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This work reports on the reactivity toward carbon of a Lag5Srg5C003_s perovskite prepared by spray
pyrolysis. It is shown that this perovskite presents a moderate activity for the thermal oxidation of car-
bon, producing a decrease in its temperature of combustion of ca. 150°C and a significant increase in the
selectivity toward CO,. Different experiments were carried out with electron energy loss spectroscopy
(EELS) and X-ray photoemission spectroscopy (XPS) for the perovskite and its physical mixture with a
high-surface area carbon material. In the physical mixture, the cobalt at the surface was partially re-

I;Z}r,x:,(;ﬁies duced to Co?* even at room temperature. XPS demonstrated a species of oxygen with low electron
Carbon density at the catalyst surface. This species seemed to play a significant role in the oxidation processes at
XPS the perovskite surface. A model is proposed to account for the changes exhibited by the catalyst during
EELS its reaction with carbon.

Temperature-programmed oxidation

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Controlling the emission of soot particles from mobile sources,
such as diesel engines, represents a major challenge for environ-
mental protection [1,2]. Efficient solutions based on catalysts face
the problem that increased efficiency of soot removal is often ac-
companied by a decrease in the efficiency of NOy removal [3]. Con-
sequently, most current procedures aim for preferential catalytic
removal of NOy, with soot particles removed with a mixed tech-
nology using ceramic filters and oxidation catalysts [4,5]. Among
the compounds widely used as active additives for this process are
transition metal oxides, like TiO;, ZrO,, V205, CuO, MoO, and CoO
[6-13]; rare earth oxides, like La;03 and CeO,; and mixed systems
combining transition metal oxides and alkaline, alkaline-earth, or
rare earth elements [13-17]. This latter group also may include
perovskites of type ABOs3, where A is a rare-earth element and B
is a transition metal. The crystalline structure and the partial sub-
stitution of some of their cations by other elements with different
oxidation states give these compounds very interesting properties
and enhanced activity for the oxidation of soot particles [2,3,5,8,
18-20].

Recently, we demonstrated that perovskite catalysts are very
efficient for the oxidation of CO in a plasma-catalyst device and
that under such conditions, the soot particles even can be benefi-
cial for simultaneous removal of NO and total conversion of CHyg
to COy [21]. In that experiment, carbon was considered to act as
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a reductive agent toward NO, so that both pollutants were re-
moved simultaneously. But the role of the perovskites in this and
other oxidation processes involving soot particles is not completely
understood yet. Previous studies have shown that the activity of
perovskites as oxidation catalysts may be associated with high mo-
bility of the O~ ions of the lattice of this oxide. These ions migrate
toward the surface and may provide additional active sites for the
oxidation of carbon [4,19,22]. The direct involvement of the oxide
ions of the perovskites in the reaction has been further supported
by previous studies using isotopic oxygen [23]. In these studies,
the finding of two oxygen isotopes in the reaction products clearly
shows that the perovskite can provide an additional source of oxy-
gen during oxidation reactions [4,22,23].

Further investigation into the role of the cations in the oxygen-
exchange processes, the influence of temperature, and the even-
tual existence of gradients in stoichiometry between surface and
bulk is needed. In an attempt to contribute to this area of study,
in the present work we explored the direct interaction of a
Lag 5Srg.5Co03_5 catalyst (where § represents the oxygen defi-
ciency of the perovskite) with carbon at either room temperature
or increasing temperatures under different conditions. For the pur-
pose of comparison, we also carried out some experiments with a
nonsubstituted LaCoOs perovskite, which have a moderate oxida-
tion reactivity compared with other catalysts [3,8,10,12-14,24,25].
Our use of this perovskite is justified because it allows the possi-
bility of controlling the reactivity toward carbon in such a way that
it can be monitored with conventional spectroscopic techniques.

