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a b s t r a c t

Previous study suggested that either high oxygen mobility in layer-structured (La1�ySry)2MnO4 perov-
skite or high oxygen diffusion through intergrain boundaries is the reason why multiphase La1�xSrxMnO3

samples exhibit a high catalytic activity in high temperature N2O decomposition. The absence of inhib-
iting effect of oxygen on the reaction rate for these samples allows us to suppose that surface segregation
of layered perovskite increases oxygen mobility and facilitates oxygen desorption from the surface. In this
paper, we aimed at determining the influence of surface composition on oxygen mobility and catalytic
activity in high temperature N2O decomposition. By means of steady-state isotopic transient kinetic anal-
ysis (SSITKA) the mechanism and kinetics of oxygen exchange were elucidated for three La1�xSrxMnO3

(x = 0, 0.3, and 0.5) samples considerably differing in phase composition and catalytic activity. The results
obtained indicate that inactive single-phase LaMnO3 exhibits both the lowest rate of oxygen exchange on
the surface and the lowest rate of oxygen diffusion in the bulk. For La0.3Sr0.7MnO3, the increased values of
both rates as compared with LaMnO3 can be interpreted as the appearance of a fast pathway of oxygen
transfer through vacancies formed in the perovskite lattice to compensate the reduced cation charge. The
highest values of the content of fast-exchangeable oxygen and oxygen diffusion coefficient were found
for a multiphase sample containing layered perovskite, thus providing a strong correlation between oxy-
gen mobility and catalytic activity in the reaction of nitrous oxide decomposition.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Mixed oxides of the general formula LaBO3 (B = Mn, Co, Fe, Cu,
and Cr) constitute a broad class of materials including catalysts
for many oxidative processes, membranes and cathodes for solid
oxide fuel cells. An important feature of these materials is their
ability to accommodate various ions of alkaline-earth metals into
the La and B sublattices without noticeable changes in the overall
bulk crystal structure. Substitution of foreign M2+ (M = Sr, Ca, and
Ba) cations for La results in either the change of oxidation state
of transition metal or the formation of anion defects in the packing
of oxygen atoms. The formation of such defective structures
influences oxygen mobility, and thus sometimes directly affects
the catalytic properties of mixed oxides [1].

Among such mixed oxides, considerable attention has been
focused on Sr-doped manganites as the promising catalysts for
methane combustion. According to Marchetti and Forni [2], at low
ll rights reserved.

ient kinetic analysis; DDPA,
iffraction; XPS, X-ray photo-
temperature (T < 700 �C) La0.6Sr0.4MnO3 shows higher activity than
non-modified manganite, which is due to the presence of weakly
bound oxygen on the surface. On the other hand, Murwani et al.
[3] consider that at temperatures above 300 �C the oxidizing agent
is Mn4+, which forms to compensate the charge change under Sr
substitution for La. Ponce et al. [4] found as well that stability of
Mn4+ ion seems to be the most important factor determining the
catalytic activity of manganites in the oxidation of methane
(200–800 �C). At high temperatures the catalytic activity depends
on the lattice oxygen mobility [3,5]. As was shown by 18O isotope
exchange experiments, the last can be determined by either the
structural properties of the samples, such as the presence of spe-
cific phase [6] and density of grain boundaries [7], or the oxidation
state of Mn in Sr-doped manganites [3].

N2O decomposition is another reaction that can be sensitive to
oxygen mobility. According to the commonly accepted mechanism
of this reaction [8]:

1. N2Oþ �$k1

k�1

N2O�;

2. N2O� !k2 N2 þ O�;

3. 2O� $k3

k�3

O2 þ � ð� is active site for N2O adsorptionÞ.
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Nomenclature

D diffusion coefficient of 18O in the oxide bulk (m2/s)
De diffusion coefficient of molecular oxygen in catalyst

pores (m2/s)
Dfast diffusion coefficient of fast-exchangeable 18O in the bulk

(m2/s)
f34 fraction of 16O18O in the gas phase
h characteristic size of the oxide particle (m)
n number of spherical layers of the catalyst’s particle
Ng quantity of oxygen atoms in the gas phase
Ns quantity of oxygen atoms on the surface
Nbulk quantity of oxygen atoms in the oxide bulk
Nbulk1 quantity of oxygen atoms in the first spherical layer
Nfast

bulk quantity of fast-exchangeable 18O atoms in the bulk
(at./g)

Nslow
bulk quantity of slow-exchangeable 18O atoms in the bulk

(at./g)
N18O16O quantity of 18O16O oxygen formed in the first 100 s of

exchange (molec./g)
N16O2

quantity of 16O2 atoms released in the first 100 s of ex-
change (molec./g)

r particle radius in spherical approach (m)
R total rate of heteroexchange (s�1)
R0 rate of homoexchange (s�1)
R1 rate of heteroexchange between one oxygen atom from

the gas phase oxygen and one oxygen atom from the so-
lid (s�1)

R2 rate of heteroexchange between molecular oxygen and
two oxygen atoms of the solid (s�1)

