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a  b  s  t  r  a  c  t

La0.8Ba0.2MnO3 and  silver  promoted  La0.8Ba0.2MnO3 type  perovskite  catalysts  have  been  studied  for  N2O
decomposition  reaction.  These  catalysts  were  prepared  by  co-precipitation  process  followed  by  impreg-
nation  method  for  Ag  incorporation.  These  catalysts  were  characterized  in detail  by  means  of  ICP-OES,
XRD,  BET,  SEM,  STEM,  EDX,  XPS,  O2-TPD  and  H2-TPR  analysis.  An  appreciable  increase  in catalytic  activ-
ity was  achieved  by  promoting  the  lanthanum  manganate  by  Ba  as  well  as  Ag.  The  promotional  effect
of  Ag was  observed  maximum  at  1  wt%  optimized  loading.  The  effect  of  O2, NO  and  H2O  on the  bare
and  Ag  promoted  catalysts  for  N2O  decomposition  was  also  investigated.  The  catalytic  activity  for  N2O
decomposition  was  significantly  increased  by Ba  substitution  as  well  as  by Ag  promotion.  The  activity
of  these  improved  catalysts  was  also  relatively  less  affected  in  presence  of  oxygen,  water  vapour  and
NO,  thereby  showing  promotional  effect  of  silver  on  N2O decomposition.  These  catalysts  were  also  pre-
upport pared in  supported  forms using  ceramic  honeycomb  via  in  situ  co-precipitation  method,  and  then  tested
for N2O  decomposition  reaction.  Supported  catalysts  show  equally  good  catalytic  activity  towards  N2O
decomposition.  XPS  and  O2-TPD  studies  suggest  that  Ag  incorporation  results  in increase  of  Mn4+/Mn3+

ratio  of  La0.8Ba0.2MnO3 catalyst.  TPR  studies  also  provided  the  clear  evidence  to  this  effect.  This  improved
redox  property  of  Ag promoted  perovskite  catalyst  was  correlated  to  its enhanced  catalytic  activity  for
N2O  decomposition.
. Introduction

Nitrous oxide has been identified as a potential contributor to
he destruction of ozone in the stratosphere as well as a rela-
ively strong green house gas [1–5]. It has been recognized that the

igration of nitrous oxide (N2O) into the stratosphere contributes
ith CFC to ozone layer depletion [6]. N2O is also an absorber of

nfrared radiation and thus contributes to the green house effect
6,7]. The GWP  (global warming potential) of nitrous oxide is 310
imes larger than that of CO2 [8,9]. The estimated amount of N2O
eleased in the atmosphere is 4.7–7 million ton per year, which is
ue to both anthropogenic and natural sources [10]. The ambient

evel of nitrous oxide is 314 ppb, which is constantly increasing in
he recent past. The major anthropogenic sources are nitric and

dipic acid plants [3,9,11–13].  Nitric acid is increasingly used for
ertilizer production and it is manufactured through oxidation of
mmonia. During this catalytic oxidation process, nitrous oxide is

∗ Corresponding author. Tel.: +91 712 2247828, fax: +91 712 2247828.
E-mail address: nk labhsetwar@neeri.res.in (N. Labhsetwar).
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produced as a byproduct. Approximately 21.7 Tg CO2 Eq of N2O was
emitted from nitric acid industry in 2007. Emissions increased by 19
percent between 2006 and 2007, which resulted from an increase
in nitric acid production driven by increased synthetic fertilizer
demand by agriculture sector [9].  Nylon production is also respon-
sible for nitrous oxide emission, in which adipic acid is used as one
of the major precursors. Nitrous oxide emitted from adipic acid
production during the oxidation of a ketone–alcohol mixture with
nitric acid. N2O emissions from adipic acid industry were estimated
to be 5.9 Tg CO2 Eq in 2007 [9].

Large number of catalysts have been studied for decomposi-
tion of N2O, including noble metals [14–17],  metal oxides [18–22]
and metal or ion exchanged zeolites [23–25].  At low temperature,
noble metal based catalysts show very good activity towards N2O
decomposition. However, these noble metal supported systems are
expensive and unstable at high temperature as well as in pres-
ence of oxygen [15]. Most of the zeolite based materials are also
potential catalysts for decomposition of N2O at low temperature.

Though, some of these materials are significantly affected because
of their instability in presence of water vapor [26], development
of hydrothermally stable catalysts has significantly improved the
prospects. Usually for industrial applications, catalysts with better

dx.doi.org/10.1016/j.molcata.2011.07.017
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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hemical and thermal stability as well as lower cost are preferred.
erovskites are promising catalysts with respect to their low cost
nd thermal stability. Perovskites are usually prepared by follow-
ng high temperature calcination, which often results in sintered
hases with low surface area. The general chemical formula of per-
vskite is ABO3, in which A ions can be rare earth, alkaline earth
nd other large ions, while B ions are generally first row transition
etal ions. In this ABO3 structure, often the coordination number

f A cation is 12, while the coordination number of B cation is 6
27–29].  Their catalytic activity depends on B site cation, however,
he “A” site cation can also influence the overall catalytic activity of

 catalyst, primarily by effecting the oxidation states of B site cation
nd thereby changing the overall redox properties of perovskite
hase.

