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Time resolved synchrotron X-ray powder diffraction methods
have been used to study the kinetics of oxidation of lanthanum
strontium manganates(III, IV) in a flow of oxygen. The process
studied is La12xSrxMnO3.00] d/2O2 %La12xSrxMnO3.001d (for
x50.00, 0.10, 0.15). A contraction of the unit cell is observed on
oxidation of the materials. The unit cell volume changes linearly with
the mean oxidation state of the manganese. Rate constants for the
process can consequently be determined from time resolved X-ray
diffractograms. The reactions follow first-order kinetics. Arrhenius
plots based on rate constants determined at 4 temperatures in the
range 700—900°C are linear as an indication that only one rate
determining step is involved. The activation energy for oxidation is
136 kJmol21 for LaMnO3.00, 179 kJmol21 for La0.90Sr0.10Mn1.01

O3.01, and 160 kJmol21 for La0.84Sr0.15Mn1.01O3.00. ( 1998 Academic Press

INTRODUCTION

Strontium substituted lanthanum manganates(III) (IV),
La

1~x
Sr

x
MnO

3`d (LSM) are cathode materials for high
temperature solid oxide fuel cells/SOFC. They act in the
cells as catalysts for the reduction of oxygen, as oxygen ion
conductors, and as electronic conductors. The high temper-
ature fuel cell works at temperatures close to 1000°C in
surroundings of varying oxygen partial pressures. It is there-
fore important to study the redox properties of the materials
at high temperatures. Kinetic studies of gas/solid reactions
have traditionally been performed using thermogravimetric
or volumetric methods. However, by using diffraction
methods in kinetic analyses, the information obtained is
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directly related to the material. A unique feature of in situ
time resolved powder diffraction is that it is possible to
obtain structural and kinetic information for the solid ma-
terials under actual working conditions. Three conditions
are of supreme importance for kinetic studies of reactions
between solids and gases by crystallographic means. The
reaction should be studied in situ, the samples should be
small to ensure that change of gas is fast throughout the
entire sample, and structural data should be extracted using
very short exposures. In situ X-ray synchrotron radiation
powder diffraction provide optimum conditions on all three
points. Our investigation is as far as we know the first
crystallographic study of the kinetics of an oxidation of
a solid.

Lanthanum manganates and strontium substituted lan-
thanum manganates have distorted perovskite-type struc-
tures and contain manganese in oxidation states III and IV.
The formulae of the materials may be written La

1~x
Sr

x
Mn(III)

y
Mn(IV)

z
O

3`d . As the chemical analyses showed
that y#z"1 for the samples, we will use the simpler
formula La

1~x
Sr

x
Mn(III)

1~y
Mn(IV)

y
O

3`d (d"(y!x)/2).
Ideal perovskites have the formula ABO

3
. Chemical ana-

lyses (1), densities (1), and structure determinations (2—4) of
LSM materials have shown that samples with d'0 have
vacancies at A and B positions, and no interstitial oxygen
ions. The notation La

1~x
Sr

x
Mn(III)

1~y
Mn(IV)

y
O

3`d is
somewhat misleading, as it indicates an excess of oxygen
instead of cation vacancies. It is, however, commonly used
and convenient. Unit cell volumes of LSM materials depend
linearly upon the oxidation states of manganese. Figure 1
shows the dependence of the room temperature cell volumes
upon the oxidation state of the material. The materials were
prepared under different partial pressures of oxygen, and
5
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FIG. 1. Room temperature unit cell volumes versus coefficients of
Mn(IV) in La

1~x
Sr

x
Mn(III)

1~y
Mn(IV)

y
O

3`d for x" 0.0, 0.10, and 0.15.
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wet chemical analysis was made to determine the composi-
tion and oxidation states. To the extreme left of Fig. 1 the
reduced materials are found; to the right the maximum
oxidized forms are found. The materials are either orthor-
hombic (space group Pnma) or rhombohedral (space group
R31 c, the hexagonal setting was used). The unit cell volumes
of the orthorhombic materials have been multiplied by 1.5
to compensate for the different numbers of oxygen ions in
the orthorhombic and the hexagonal cells. These are 12 and
18, respectively. A full description of how the data reported
in Fig. 1 were obtained is given in (1).

