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ABSTRACT

A series of barium doped LaMnO, perovskite nano catalysts were synthesized using the citric
acid sol-gel method. The prepared nano catalysts were characterized using the various characterization
techniques such as XRD, ICPAES, FTIR, SEM, HRTEM, TPR and BET. The XRD results showed
the purity of the prepared catalyst as no segregated phases were observed and also confirming the
crystallinity of the prepared catalyst. The surface area achieved in this experiment presented one of the
highest reported in literature. The doping of the perovskite catalysts helps in increasing the surface area.
The ICPAES results shows the efficiency of the preparation method adopted. The catalytic evaluation
shows that upon introduction of barium into the perovskite structure, the catalytic performance of the
catalysts were greatly increased with LBM3 giving the lowest T, at 550°C
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INTRODUCTION

Diesel engines have been reported to
have a comparative advantage when compared
with the other engines. Some of these advantages
includes reduced fuel consumption reduced amount
of CO, produced and lesser emission of unburned
hydrocarbon and carbon monoxide'. However, one
challenge with diesel engines is that they generally
produce large amount of soot. Therefore because
of the adverse effect that soot has on the human
body and environment, there have been a strict
regulations on vehicular emissions and these
requires control plan and strategy to meet these
regulations?. There are so many ways by which

soot can be removed in diesel exhausts but the
diesel particulate filter (DPF) have been reported
to be the most efficient of all the options available®.
The DPF entraps the soot on a filter and afterwards
eliminate it by catalytic combustion. The use of the
catalytic combustion is to help the combustion of the
soot at lower temperature of the diesel exhaust. The
kind of catalysts to be used in for soot combustion
must be active at a lower temperature and stable
at a high temperature as well as being relatively
cheap. Several catalysts such as metal oxide, Pt
based catalysts, spinels, mixed oxides etc have
been reported to be effective in the oxidation of soot
in diesel engines*. This is because the oxides can
hasten up the soot combustion reaction as a result
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of the highly reactive oxygen species present on the
surface of the metal oxide. The catalytic activities of
these catalyst can as well be associated with the
movement of the chemisorbed oxygen spices which
impacts actively to the soot combustion by spill over®.
Several reports have considered perovskites type
of catalysts as a potential alternative for catalytic
combustion due to their cheap method of preparation
and thermal stability properties®. Perovskites can
accommodate the inclusion of metal ions in both its
A-site and B-site which creates structural defects
and improves catalytic behaviors. However the
potential of perovskites in the catalytic oxidation
of soot in DPF has not been properly examined.
Hence, the aim of this work is to synthesize a series
of LaMnO, perovskites catalyst which are partially
substituted in the A site by different barium amounts,
characterize it and then use it as a catalyst for soot
oxidation for potential use in diesel particulate filter
of diesel engines. In this research study, several
doped catalysts were prepared by varying the ratio
of dopant (barium) used (x= 0, 0.1, 0.2, 0.3, coded
LBM 1, 2, 3, 4 respectively).

MATERIALS AND METHODS

Preparation of the LBMs

Various solutions of [La (NO,),*6H,0,
Indian Rare Metals Chemical Ltd], [Mn (NO,),*4H,0,
Sigma—Aldrich Chemicals) and (Ba (NO,),, Sigma—
Aldrich Chemicals) were prepared by dissolving
the proper quantity of the metal nitrates in distilled
water. EDTA (Sigma—Aldrich Chemicals) and citric
acid (Sigma—Aldrich Chemicals) served as chelating
agents and was added to the metal nitrate mixture.
The mixture was stirred at room temperature after
which EDTA (Merck chemicals Ltd) followed by citric
acid. The temperature was raised to 90°C for4 hon a
hot plate. A purple gelatinous substance was obtained
by raising the temperature to 100°C. The resulting gel
was heated in an oven for 4 h and then calcined at
750°C for 3 h to obtain the final perovskite catalyst.

Characterization Techniques

The elemental composition was determined
by inductively coupled plasma atomic emission
spectroscopy (ICPAES) model DRE, PS-3000UV,
LEEMAN LABS, INC, USA. The surface area (SSA)
of the catalysts was carried out using a Micromeritics
Gemini V apparatus. The XRD was done using
a Rigaku diffractometer, model Geiger flex. The
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TGA/DTA was analysed by thermogravimetry—
differential analysis (TG/DTA, STA 449 C NETZSCH).
The O,-TPD and H,-TPR experiments were
performed using a Pulse Chemosorb 2705 device.
The various functional groups in all the prepared
catalyst was identified using the Fourier Transform
Infrared Spectrometer of model Perkin Elmer-
Spectrum Two (400-4000 cm').The Scanning
Electron Microscopy (SEM) was taken on a FE-SEM
quanta 200F, FEI 2010 instrument. Transmission
electron microscope (TEM) images and energy-
dispersive spectroscopy (EDX) results were obtained
with a JEOL instrument.

