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Abstract—The oxygen species and their reactivity in the mechanochemically prepared substituted perovskites
La; _,Sr,CoO;_ , were studied using temperature-programmed reduction (TPR) of the samples with hydrogen.
The experimental data were compared with data on the catalytic activity of the series of La,; _,Sr,CoO;_, cat-
alysts in the oxidation of CO, as well as with the real structures and surface compositions of the samples, which
were studied in detail previously. As the strontium content was increased, the degree of reduction of the samples
increased in the course of TPR and the TPR peaks shifted to the region of lower temperatures, except for the
last sample containing no lanthanum (x = 1). An increase in the calcination temperature and time resulted in a
decrease in TPR peak intensities and in a shift of the peaks to the region of higher temperatures. A reaction
scheme was proposed for the reduction. In accordance with this reaction scheme, Co** in substituted cobaltites
was reduced to Co at temperatures lower than 400°C. In the temperature region of 400-500°C, the Co®* —»
Co?* bulk reduction, as well as the deep reduction processes Co** — Co% and Co** — C0Y, occurred; sub-

stitution facilitated the above processes. At temperatures higher than 500°C, Co?* — Co° bulk reduction
occurred. The observed reduction of the mechanochemically prepared samples depended on their microstruc-
ture, which was described previously. It was found that the activity of the samples in the oxidation of CO
depends on the amount of the most weakly bound reactive surface oxygen species, which were removed in TPR
with hydrogen to 150°C. No correlation between the amount of strongly bound (lattice) oxygen removed upon

TPR and the activity of La, _,Sr,CoO; _, samples in the oxidation of CO was found.

DOI: 10.1134/50023158409020190

INTRODUCTION

Transition metal oxides and rare earth oxides with a
perovskite structure, which are characterized by high
thermal stability and resistance to reaction atmospheres
under severe conditions, are actively used in various
promising high-temperature processes such as the cata-
lytic combustion of hydrocarbons, the steam reforming
of methane, the oxidation of ammonia, and the reduc-
tion of sulfur dioxide [1-3]. Substituted perovskites,
including the series of La,_,Sr,CoO;_,, which exhibit
unique physicochemical properties, are of the greatest
interest. An analysis of published data suggests that the
properties (including catalytic properties) of substi-
tuted perovskites depend on the sample preparation
conditions.

Isupova et al. [4] performed a systematic study of a
series of mechanochemically prepared La, _,Sr,CoO5_,
perovskites. The mechanochemical method, which is a
new rapid and almost wasteless synthetic method,
allowed us to shorten considerably the sample prepara-
tion time (from tens or even hundreds of hours to 3—4 h)
and temperature (from 1100-1200 to 900-1100°C), as
compared with the traditional ceramic synthesis
method. It was found that the microstructure peculiari-
ties of the mechanochemically prepared samples are

the microheterogeneous structure of a near-surface
layer of particles and the segregation of elements (the
near-surface enrichment of particles in strontium and
cobalt cations).

The catalytic properties of the La, _,Sr,CoO;_ sys-
tem were studied in the model reaction of CO oxida-
tion, and a nonmonotonic change in the specific cata-
lytic activity upon the replacement of lanthanum by
strontium was found [4]. In the series of samples cal-
cined at 900°C, a sample with x = 0.3 exhibited the
highest activity. In the samples calcined at 1100°C, two
catalytic activity maximums were observed in samples
with x = 0.3 and 0.8. It was found that the catalytic
activity maximums of these samples correlated with the
formation of microheterogeneity in these samples; it is
likely that this microheterogeneity was responsible for
the presence of weakly bound oxygen.

The conclusion that catalytic activity is due to the
presence of weakly bound oxygen in microheteroge-
neous samples from the series of La,_,Sr,CoO;_, is
qualitative, and information on the particular active
oxygen species responsible for the activity of this series
in redox reactions is required. Therefore, in this work,
we studied oxygen species and their reactivity charac-
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Fig. 1. TPR curves for perovskites from the series of La; _ ,Sr,CoO5 _ ¥ () Tearein = 900°C; x = (1) 0, (2) 0.3, (3) 0.4, (4) 0.6, (5)
0.8, and (6) 1; (b) T, y1cin = 1100°C; x = (1) 0, (2) 0.3, (3) 0.6, (4) 0.7, and (5) 1.

teristics using the temperature-programmed reduction
(TPR) of La, _,Sr,Co0O5_, samples with hydrogen.