Russo et al. studied the LaCoO3 perovskite type catalytic
aterial prepared by solution combustion synthesis for N2O

ecomposition and reported that 50% of N2O conversion was
chieved at 455 ◦C and 490 ◦C in the absence and presence of 5%
f oxygen, respectively [30]. Alini et al. studied several alkaline
ased perovskite materials such as Ca and Ba towards decom-
osition of N2O. They reported that CaMn0.7Cu0.3O3 catalyst had
ighest activity of 95% conversion at 550 ◦C as well as stable
atalytic activity for a period of 1400 h stream, which contains
timulated industrial gas coming from an adipic acid plant [31].
uciuman studied the alkali as well as alkaline metal substituted
aMnO3 type perovskites for NOx reduction using propene [32].
iu studied the promotional effect of Ag on the performance of
g/La0.6Ce0.4CoO3 for the decomposition of NOx [33]. Zhu reviewed

he structural and physicochemical properties, as well as elec-
rochemical properties of substituted/promoted perovskites with
espect to NOx control [34]. Dacquin et al. studied the catalytic N2O
ecomposition on 1 wt% Pd/LaCoO3 and reported the reaction rate
f 0.0023 mmol  min−1 g−1 at 460 ◦C [35].

Extensive research works have been reported on perovskite
ased catalysts by partially substituting ‘A’ and ‘B’ site of the
BO3 structure. However, reports on substituted/promoted per-
vskites towards decomposition of N2O are relatively less. The aim
f present research is to develop the catalytic systems based on
ubstituted/promoted perovskite type oxides because of their high
hermal stability, low cost and high intrinsic catalytic activity. As
erovskites are not easy to support on commercial honeycomb,
fforts have been made to study the catalytic activity of present cat-
lysts in supported form as well. This paper describes the synthesis,
haracterization and catalytic activity of La0.8Ba0.2MnO3, various
g promoted La0.8Ba0.2MnO3 perovskites and ceramic honeycomb
upported perovskites towards N2O decomposition reaction in the
resence and absence of oxygen, water vapour and NO. It was pos-
ible to study the effect of Ag promotion on oxidation states of Mn
nd also on redox properties of perovskite phase. The TPR studies
ave been carried out to investigate the redox properties of Ba and
g promoted catalyst. These results along with XPS findings could
xplain the N2O decomposition activity of present catalysts, as well
s the promotional effect of Ba and Ag.

. Experimental

.1. Materials

Laboratory grade lanthanum nitrate (Merck-India Ltd), barium
itrate (Merck-India Ltd), manganese nitrate (Merck-India Ltd),
ilver nitrate (Merck-India Ltd), liq. ammonia (Merck-India Ltd)
ere used directly without any further purification. Commercial
ordierite honeycomb supports with 400 cpsi and wall thickness of
.15 mm were used to prepare supported catalysts. Coefficient of
hermal expansion of support is 8 × 10−7 to 12 × 10−7 ◦C−1, with a
ore size of 4–15 �m.
lysis A: Chemical 348 (2011) 42– 54 43

2.2. Catalyst synthesis

La0.8Ba0.2MnO3 catalyst was prepared by co-precipitation
method except that the Ba was incorporated by impregnation in
the co-precipitated mass before the heating step. In this method,
1 M ammonium hydroxide precipitant was  added to the aqueous
solution of lanthanum nitrate (0.033 mol) and manganese nitrate
(0.0413 mol) with stirring (100 rpm) at ambient temperature. After
the aging process, the precipitate was  filtered and washed with
double distilled water until the pH of the filtrate was neutral.
The precipitate cake was then soaked with the aqueous solution
of barium nitrate (0.0083 mol) and dried at 80 ◦C for 3 h in a hot
plate, followed by calcination at 400 ◦C for 5 h. The solid mass thus
obtained was homogenized by grinding and it was further calcined
at 850 ◦C for 8 h in a muffle furnace.

Ag promoted La0.8Ba0.2MnO3 catalysts were prepared by
impregnating Ag into La0.8Ba0.2MnO3 phase after its formation. The
La0.8Ba0.2MnO3 powder was soaked with aqueous AgNO3 (0.05, 0.5,
1 and 3 wt%) solution and dried at 80 ◦C with homogenization. The
samples thus obtained were calcined at 450 ◦C for 5 h to get the Ag
properly incorporated on perovskite catalyst.

2.3. Synthesis of supported catalysts

The honeycomb supports used has 400 cpsi cell density with
the wall thickness of approximately 0.15 mm.  The initial porosity
of these supports was  in the range of 35–40% with an open frontal
area of 65–78%. The supported La0.8Ba0.2MnO3 was prepared by
following two  steps: (i) preliminary coating of lanthana by in situ
precipitation method (approx. 3 wt%  referred to the monolith wt.).
In this precoating process, the support was  soaked in the precipi-
tate slurry that was obtained from lanthanum nitrate and dried by
using a hot air blower. This process was  repeated for several times
to obtain the desired loading of lanthana. Then the coated sup-
ports thus obtained were calcined at 500 ◦C for 4 h, (ii) the catalyst
coating (approximately 3 wt%  referred to the monolith weight) on
these pre-coated support was  processed by in situ co-precipitation
method, using similar procedure that was used for precoating of
lanthana. Finally, the support was calcined at 850 ◦C for 8 h to obtain
the cordierite honeycomb supported perovskite phase.

Honeycomb supported Ag-La0.8Ba0.2MnO3 catalysts were pre-
pared by impregnating Ag into La0.8Ba0.2MnO3 phase after its
formation. The supported La0.8Ba0.2MnO3 was soaked with aque-
ous AgNO3 solution and dried by using hot air blower. This process
was  repeated a few times to obtain the desired loading. The samples
thus obtained were calcined at 450 ◦C for 5 h as already described.