Catalytic activity

The soot oxidation was carried out using the
thermo-gravimetric analysis method in a TG-DSC,
Q-600 instrument as described by” . The prototypical soot
that was used in this research work was carbon black
obtained from the vehicular emission control laboratory
of the CSIR-Indian Institute of Petroleum Dehradun.

A soot to catalyst mix of ratio 1:4 weight
ratio was thoroughly mixed together in a laboratory
mortar so as to ensure homogenous mixture and for
tight contact of the catalyst and the soot®.

RESULTS AND DISCUSSION

The formation of the perovskite catalyst
using the citric acid complexation process is based
on the ability of some a- hydroxycarboxylic acid to
form chelate with some transition metal ions. This
chelation results into the formation of a gel usually by
polyesterification. The decomposition of the organic
based gel resulted into the formation of the almost
amorphous homogenous precursor (Scheme 1
below) favouring its later conversion into the desired
perovskite structural phase. The Scheme 1 shows the
reaction between La and Mn cations with the citric
acid by the substitution of hydrogen in the -COOH
group to give the final perovskite catalyst. Also, NO,
can also replace hydrogen in the -OH group®.

TGA/DTA Analysis
The thermal analysis of the synthesized
perovskite catalysts was evaluated by employing the
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TGA/DTA method as shown in Fig. 1 below. LBM2
dried at 200°C which is a representative catalyst was
used for the thermal studies.
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Fig. 1. TGA/DTA of LBM2 dried at 200°C

The mechanism by which the phase of the
perovskite catalyst changes was evaluated using the
percentage weight loss in relation to temperature
within the range of 0-1000°C. The percentage loss
in weight that was noticed at temperature range
below 600°C has been credited to the thermal
breakdown of water, the catalyst precursors and
organic moiety®'213. At a higher temperature of more
than 600°C, a change in weight was not observed.
From the thermal profiles of the evaluated catalyst,
there are about three major decomposition stages.
The endothermic weight loss (B,) that was seen at
the temperature 0-150°C has been attributed to the
loss of surface water'*'¢. The second decomposition
stage (B,) was observed at a temperature between
150-260°C and has been ascribed to probable loss
of crystalline water'”'°. The main weight loss stage
(B,) was observed around the temperature range of
250-400°C and this has been assigned to the
breakdown of citrate, EDTA and other organic
moiety present in the catalyst'?202'. The other
negligible weight losses recorded above 400°C
has been assigned to the breakdown of any other
organic components in the perovskite catalyst.
This is followed by a strong exothermic DTA peak.
Also, another observation that was observed in the
thermal profiles is that the DTA peak between the
0-400°C range are small compared to that seen
above 400°C range. This suggests that only small
amount of energy is needed in the reactions as
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compared to those at higher temperature. Also,
since the TGA/DTA analysis was carried out under
N,/O, conditions, the large DTA peak seen can be
ascribed to the combustion of the organic materials
present in the catalyst'®?223, The different stages
of decomposition observed from the TGA graph
together with the chemical processes that was
noticed in the DTA, proposes that the step by step
thermal decomposition of the prepared catalyst
ended at a temperature of about 600°C.2426

XRD Analysis

The XRD of all the prepared catalysts is as
shown in Fig. 2a. The catalysts are found to have the
desired perovskite phase LaCoQO, corresponding to the
ICCD-PDF 75-0440%. There are no peaks associated
with the carbonates of the dopant was observed
suggesting that the prepared catalysts are of high
purity at least to the detection limit of the XRD.
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Fig. 2a: XRD patterns of prepared perovskite catalysts

Nevertheless, some structural distortion
were observed in the patterns of the doped
perovskite catalysts as there was a shift in the
pattern of the doped perovskite catalysts towards the
26 mark on the XRD plots. This structural distortion
have been reported by many researchers to depend
on the nature of the cations on either the A-site or
the B-site?®-%2. Therefore, in order to properly analyse
these structural differences, the shift in the XRD
observed towards the 20 (31-34) was extended as
shown in Figure 2(b).
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Fig. 2(b). Extended XRD patterns of prepared perovskite
catalysts