We report kinetic investigation of oxidation of
La

1~x
Sr

x
Mn(III)

1~y
Mn(IV)

y
O

3`d for x" 0.0, 0.10, and
0.15 (in the following designated LSM0, LSM10, and
LSM15, respectively) at four temperatures in the range
700—900°C. At these temperatures the materials are rhom-
bohedral.

EXPERIMENTAL

Sample Preparation

The materials are the same as those used in chemical and
structural studies of lanthanum manganates(III) (IV) (1) (5).
TABL
Room Temperature Compositions of Reduced and Oxidized F

x Designation Formula for reduced f

0.00 LSM0 LaMn(III)
0.99

Mn(IV)
0.01

0.10 LSM10 La
0.90

Sr
0.10

Mn(III)
0.89

Mn(IV
0.15 LSM15 La

0.84
Sr

0.15
Mn(III)

0.85
Mn(IV
They were prepared by solid state reactions of acetates
of the components (1). Table 1 presents compositions of
the reduced and oxidized forms as found by wet chemical
analysis.

Time Resolved Powder Diffraction Experiments

The diffraction experiments were performed at the beam-
line X7B, NSLS, Brookhaven National Laboratory. We
have used two types of detectors for the time-resolved dif-
fraction experiments: an INEL CPS 120 curved position
sensitive detector and a Translating Imaging Plate Camera
(6) (7). A wavelength j"1.0987 As was used. The reaction
chamber was a 0.5-mm diameter quartz capillary mounted
on a goniometer head using a ferrule in a Swagelock T-piece
(6). The samples were used as synthesized (without frac-
tionation according to particle size). They were loose ag-
gregates of crystallites. The radius of the crystallites were
estimated from SEM pictures. The sizes were 0.5—1lm for
LSM0, 0.25 lm for LSM10 (no distinct size distribution),
and 0.25—0.4lm for LSM15. The samples were kept in place
in the open capillaries by loose plugs of quartz-glass wool.
A two-stringed gas flow system shown in Fig. 2 allowed in
situ studies of solid-gas reactions under flow conditions.
Computer-controlled valves permitted switching between
gases during the experiment. The gas used for reduction of
the samples was commercial nitrogen (with partial pressure
of oxygen 10~6atm). The gases used for oxidation were
either dry compressed air or a mixture of 40% nitrogen and
60% oxygen.

The experiments were performed in three consecutive
steps. First the reduced form of the sample was heated to the
temperature for the experiment in a N

2
gas stream. Then the

beam shutter was opened and recording of the diffracto-
grams was started. Finally, when 20—30 diffractograms had
been collected, the gas stream was changed to the oxidizing
gas while data collection continued. Each diffractogram was
accumulated for 30 s, and 10 s was used for data transfer.

RESULTS

Figure 3 shows a small part of the diffractograms re-
corded for LSM0 at 868°C as a 3D representation, time
increases upwards. The time elapsed between two diagrams
E 1
orms of La12xSrxMnO31d as Found by Wet Chemical Analysis

orm Formula for oxidized form

O
3.00

La
0.99

Mn(III)
0.73

Mn(IV)
0.28

O
3.14

)
0.12

O
3.01

La
0.90

Sr
0.10

Mn(III)
0.71

Mn(IV)
0.29

O
3.10

)
0.16

O
3.00

La
0.85

Sr
0.15

Mn(III)
0.71

Mn(IV)
0.29

O
3.07



FIG. 2. Two-stringed gas flow system for in situ studies of solid-gas reactions under flow conditions. Computer-controlled valves permit switching
between gases during the experiment.
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is 40 s. The peak shown is the 204 reflection. The time scale
of Fig. 3 starts at the bottom and ends at the top diffracto-
gram recorded 48min after the start. During the first 13min
(until diagram no. 20) the sample was flushed with N

2
.

During this time the d
204

value remains constant
1.9688($2) As (the diffraction angle 2h

204
is constant). Then

the gas stream was changed to a mixture of 40% N
2

and
60%O

2
. As soon as the gas is changed the d

204
value starts

to decrease (the diffraction angle 2h
204

increases). After
48min the d

204
is again constant 1.9583($2) As (the diffrac-

tion angle 2h
204

is constant).
For interpretation of the obtained diffractograms in

terms of kinetics of the oxidation process two methods were
used. One is to determine the d value of some nonoverlap-
ping reflection. Only one such reflection (204) exists in the
2h range covered in the experiments. The d values of this
reflection was determined by a fitting procedure using
a pseudo-Voigt profile. In the other method the entire dif-
fractogram was indexed and lattice constants refined either
using extracted d-spacings and the programme
CELLKANT (8), or using profile refinement with the pro-
gramme ALLHKL (9). All peaks in the diffractograms could
be indexed. Selection rules were in accordance with the
space group R31 c.