2.4. Characterization of catalytic materials

Inductively coupled plasma-optical emission spectrometer
(ICP-OES) was  used to quantify the chemical composition of
perovskites as well as Ag content. The ICP-OES analysis has been
carried out using Perkin Elmer-Optima 4100 DV instrument.
Supported and unsupported catalysts were characterized by X-ray
diffraction (XRD) and Brunauer–Emmett–Teller (BET) adsorption
methods for the confirmation of perovskite phase formation and
determination of specific surface area respectively. The X-Ray
diffraction patterns have been recorded using X-ray diffractometer
(Rigaku: Miniflex-II-DD34863) operated at 30 kV and 15 mA  with
a monochromator and using Cu-K� radiation (k = 0.15418 nm). The
additionally generated K� radiation was  filtered by monochro-
mator. The sample was  scanned for 2� range from 15 to 90◦.

Indexing of XRD peaks was done, by using the ICCD (JCPDS) cards
for the respective phases. BET surface area of samples was deter-
mined following the standard nitrogen adsorption method using
Micromeritics ASAP-2000 instrument. The SEM investigations
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ere carried out by JEOL JSM-6380A instrument using 10.0 kV
cceleration voltages to study the morphology of catalysts. Chem-
cal compositions of the catalysts were determined by ICP-AAS
echnique after acid digestion. Scanning Transmission Electron

icroscopy (STEM) analysis was performed by TECNAI-F20 instru-
ent using 200 kV acceleration voltages to study the surface
orphology of the catalysts. EDX analysis was also performed

sing JED-2300. The sample was coated with platinum. The aim
f this analysis was to get information about the presence and
istribution of elements on the external surface of the samples.

X-ray Photoelectron Spectroscopy (XPS) measurement were
arried out for the La0.8Ba0.2MnO3 and 1 wt% Ag-La0.8Ba0.2MnO3
amples, using a Perkin Elmer 1257 model XPS system, operat-
ng at a pressure of 1.9 × 10−8 torr and 1.8 × 10−8 torr, respectively
t room temperature with a non-monochromatized Al K� line at
486.6 eV, and a hemispherical sector analyzer capable of 0.25 eV
esolution. The overall instrumental resolution was  about 0.3 eV.
ass energy for survey scan and core level spectra kept at 143.05
nd 71.55 eV, respectively.

Temperature-programmed desorption (TPD) and temperature-
rogrammed reduction analysis were performed in a Thermo Quest
PD/R/O 1100 analyzer, equipped with a TCD detector. A fixed bed
f catalyst was placed in a quartz tube; prior to each temperature-
rogrammed oxygen desorption (TPD) run, the catalyst was  heated
p to 800 ◦C under the helium flow (30 ml/min). After 30 min  of

sothermal heating at this temperature, the sample was cooled to
5 ◦C in air flow. Afterwards, helium was fed to the reactor at 10-
L/min-flow rate and kept flowing for 1 h at room temperature in

rder to purge out any excess oxygen. The catalyst was then heated
p to 850 ◦C at the constant heating rate of 10 ◦C/min under the
ame helium flow and, O2 desorbed during the heating was  esti-
ated. For H2-TPR experiments, the catalyst was pretreated under

 flow of argon (25 ml/min) at 300 ◦C for 30 min  and cooled to room
emperature under the same flow. The reduction of catalyst was fol-
owed by heating the catalyst up to 800 ◦C at constant heating rate
f 10 ◦C/min under the H2-Ar flow, and consumption of H2 during
he heating was determined by using a TCD.

.5. Catalytic activity evaluations
The catalytic decomposition of N2O was carried out in a fixed-
ed, steady state type gas reactor as depicted in Fig. 1. Catalyst

Fig. 1. Schematic diagram of the steady state catalyst evaluation system.
lysis A: Chemical 348 (2011) 42– 54

sample (0.5 g) was  placed in a quartz reactor for catalytic run
and temperature of the reactor was  maintained by using PID
controlled furnace. Prior to the catalytic activity test, the cata-
lysts were pretreated at 400 ◦C for 2 h in a flow of helium for
surface cleaning. The total flow rate (63 SCCM) of high purity
5000 ppm N2O, and balance He gases were measured by mass flow
controllers (Alborg, USA). The effect of co-presence of 5 vol% O2
and 0.02 vol%. NO was also studied in separate evaluation exper-
iments. The NO content was  also followed during the course
of N2O decomposition reaction, to study the effect of catalysts
on simultaneous NO oxidation/decomposition. The space velocity
used for each run was  approximately 7500 h−1. After the catalyst
had attained steady state over a period of 30 min  at each tem-
perature, the effluent gas was  analysed by a gas-chromatograph
(Perkin Elmer-Clarus 500) using a Molecular Sieve 5A column
(for the analysis of O2, N2) and a Porapak column for N2O as
well as by a chemiluminescence based NOx analyzer (Environ-
nement SA) for other products. The similar procedure was used
for the evaluation of supported catalysts towards N2O decom-
position. In case of supported catalysts, the space velocity was
maintained at approximately 2000 and 50,000 h−1 with reference
to total volume of catalyst coated honeycomb and catalyst volume,
respectively.