EXPERIMENTAL

La,0;, SrCO;, and Co;0, (reagent grade) were used
as the starting compounds for the synthesis.

The mechanochemical synthesis of La, _,Sr,CoO;_,
samples (x=0, 0.2, 0.4, 0.6, 0.8, and 1) was performed
by the calcination of mechanically preactivated mix-
tures of the starting oxides taken in appropriate ratios at
900 or 1100°C for 4 h. The mechanochemical treatment
time was 3 min; the procedure of this synthesis was
described previously [4].

The catalytic activity in the oxidation of CO was
determined at 190-230°C in a flow-circulation reactor
with chromatographic analysis for a catalyst fraction of
0.5—-1 mm. The catalytic experiments were described in
detail elsewhere [4].

The TPR of the samples with hydrogen was studied
in a flow system with a thermal-conductivity detector
for a size fraction of 0.25-0.5 mm. Before the reduc-
tion, the samples were trained in O, at 500°C for 0.5 h
and cooled to room temperature in O,. The sample
weight was 50 mg; the flow rate of the reducing mixture
(10% H, in Ar) was 40 cm¥min. The samples were
heated to 900°C at a rate of 10 K/min. The amount of
absorbed hydrogen (mmol/ggy,,.) was determined
from areas under the TPR curves of the samples; the
integration was performed using the Origin 6.0 pro-
gram.

The number of oxygen monolayers removed at low
TPR temperatures was estimated from the relationship

Noonotasens0, = (6 10™ [H,)/(1.09x 10°S,m),

where sz is the absorption of hydrogen in the region

of low TPR temperatures, mol; 6 x 10> is the Avogadro
number, mol™'; 1.09 x 10 is the number of sites in a

monolayer per surface square meter, m; S, is the spe-
cific surface area, m?/g; and m is the sample weight, g.

RESULTS AND DISCUSSION
TPR of La, _ ,Sr,CoO; _, Samples with Hydrogen

Figure 1 shows TPR curves (the dependences of the
absorption of hydrogen on sample reduction tempera-
ture) for various degrees of substitution (x) and prepa-
ration conditions (calcination temperature and time).
The complicated shape of the TPR curves of the
La, _,Sr,CoO;_, samples suggests that the reduction of
the samples with hydrogen occurred in various temper-
ature regions. This can be due to both various surface
and lattice oxygen species in perovskites and the com-
plex microstructure of the samples [4]. We distin-
quished the following three main regions of hydrogen
consumption:

(1) low-temperature consumption, which quantita-
tively corresponds to the removal of no more than a
monolayer surface coverage with oxygen (to 150°C);

(2) consumption with maximums in the temperature
region below 500°C, which corresponds quantitatively
to the reduction of Co* and Co** cations to Co’*
and Co%

(3) consumption in the temperature region above
500°C, which corresponds quantitatively to the bulk
reduction Co?* — Co” with the degradation of perovs-
kite.

Tables 1 and 2 summarize the data concerning the
hydrogen uptake in each particular region and the total
uptake. These data suggest that the reducibility of LaS-
rCo perovskites increased with the degree of substitu-
tion (x); however, this dependence was intricate. Thus,
an increase in the strontium content caused a nonmono-
tonic change in the hydrogen uptake in the first (to
150°C) and second (to 500°C) temperature regions
(Tables 1 and 2, respectively; Fig. 2). At the same time,
the total amount of hydrogen consumed in the course of
TPR increased with the strontium content (Fig. 2). The
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Table 1. Hydrogen uptake by La, _,Sr,CoOs _, samples calcined at 1100°C in the course of TPR in various temperature re-

gions
Hydrogen uptake, mol/g
Sample composition x 40-150°C, 150-500°C, 500-900°C, 40-900°C,
region 1, x10° region 2, x10° region 3, x10° total uptake, x10°
0 2.56 2.16 3.75 5.94
0.3 4.54 343 3.12 6.60
0.6 3.56 5.39 2.02 7.45
0.7 2.37 5.46 2.57 8.05
1.0 1.78 2.08 6.29 8.39

Table 2. Hydrogen uptake by La, _ Sr,CoOs _, samples calcined at 900°C in the course of TPR in various temperature re-

gions
Hydrogen uptake, mol/g
Sample composition x 40-150°C, 150-500°C, 500-900°C, 40-900°C,
region 1, x10° region 2, x10° region 3, x10° total uptake, x10°
0 2.86 2.43 3.66 6.12
0.3 17.4 5.34 1.04 6.55
0.4 13.1 5.88 1.15 7.16
0.6 8.79 6.33 1.07 7.49
0.8 2.35 6.30 1.42 7.74
1.0 1.29 5.21 3.85 9.07

results of data processing also indicate that the hydro-
gen uptake depended on not only the composition of the
samples but also the calcination temperature: the peaks
of reduction shifted to the region of higher tempera-
tures as the calcination temperature was increased.