The aim of the present study was to gain insight into the
mechanism of interaction of the perovskite with soot and also
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into how the former may undergo different redox and other
chemical processes during real catalytic processes. The perovskites
and their mixtures with finely divided carbon were subjected to
temperature-programmed oxidation (TPO) analysis and examined
by different bulk- and surface-sensitive techniques, including X-
ray diffractometry (XRD), electron energy loss spectroscopy (EELS),
and X-ray photoemission spectroscopy (XPS). In this latter case,
the mixture also was analyzed after in situ heating at increasing
temperatures under different atmospheres. To account for the dif-
fering results that we obtained, we propose a model that attempts
to shed some light on the oxidative catalytic activity of the per-
ovskites and the changes that they undergo when they react with
soot particles even after physical grinding at room temperature.

2. Experimental
2.1. Preparation method

The perovskite catalysts used for the present investigation,
Lag 5Srp.5Co03_5 and LaCoOs, were synthesized by spray pyrolysis
[21,26]. The preparation method involved the uniform nebulization
of nitrate solutions containing La(NO3)3-6H,0 (99.99%, Aldrich),
Co(NO3)2-6H20 (>98%, Fluka), and Sr(NO3); (>99%, Fluka) pre-
pared as a 0.1 M liquid solution of precursors. Two online furnaces,
at 250 and 600°C, evaporated the solvent (distilled water) with
the dissolved nitrates and produced an initially amorphous per-
ovskite powder. The material was collected by a porous quartz frit
located at the outlet of the heating system. Then the amorphous
powders were annealed at 700°C for 4 h, thus obtaining a crys-
talline perovskite with rhombohedral symmetry [21,27]. The final
catalysts, LaCoO3 and Lag 5Srg 5C003_g, had surface areas of 11 and
13.4 m? g~ !, respectively.

2.2. Characterization techniques

XRD analysis of the samples before and after treatment was
performed in a Siemens D-500 diffractometer working in a Bragg-
Bentano configuration and using a Cu anode under an applied
voltage of 36 kV and current of 26 mA. XRD spectra were recorded
with a step size of 0.02 degrees and an accumulation time of
10 s per step. The SEM images were registered in a field emis-
sion scanning electron microscope (FE-SEM) (model S-5200), with
an acceleration voltage of 5 kV and current of 10.5 pA. Additional
backscattered images also were registered to differentiate light el-
ements (i.e., carbon) and heavy elements (i.e., perovskites) and
characterize the distribution of carbon particles after grinding or
thermal oxidation. For most experiments (especially the spectro-
scopic characterization by EELS and XPS), the perovskites were
thoroughly ground with a carbon material in a ratio of 9:1 by
weight [4] using an agate mortar. The carbon was provided by
Cabot and was formed by nanoparticles with a specific surface area
of 190 m? g~ 1.

EELS was performed with a Gatan 766-2K spectrometer coupled
to a Philips CM 200 transmission electron microscope operating at
200 kV. Background subtraction was done using a standard power
law function. A Fourier ratio method [28] was used to eliminate
any interference from plasmon contributions. The following edge
spectra were recorded using this technique: carbon K, cobalt L3,
and lanthanum My;s. A spectrometer aperture of 2 mm was used
for recording the spectra. Under these conditions, a spectral res-
olution of 1.2 eV was achieved. The Gatan EL/P 3.1 program was
used to analyze the spectra. The energy scale of the spectra was
calibrated using the lanthanum Mys5 edge as an internal standard.
The oxidation state of cobalt was assessed using different reference
samples containing Co(II), Co(Il, III) (CoO and Co304 from Aldrich),
and Co(III) (CoOOH) oxidation states. The CoOOH was prepared by

a coprecipitation method described previously [29,30]. The refer-
ence samples where mixed with LayO3 to simultaneously record
the Mys edge of La that also was used for calibrating the en-
ergy scale (i.e., at 831.8 eV) [31]. It is worth noting that under our
experimental conditions, EELS analysis can be considered a bulk-
sensitive technique.

