite phase of the freshly LaCoMn(0.2, 0.3 or 0.5)O(3+) catalysts, calcined at 600oC
for 8 h.
Crystallite size (nm)
2è
LaCoO3
LaCoMn0.3O(3+)
LaCoMn0.5O(3+)
LaCoMn0.2O(3+)
23.1

47

26

26

30

32.8

44

25

23

23

40.5

34

18

18

15

47.2

53

32

29

20

58.6

32

16

15

13

Crystallite size
distribution

32-53

16-26

15-26

13-30

Iranian Journal of Chemical Engineering, Vol.9, No. 2

27

Manganese Oxide Promoted LaCoO3 Nano-Perovskite for Oxidation of a Model Exhaust Gas

The
SEM
micrographs
of
fresh
LaCoMn0.2O(3+ä),
LaCoMn0.3O(3+ä)
and
LaCoMn0.5O(3+ä) catalysts, calcined at 600oC
for 8 h are presented in Fig. 6. In order to
show the elemental composition of the
samples, the EDS spectra are also included.
Surface morphology of the synthesized
samples shows no agglomerates in the microscale. Another remarkable observation is the
appearance of micro-pores in the structure.
Results of the FT-IR analysis show that the
organic emulsifier, i.e. citric acid, is
completely combusted during the heat
treatment (see Fig. 5). These pores may be
shaped through evolution of the large amount
of gases during the calcination process at
600oC. Compared to the catalysts, having 0.2
and 0.5 mole manganese extra, the
LaCoMn0.3O(3+ä) sample is observed to be
more porous, resulting in a more active
oxidation catalyst (see Figs. 2-3).
The elemental compositions of the catalyst
samples determined by EDS analysis are
summarized in Table 2. The EDS analysis
show the composition is almost the same
(within experimental error) as the nominal
composition of the samples. The EDS
analysis of the composition of different parts

of the samples may be an indication of the
homogeneity of the prepared catalyst
materials in the micro-scale level.
The TEM micrograph of LaCoO3
nanoparticles is shown in Fig. 7. The particle
size distribution for this sample, fitted using
a gauss function, is presented in Fig. 8. The
average particle size for the LaCoO3 sample
is calculated to be about 38 nm. This result is
in agreement with the calculated crystallite
sizes from XRD line profile (see Table 1) and
reveals the regularity shape of nano-particles,
observed in TEM micrographs [25].
The results of the temperature programmed
reduction analysis of LaCoMn(0.2, 0.3 or 0.5)
O(3+ä) catalysts are shown in Fig. 9. The TPR
profile of LaCoO3 shows two successive
reduction peaks, one in the range of
340-480oC and
the other in 500-670oC
(Tmax = 600oC) [26]. These successive
reduction steps are observed for all LaCoO3
perovskites, as reported by several authors
[27-28]. The first reduction peak is described
in the literature as a single electron reduction
of Co3+ → Co2+ and the second one is
attributed to the two electron reduction of
Co2+ → Co0.

Table 2. Energy Dispersive Spectroscopy elemental analysis of samples, calcined at 600oC for 8 h.
LaCoMn0.2O(3+ä)

LaCoMn0.3O(3+ä)

LaCoMn0.5O(3+ä)

Element

N (wt%)

M (wt%)

N (wt%)

M (wt%)

N (wt%)

M (wt%)

La

66.52

65.23

64.81

63.03

61.65

58.25

Co

28.22

29.08

27.50

31.14

26.16

29.00

Mn

5.26

5.69

7.69

5.82

12.19

12.75

a

Nominal
Measured

b
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LaCoMn0.2O(3+ä)

LaCoMn0.3O(3+ä)

LaCoMn0.5O(3+ä)

Figure 6. Scanning Electron Microscopy (SEM) micrographs and Energy Dispersive Spectroscopy (EDS)
elemental analysis spectrum of fresh LaCoMn0.2O(3+ä) , LaCoMn0.3O(3+ä) and LaCoMn0.5O(3+ä) catalysts,
calcined at 600oC for 8h
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600oC for 8 h

Figure 7. TEM micrograph of LaCoO3 nanoparticles
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Figure 8. Size distribution histogram for LaCoO3
sample.

Figure 9. Temperature programmed reduction patterns
of fresh LaCoMn(0.2, 0.3 or 0.5)O(3+ä) catalysts, calcined at

30

The results of Fig. 9 show that presence of
the manganese oxide complicates the TPR
profile. Assuming a final reduction step to
MnO, quantitative data match with an
average composition of bulk MnO1.5 for
samples prepared by direct calcination of the
Mn(NO3)2·6H2O or Mn(CH3COO)3·2H2O
precursors, respectively [29]. Reduction
patterns of the bulk MnO1.5 were associated
with
the
reduction
states
of
Mn2O3→Mn3O4→MnO, respectively [3033]. Reduction of MnO to metallic Mn was
reported to be highly unlikely based on
thermodynamic arguments and experimental
evidence from the literature [31].
It was proposed that the two cobalt oxide
reduction patterns, observed in LaCoO3 TPR,
corresponds to the Co3O4 reduction in a
range of 350-480oC and to cobalt oxide
reduction in perovskite structure (range of
550-650oC) [20]. The first reduction in the
range of 350-480oC is also observed in the
TPR profile of LaCoMn(0.2, 0.3 or 0.5)O(3+ä)
sample (see Fig. 9). The reduction in the
range of 500-670oC, however, is observed to
be harder in the manganese added catalysts.
A shoulder in the range of 250-350oC and
reduction peaks in the range of 750-900oC
are related to the manganese oxide, detected
to be MnO2 by the XRD results. Reduction
peaks of the manganese oxide are in
agreement with the XRD data. Supported
manganese oxide, however, is observed to
reduce harder.
4. Conclusions
Addition of the manganese oxide to LaCoO3
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perovskite up to 0.3 moles improves the
oxidizing property of the sample. A better
redox
property
is
observed
for
LaCoMn0.3O(3+ä) compared with the LaCoO3
sample. The excess manganese oxide is
shown to be in the form of MnO2 phase. The
LaCoMnxO(3+ä) catalysts can be shown as
MnOx supported on LaCoO3.
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