The catalytic activity was  expressed in terms of conversion (X)
of N2O gas according to the following equation:

XN2O = PN2O in − PN2O out

PN2O in

3. Results and discussion

3.1. Catalyst characterization

The chemical composition results obtained by ICP-OES for
various Ag loaded La0.8Ba0.2MnO3 catalyst are shown in Table 1.
The ICP analysis confirms the presence of targeted chemical
compositions as well as amount of Ag in all the samples, which was
expected considering the Ag incorporation procedure used. The X-
ray diffraction patterns were compared with standard JCPDS cards,
which confirm the formation of crystalline La0.8Ba0.2MnO3 phase
with perovskite structure (JCPDS 75-0440). Very small amount of
La2O3 (JCPDS 89-4016) was observed in LaMnO3. The XRD pattern
of La0.8Ba0.2MnO3 catalyst shows a very low intensity diffraction
peak for Ba2MnO3 (JCPDS 75-0193), however, other peaks for this
phase were not observed, thereby not confirming the presence
of any significant impurity of this phase. The XRD patterns for
La0.8Ba0.2MnO3 and various Ag doped La0.8Ba0.2MnO3 perovskite
catalysts used in this study are shown in Fig. 2. It was not possible
to identify the presence of Ag in catalysts, except when the Ag con-
tent was 3 wt%, which indicates the possibility of Ag incorporation
in perovskite, leading to its high dispersion. XRD pattern for 3 wt%
Ag-La0.8Ba0.2MnO3 shows a weak peak for Ag2O phase, which
is in good agreement with standard data (JCPDS 72-2108). This

suggests that a separate Ag2O phase emerges at higher amount of
silver incorporation. This is obvious considering the certain limit
of ‘A’ site substitution in perovskites, which depends on perovskite
composition as well as method of preparation. The XRD patterns

Table 1
Quantitative results (%) of Ag on La0.8Ba0.2MnO3 obtained by ICP-OES analysis.

Ag loading on La0.8Ba0.2MnO3 catalyst (wt%) % of Ag obtained by ICP-OES

0.05 0.045
0.5  0.479
1  0.983
3 3.14
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Fig. 2. XRD patterns for LaMnO3, La0.8Ba0.2MnO3 and various Ag/La0.8Ba0.2MnO3: (©) perovskite; (�) La2O3; (�) Ba2MnO3;(�) Ag2O.
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erates of perovskite particles. The SEM images of bare ceramic
honeycomb support, supported La0.8Ba0.2MnO3 and supported Ag-
La0.8Ba0.2MnO3 are shown in Fig. 5(1–6). The top view image at

Table 2
BET surface area results for various catalysts and support.

Sr. no. Sample Surface area (m2 g−1)

1 La Ba MnO 7
Fig. 3. XRD patterns for ceramic honeycomb supporte

f bare ceramic honeycomb support and supported catalysts
re compared in Fig. 3. These clearly indicate the formation of
erovskite phase on supports as well as its crystalline nature. The
resent method using co-precipitated mass for the synthesis of
erovskite on cordierite honeycomb appears suitable, as perovskite
recursors are often reported to be reactive towards cordierite. As
e observed in our previous works [36], the precoat of lanthana

s also useful to prevent perovskite precursors from reacting with
ordierite. In this way, it was possible to support perovskite cata-
yst on commercially available cordierite support. The BET surface
rea results are shown in Table 2. The surface area of catalytic

aterials even after calcination at higher temperature is in the

ange of about 6–7 m2 g−1, which is reasonably high considering
he highly sintered perovskite phase. BET of supported catalytic

aterials shows surface area of approximately 4–5 m2 g−1.
Ba0.2MnO3 and Ag/La0.8Ba0.2MnO3 (C: catalyst phase).

The SEM micrographs in Fig. 4(1 and 2) show that the perovskite
powders obtained by co-precipitation method contain agglom-
0.8 0.2 3

2  Ag/La0.8Ba0.2MnO3 6
3 Cordierite support 1.2
4  Supported La0.8Ba0.2MnO3 5
5 Supported Ag/La0.8Ba0.2MnO3 4
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Fig. 4. (1) SEM photograph of La0.8Ba0.2MnO3 (2) SEM photograph of Ag/La0.8Ba0.2MnO3.

Fig. 5. (1 and 2) SEM photograph of ceramic honeycomb support (top-view). (3 and 4) SEM photograph of supported La0.8Ba0.2MnO3 (top-view). (5 and 6) SEM photograph
of  supported Ag/La0.8Ba0.2MnO3 (top-view).



S. Kumar et al. / Journal of Molecular Catalysis A: Chemical 348 (2011) 42– 54 47

h of 1 

a
s
o
m
F
l
n

Fig. 6. STEM photograp

 lower magnification (150×) of bare support shows the regular
tructure of cordierite honeycomb and very clear presence of per-
vskite catalyst on the walls of the support, appeared as dispersed
ass. The STEM images of 1 wt% Ag-La0.8Ba0.2MnO3 are shown in
ig. 6. The STEM images show the presence of some small spots of
ower brightness and that of different sizes, however, these could
ot be confirmed through EDX analysis due to their high disper-
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Fig. 7. EDX pattern for
wt% Ag/La0.8Ba0.2MnO3.

sion. EDX compositional analysis of surface was carried out for both
La0.8Ba0.2MnO3 and Ag-La0.8Ba0.2MnO3 and the results are shown
in Figs. 7 and 8. EDX pattern of Ag-La0.8Ba0.2MnO3 (Fig. 8(1 and 2))
confirms the presence and excellent dispersion of Ag on the surface

of perovskite.

XPS survey spectra acquired in the binding energy range of
0–1150 eV are shown in Fig. 9. Corrections due to charging effects
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Fig. 8. (1) EDX pattern for 0.05 wt%  Ag/La0.8Ba0.2MnO3. (2) EDX (STEM) pattern for 1 wt% Ag/La0.8Ba0.2MnO3.

Table 3
Binding energy (eV) results of surface elements (C 1s at 285 eV) as obtained by XPS analysis.