Based on the total uptake, the oxygen nonstoichiom-
etry y was calculated for each sample from the
La, _,Sr,Co0O;_, series (Table 3), and the concentrations
of Co* and Co’* cations were calculated from electrical
neutrality (Table 3). Figure 3a shows the dependence of
the oxygen nonstoichiometry y on the composition x

and calcination temperature. It can be seen that an
increase in the calcination temperature caused a
decrease in the oxygen content, whereas the depen-
dence of y on the strontium content changed in an intri-
cate manner with a maximum for the sample with x =
0.4. Figure 3b shows the dependence of the concentra-
tion of Co* cations on the composition and calcination
temperature. It is natural that the concentration of Co**
cations was higher in the samples calcined at 900°C as
compared with those calcined at 1100°C. The depen-
dence of the concentration of Co* on the strontium
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Fig. 2. Dependence of the amount of consumed hydrogen on the sample composition (x) in TPR temperature regions (/) up to 500
and (2) up to 900°C for La; _ ,Sr,CoO3 _ y calcined at (a) 900 and (b) 1100°C.
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Table 3. Stoichiometric composition of La; _ ,Sr,CoOs _, samples calcined at 900 and 1100°C calculated from the total up-

take of oxygen

X T =900°C T =1100°C
0 La(Cog 97)**(C0g03)*"*0;3 015 LaCoOy,
0.3 Lag 7;S10.31(C0g 37)*(C0g 63)** 03 6 Lag 7510,3(Cop 25)*7(C0g.75)*" 05 95
0.4 Lag 46570.34(C0g 44)**(C0y 56) 7103 1 -
0.6 Lag 4510, 6(C00.40)*(C0g.60)** 02,90 Lag 41 6(C026)*"(C0p.74)* 705 83
0.7 - Lag 351).7(Cop51)*(C0g 49)*7 05 9
0.8 Lay 51 5(C0og 64)**(C0p 36)** 05,02 -

1.0 S1(C0y.80)*(C0g,04)** 0166 Sr(C0g 47)*(C0y.42)** 04 57

* Lag 995C00, 9925

content changed in an intricate manner: initially, the
concentration of Co** cations increased to reach a local
maximum in the sample with x = 0.4. In the series of
samples calcined at 900°C, this was accompanied by an
increase in excessive oxygen (the positive oxygen non-
stoichiometry reached a maximum in the sample with
x = 0.4). Then, the relative fraction of vacancies began
to increase, and the fraction of Co** cations decreased;
this is consistent with published data [S]. However, the
concentration of Co*" in the series of compositions
reached a maximum (as well as the concentration of
vacancies) in the sample with x = 1.

The above data indicate that the TPR of cobaltites
from the series of La, _,Sr,CoO;_, resulted in the bulk
reduction of the samples to form cobalt metal. The TPR
data will be considered below in more detail in accor-
dance with the division into three groups (Tables 1, 2);
the corresponding reduction processes and detected oxy-
gen species will be compared with catalytic activity.

Reduction of La; _,Sr,CoO; _,

Tables 4 and 5 summarize the models of reduction
based on the processing of TPR data and the ratios
between Co** and Co* cations. In the calculations, we

assumed that the bulk reduction Co** —» Co? occurred
in the temperature region above 500°C. Then, we calcu-
lated the concentration of Co** cations, from which Co**
cations were formed (at the first step of reduction in the
reaction Co* —= Co?*). The remaining amount of
hydrogen absorbed in the temperature region below
500°C was attributed to the reduction processes
Co* —» Co?*, Co** — CoY, and Co** —= Co"°.

As can be seen in reaction schemes in Tables 4
and 5, the cation reduction processes Co** — Co?*,
Co* — Co?*, Co* — Co0% and Co** — Co°
occurred in the TPR temperature region below 500°C,
whereas the bulk reduction Co** —= Co® occurred
above 500°C. The particular reaction scheme of reduc-
tion depended on both the sample composition and the
sample preparation temperature.