S surface area (m2)
Si surface area of the ith spherical layer (m2)
V sample volume (m3)
abulki atomic fraction of 18O in the ith spherical layer
afast

bulki atomic fraction of fast-exchangeable 18O in the ith
spherical layer

ag atomic fraction of 18O in the gas phase oxygen
as atomic fraction of 18O on the oxide surface
aObulk atomic fraction of 18O in the oxide bulk
bi coefficient of exchange in the ith spherical layer (s�1)
bfast

i coefficient of fast-oxygen exchange in the ith spherical
layer (s�1)

bslow
bulk coefficient of slow-oxygen exchange in the bulk (s�1)

n dimensionless reactor length
g dimensionless depth of the oxide layer
s residence time (s)
sbulk characteristic time of oxygen exchange in the bulk (s)
sfast

bulk characteristic time of fast-oxygen exchange in the bulk
(s)

sslow
bulk characteristic time of slow-oxygen exchange in the bulk

(s)
sin characteristic time of oxygen molecule diffusion in cat-

alyst pores (s)
ss characteristic time of oxygen exchange on the surface

(s)
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Step 3 – desorption of oxygen – is most likely the rate-deter-
mining step, as was already observed for many catalysts [9,10].

In this case the correlation should exist between energy of acti-
vation for N2O decomposition and surface-oxygen binding energy.
Such correlation was found by Winter for a series of oxides at the
temperature range 300–700 �C [11,12]. Moreover, Winter also re-
lates the rate of N2O decomposition to the lattice parameters of
the oxide type such as the lattice spacing and the minimum O–O
distance. However, it can be reasonably assumed that at higher
temperatures other properties of oxides, e.g. bulk oxygen mobility,
can become significant.

Earlier we investigated how the surface and phase composition
of Sr-doped manganites La1�xSrxMnO3 (x = 0–1) influences their
catalytic activity in the reaction of nitrous oxide decomposition
at 900 �C. The multiphase samples containing (La1�xSrx)2MnO4

with the K2NiF4-type structure exhibited the highest catalytic
activity without reaction retardation by oxygen. This result lets
us suppose that high activity of such systems could be due to both
high oxygen mobility in the bulk of the solid and increased ratio
between the rates of surface-oxygen desorption and adsorption.

Under this study, we aimed at examining the oxygen mobility–
catalytic activity relationship for three samples of La1�xSrxMnO3

series (x = 0, 0.3, and 0.5), considerably differing in the catalytic
activity in high temperature N2O decomposition, by means of SSIT-
KA [13–15].
2. Experimental

2.1. Catalysts preparation and characterization

The La1�xSrxMnO3 (x = 0, 0.3, and 0.5) catalysts were prepared
by the organic polymerized complex method (Pechini route) [16].
Stoichiometric amounts of high purity metal nitrates
[La(NO3)3�6H2O, Mn(NO3)2�6H2O, and Sr(NO3)2] were mixed in an
aqueous solution. The solution was heated to 90 �C; 4 ml of water
solution of citric acid (2 g/ml) and 3 ml of ethylene glycol were
added while stirring. The solution was then evaporated to produce
a viscous resin. Further heating (ca. 140 �C) resulted in decomposi-
tion of this viscous residue to form a perovskite precursor. The pre-
cursor was calcined in air at 900 �C for 4 h.

The samples were characterized by XRD in the as-prepared
state and after the catalytic experiments using a URD-6 diffractom-
eter with Cu Ka radiation. High-temperature diffraction experi-
ments were performed on a Bruker D8 diffractometer using
Anton Paar high-temperature X-ray chamber. The experiments
were carried out in air and under vacuum (5 � 10�3 mbar) by heat-
ing the samples to 900 �C. Surface composition was studied by XPS
using Al Ka irradiation. Detailed phase composition, cation ratio,
and possible screening of one phase by another were analyzed by
differential dissolution phase analysis (DDPA) [17].

2.2. SSITKA experiments

SSITKA is based on stepwise switches in the gas isotopic compo-
sition followed by continuous monitoring of differently labeled
molecules. The installation used in this study consists of three
main parts: gas flow control system, reactor block, and gas analysis
system. The reactor is a 3 mm i.d. quartz tube located in a furnace.
To control the temperature of the catalyst, a chromel–alumel ther-
mocouple was installed outside the reactor, adjoining the catalyst
bed. The experiments were performed as follows: the catalyst
(0.025 g) was first treated in a mixture of 0.44 vol.% 16O2/He flow-
ing at a rate of 1.4 cm3/s at 900 �C for 30 min; then the flow rate
was raised to 16.7 cm3/s. After 10 min of keeping in these condi-
tions, the mixture was replaced stepwise by 0.44% 18O2 in He at
the same flow rate. In addition to 18O2 this mixture also contained
1% of Ar. Argon response curve obtained after the replacement al-
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lowed us to determine degree of approximation of mass transfer
regime to plug-flow one. In our case Ar response curve behaves
as a step function (presented below in all figures with the experi-
mental data). Hence we suppose that the scrambling of the gas
mixture passing through the catalyst bed can be excluded from
the consideration. The outlet gas composition was analyzed by
an on-line quadrupole mass spectrometer SRS QMS 200.

All SSITKA responses are analyzed as time variation of the frac-

tions of differently labeled oxygen molecules: f32ðtÞ ¼
16O2P

iOjO
,

f34ðtÞ ¼
16O18OP

iOjO
, and f36ðtÞ ¼

18O2P
iOjO

, where
P

OiOj ¼ 16O2 þ 16O18Oþ
18O2.