Catalysts BE (eV) �E

La 3d5/2 La 3d3/2 Ba 3d5/2 Ba 3d3/2 Mn 2p3/2 Mn  2p1/2 O 1s La Ba Mn

La0.8Ba0.2MnO3 838.25 854.95 779.8 795.8 642.9 655.75 529.6 16.7 16 12.85
1  wt% Ag-La0.8Ba0.2MnO3 838.7 855.5 779.8 795.05 643.3 654.85 530.5 16.8 15.25 11.55
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ere taken care of by using C 1s as an internal reference and
he Fermi edge of a gold sample. Peak areas were estimated by
ntegrating the appropriate signals after data analysis. During pho-
oemission studies, small specimen charging was  observed, which
as later calibrated by assigning the C 1s signal at 285 eV for both

amples (i.e. La0.8Ba0.2MnO3 and 1 wt% Ag-La0.8Ba0.2MnO3). Sur-
ey spectra for sample La0.8Ba0.2MnO3 (Fig. 9) show sharp peaks
f La, Ba, Mn,  C, and O while 1 wt% Ag-La0.8Ba0.2MnO3 shows the
resence of Ag, through a weak signal at 367.5 eV (Fig. 9) [37]. The
inding energy values of the observed elements present in Table 3
re in good agreement with standard values.

Our systematic XPS investigations carried out on 1 wt% Ag-
a0.8Ba0.2MnO3 compound have revealed that Ag incorporation
nto the system significantly affect the valence state of Mn.  To
dentify the change in valence state of Mn,  core level Mn  spec-
ra were analysed using peakfit programme. Peak deconvolution
as performed for both the compounds (La0.8Ba0.2MnO3 and 1 wt%
g-La0.8Ba0.2MnO3), at the same time on Mn(2p3/2) and Mn(2p1/2)
tates, with linear background subtraction and peaks were fitted
ith Gaussian component, which reveal deconvoluted Mn3+ and

n4+ components. Satellite peaks (S1 and S2) were also intro-

uced to obtain the best fit. Fig. 10 shows the deconvoluted XPS
n core-level spectra in the binding energy range 635–665 eV,
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ig. 10. XPS deconvoluted spectra for Mn2p core level: La0.8Ba0.2MnO3 (LBM) and
 wt%  Ag/La0.8Ba0.2MnO3 (ALBM).
Fig. 11. XPS deconvoluted spectra for O1s core level: La0.8Ba0.2MnO3 (LBM) and
1  wt%  Ag/La0.8Ba0.2MnO3 (ALBM).

obtained for La0.8Ba0.2MnO3, as those with Ag incorporation. The
La0.8Ba0.2MnO3 compound shows the spin–orbit splitting of the
Mn 2p level, manifested as Mn2p3/2 and Mn2p1/2. The difference
between these two Mn  peaks is 11.55 eV, which indicates the
presence of Mn  in Mn4+ state in perovskite structure. However,
deconvoluting the peaks into Gaussian components using appro-
priate positions and FWHM,  shows that Mn  exists in both Mn3+

(641.7, 653.1 eV) and Mn4+ (644.1, 655.5 eV) oxidation states in
La0.8Ba0.2MnO3. In addition, characteristic shake-up satellite peaks
are observed at 648 and 658 eV, respectively. The results of the XPS
studies and consequent deconvolution into Gaussian components
showed that Ag incorporation significantly alters the oxidation
state of Mn  and it changes from Mn3+ 48.1% to 41.1% and Mn4+

34.6% to 46.3% as shown in Table 4. This suggests incorporation of
Ag in perovskite structure.

To study the effect on surface oxygen defects, deconvolution was
performed on O (1s) core level spectra. Fig. 11 shows the deconvo-
luted spectra of oxygen, which has two  peak structure. The peak
Olattice is characteristic peak of “O2−” ions of the lattice oxygen and
appears at 529.5 eV, while peak Osurface appears at 531.7 eV denotes
O (1s) surface structure. This surface peak corresponds to the ion-
ization of weakly adsorbed species [33,38] and also the ionization
of oxygen ions with particular coordinates, more specifically inte-
grated in the subsurface. This suggests that the existence in the
subsurface of oxygen ions that bear lower electron density than
the “O2−” ions. In general, these oxide ions can be described as
“O−” species [39]. While third peak Omw observed at 533.7 eV is
attributed to absorbed molecular water above 532 eV [33,40,41].
When the density of lattice oxygen varies, the area ratio of these
three peaks also changes. It is evident from Fig. 11 that Ag incor-
poration increases Olattice from 36.7% to 58.9%, while Osurface and
Omw decreases from (shown in Table 4) 36.5% to 24.5% and 26.8% to
16.7%, respectively. Clearly the XPS analysis indicates towards the
altered redox states of La0.8Ba0.2MnO3 material after incorporation
of Ag, which further suggests the possibility of Ag substitution in
perovskite phase.

3.2. Catalytic activity

The catalytic activity results for LaMnO3, La0.8Ba0.2MnO3, var-
ious Ag/La0.8Ba0.2MnO3 catalysts and supported catalysts are

presented in Figs. 12–15. Pure LaMnO3 perovskite shows consid-
erable activity towards N2O decomposition at higher temperature
but the activity was insignificant at temperature below 400 ◦C. Pres-
ence of NO and O2 deteriorate the catalytic activity of this catalyst.
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Table 4
Quantitative results (%) of Mn and O species as derived from XPS analysis.