As can be observed, the position of the
LBM1 was shifted towards 20 for LBM2, LBM3 and
LBM4. Using the QualX software, LBM1 was found to
be orthorhombic in structure while LBM2, LBM3 and
LBM4 were found to be rhombohedral in symmetry.
In general, perovskite materials have been said
to have a tendency to deviate from its perfect
cubic structure (Pm,m-O,) to give two different
phase structure which can either orthorhombic or
rhombohedral®*2¢, These changes in the structural
distortion have been reported by many material
scientist to be as a result of the ionic sizes of A or B
sites cations, the differences in their charges, there
relative proportion concentration or the chemistry
nature of the perovskite materials®®%-3. Furthermore,
in order to evaluate how stable the structure of the
perovskite catalysts are, the Goldschmidt’s tolerance
factor (t) was calculated using the formula.

t=ra-+ro/\N2(rb+ro)

Where ra is the atomic radii of the cations
on the A-site and rb is the ionic radii of the B-site
cations and ro is the ionic radii of O* in the ABO,
perovskite structure. Several reports have suggested
that a perovskite material is stable if the tolerance
factor is within the range of 0.85-1.09%. When the
tolerance factor is equal to 1 it means the perovskite
material is cubic in structure and when it is less than
1 it means the perovskite material has a distorted
structural characteristics which is most times
orthorhombic. Materials scientist have suggested
that a tolerance factor that is near to unity means
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that the alteration of the perovskite material is close to
the rhombohedral symmetry?®¢. Again when consider
the fact that La®* is the main cation on the A site of
the prepared perovskite catalysts, we calculated the
tolerance factor using the (+3) as the oxidation state
of the cations on the B site. However, several material
scientist have reported that partially substituting the
A site of the perovskite structure ( in this case with
Ba?*) helps in promoting the oxidation state of the
B site cation so as to main the electro neutrality of the
catalysts. Therefore, as a result of this assumption, the
tolerance factor using the oxidation state of +4 was
also calculated and the results are presented in Table
1. Allthe prepared catalysts exhibited the orthorhombic
symmetry (t<1). Similarly, it was observed that all the
Mn3* in the prepared catalysts exhibited the same
tolerance factor. This suggests the presence of B*
cations which may be due to the unstable nature of
the orthorhombic structure as a result of the Jahn
teller nature of Mn3* 28 The structural refinement
of the prepared catalyst was done using the QualX
software and it reconfirmed that the doped catalysts
has the rhombohedral structure and the space group
of R-3c. The size of the crystals were calculated using
the QualX software and the results obtained was
recorded in Table 1. The crystallite sizes ranges from
30.0-32.3 nm. The size of the crystals were found to
increase upon the introduction of the dopant into the
perovskite catalysts.

Surface Area analysis (BET)

The perovskite catalyst prepared in this
research study displayed a surface area 24-45 m?/g
as shown in Table 1. These values are among the
highest so far to the best of our knowledge and they
are remarkably higher than those which have been
attained by other methods of preparing perovskites
(1-11 m?qg)®31:844142 Also there is an increase in
the surface area from 27-45 m?/g when barium was
doped, this suggest that the introduction of barium
into the perovskite structure has helps in increasing
the surface area of the catalyst hence improving
the catalytic activity. Several material scientist have
argued that a good catalyst must have a good
surface for spread of the active sites. Hence it is
generally believed that the higher the surface area
the more the better the catalyst. The adsorption
desorption isotherm of the prepared catalysts is as
shown in Fig. 3. All the catalyst displayed a type IV
isotherm with hysteresis loops which are observed
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for all catalyst thus demonstrating the mesoporous
structure of all samples®.

Temperature Programme Reduction (H,-TPR and
O,-TPR) Analysis.
The temperature program reduction (TPR),
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is a characterization technique that has the ability
to collect information as regards the oxidative state
of the B cations (in this case Mn) and also say if
there exist any cationic vacancies in the perovskite.
In this research study the H,-TPR and O,-TPR was
considered.