The 18O atomic fraction in the gas phase is calculated as follows:

agðtÞ ¼
16O18Oþ 218O2

2
P

iOjO
:

2.3. Catalytic activity tests

Catalytic activity in the reaction of nitrous oxide decomposition
was studied using 3–20 mg of the catalyst (particles of 250–
500 lm in size, 0.0325 cm3 in volume) loaded in a quartz reactor
of the same design as that used for the oxygen exchange experi-
ments. The reactor operated at ambient pressure and 900 �C. The
temperature was monitored by chromel–alumel thermocouple
adjoining the catalyst bed. The gas mixture of 0.15 vol.% N2O
(+3 vol.% O2) in He flowed across the catalyst bed at a rate of
16.7 cm3/s (contact time 5 � 10�4 s). The outlet gas composition
was analyzed by on-line gas chromatographs equipped with Pora-
pak T column (i.d. = 3 mm, l = 3 m) to separate air and N2O, and
NaX column (i.d. = 3 mm, l = 2 m) to determine the concentrations
of N2 and O2, which are the only reaction products.
3. Results and discussion

3.1. Samples characterization

According to the XRD data, the LaMnO3 sample was a single-
phase perovskite with orthorhombic cell (Pnma space group). In
the La0.7Sr0.3MnO3 and La0.5Sr0.5MnO3 samples, a phase of
(La1�ySry)2MnO4 with tetragonal K2NiF4-type structure (P4/nmm
space group), consisting of alternate layers of La1�xSrxMnO3 and
SrO, appeared in addition to Sr-substituted La1�xSrxMnO3 with
pseudo-cubic structure (Pm3m space group). Structural parame-
ters, phase composition and average particle size (calculated from
XRD patterns and from BET surface area) are presented in Table 1.

For all the samples, particle size calculated using SBET data (DBET)
was substantially greater than the X-ray particle size estimated by
the Scherrer equation (DXRD). This difference can be explained by
the concretion of crystal domains forming the developed network
of grain boundaries. As follows from the DXRD/DBET ratio, LaMnO3
Table 1
Structural parameters, phase composition, and average particle size (calculated from XRD

Sample SBET (m2/g) Phase composition Lattice parameters (

a b

LaMnO3 2.8 LaMnO3 5.486(2) 7.780(
La0.7Sr0.3MnO3 4.1 La1�xSrxMnO3 3.875(1)

(La1�ySry)2MnO4 (traces)
Two solid solutions of 3.888(2)

La0.5Sr0.5MnO3 5.5 La1�xSrxMnO3 3.866(2)
LaSrMnO4 3.857(4)

a Crystal domain size calculated by Scherrer equation after correction for instrumenta
b Equivalent cubic particle size calculated from BET surface area assuming density of
is characterized by the maximal density of grain boundaries among
the studied La1�xSrxMnO3 samples.

To better understand the surface and phase composition of mul-
tiphase compounds, we studied them by differential dissolution
phase analysis (DDPA). The results obtained indicate that
La0.7Sr0.3MnO3 is likely to be the solid solution of perovskite
La1�xSrxMnO3 with a variable Sr content, which gradually de-
creases depthward in the bulk. The traces of (La1�ySry)2MnO4 are
localized on the surface layers of the particles. Moreover, in the
mixture of hydrochloric and nitric acid the trace quantity of X-
ray amorphous MnOx was detected. It would be expected to satisfy
the overall sample stoichiometry.

For La0.5Sr0.5MnO3 the surface is enriched with (La1�ySry)2MnO4

and easily soluble amorphous SrOx, which partially screen the
perovskite phase La1�xSrxMnO3. Further XPS analysis justified the
surface enrichment with Sr and evidently indicated the presence
of dispersed MnOx. Formation of the (La1�ySry)2MnO4 phase and
MnOx on the surface of the particles could result from the
partial decomposition of the Sr-supersaturated solid solution of
perovskite [18].

According to XRD and DDPA in La0.7Sr0.3MnO3, the amount of
(La1�ySry)2MnO4 was negligible. As follows from high-temperature
XRD, heating of this sample to 900 �C both in air and under vacuum
led to the disappearance of (La1�ySry)2MnO4 phase probably due to
incorporation into the perovskite lattice. Thus, in the conditions of
oxygen exchange and catalytic activity experiments this sample
was most likely a single-phase perovskite. For La0.5Sr0.5MnO3 sam-
ple, heating to 900 �C both in air and under vacuum showed that
the multiphase composition was stable.
3.2. Oxygen exchange

The results obtained when the isotopic composition of oxygen
was switched from 16O2 to 18O2 in the gas mixture flowing over
the LaMnO3, La0.7Sr0.3MnO3, and La0.5Sr0.5MnO3 at 900 �C are
shown as time variation of the 18O16O, 18O fraction (f34 and ag,
respectively), and argon (Fig. 1).

As indicated in Fig. 1, the greater is the degree of Sr substitution
for La, the more pronounced is the delay between the ag(t) and Ar
responses. It definitely means that the overall rate of oxygen ex-
change for the multiphase sample is higher than that for the sin-
gle-phase samples. However, ag(t) transients cannot be expressed
by a single-exponential function for each of the studied samples.
This indicates that the time dependence of ag(t) is at least a two-
parametrized function including oxygen exchange on the surface
and diffusion of labeled oxygen in the bulk of the solid.