Catalysts Mn  2p3/2 Mn  2p1/2 Olattice Osurface Osurface (adsorbed water molecule)

Mn3+ Mn4+ Mn3+ Mn4+

La0.8Ba0.2MnO3 28.1 22.1 20 12.5 36.7 36.5 26.8
1  wt% Ag-La0.8Ba0.2MnO3 25.7 30.5 15.4 15.8 58.9 24.5 16.7
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ig. 12. N2O decomposition as a function of temperature for LaMnO3,
a0.8Ba0.2MnO3 and various Ag/La0.8Ba0.2MnO3 catalysts.

ignificant increase in activity was achieved after the incorpora-
ion of Ba in perovskite structure. At 500 ◦C, the catalytic activity of
aMnO3 was about 62%, which was observed to be almost 100% in
ase of Ba incorporated perovskite catalyst. In this way, Ba substi-
ution results in substantial improvement in N2O decomposition
ctivity of the present catalyst. This is mainly due to the altered
edox properties of lanthanum manganate perovskite, as also sub-
tantiated by XPS and TPR results. It was planned to study the effect
f Ag incorporation, possibly to further improve the catalytic activ-
ty, as the silver is often reported to promote NOx catalytic activity.

. Liu [33] observed the promotional effect of Ag on La0.8Ce0.2CoO3
atalyst for direct decomposition and reduction of NO. From this
bservation, we also inferred that Ag could be the promoter to
mprove the catalytic activity of La0.8Ba0.2MnO3 for N2O decompo-

ig. 13. N2O decomposition as a function of temperature for La0.8Ba0.2MnO3 and
 wt%  Ag/La 0.8Ba0.2MnO3 in presence 5 vol% .O2.
Fig. 14. N2O decomposition as a function of temperature for La0.8Ba0.2MnO3 and
1  wt% Ag/La 0.8Ba0.2MnO3 in the presence of 3 vol% H2O and 5 vol% O2.

sition in presence of catalytic inhibitors such as oxygen and water
vapour.

3.2.1. Effect of Ag loading on N2O decomposition activity
In order to investigate the details of promotional effect of Ag on

La0.8Ba0.2MnO3 for N2O decomposition, Ag doped La0.8Ba0.2MnO3
compositions were prepared with different Ag content. These cat-
alysts were evaluated for their catalytic activity and effect of other

gases, and the results are given in Fig. 12.  The effect of Ag promo-
tion was  more significant below 450 ◦C for La0.8Ba0.2MnO3 catalyst,
which suggests that the low temperature activity is due to the
presence and selectivity of Ag. Liu et al. also reported that Ag

Fig. 15. N2O decomposition as a function of temperature for La0.8Ba0.2MnO3 and
1  wt% Ag/La 0.8Ba0.2MnO3 in presence 0.02 vol% NO and 5 vol% O2.



r Catalysis A: Chemical 348 (2011) 42– 54 51

p
5
l
s
a
e
c

3

i
e
a
r
e
e
b

3
a

d
m
o
u
1
c
4

3

L
p
t
m
L
t
c
l
p

p
L
l

F
L
5

S. Kumar et al. / Journal of Molecula

romotion increases the catalytic activity of La0.6Ce0.4CoO3 below
00 ◦C for NO reduction [33]. The activity of La0.8Ba0.2MnO3 cata-

yst was observed to be maximum at 1 wt% Ag loading. This catalyst
hows T50 at 418 ◦C while 100% N2O decomposition was observed
t 495 ◦C. Hence, 1 wt% loading of Ag for this perovskite is consid-
red as optimum and further studies were carried out using this
omposition only.

.2.2. Effect of O2 on N2O decomposition activity
Inhibition of catalytic activity by oxygen remains one of the

mportant challenges towards catalytic decomposition of N2O. The
ffect of 5 vol% oxygen on N2O decomposition for La0.8Ba0.2MnO3
nd 1 wt% Ag-La0.8Ba0.2MnO3 catalysts were investigated and the
esults are shown in Fig. 13.  At high temperature, no significant
ffect was observed for both bare and promoted catalysts, how-
ver, un-promoted catalyst shows significant lowering of activity
elow 550 ◦C in the presence of oxygen.

.2.3. Effect of O2 and water vapour on N2O decomposition
ctivity

In order to investigate the effect of water vapour on N2O
ecomposition activity of bare and promoted catalysts, approxi-
ately 3 vol% water was  introduced in the feed along with 5 vol%

xygen. As inferred from Fig. 14,  the activity remains almost
nchanged for both at high temperature for La0.8Ba0.2MnO3 and

 wt% Ag-La0.8Ba0.2MnO3 catalysts, however, the Ag promoted
atalyst shows better activity in the temperature window of
00–500 ◦C.

.2.4. Effect of NO and O2 on N2O decomposition activity
The catalytic activity of La0.8Ba0.2MnO3 and 1 wt% Ag-

a0.8Ba0.2MnO3 for N2O decomposition was also evaluated in
resence of 5 vol% O2 and 0.02 vol% NO. As shown in Fig. 15,  both
he catalysts show decrease in activity, however, this effect was

ore pronounced in case of La0.8Ba0.2MnO3. In case of 1 wt%  Ag-
a0.8Ba0.2MnO3 this effect was significant below 450 ◦C only. From
hese results, we observed that the promotional effect of NO on
atalytic N2O decomposition is not significant for present cata-
ysts, and that the activity mainly depends on the altered redox
roperties of perovskite compositions.
Fig. 16 shows reaction rate for N2O decomposition in
resence of oxygen and NO for the La0.8Ba0.2MnO3 and 1 wt%Ag-
a0.8Ba0.2MnO3 catalysts. Reaction rate was calculated as mil-
imoles of N2O converted per g of catalyst per unit time. Maximum

ig. 16. N2O decomposition reaction rate as a function of temperature for
a0.8Ba0.2MnO3 and 1 wt%  Ag/La 0.8Ba0.2MnO3 in the presence of 0.02 vol% NO and

 vol% O2.
Fig. 17. NO oxidation as a function of temperature for La0.8Ba0.2MnO3 and 1 wt%
Ag/La0.8Ba0.2MnO3.