Table 1:
Catalyst Symmetry lonic radius Tolerance Space B-site Lattice Parameter Crystallite ~ Surface
Factor () group cation size (nm) Area (m?/g)
+3 +4 43 +4 a b C

LBMA1 Rhombohedral 0.645 0.53 0.85 0.85 R-3c  Mn™ 0.545 0.545 1.3478 30 24

LBM2 Rhombohedral 0.645 0.53 0.9 0.9 R-3c  Mn™ 0.5465 0.5466 1.3479 31.5 27

LBM3 Rhombohedral 0.645 0.53 0.901 0.902 R-83¢c Mn™ 0.5464 0.5465 1.3477 32.3 32

LBM4 Rhombohedral 0.645 0.53 0.903 0.902 R-3c  Mn™ 0.5466 0.5466 1.3478 31.8 45
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Fig. 3. Adsorption Desorption isotherms of the prepared catalysts

The Fig. 4 shows the H,-TPR plots of the
prepared catalyst. From the plots, a kind of splitted
signal having a peak at around 340-360°C and at
450°C was observed. According to the research
conducted by', the H,-TPR of LaMnO, exhibited
a stable intermediate reduction state at the
temperature range 500-900°C which correspond to
the stoichiometric LaMnO,. Therefore using the same
idea for the prepared perovskite catalysts, it can
be said that the reduction peak that was observed
below 500°C is as a result of the excess oxygen been
removed from the perovskite as well as possible Mn*
reduction which was formed to balance the electronic
difference caused by Ba doping.

In the H,-TPR of the prepared catalysts,

two main regions can be observed

. The region A that lies in between 260-410°C
which exhibits a clear and distinct signal in all
the catalyst prepared and having a little shift
of the maximum peak in the direction towards
the lower energy as well as a clear reduction
in the intensity as the concentration of dopant
increases.

. The region B that extends from 410-570°C
having an intensity that increases as the
concentration of the dopant increases.
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Fig. 4. H,-TPR plots of prepared catalyst

Therefore by comparing the H,-TPR in
this study with the one carried out by*, it can be
proposed that the signal observed at 260-410°C
can be ascribed to the removal of oxygen from
the oxidative non stoichiometric as presented in
reaction 1 while the peak observed around 410-
570°C corresponds to the reduction of Mn*+ to Mn3+
as presented in reaction 2.

Laj xBa;Mnj ;2 3" Mny2 ¥ 05+ Ha

l

Laj xBaxMni " Mn4 03 + H20 --—---m-mm—-- Reaction 1
LaixBaxMng 3 Mn,* 03 + 42 xHj|

v

LaiBaMn3 03,0 + ¥2 % HaO-mmemmmmemmemm Reaction 2

Also, above 570°C, it can be assumed that
another stage of reduction started but could not be
completed at 750°C which is the highest temperature
used in this study. However,*>*¢ has suggested that
the peak observed at higher temperature can be
attributed to the possible reduction of Mn2* to Mn3+
as well as simultaneous break down of the perovskite
catalysts structure as shown in reaction 3.

La, BaMn*O,_,+%2H,— (1-x) La,0,+xBaO+MnO
+ % H,0------ Reaction 3

Furthermore, it was discovered that the
peaks ascribed to the reduction of Mn*+ (410-570°C)
has its intensity increased with increasing dopant

concentration which is similar to the shift observed
in the XRD patterns of the LBMs. This suggests
that the dopant has been well incorporated into the
perovskite structure*”4°,

The O,-TPD of the various prepared
catalysts is as presented in Fig. 5. From the figure,
a wide peak which lies between 100-450°C and
450-570°C was observed. Current literatures
have reported that the peaks observed in the low
temperature region corresponds to desorbed oxygen
molecules which are engrossed on the surface
vacancies of the catalysts (o oxygen species)®0%2,
Furthermore, the O,-TPD plots obtained in this
research study displays two main kinds of absorbed
oxygen species. The expansive peak observed
between 100-450°C has been assigned to be the
superficial adsorbed oxygen while the broad peak
observed above 500°C for doped perovskite catalysts
(LBM2, LBM3 and LBM4) could be ascribed to the
release of oxygen species which are occupying the
inner vacancies of the perovskite catalyst as a result
of the partial substitution of La by Ba“*®%*%®. Since 42
has previously reported that the area under the graph
can be relatively compared to the quantity of oxygen
desorbed, we can therefore establish in this study
that the amount of surface oxygen vacancies (broad
peak between 100-450°C) in the prepared catalysts
decreases in the order LBM2 > LBM1~ LBM4 >
LBM3. The peak observed above 570°C could not
be completed however, similar research carried out
by®¢ has assigned peaks at higher temperature to be
B-oxygen species which is the desorption of oxygen
from the lattice surface. The -oxygen species are
associated with part reduction of the cation on the
B site and for this reason we can assign this signal
to excess oxygen in this study.?”
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Fig. 5. 0,-TPD of the prepared perovskite catalysts
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SEM and HRTEM Analysis

The morphology of the prepared
catalysts were observed using the SEM and TEM
characterization techniques as shown in below. The
SEM images of the prepared samples are as shown
in Fig. 6. From the images obtained, all the samples
exhibited similar mesoporous structure morphology
as confirmed by the isotherm plots of the BET. It was
observed that as the concentration of Ba was been
increased the pores in the images shown by the SEM
became more prominent.