According to [19,20], the higher is the rate of oxygen diffusion
in the bulk, the smaller is the amount of 16O18O that will form at
a close quantity of exchanged oxygen (D ?1, f34(t) ? 0). Thus,
for qualitative assessment of differences in the rate of oxygen dif-
fusion in the bulk, the following coefficient was calculated:
and SBET data) of La1�xSrxMnO3 samples (x = 0, 0.3, 0.5).

Å) Space group DXRD
a (nm) DBET

b (nm) h (lm)

c

5) 5.492(2) Pnma 90 320 0.16
Pm3m 90 220 0.11

Pm3m 65
Pm3m 170 0.09

12.47(1) P4/nmm 90

l broadening.
La1�xSrxMnO3 equal to 6.67 g/cm3.



Fig. 1. The experimental ag(t) (A) and f34(t) (B) responses observed for LaMnO3, La0.7Sr0.3MnO3, and La0.5Sr0.5MnO3 at 900 �C.
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N18O16O

N16O2

¼
R ts

0 f34ðtÞdtR ts

0 f32ðtÞdt
ðts � 100 sÞ:

Time interval of 100 s after the isotope replacement was chosen
to diminish miscalculation arising at integration of the tail parts of
the curve, which are determined with lower accuracy. The calcu-
lated values of N18O16O

N16O2

are presented in Table 2.

As the calculations show, these values gradually decrease in the
range LaMnO3 > La0.7Sr0.3MnO3 > La0.5Sr0.5MnO3, which indicates
that the substitution of Sr for La in manganites increases the lattice
oxygen mobility.

Thus, two different steps that can control the overall rate of ex-
change are distinguished, i.e. oxygen exchange on the surface/sub-
surface layers of the catalyst and oxygen diffusion in the bulk.
Oxygen mobility in the bulk obviously increases as La substitutes
for Sr. To determine the kinetic parameters and exchange mecha-
nism, we made numerical analysis of the isotope responses.

3.3. Model of isotope exchange

To make certain that the reaction of isotope exchange courses in
a kinetic regime, a characteristic time of oxygen molecules diffu-
sion in catalyst pores sin ¼ h2

De
was estimated. Assuming that the

catalyst particle has a spherical form, the characteristic size of
the catalyst particle h = 3V/S � 1.6 � 10�7 m and De � 10�3 m2/s,
the value of sin can be estimated as 10�10 s. This value certainly
satisfies the criterion of the absence of transport limitation in cat-
alyst particle under transient operation for step-response experi-
ments [21]. Therefore, one can conclude that the dynamics of
response is determined by the mechanism and the rate of oxygen
exchange.

Three mechanisms of oxygen exchange between gas phase and
the surface are distinguished [19,22,23]:

1. Homoexchange without participation of any oxygen atom of the
oxide (characterized by the corresponding rate R0):
Table 2
Calculated values of total amount of 16O2 (N16 O2

– molec./g) and 18O16O (N18 O16 O – molec./

Catalyst Total amount of 18O16O formed during exchange
(in the first 100 s) – N18 O16 O (molec./g)

LaMnO3 300�1019

La0.7Sr0.3MnO3 270�1019

La0.5Sr0.5MnO3 220�1019
16O2ðgÞ þ 18O2ðgÞ $ 218O16OðgÞ:

2. Simple heteroexchange between one oxygen atom of the gas
phase oxygen and one oxygen atom from the structure of the
solid (the corresponding rate R1):

18O18OðgÞ þ 16OðsÞ $ 18O16OðgÞ þ 18OðsÞ;
18O16OðgÞ þ 16OðsÞ $ 16O16OðgÞ þ 18OðsÞ:

3. Completely heteromolecular exchange between O2 molecule
and two oxygen atoms of the solid (the corresponding rate R2):

18O18OðgÞ þ 216OðsÞ $ 16O16OðgÞ þ 218OðsÞ;
18O16OðgÞ þ 218OðsÞ $ 18O18OðgÞ þ 18OðsÞ þ 16OðsÞ;
18O16OðgÞ þ 216OðsÞ $ 16O16OðgÞ þ 18OðsÞ þ 16OðsÞ:

The overall rate of heteroexchange is the only factor that deter-
mines the atomic fraction of 18O in the gas phase, ag(t). In turn, the
atomic fraction of 18O within the surface layers of the catalyst
(as(t)) depends on the rate of both heteroexchange on the oxide
surface and isotope transfer in the bulk of catalyst.

For our system, the following scheme I of isotope exchange was
proposed (Fig. 2).

The scheme comprises two main steps: (1) adsorption and ex-
change in the surface/subsurface layers, and (2) diffusion of labeled
oxygen atoms in the bulk of oxide.

The isotope exchange between the gas phase oxygen and that in
the oxide can be modeled for a plug-flow reactor using the follow-
ing mass balance equations that describe the changes in the 18O
fraction [24–26]:
in the gas phase

Ng
@ag

@t
þ l

s
@ag

@n

� �
¼ �NsRðag � asÞ; ð1Þ

on the surface
g) taking part in oxygen exchange in the first 100 s and N18 O16 O
N16 O2

coefficient.