Figure 4 is a presentation of the results of such treatments
of diffractograms obtained at 868°C with LSM0. It shows
how the d
204

spacings and unit cell volumes vary with time.
The similarity of the curves indicates that both methods for
extracting kinetic information from the experiments may be
used.

The curves in Fig. 4 were calculated from simple first-
order rate equations. For data based on the change of
d
204

values the equation was

d
204

(t)"*d
204

]exp(!k (t!t
0
))#d

204
(oxidized),

where *d
204

is the total change of d
204

during the oxidation,
d
204

(oxidized) the spacing of fully oxidized LSM0, and t
0

is
the time when the gas was changed to 60% O

2
.

For data based on unit cell volumes the equation was

»(t)"*»]exp(!k (t!t
0
))#» (oxidized),

where *» is the total change in cell volume between the
reduced and the oxidized form, » (oxidized) is the cell
volume of fully oxidized LSM0, and t

0
is the time when the

gas was changed.
The rate constants k obtained by these two treatments of

data for LSM0 are reported in Table 2. Similar treatment of
data for LSM10 and LSM15 give the kinetic data reported
in Tables 3 and 4.



FIG. 3. 3D representation of the change of 2h values for the 204 reflection of LSM0 at 868°C during oxidation. Time increases upwards. Time elapsed
between two diagrams is 40 s. At diagram no. 20 the gas stream was changed from N

2
to a mixture of 40% N

2
and 60% O

2
.
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Arrhenius plots drawn on the basis of the kinetic data in
Tables 2, 3, and 4 are shown in Fig. 5. Within the accuracy
of the experiments the four points for each material lie on
a straight line. Such behaviour is usually taken as evidence
that only one rate-determining step is involved in the pro-
cess. For LSM0 there are two lines. One is based on
k
d 7!-6%4

the other is based on k
#%-- 70-6.%4

. The lines have the
same slope, and they show that it is of no material conse-
quence whether d values or cell volumes are used for the
interpretation of the experiments. From the slopes of the
Arrhenius plots activation energies were calculated. These
are reported in Table 5.
TABLE 2
Kinetic Data for Oxidation of LSM0

Temperature °C k
d 7!-6%4

ln k
d 7!-6%4

k
70-6.%4

ln k
70-6.%4

10000/¹K~1

min~1 min~1

733 0.0158 !4.145 0.0190 !3.963 9.94
775 0.0249 !3.694 0.0249 !3.694 9.54
868 0.1108 !2.200 0.1217 !2.160 8.76
900 0.1453 !1.929 0.1725 !1.757 8.52

Note. Two sets of data are given. The one based on the time dependence
of d

204
spacings, the other based on cell volumes.
DISCUSSION

The diffractograms recorded during high-temperature
oxidation of LSM materials are not simple superpositions of
diffraction from reactant material still in reduced form and
product in oxidized form. The material remains essentially
a single phase. This is clearly borne out by Fig. 3, where the
peaks in the middle time range cannot be composed by
some combination of the peaks in the first and last diagram.
This means that the structural rearrangement at any stage
during the oxidation is fast. During the oxidation some line
broadening occurs. For reduced LSM0 the full width at half
maximum (FWHM) is 0.13° (in 2h). When the oxidation
starts this grows gradually to 0.16°. For LSM15 the growth
of the FWHM is less pronounced, from 0.12—0.14°.
TABLE 3
Kinetic Data for Oxidation of LSM10

Temperature °C k min~1 ln(k) 10000/¹ K~1

696 0.0201 !3.91 10.32
752 0.0435 !3.14 9.76
816 0.2122 !1.55 9.18
868 0.5250 !0.66 8.76

Note. The rate constants are based on unit cell volumes.