La, _,Sr,CoO;_, samples at T, = 1100°C. The
unsubstituted sample of LaCoO; was reduced in two
steps: the cation reduction Co** — Co?* occurred in
the region below 500°C, and the bulk reduction
Co** — Co° occurred above 500°C. This is consistent
with well-known published data. Thus, for example,
Futai and Yonghua [8] also observed the reduction of
rare earth (including lanthanum) cobaltites in two steps.
At the first step, the anion-deficient perovskite
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Fig. 3. Dependence of the oxygen nonstoichiometry y and the concentration of Co™ cations on the composition of
La; _ ,Sr,CoO5 _ y and calcination temperature: (/) 900 and (2) 1100°C.
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Table 4. Reduction of La, _,Sr,CoO;_ samples calcined at 1100°C in particular regions of hydrogen uptake

N Uptake regionos (1+2) Uptake regig)n 3) gjﬂ?g;%f ?Szizilﬁgg
(40-500°C) (500-900°C) from (1 + 2) and (3))
0 94% Co** —= Co?* (410°C)* 94% Co** — Co° (654°C) 0.006/0.994
5.4% Co** — Co’
0.3 25% Co** — Co° (365°C) 0.25/0.72
61% Co** — Co?* (440°C) 72% Co** — Co° (565°C)
0.6%* (1): 24% Co* — Co° (316°C) @G+5+7): 0.24/0.74
(2): 30% Co** — Co>* (385°C) 35% Co** — Co? (523°C)
(3): 40% Co** — Co” (523°C) (6): 4% Co>* — Co? (603°C)
0.7%* (1): 18% Co* —= C0o° (307°C) 0.45/0.57
(2): 2% Co>* — Co® (385°C)
(3): 55% Co** —= Co** (4 +5): 55% Co** — Co° (541°C)
and 27% Co* — Co® (444°C)
1.0 ~40% Co** — Co” (~500°C) 0.43/0.40
~43% Co*t —= Co” (~600°C)
The processes occur almost continuously

*The corresponding peak temperatures (7,,,5) are given in parentheses.
**Uptake in different temperature regions was calculated with the use of an asymmetric function approximation (Figs. 6a, 6b).

ReCo0, 5 (peak T, ~400°C) was formed, whereas
cobalt metal Co® (peak T,,,, ~ 600°C) was formed at the
second step.

An excess absorption in the region of low tempera-
tures suggests the deeper reduction of a portion (5%) of
Co’* cations by the reaction Co** —» Co (Table 4). In
the region of temperatures lower than 130°C, the
amount of weakly bound surface oxygen, which is
removed in this TPR region, and the number of
removed monolayer surface coverages with oxygen
were estimated for all of the samples (Fig. 4b).

The substitution of strontium for lanthanum resulted
in the splitting of TPR curves as a consequence of an
increase in the amount and variety of oxygen species
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(because of the formation of a more complicated micro-
structure). The reduction of trivalent cobalt also
occurred in two steps. The first step Co** — Co?*
occurred below 500°C with the retention of the perovs-
kite structure (probably, because of the formation and
ordering of anionic vacancies), whereas the second step
was the bulk reduction Co** —= Co? in the region of
500-900°C. However, doping with strontium facili-
tated the deep reduction processes Co** — Co° and
Co’* —» Co° The former process, the reduction
Co* —= Co° occurred in the temperature region
below 400°C; it is most likely that this process occurred
in near-surface layers enriched in strontium (although
the analogous process Co** — Co® also occurred in
the temperature region of 400-500°C for a sample with
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Fig. 4. Dependence of (/) the amount of consumed hydrogen in TPR temperature regions up to (a) 150 and (b) 130°C and (2) the
rate of CO oxidation at (a) 200 and (b) 190°C on the composition (x) of samples from the series of La; _ ,Sr,CoO3 _ calcined at

(a) 900 and (b) 1100°C.
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Table S. Reduction of La, _,Sr,CoO;_, samples calcined at 900°C in separated regions of hydrogen uptake

N Uptake regions (1 +2)
(40-500°C)

0 89% Co™ —» Co* (380°C)
9% Co™* —» Co”

03 | (1+2):

32% Co™* —»= Co? (350°C):

26% Co** — Co** and

42% Co™ —» Co® (445°C)

04 | (1+2+3):

18% Co*t — Co’

and 28% Co* — Co?* (363°C)

(4 +5): 54% Co** — Co? (460°C)
0.6 (1+2+3+4):