Total amount of 16O2 released during exchange
(in the first 100 s) – N16O2

(molec./g)

N18 O16 O
N16 O2

(molec./molec.)

150�1019 2
180�1019 1.5
230�1019 0.96



Fig. 2. A scheme I of the gas/surface(subsurface)/bulk oxygen exchange in the
perovskite catalysts.
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NS
@as

@t
¼ Rðag � asÞ � S

Nbulk

V
D
h
@abulk

@g

����
g¼0

; ð2Þ

in the bulk of oxide

@aObulk

@t
¼ D

h2

@2aObulk

@g2 ; ð3Þ

and supplemented with the equation describing changes in the
16O18O fraction:

Ng
@f34

@t
þ 1

s
@f34

@n

� �
¼ NsðR0ð2agð1� agÞ � f34Þ þ R1ðagð1� asÞ

þ asð1� agÞ � f34Þ þ R2ð2asð1� asÞ
� f34ÞÞ: ð4Þ

Initial and boundary conditions:

t ¼ 0; ag ¼ 0; f 34 ¼ 0; as ¼ 0; abulki ¼ 0;
Fig. 3. A scheme of catalyst particle from a spherical approach.
n ¼ 0; ag ¼ ainput
g ; f 34 ¼ f input

34 :

Here, ag, as, and aObulk are the atomic fractions of 18O in the gas
phase oxygen, on the oxide surface and in the oxide bulk, respec-
tively; f34 is the fraction of 16O18O in the gas phase; R0, R1, and R2

are the rates of different types of exchange calculated per active site
of the surface (s�1); R = 0.5R1 + R2 is the total rate of heteroexchange
(s�1); D is the diffusion coefficient of 18O in the oxide bulk (m2 s�1);
S is the surface area (m2); V is the sample volume (m3); h is a char-
acteristic size of the oxide particle (m); g is a dimensionless depth
of the oxide layer; s is the residence time (s); n is a dimensionless
reactor length; Ng, Ns, and Nbulk are the quantities of oxygen atoms
in the gas phase, on the surface, and in the oxide bulk, respectively.

Quantities of oxygen atoms in the gas phase were known, while
the quantities of oxygen atoms on the surface were taken to be
equal to a monolayer (1 � 1019 at./m2). The number of 18O atoms
capable of exchange Nbulk, the coefficient of diffusion in the oxide
bulk D, and the rates of exchange R0, R1, and R2 were estimated
by modeling the isotope responses. Assuming that the shape of cat-
alyst particle was close to spherical and the oxygen capable of ex-
change was distributed uniformly in the bulk, we divided the
catalyst particle into n layers of equal volume and approximated
the diffusion equation (3) by a set of n equations that describe
the exchange between different spherical layers:
@abulk1

@t
¼ b0ðas � abulk1Þ þ b1ðabulk2 � abulk1Þ ð5Þ

@abulki

@t
¼ bi�1ðabulki�1 � abulkiÞ þ biðabulkiþ1 � abulkiÞ

ði ¼ 2; . . . ;nÞ; ð6Þ

where abulki is the fraction of 18O in the ith layer, bi is the coefficient
of exchange (s�1) that varies with the surface of each layer, Si:

bi

b0
¼ Si

S
¼ n� i

n

� �2
3

: ð7Þ

The ratio between diffusion coefficient and exchange coefficient b0

is defined from the boundary conditions at g = 0:

S
Nbulk

V
D
h

Dabulk

Dg

����
g¼0
¼ Nbulk1b0ðas � abulk1Þ: ð8Þ

Considering that within the frame of our spherical model of the par-
ticle (Fig. 3) S = 4pr2,

V ¼ 4=3pr3; h ¼ r; Dg1 ¼
1

3n
;

Nbulk

Nbulk1
¼ n;

we obtain:

D
r2 ¼ b0ðDg1Þ

2 ¼ b0

ð3nÞ2
: ð9Þ

If so, the exchange coefficients for each layer can be expressed in
terms of diffusion coefficient:

bi ¼ b0
n� i

n

� �2
3

¼ D
r2 ð3nÞ2 n� i

n

� �2
3

: ð10Þ
3.4. Numerical analysis of isotope responses

LaMnO3. Fig. 4 presents the data on isotope fractions ag(t) and
f34(t) vs. time on stream measured in the SSITKA experiments over
LaMnO3 and calculated in accordance with the scheme I under the
following ratios between the rate of heteroexchange on the surface
and coefficient of labeled oxygen diffusion in the bulk:

� R� D/r2 – the rate of oxygen diffusion in the bulk of the solid
controls the overall rate of exchange.

� D/r2� R – the rate of oxygen exchange on the surface controls
the overall rate of exchange. In this case, f34(t) strongly depends
on the type of oxygen exchange.

Calculated for the extreme case 1, ag(t) response (Fig. 4a) fails to
describe the break on the experimental ag(t) curve observed in the
time range around 40 s. So, in a period of 0–40 s the calculated val-
ues of ag(t) exceeded the experimental values. It means that the
rate of oxygen diffusion in the bulk of the catalyst was understated.