FIG. 4. A graphical presentation of how d
204

values and unit cell volumes of LSM0 vary with time in an oxidation experiment at 868°C. The curves
were calculated from first-order rate equations. For d

204
value data the equation was: d

204
(t)"*d

204
] exp(!k(t!t

0
))#d

204
(oxidized), where *d

204
is the total change of d

204
during the oxidation, d

204
(oxidized) the spacing of fully oxidized LSM0, and t

0
is the time when the gas was changed to 60% O

2
.

For unit cell volume data the equation was: » (t)"*»] exp(!k(t!t
0
))#» (oxidized), where *» is the total change in cell volume between the

reduced and the oxidized form, » (oxidized) is the cell volume of fully oxidized LSM0, and t
0

is the time when the gas was changed.
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Heterogeneous reactions depend upon the particle size of
the reactants. Estimated from SEM pictures the LSM0 and
LSM15 had particle sizes 3 and 1.3 times larger than the
LSM10, respectively. Corrected for the difference in specific
surface areas LSM0 and LSM10 show within the accuracy
the same rates for the oxidation process. LSM15 has after
such correction a slower rate than LSM0 and LSM10.

Kjær et al. (10) made thermogravimetric studies in the
temperature range 800—1000°C of oxygen transport in
exactly the same samples as we used. They interpreted their
gravimetric experiments in terms of diffusion of oxygen into
spherical particles. By equations given by Jost and Hauffe
(11) they calculate diffusion coefficients in the range
TABLE 4
Kinetic Data for Oxidation of LSM15

Temperature °C k min~1 ln(k) 10000/¹ K~1

733 0.005205 !5.26 9.94
775 0.01096 !4.51 9.54
868 0.04625 !3.07 8.76
900 0.08180 !2.50 8.53

Note. The rate constants are based on d
204

spacings.
10~12—10~11 cm2/s. If we interprete our rate constants for
LSM0 and LSM10 using their procedure we get diffusion
coefficients 6 times lower than those reported by Kjær et al.
This deviation is probably within the accuracy of both
methods. For LSM15 we calculate diffusion coefficients 10
times lower than Kjær et al. The reason for this large
discrepancy may stem from that the entire range of d for this
material is diminished to 0.07 and from that the slope of the
unit cell volumes versus coefficients of Mn(IV) (shown in
Fig. 1) is diminished also. Therefore our accuracy may be
low for LSM15. For strontium substituted LSM materials
La

1~x
Sr

x
MnO

3.00`d with x'0.25, d is zero at oxygen par-
tial pressures between 1 and 10~6 atm.
TABLE 5
Activation Energies for the Oxidation of LSM0, LSM10, and

LSM15 Obtained from the Slopes of Arrhenius Plots Reported
in Fig. 5

Slope of Arrhenius Activation
plotK energykJmol~1

LSM0 16.400 136
LSM10 21.500 179
LSM15 19.200 160



FIG. 5. Arrhenius plots of kinetic data for LSM0, LSM10, and LSM15.
The slopes of the curves and activation energies are reported in Table 5.
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Yasuda et al. (12) determined the 18O diffusion coefficient
of LSM materials as function of composition, temperature,
and oxygen partial pressure. They found self-diffusion coef-
ficients in a range 10~12 to 10~11 cm2/s and activation
energies for diffusion in the range 250—300 kJmol~1. These
are roughly 2 times larger than the activation energy we
found for the oxidation processes. Values of self-diffusion
coefficients and chemical diffusion coefficients are connec-
ted through an enhancement factor. The temperature coef-
ficient for this factor is not known for LSM materials.

CONCLUSIONS

Time resolved synchrotron X-ray powder diffraction is
a versatile tool for kinetic investigation of reaction of solids.
It covers a wide range of reaction rates and temperatures.
The results presented in this paper have shown that kinetic
information of reactions between solids and gases can be
obtained by in situ time-resolved powder diffraction.

The gas/solid reaction La
1~x

Sr
x
MnO

3.00
#d/2O

2
P

La
1~x

Sr
x
MnO

3.00`d (for x"0.00, 0.10, 0.15) was studied.
During the reaction the solids remain essentially a single
phase. The diffractograms exhibit some line broadening
during the oxidation, but not very markedly. This means
that the structural rearrangement of the solid during the
oxidation is fast.

Corrected for the different specific surface area of the
specimens the rate constants show that the oxidation of
LSM0 and LSM10 is faster than the oxidation of LSM15.
The activation energy for the processes is on average
160kJmol~1.
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