Fig. 7. HRTEM images of the prepared catalyst

Also the HRTEM images of the prepared
perovskite catalysts displayed the porous nature
of the catalyst as shown in Fig. 8 (a-h). From the
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HRTEM images as well we observed that the
shape of the particle appears to be spherical-like
with pores like structures. It was also observed that
agglomeration occurs with the doping of the parent
catalyst with barium as shown in Fig. 8(a-d). The
SAED of the prepared catalyst is as shown inserted
in Fig. 8 (a-d). The SAED shows the crystallinity of
the prepared catalyst as confirmed by the XRD.
The Lattice fringes has presented in Fig. 8(f and h)
clearly show a lattice spacing distance of 0.28nm
which indicates good crystallinity in agreement with
what been earlier reported in literature.

The TEM-EDX of the prepared sample is
shown in Fig. 8. This confirms the presence of Mn,
Ba, La and oxygen giving a suggestion that the
perovskite structure of the catalyst is formed. Also
difference between the theoretical and experimental
analysis is shown in the form of bar chart shown
besides the EDX. The bar chart shows that there is
no too much difference between them hence showing
the efficacy of the method use in the preparation of
the catalysts.

Also the elemental mapping of the prepared
catalystis shown in Fig. 9. The elemental mapping of
the catalyst also shows the even distribution of all the
elements present. This suggest that the perovskite
catalyst has been formed.

Catalytic Studies of the prepared perovskites
The catalytic studies of the prepared
catalysts was carried out for soot conversion.
The soot conversion result acquired from the
TGA conversion of the soot was standardized by
eliminating the weight loss observed below 300°C,
this is because absorbed water desorption and
some impurities on the surface of the soot takes
place below 300°C as reported in literature by5258-60,
The normalized conversion plots all through the soot
oxidation over the catalysts LBM1, LBM2, LBM3 and
LBM4 are as denoted in Fig. 10. In other to know and
relate the effect of the catalyst on the soot oxidation,
a blank soot sample was run without the catalyst.
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Fig. 8. TEM-EDX of the various prepared catalyst

From the result of the analysed catalysts,
the catalytic activity was analysed by looking at
the T, and the T-final. It was observed that all the
prepared catalyst has the ability of oxidize soot at

a lower temperature. It was also observed that the
doping of the parent perovskite catalyst helped in
lowering the temperature at which soot is oxidized
as seen in the catalytic profile plots displayed below
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hence showing the potential that doped perovskite
can be used as catalyst for the oxidation of soot in
diesel engine and can be used to economize the
fuel consumption in diesel cars. LBM3 catalyst gave
the highest conversion in relation to the temperature
(T,,) which we can say means that it has the highest
conversion with the lowest temperature value of about
530°C (i.e. the temperature at which 50% of the soot
have been converted and which is also called the
light off temperature or the soot ignition temperature),
while LBM1, LBM2 and LBM4 gave conversion rate
attemperatures values (T50) of about approximately
580, 570 and 560°C respectively. Also looking that
the temperature at which total soot is converted
(T final) it was observed that there was a drop in the
temperature at which the total conversion of soot
occurred when compared with the temperature of
the raw root and that of the un-doped catalyst. The
doping of the perovskite catalyst helped in reducing
the temperature at which the all the soot has been
oxidized which further suggests that barium doped
perovskite has the potential of been used as a
catalyst in the fuel efficiency of diesel engine cars.
From the T-final values, LBM3 still gave the best

catalyst activity as compared to the others.

a

Fig. 9. Elemental mapping of representative LBM2
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CONCLUSION

LaMnO, perovskite catalysts doped on
the A site by Ba have been synthesized using the
citric acid sol gel method. The XRD characterization
indicated that the synthesized catalysts were crystal
in nature and that they are pure as there are no
isolated phases of BaCoQO, or Co,0, were observed.
The Tem images conforms that the prepared
catalysts were spherical in shape the tolerance factor
states that the symmetry of the nano catalysts were
rhombohedral. The catalysts exhibited good catalytic
properties for potential soot conversion in diesel
particulate filter. The best catalyst was exhibited by
LBM3 which has the lowest T,  and T, values at
550°C and 620°C respectively.
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