Fig. 4. Simulation responses ag(t) (a) and f34(t) (b, c) over LaMnO3. Point – experimental, lines – calculated by scheme I, cases 1–2 (a and b), case 3 (a and c). Curves R1 and R2

correspond to different mechanisms of heteroexchange.
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However, attempts to increase the diffusion coefficient gave a
worse fitting of the tail part of the curve. The calculated maximum
of f34(t) is shifted to the short-time interval (5–25 s) irrespective of
the mechanism of oxygen exchange on the surface (R1 or R2)
(Fig. 4b).

Calculated for the extreme case 2, the values of R are evidently
overestimated, and the time of relaxation is noticeably shorter
than that observed for the experimental data. The calculated max-
imum of f34(t) is shifted to a longer time of stream (30–50 s), espe-
cially supposing R2 mechanism (Fig. 4b).

As a result, the values of ag(t) obtained for both extreme cases
fail to fit the experimental data. It indicates that both oxygen ex-
change on the surface and diffusion in the bulk control the overall
rate of oxygen exchange (case 3). In this case, in the initial period of
time after the switch, oxygen exchange on the surface is the rate-
determining step, while diffusion in the bulk becomes more signif-
icant with time. Table 3 lists the values of the oxygen exchange
rate on the surface R and the diffusion coefficient D as well as
the characteristic time of oxygen exchange on the surface and in
the bulk (ss,sbulk).

Under the given values of the oxygen exchange rate on the sur-
face, the distribution of isotope molecules 16O18O and 18O2 at the
outlet from the catalyst bed is approaching the equilibrium, and
the difference between R1 and R2 mechanisms of exchange is partly
suppressed. However, according to Fig. 4c, the mechanism R2 pro-
vides more accurate description of f34(t) response, which is in
agreement with the literature [27].
Table 3
Calculated values of oxygen exchange parameters for different La–Sr–Mn–O samples.

Catalyst Exchange on the surface Exchange in the bulk

R (s�1)a ss (s) Nbulk (at./g)

Model I – one type of bulk oxygen
LaMnO3 8 �0.13 73�1020

Nfast
bulk (at./g) Dfa

Model II – two types of bulk oxygen
La0.7Sr0.3MnO3 15 �0.07 35�1020 2.3
La0.5Sr0.5MnO3 15 �0.07 66�1020 6.4

a Supposing a concentration of active sites is 1 � 1019.
La0.7Sr0.3MnO3. Numerical analysis of the ag(t) and f34(t) depen-
dences for La0.7Sr0.3MnO3 sample (Fig. 5) indicates that with the
same value of R obtained for LaMnO3 sample we cannot achieve
an appropriate fitting of experimental ag(t) and f34(t) curves in
the initial period of time (0–45 s), even by increasing the rate of
oxygen diffusion in the bulk of the solid up to infinity (scheme I,
case 1).

The maximum of calculated f34(t) curve is shifted to a longer
time of stream, irrespective of the exchange mechanism (Fig. 5b).
And vice versa, remaining unaltered the rate of oxygen diffusion
in the bulk, we understate the overall rate of exchange in the time
interval 5–50 s (Fig. 5a) even at extremely high value of R (scheme
I, case 2).

Hence, for La0.7Sr0.3MnO3 sample, both the rate of oxygen ex-
change on the surface and the rate of oxygen diffusion in the bulk
have higher values than those found for LaMnO3 sample. The best
fitting of the experimental ag(t) and f34(t) data can be achieved
assuming that the bulk of the solid contains two different types
of oxygen – Ofast and Oslow (scheme II, Fig. 6).

The first one is fast-exchangeable oxygen because of rapid diffu-
sion in the bulk; the second one is slow-exchangeable lattice oxy-
gen. We describe the fast exchange of oxygen by the same
approximation of bulk oxygen diffusion (oxygen exchange be-
tween the spherical layers) as the one used for scheme I. We de-
scribe the slow exchange of oxygen by the exchange equations
between Ofast and Oslow (scheme II, Fig. 6), which were added on
the right-hand side of Eq. (6):
D (m2/s) sbulk (s)

0.6 � 10�14 �60
st (m2/s) sfast

bulk (s) Nslow
bulk (at./g) bslow

bulk (s�1) sslow
bulk (s)

� 10�14 �10 35�1020 0.02 �50
� 10�14 �4 17�1020 0.02 �50



Fig. 5. Simulation responses ag(t) (a) and f34(t) (b, c) over La0.7Sr0.3MnO3. Point – experimental, lines – calculated by scheme I cases 1–2 (a and b) and scheme II case 1 (a and
c). Curves R1 and R2 correspond to different mechanisms of heteroexchange.

Fig. 6. A scheme II including two pathways of the gas/surface(subsurface)/bulk
oxygen exchange.
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We assumed that the rate of exchange between the Ofast and Oslow

as well as the quantity of Ofast and Oslow in each spherical layer was
the same for each of the spherical layers. Finally, by modeling of iso-
tope responses we determined the coefficient of fast-oxygen diffu-
sion – Dfast (m2/s), the quantity of fast-exchangeable 18O atoms in
the bulk (at./g) – Nfast

bulk, the coefficient of slow-oxygen exchange in
the bulk (s�1) – bslow

bulk and the quantity of slow-exchangeable 18O
atoms in the bulk (at./g) – Nslow

bulk .
The best fit of the experimental data is reached by scheme II,
case 1, provided that the amounts of fast- and slow-exchangeable
oxygen, Nfast

bulk and Nslow
bulk , are in the ratio 1:1 (Fig. 5). As in the case of

LaMnO3 sample, the mechanisms of heteroexchange (R1 and R2) are
indistinguishable. The total value of R, the diffusion coefficient of
fast-exchangeable oxygen Dfast, and the coefficient of slow ex-
change with the lattice oxygen bslow

bulk calculated for scheme II, case
1 as well as the characteristic time of oxygen exchange on the sur-
face and in the bulk (ss, sfast

bulk, and sslow
bulk ) are presented in Table 3.