42% Co** —= Co°

(250, 300, 344, and 390°C)

(5): 25% Co>* — Co?*
and 41% Co™ — Co? (463°C)

0.8 (1): 13% Co** — Co° (283°C)
(2): (475°C)

28% Co’* —» Co?**

51% Co** —= Co’

9% Co** — Co’

1.0 | (1+2+3):91% Co** —= Co°
(up to 600°C)

3): 4 +)5):

Uptake region (3) Cationic species ratio Co**/Co’*
(500-900°C) (calculated from (1 + 2) and (3))
89% Co™ — Co? (650°C) 0.02/0.98
0.32/0.68
26% Co?* — Co® (635°C)
647 0.46/0.54
28% Co** —= Co”
(603 C 760°C)
0.42/0.66
(6 +7+8):25% Co** —= Co®
(614, 717 C 772°C)
0.66/0.3
(3): 28% Co* — Co? (740°C)
7.4% Co** — Co® 0.91/0.07
(600-900°C)

* In the case of peak splitting, the corresponding peak temperatures are specified for each particular peak or the greatest peak from the

group of peaks due to the process.

x = 0.7). The latter, the reduction Co** — Co?, can
occur in the temperature region of 400-500°C (x = 0.6,
1.0) along with the process Co** —= Co?* (x = 0.6).

In spite of the general tendency toward an increase
in the reducibility of samples with increasing strontium
fraction (x) with a shift of peak temperatures (7,,,,) to
the region of lower TPR temperatures, the reduction of
strontium cobaltite (x = 1) occurred continuously at
higher temperatures (7,,,, = 600°C). It is likely that the
shift of reduction peaks T, to the region of higher
temperatures was due to a decrease in the mobility of
oxygen because of the formation of a vacancy-ordered
phase of SrCoO;_,.

La,_,Sr,CoO;_, samples at T, = 900°C. The
TPR curves of the samples calcined at 900°C were
more split than those of the samples calcined at
1100°C. This can be explained by the even more com-
plicated microstructure with the formation of the core—
shell system, as evidenced by published data [4]. The
complication of the microstructure not only increased
the number of oxygen species but also changed the
order of reduction processes: the removal of these spe-

cies in the course of TPR occurred in somewhat another
manner than that in the series of samples calcined at
1100°C.

Unsubstituted LaCoO; was also reduced in two
steps: the cation reduction Co** — Co?* occurred in
the region below 500°C, and the bulk reduction
Co** — Co occurred above 500°C. Analogously, an
excessive consumption at low temperatures suggests
the deeper reduction of a portion (9%) of Co** cations
by the reaction Co** —» Co° (Table 5). Figure 4a
shows the estimated amount of weakly bound surface
oxygen removed in the temperature region below
150°C (the numbers of removed monolayer surface
coverages with oxygen were estimated for all of the
samples).

In the entire series of substituted samples calcined at
900°C, doping with strontium facilitated the deep
reduction processes Co** —= Co” and Co** — Co°.
The former process, the reduction Co* — Co°,
occurred at temperatures below 400°C; it is most likely
that this process also occurred in near-surface layers
enriched in strontium (although the analogous process
Vol. 50  No. 2
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Co** —» Co" also occurred in the temperature region
of 400-500°C in a sample with x = 0.8). The latter, the
reduction Co* — Co°, occurred in the temperature
region of 400-500°C (x = 0.6, 1.0), and it occurred
along with the process Co** —= Co?* in samples with
x=0.3,0.6,and 0.8.

Note that, according to the reaction scheme pro-
posed, the reduction process Co** —= Co?*, which
occurred in the temperature region below 400°C in a
sample with x = 0.4, took place with the retention of the
perovskite structure, probably by the formation of an
anion-deficient phase of La, _ ,Sr,CoO, 5. The reduction
of this phase occurred above 500°C and corresponded
to the bulk reduction process Co** — Co°.

Unlike the sample from the previous series calcined
at 1100°C, the reduction of strontium cobaltite
occurred more discretely. This was likely due to the less
perfect crystal structure; the following individual
reduction processes can be recognized in it: Co** —»
Co? (to 600°C) and Co** — Co? (600-900°C).