0.028 mmol  of N2O were converted per g of catalyst per min, when
1 wt%  Ag-La0.8Ba0.2MnO3 shows the 100% N2O conversion at 550 ◦C.
La0.8Ba0.2MnO3 converts a maximum of 0.023 mmol of N2O at about
550 ◦C. Both the catalysts show overall excellent catalytic activ-
ity for the N2O decomposition reaction and the activity observed
is considerably improved as compared to unsubstituted LaMnO3
catalyst.

In nitric acid industry tail gas, NO is often co-existing with N2O,
depending on the process control and application of after-exhaust
NO control technology like SCR. The zeolite based N2O decompo-
sition catalysts are reported to show NO oxidation, which in turn
also increase the N2O decomposition activity. In order to investigate
this effect, the NO conversion was  also followed while studying the
effect of NO on N2O decomposition activity. As indicated in Fig. 17,
both the catalysts show only moderate activity for NO conversion,
which primarily appears to be due to oxidation at lower temper-
ature and decomposition at higher temperatures as, inferred from
the total NOx data (mass balance).

3.2.5. Catalytic activity of supported catalysts
Ceramic honeycomb supported catalytic materials were also

evaluated for their N2O decomposition activity in the presence of
NO and O2. Fig. 18 presents the catalytic evaluation results obtained
with the perovskite catalyst coated ceramic honeycomb supports,
prepared by in situ synthesis technique. As indicated in Fig. 18,
the activity of supported La0.8Ba0.2MnO3 and Ag/La0.8Ba0.2MnO3 at
550 ◦C shows 55 and 100% N2O conversion, respectively. The cat-
alytic performance of supported catalysts is almost similar to that
obtained for powder samples. The catalytic activity of supported
catalyst was slightly better than the powder catalyst at lower tem-
perature (≤350 ◦C), which could be due to better mass transfer.

3.2.6. Catalyst stability
For industrial applications, catalyst stability is an important

criterion for a potential catalyst. Stability of the 1 wt% Ag-
La0.8Ba0.2MnO3 catalyst for N2O decomposition was examined at
550 ◦C and the results are shown in Fig. 19.  The Ag promoted present
perovskite catalyst shows no adverse effect in presence of 200 ppm
NO and 5% O2 in the feed. At 550 ◦C, the catalyst shows ≥90% N2O

conversion even after 30 h exposure to simulated feed. It is found
that the structure of 1 wt% Ag-La0.8Ba0.2MnO3 remains intact after
30 h of reaction exposure, which is confirmed by XRD studies of
used sample as shown in Fig. 20.
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Fig. 18. N2O decomposition as a function of temperature for supported-
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Mn /Mn ratio in barium substituted as well as in silver pro-
a0.8Ba0.2MnO3 and supported-1 wt% Ag/La0.8Ba0.2MnO3 in the presence of 0.02 vol%
O  and 5 vol% O2.

.2.7. Mechanistic aspects
There are few reaction mechanisms proposed for the catalytic

ecomposition of N2O, which mainly depends on catalyst compo-
ition as well as promoter elements used. The N2O decomposition
ver oxide catalysts involves a redox mechanism as reported by
ifferent researchers [42–49].  It is generally accepted that surface
acant sites are responsible for nitrous oxide decomposition. In this
edox mechanism, N2O acts as an oxidizing agent and oxygen is des-
rbed in the reducing step. In case of perovskite, the nitrous oxide
atalytic decomposition proceeds mainly in three steps. The step
1) would be the adsorption of N2O molecule on the surface vacant
ite, (2) desorption of this surface adsorbed oxygen by combining
ith another oxygen atom and by forming O2 to gas phase, (3) or
eans of directly reacting with N2O molecule. Probably steps (1)

nd (3) are irreversible, while (2) is reversible.

–VO–M + N2O → M–O–M + N2 (step1)
M–O–M � 2M–VO–M + O2 (step2)

Fig. 20. XRD pattern for 1 wt%  Ag/La0.8Ba0.2MnO3
Fig. 19. ‘Time on stream’ behavior for 1 wt% Ag/La0.8Ba0.2MnO3 catalyst for N2O
decomposition in presence 0.02 vol% NO and 5 vol% O2.

N2O + M–O–M → M–VO–M + O2+ N2 (step3)

where VO is the surface vacant site.
For La0.8Ba0.2MnO3 the N2O catalytic decomposition activity

is higher than that of LaMnO3. This is due to oxygen non-
stoichiometry in La0.8Ba0.2MnO3 through partial substitution of
bivalent Ba at ‘A’ site. This substitution alters the oxidation state
of ‘B’ site cation. In LaMnO3 ‘B’, cation is in the oxidation state of
+3 but in partially substituted La0.8Ba0.2MnO3, ‘B’ cation adjusts to
mixed oxidation state of +3 and +4, depending on the degree of
substitution. In case of silver promoted La0.8Ba0.2MnO3 the N2O
decomposition activity is further improved, which could be due
to the increase of Mn4+/Mn3+ ratio. Some of Ag ions doped on to
the surface of La0.8Ba0.2MnO3 may partially occupy the La sites due
to their similar ionic radii. Because of this Ag incorporation in lat-
tice structure, the amount of Mn4+ is increased in Ag promoted
perovskite. In this way, the altered redox properties of perovskite
appears to be the most likely cause for improved catalytic activity of
Ag promoted Ba substitute lanthanum manganate catalyst. The XPS
study findings support this hypothesis through observed improved

4+ 3+
moted LaMnO3 compositions. To further substantiate the altered
redox properties of present catalysts, oxygen-TPD and hydrogen-
TPR studies have been performed.

and N2O exposed 1 wt%  Ag/La0.8Ba0.2MnO3.
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.2.8. Oxygen temperature programmed desorption studies
Oxygen-temperature programmed desorption (O2-TPD) was

arried out to study the oxygen non-stoichiometry of substituted
erovskite, and to understand its role in N2O decomposition. Gen-
rally, oxygen defects are formed when a perovskite is heated at
igh temperature. Two different types of oxygen are known for
erovskite i.e. �-oxygen (suprafacial oxygen) desorbed at relatively

ower temperature and � oxygen (intrafacial oxygen), which is des-
rbed at high temperature [28]. The � and � oxygen usually belong
o surface and bulk respectively. When divalent Ba is substituted
n trivalent A site of LaMnO3 a charge compensation is needed to
chieve the electroneutrality. This can either attained by oxygen
efects or the shift of the B metal ion towards higher oxidation
tates (Mn3+ and Mn4+).