La0.5Sr0.5MnO3. For La0.5Sr0.5MnO3 sample, experimental ag(t)
and f34(t) data cannot be well fitted by increasing only the value
of R, while the other parameters of oxygen exchange (Dfast and
the content of fast-exchangeable oxygen Nfast

bulk) obtained for
La0.7Sr0.3MnO3 sample remain unchanged (Fig. 7a and b; scheme
II, case 1).

The best fit is achieved provided that both the rate of oxygen
diffusion in the bulk Dfast and the content of fast-exchangeable
oxygen Nfast

bulk for La0.5Sr0.5MnO3 sample increase as compared with
those obtained for La0.7Sr0.3MnO3 sample (Fig. 7a and c; scheme II,
case 2). As in the case of previous samples, the mechanisms of het-
eroexchange are indistinguishable. Table 3 lists out the parameters
of exchange calculated in accordance with scheme II provided that
the ratio between fast- and slow-exchangeable oxygen increases
from 1:1 (La0.7Sr0.3MnO3) to 4:1 (La0.5Sr0.5MnO3).
3.5. Mechanism of oxygen transport in La1�xSrxMnO3

The results obtained by the numerical analysis of isotope re-
sponses indicate that the introduction of Sr into the perovskite lat-
tice noticeably increases the coefficient of bulk oxygen diffusion.
Moreover, two different types of oxygen – fast and slow exchange-
able – need to be distinguished in the bulk of the catalyst to de-
scribe the observed responses. This means that in Sr-substituted
samples the second faster pathway of isotope transfer in the bulk
of the catalyst appears (Fig. 6).

The multiphase La0.5Sr0.5MnO3 sample possessed the highest
overall rate of oxygen exchange because of a greater contribution
of the fast pathway to bulk oxygen diffusion compared to that
found for La0.7Sr0.3MnO3. In the general case, the appearance of
these mobile oxygen species in La1�xSrxMnO3 can be due to the fol-
lowing reasons:



Fig. 7. Simulation responses ag(t) (a) and f34(t) (b, c) over La0.5Sr0.5MnO3. Point – experimental, lines – calculated by scheme II, case 1 (a and b) and scheme II, case 2 (a and c).
Curves R1 and R2 correspond to different mechanisms of heteroexchange.
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– formation of the highly developed network of grain bound-
aries. It is considered that oxygen diffusion along the grain
boundaries is much faster than through the bulk [7,28];

– formation of the oxygen-deficient perovskite-like phases on
the surface of the particles with high concentration of oxygen
vacancies. This facilitates the oxygen diffusion via the vacancy
mechanism [29,30];

– stabilization of highly dispersed manganese oxide on the sam-
ple surface. A more oxidized form of Mn oxides is character-
ized by high degree of oxygen lability, which can result in
the formation of oxygen vacancies [31].

As regards the promoting effect of grain boundaries on oxygen
mobility, clearly observed over LaCo1�xFexO3 in the temperature
range below 600 �C [7] and over La0.8Sr0.2MnO3+d at temperatures
between 700 and 1000 �C [28], in our case the maximal density
of grain boundaries was found for LaMnO3, which is characterized
by the lowest rate of oxygen mobility. However, since oxygen dif-
fusion in the bulk of the solid is the rate-determining step of ex-
change, it is conceivable that diffusion of oxygen by grain
boundaries can be sufficiently high.

One of the factors determining the high temperature oxygen
mobility can be the formation of oxygen vacancies in the perov-
skite structure by the substitution of Sr for La. The concentration
of oxygen vacancies depends on the degree of oxygen nonstoichi-
ometry and changes as a function of temperature, partial oxygen
pressure, and Sr-doping. Having studied the dependence of diffu-
sion coefficients and thermodynamic enhancement factors on the
partial pressure of oxygen in La0.79Sr0.2MnO3�d, Belzner et al. [32]
found that La0.79Sr0.2MnO3�d equilibrated in air to a composition
with excess oxygen at temperatures below 760 �C and became
oxygen deficient at temperatures above 815 �C. We also studied
La0.7Sr0.3MnO3 sample by high-temperature XRD and found that
after cooling in vacuum from 900 �C to room temperature the
lattice parameter was noticeably higher than that found for the
initial sample. A higher value of the lattice parameter clearly
indicates that during the heating to 900 �C removal of the weakly
bound oxygen took place. Therefore, La0.7Sr0.3MnO3 could become
oxygen deficient in the conditions of oxygen exchange. Indeed,
the emission of CO2 and NOx during the calcinations of perov-
skite precursor creates the reducing atmosphere favoring the for-
mation of oxygen-deficient structures even at the preparation
stage.
The oxygen-deficient perovskite decomposes as the content of
Sr increases [18], thus resulting in a multiphase system that con-
sists of Sr-enriched layer-structured phase LaSrMnO4, and perov-
skite phase with a lower degree of Sr substitution for La–
La1�xSrxMnO3 (the case of La0.5Sr0.5MnO3). According to Taskin
et al. [6], oxygen diffusion in the layer-structured phases can be
by orders of magnitude higher than that in the simple doped per-
ovskites. It can be due to the removal of oxygen atoms from lantha-
nide planes creating many oxygen vacancies for the oxygen
motion. Indeed, Koudriashov et al. [6] found that for layer-struc-
tured phase La1.5Sr0.5MnO3.99 the onset temperature of the oxygen
out-diffusion was 150 K lower than for the perovskites. This indi-
cates that the layered structure contains weakly bound oxygen,
which can be easily removed.