Considering different orders (depending on the frac-
tion of strontium) of reduction processes (Co*t —»
Co?* and Co** — C0) for substituted cobaltites cal-
cined at 900°C and the degrees of these processes (the
reduction of Co** and Co** to Co?* or deeper reduction
to Co%, we can assume the crucial effect of sample
microstructures, as well as surface composition and
structure. Thus, for example, for a sample with x = 0.3
(T preparation = 1100°C), the deep reduction Co** — Co°
can Ipae explained, on the one hand, by the well-known
enrichment of near-surface layers in highly charged
Co* cations [4] and, on the other hand, by microstruc-
ture disordering because of a morphotropic transition,
which facilitated the reduction and increased the degree
of this process.

Thus, an analysis of the experimental data suggests
the dependence of oxygen species and their reactivity
characteristics on not only the sample composition (the
strontium fraction x) but also synthesis conditions,
which are responsible for the phase composition and
microstructure of the sample. As demonstrated in this
section, the role of this microstructure is a very impor-
tant component responsible for the order of reduction
processes.

Oxygen Species and Their Reactivity

In accordance with TPR data, we can assume the
occurrence of the following oxygen species in the
series of La, _ ,Sr,CoO;_, perovskites:

(1) weakly bound oxygen, which was removed in
the course of TPR to 150°C;

(2) near-surface oxygen from the coordination envi-
ronment of Co** cations, which was removed to 400°C
by the reaction Co** — Co%

(3) lattice oxygen bound to Co** cations, which was
removed in the region of 400-500°C by the reaction

KINETICS AND CATALYSIS  Vol. 50 No.2 2009

Co** —= Co® (x = 0.8; Tyein = 900°C and x = 0.7;
Tcalcin = 9OOOC),

(4) lattice oxygen bound to Co3* cations, which was
removed in the region of 400—500°C by the reactions
Co** —» Co** and Co* — Co",

(5) lattice oxygen bound to Co** cations, which was
removed above 500°C.

Considering particular oxygen species that are
responsible for the activity of the LaSrCo series in deep
oxidation reactions, let us compare hydrogen consump-
tion data in different temperature regions with catalytic
activity data.

(1) The low-temperature consumption (to 150°C) of
hydrogen quantitatively corresponds to the removal of
no more than one oxygen layer. Because phase reduc-
tion processes do not occur in this region, oxygen
removed in the course of TPR belongs to the most
weakly bound surface species (Tables 1, 2; Fig. 4). The
calculated amount of hydrogen consumed in region (1)
as a function of strontium concentration showed that
this function has a maximum in the sample with x = 0.3
(Fig. 4, curve 1), which correlates with changes in the
specific catalytic activity in the reaction of CO oxida-
tion (Fig. 4, curve 2).

Thus, the specific catalytic activity of the series in
the reaction of CO oxidation depends on the presence
of weakly bound oxygen species, which can be
adsorbed at the boundaries of microblocks, which were
detected previously [4] using high-resolution electron
microscopy.

The sample with x = 1 calcined at 1100°C is the
exception. A possible explanation for this sample can
be the fact that the available weakly bound oxygen spe-
cies adsorbed at the anionic vacancies/interfaces of
SrCo0;_,, by analogy with the SrFeO;_ series (which
was studied previously [7]), are easily removed by heat-
ing. Thus, oxygen species active in oxidation were
absent from the given sample at the reaction tempera-
ture 7' = 200°C.

(2) The hydrogen uptake at temperatures up to
~500°C nonmonotonically changed with the concentra-
tion of strontium (Tables 1, 2; Fig. 2). In this case, an
increase in the concentration of strontium led to a
decrease in reduction temperatures, except for samples
with x = 1 calcined at 900 and 1100°C. The hydrogen
uptake in this region corresponds to the removal of one
to ten oxygen monolayers. The calculated data on the
hydrogen uptake in this temperature region indicate
that, most likely, oxygen was removed in this case from
the coordination sphere of Co** cations and highly
charged Co* cations. Tables 4 and 5 summarize the
amounts of Co** and Co** cations calculated from the
hydrogen uptake in regions (2) and (3). These calcula-
tions demonstrated the absence of correlations between
changes in the specific catalytic activity in CO oxida-
tion and the hydrogen uptake in this temperature region
and between the amount of Co* in a sample with com-
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position x and the character of changes in the specific
catalytic activity in the series of La, _ ,Sr,CoO;_,.