As indicated in Fig. 21,  the strong high temperature peak cor-
esponding to lattice oxygen desorption was shifted to higher
emperature with Ba partial substitution, while this peak became
urther stronger with Ag incorporation. The high temperature
xygen desorption of LaMnO3 is usually referred as release of
xygen-excess non-stoichiometry. This is usually due to the for-
ation of Mn4+ in LaMnO3 to reduce the Jahn–Teller distortion,

lthough the charge balance suggests that Mn  should be in 3+ oxi-
ation state. In La0.8Ba0.2MnO3 the Mn4+ state is more stable due
o the presence of Ba2+ ions in lattice (charge compensation) [28].
n case of 1 wt% Ag-La0.8Ba0.2MnO3 the Mn4+ state is even more
table than La0.8Ba0.2MnO3 due to the presence Ba2+ as well as
g+ ions at ‘A’ site of perovskite structure. Accordingly, the lattice
xygen desorption peak is shifted to higher temperature in these
ompounds. We  can infer from this observation, that the Ag incor-
oration increases the Mn4+/Mn3+ ratio of La0.8Ba0.2MnO3 catalyst
s also observed in XPS analysis.

.2.9. Temperature programmed reduction (TPR) studies
The H2-TPR studies of all the three catalysts have been carried

ut to examine the reducibility of different catalyst compositions.
he H2-TPR profile of these catalysts LaMnO3, La0.8Ba0.2MnO3 and

 wt% Ag-La0.8Ba0.2MnO3 are shown in Fig. 22.  Two  major reduction
eaks were observed; first low temperature peak in the range of
00–530 ◦C, which should belong to the reduction of Mn4+ to Mn3+

nd the second high temperature hydrogen consumption peak in
he range of 580–800 ◦C, which could be due to the reduction of

n3+ to Mn2+. LaMnO3 shows a reduction peak for Mn4+ to Mn3+
ue to over stoichiometry as already mentioned in O2-TPD studies
28]. The Mn4+ reduction peak intensity increased with Ba sub-
titution, indicating the higher content of Mn4+, while this peak
ecame further intense and shifted towards lower temperature for

ig. 21. O2-TPD profile for LaMnO3, La0.8Ba0.2MnO3 and 1 wt% Ag/La0.8Ba0.2MnO3.
Fig. 22. H2-TPR profile for LaMnO3, La0.8Ba0.2MnO3 and 1 wt% Ag/La0.8Ba0.2MnO3.

Ag promoted catalyst. Overall improved reduction of Mn4+ to Mn3+

was  observed in case of silver promoted catalyst with higher peak
intensity, inferring the altered redox properties for this catalyst.
The intensity for second reduction peak of Mn3+ to Mn2+ decreased
with Ba substitution and further decreased by Ag addition. These
TPR profiles therefore further substantiate the altered redox prop-
erties of perovskite by means of Ba and Ag incorporation, and can
explain improved catalytic activity of Ba and Ag promoted catalysts,
as also corroborated by XPS and TPD findings. Insignificant effect
of NO on N2O decomposition also infers the different mechanisms
operating in present perovskite type catalysts as compared to those
zeolite based.

4. Conclusion

LaMnO3 type non-noble metal based perovskite catalysts with
Ba substitution and Ag promotion were systematically studied for
their catalytic activity towards N2O decomposition reaction in pres-
ence of oxygen, NO and water vapour. These low-cost catalysts
have been synthesized by co-precipitation, followed by impreg-
nation method, and studied for their N2O decomposition activity
under different conditions. The catalysts have also been deposited
on ceramic honeycomb support, by following the same methods of
preparation. Both Ba substitution as well as Ag incorporation show
promotional effect on N2O decomposition activity of LaMnO3 type
catalyst. 1 wt%Ag promoted La0.8Ba0.2MnO3 shows 100% N2O con-
version in presence of oxygen and NO at 550 ◦C with a reaction rate
of 0.028 mmol  per g of catalyst per min.

The catalyst characterization studies suggest that the improved
catalytic activity of Ba as well as Ag promoted catalysts are
mainly because of the altered redox properties of LaMnO3. This
is primarily the result of the altered Mn4+/Mn3+ ratio in these
promoted catalysts, because of charge compensation effect. There
was  an insignificant effect of NO promotion observed, which fur-
ther suggest the redox mechanism of N2O decomposition. X-ray
photoelectron spectroscopy, O2-TPD, and H2-TPR studies of these
catalysts also infer the altered redox properties of Ba as well as Ag
promoted compositions. This lead us to believe that both Ba and Ag
are primarily present in the perovskite structure. The present N2O

decomposition study therefore, contribute towards better under-
standing of this reaction on perovskite type catalysts, which can
be useful for design of catalysts with further improved activity. The
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ime stream stability study also indicates potential of such low cost
atalysts for catalytic N2O decomposition.
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