Thus, the highest rate of oxygen diffusion obtained for the mul-
tiphase sample La0.5Sr0.5MnO3 can be due to the presence of the
layer-structured phase LaSrMnO4 on the surface of the particles.
However, based on the quantitative assessment of LaSrMnO4 phase
made by DDPA, the layer-structured phase can supply only 55% of
fast-exchangeable oxygen. It means that the surface MnOx and/or
the La1�xSrxMnO3 phase localized in the bulk should make an addi-
tional contribution to the fast-oxygen exchange. As follows from
the DDPA data, single-phase Sr-doped perovskite has the stoichi-
ometric composition, La0.78Sr0.22MnO3. La0.7Sr0.3MnO3 also con-
tains fast-exchangeable oxygen amounting to ca. 50%. Moreover,
having studied the La1�xSrxMnO3 (0 6 x 6 0.2) by temperature-
programed isotope exchange, Murwani et al. found that
La0.8Sr0.2MnO3 prepared by the citrate method exhibited the high-
est 18O exchange activity [3]. Thus, the formation of oxygen vacan-
cies in La0.78Sr0.22MnO3 can also make a significant contribution to
the fast-oxygen mobility in the bulk.

As for the contribution of MnOx to high oxygen mobility in the
multiphase La0.5Sr0.5MnO3 sample, this question requires more de-
tailed investigation.

3.6. Catalytic activity in N2O decomposition

To clarify the effect of oxygen mobility on catalytic activity, we
tested the studied samples in high-temperature nitrous oxide
decomposition in the absence and in the presence of molecular
oxygen in the gas mixture (Fig. 8).

The results obtained reveal a direct correlation between activity
and oxygen mobility in the samples. So, less active undoped



Fig. 8. A direct correlation between catalytic activity of the La1�xSrxMnO3 (x = 0, 0.3,
and 0.5) samples in N2O decomposition in the absence (j) or in the presence (d) of
oxygen (900 �C, contact time 5 � 10�4 s) and the diffusion coefficient (N).
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LaMnO3 has the lowest values of both the oxygen exchange rate on
the surface and the coefficient of bulk oxygen diffusion. In
La0.7Sr0.3MnO3, the appearance of fast pathway of oxygen diffusion
led to increased catalytic activity as compared with LaMnO3. And
finally, the multiphase La0.5Sr0.5MnO3 shows the maximal oxygen
mobility among the three studied samples and exhibits the reac-
tion rate almost by an order of magnitude exceeding that found
for LaMnO3 and La0.7Sr0.3MnO3 samples.

4. Summary and conclusions

The oxygen exchange behavior at high temperature in three
samples of La1�xSrxMnO3 series (x = 0, 0.3, and 0.5) has been stud-
ied by a steady-state isotope transient kinetic analysis with a spe-
cial emphasis on its relation to catalytic activity in high-
temperature nitrous oxide decomposition. The results obtained
indicate that the single-phase LaMnO3 exhibits both the lowest
rate of oxygen exchange on the surface and the lowest oxygen
mobility in the bulk; this sample is also inactive. Sr promotion in-
creases both the rate of oxygen diffusion in the bulk and the rate of
oxygen exchange on the surface. This increase can be interpreted
as appearance of the second faster pathway of oxygen transfer in
the bulk of the catalyst through oxygen vacancies in perovskite
structure. Appearance of the fast pathway of oxygen exchange in
the bulk resulted in an increased catalytic activity as compared
with LaMnO3. The highest value of oxygen mobility in the bulk
was found for the multiphase La0.5Sr0.5MnO3 sample, the particles
of which consist of Sr-doped perovskite phase covered with the
(La1�xSrx)2MnO4 phase of K2NiF4-type structure. For this sample,
the content of fast-exchangeable oxygen attains 80% of the total
amount of exchanged 18O. This can be explained, first of all, by
the structural features of the layer-structured (La1�xSrx)2MnO4

phase with decreased oxygen bonding strength that favors the
formation of disordered-free channels for oxygen motion in the
lattice. Moreover, the formation of oxygen vacancies in simple
Sr-doped perovskite located in the bulk of the particle can also
make a significant contribution to fast-oxygen mobility in the bulk.
As a result, the catalytic activity of this sample was almost by an
order of magnitude higher than that found for LaMnO3 and
La0.7Sr0.3MnO3 samples.
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