(3) The hydrogen uptake in the temperature region
above 500-900°C quantitatively corresponded to the
deep reduction processes Co** —» Co’ accompanied
by the degradation of the perovskite structure. Stepwise
reduction in the region of high TPR temperatures,
which was particularly pronounced in samples with x =
0.3 and 0.6 calcined at 1100°C, can be due to structural
rearrangements: the ordering of anionic vacancies
formed in the course of oxide reduction and accompa-
nied by the formation of vacancy-ordered phases of
(LaSrCo)0O; _, with different values of o, as proposed
by Royer et al. [6]. The total amount of hydrogen con-
sumed from the onset of the experiment to the temper-
ature region of 900°C did not correlate with changes in
the specific catalytic activity in CO oxidation.

Thus, the experimental data allowed us to hypothe-
size that strongly bound lattice oxygen species in per-
ovskites from the series of La, _,Sr,CoO;_,, including
those from the coordination env1r0nment of highly
charged cations, do not participate in the oxidation of
CO. A correlation between the amount of weakly
bound oxygen and the activity of samples in the process
of CO oxidation may be indicative of the leading role
of weakly bound surface species in the formation of
catalytic properties of the series in deep oxidation reac-
tions. In this case, weakly bound oxygen can be
inserted into the walls of microblocks/microdomains,
which were detected previously for x = 0.3 using high-
resolution electron microscopy [4].

Phase Formulas: Oxygen Nonstoichiometry
and the Number of Co**/Co’* Cations

As noted above, Table 3 summarizes the oxygen
nonstoichiometry y for each particular sample from the
series of La, _ Sr,CoO;_, and the ratios between Co**
and Co** cations calculated from the total uptake. In
addition, the amounts of Co** and Co*" cations were
calculated from the hydrogen uptake in regions (2) and
(3) (Tables 4, 5). Note a good agreement between the
ratios of Co* and Co** cations calculated from the total
uptake (Table 3) and from individual peaks (Tables 4, 5).
As a rule, the calculated concentrations coincided
(10%); that is, they were within the limits of the accu-
racy of TPR. As a rule, the observed discrepancies,
which did not fall outside the limits of this accuracy,
were associated with an excess of oxygen, which can be
embedded in interblock boundaries [4]. Thus, we
obtained a good correlation between the calculated
amounts of Co** cations, the oxygen nonstoichiometry
y (Fig. 3), and the published values. Petrov et al. [5]
hypothesized that, in samples prepared by ceramic pro-
cessing with x < 0.4, charge compensation upon stron-
tium substitution occurred by an increase in the charge
on cobalt cations (Co**) and a maximum concentration
of Co* was reached at x = 0.4. For samples with x> 0.4,
charge compensation occurred by the formation of oxy-
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gen vacancies. The fraction of vacancies also increased
with temperature.

Effect of the Preparation Procedure
on the Oxygen Species and Their Reactivity

Let us characterize the effect of preparation proce-
dure on oxygen species and their reactivity for the
series of La,_,Sr,CoO;_, and on the oxygen nonsto-
ichiometry and the distribution of Co**/Co®* cations.

From data in Tables 1 and 2, it follows that the con-
sumption (TPR peak intensity) decreased with calcina-
tion temperature in temperature regions (1) and (2), and
the reducibility of the system decreased. An increase in
the consumption in temperature region (3) with increas-
ing synthesis temperature implies a redistribution of
oxygen species and their concentrations; correspond-
ingly, the fraction of highly charged Co** cations
decreased. As the calcination temperature was
increased, the reduction peaks shifted to the region of
higher temperatures. In this case, the observed changes
were not directly related to a decrease in the specific
surface area of samples. However, they may be related
to changes in the surface structure/composition as the
calcination temperature was increased. Thus, the sur-
face enrichment in strontium and cobalt (Co*") is well
known from SIMS data [4].

An increase in the calcination temperature leads to a
decrease in the concentration of Co** cations and, cor-
respondingly, a decrease in the hydrogen uptake in cor-
responding temperature regions (2), that is, to 500°C.
In this case, the character of changes in the concentra-
tion of Co** as a function of x, which changed symbat-
ically with nonmonotonic changes in the hydrogen
uptake in temperature region (2) (Fig. 2, curves 1),
exhibited a maximum in samples with x = 0.4 and 1.
In Table 4, it can be seen that the concentrations of Co**
cations were 64 and 80% for samples with x = 0.8 and
1.0, respectively, calcined at 900°C. Petrov et al. [5]
found that the maximum concentration of Co cations
was ~32% for a sample of La 451, 4C00; _, (x=0.4) pre-
pared by traditional ceramic processing. 2l'he observed
peculiarities were due to the microstructure and com-
position of surface/near-surface layers of mecha-
nochemically prepared samples characterized by the
segregation of strontium and cobalt in the near-surface
layer [4], as compared with the ceramic series [5].

Thus, an increase in the calcination temperature
caused a decrease in the amounts of oxygen removed in
low-temperature and medium-temperature regions (1)
and (2), respectively. The corresponding TPR peaks
shifted to the region of higher temperatures; that is, the
reducibility of the series decreased. It is likely that the
observed reduction behavior was due to the specific
features of mechanochemical synthesis.

In general, note the difference of the reduction of
substituted cobaltites from the series of La, _ ,Sr,CoO;_,
from the results of analogous TPR studies of
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La,_,CaFeO;_, and La,_,SrFeO;_, ferrite and
La,_,CaMnOs,, manganite systems, which were
described in detail elsewhere [9-11]. It is well known
that the reactivity (in this case, reducibility) of cobal-
tites is higher than that of manganites or, especially, fer-
rites [1]. Thus, the bulk reduction of lanthanum ferrite
came into play as the temperature was increased to
900°C, whereas this reduction of lanthanum cobaltite
was complete even at 700°C. Moreover, LaSrCo per-
ovskites are characterized by stepwise reduction, which
occurs through the formation of anion-deficient phases
(by analogy with published data [6]), as can be clearly
seen from the shapes of TPR curves in the regions of
low and high experiment temperatures. A special fea-
ture of the reduction of La, _,Sr,CoO;_, cobaltites is
the occurrence of the bulk reduction Co** —» Co in
the region of high temperatures (500-700°C). How-
ever, the bulk reduction of ferrites or manganites
implies the process Fe** — Fe’ (above 600-800°C
depending on the dopant content x) or Mn** — Mn?*
(above 600°C), respectively. Thus, unlike ferrites and
manganites, the bivalent transition metal cation (Co?**)
in cobaltites is stable in the perovskite structure, proba-
bly because of the formation of a vacancy-ordered
phase of La, _ Sr,CoO,s.

CONCLUSIONS

(1) In this work, oxygen species in the series of
La, _,Sr,Co0;_, and the reactivity of these species were
studied using TPR. The reduction of La;_,Sr,CoO5_,
perovskites occurred in three temperature regions.

(2) In the TPR temperature region below 400°C, the
near-surface processes Co** —= Co? occurred. In the
TPR temperature region of 400-500°C, the bulk reduc-
tion Co** —» Co°, which nonmonotonically increased
with the fraction of strontium, occurred along with the
reduction Co** —» Co*, which occurred with the
retention of the perovskite structure. At high tempera-
tures (above 500°C), the bulk reduction Co?** —» Co®
always occurred. The particular reaction scheme
depended on sample composition and preparation con-
ditions, which are responsible for the sample micro-
structure. The TPR of mechanically activated samples
from the series of La, _,Sr,CoO;_, was accompanied
by structure rearrangements with the formation of
vacancy-ordered phases of (LaSrCo)O;_, with different
values of y (as hypothesized previously [6]).

(3) An increase in the strontium content of the sam-
ples increased the amount and reactivity of oxygen spe-
cies.

(4) The overall reducibility of the samples decreased
with calcination temperature. It was found that the
observed differences were related to the microstructure
peculiarities and composition of surface/near-surface
layers of mechanochemically prepared samples, which
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are characterized by the segregation of strontium and
cobalt in a near-surface layer.

(5) Based on the results of TPR, the occurrence of
the following oxygen species can be assumed:

* weakly bound oxygen, which is released in the
course of TPR below 150°C;

* surface/near-surface oxygen from the coordination
environment of Co** cations, which is released up to
400°C;

e lattice oxygen bound to Co** cations, which is
released up to 500°C;

* lattice oxygen bound to Co** cations, which is
released up to 500°C;

* lattice oxygen bound to Co** cations, which is
released above 500°C.

(6) A correlation between the amount of weakly
bound oxygen and the activity of samples in the oxida-
tion of CO was found. This may be indicative of the
leading role of weakly bound surface species in the for-
mation of the catalytic properties of the test sample
series in deep oxidation reactions. In this case, weakly
bound oxygen can be inserted into the walls of microb-
locks/microdomains. No correlation between the
amount of strongly bound (lattice) oxygen removed
upon TPR and the activity of La, _,Sr,CoO; _ , samples in
the oxidation of CO was found.
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