The XPS spectra were recorded with a Leybold-Heraeous spec-
trometer working in the pass energy-constant mode at 50 eV and
using MgK, radiation as excitation source. The energy scale of
the spectra was calibrated by referencing it to the Sr 3d peak at
133.4 eV [32,33] and to the C 1s peak of the carbon contami-
nating the surface of the samples at a value of 284.5 eV for the
nonsubstituted cobaltite. Both methods yielded similar calibration
results. Quantification of the surface concentration of the elements
was done by measuring the area under the different peaks after
background subtraction according to Shirley’s method [34] and ap-
plying the sensitivity factors of each element supplied with the
spectrometer. To estimate the partition of Co** and Co?* oxida-
tion states after the different experiments, the recorded Co 2ps3,2
signal was reproduced as a lineal subtraction of the signal due to
Co®* recorded from a reference CoO compound [35-37]. The sam-
ples were analyzed as introduced in the equipment or after being
subjected to different treatments in situ in a preparation chamber
connected to the spectrometer. These treatments involved heating
in vacuum or under 0.5 Torr O, at 400°C for 30 min.

2.3. Carbon oxidation experiments

Temperature-programmed oxidation (TPO) of carbon in the
presence of the perovskites was carried out in a experimental
setup described previously [38], consisting of a tubular quartz re-
actor of 1/8-inch o.d. Temperature was controlled with a thermo-
couple while the furnace was programmed with lineal ramping of
5°Cmin~! up to a maximum temperature of 700 °C. The mixture
of gases was adjusted using several mass flow controllers (Bron-
ckhorst). Products were identified with a thermal conductivity de-
tector (TCD) and a quadrupole mass spectrometer (QMS-422 from
Baltzers) connected in series with the TPO system. A quantitative
calibration of the peak intensities detected in the QMS was pre-
viously done with He and the corresponding reactant (O;) and
products (CO and CO;) expected. The accuracy of the analysis is
considered to be within a 10% maximum error [39]. Temperature-
programmed desorption (TPD) of the perovskites in the absence of
carbon [40] confirmed the mobilitity of oxygen species from the
perovskite and differentiated the possible contribution of carbon-
ates on the CO/CO; outlets.

One critical factor influencing the oxidation rate of carbon in-
volves the degree of contact between the catalyst and the carbon
particle [10,41,42]. Although ideally, loose contact experiments are
preferred, because they more closely mimic the actual working
conditions of diesel filters [3,43], we used a tight contact method
in this work. No significant variations in temperature conversion
and selectivity were observed with respect to the loose contact
method under our experimental conditions. The perovskites were
ground with 10 wt% of carbon using an agate mortar, and both
solids were intimately mixed for 10-15 min. The resulting mixture
of 25 mg of total weight was then placed in a quartz wool bed.
The reaction mixture was He/O; (5%) at a total flow of 25 sccm.
An additional experiment in the absence of carbon (including the
grinding process) was carried out under identical conditions [40].

3. Results
3.1. Morphological and structural characterization of the perovskites

SEM and XRD analysis provided detailed information on the
crystallographic structure and the morphology and particle size of
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Fig. 1. (Color online). SEM micrographs corresponding to the non-substituted LaCoOs (left column) and the substituted Lags5Srg5Co03_s perovskite (right column) under
different experimental situations: (a) and (d) corresponds to the original samples after calcinations at 700°C; (b) and (e) represents the back-scattered images of the
perovskites after grinding with carbon particles at room temperature (blue color for perovskite and yellow for carbon particles); (c) and (f) are referred to the perovskites

after the TPO experiments.

the perovskites prepared by spray pyrolysis. The ultrasonic nebu-
lization method of liquid droplets favored the formation of pseudo-
spherical particles with a wide range of sizes, as inferred from the
SEM analysis results shown in Fig. 1. The mean diameter of par-
ticles varied from 200-500 nm to 1 pm, whereas the crystalline
domains were much smaller, on the order of 50-90 nm as calcu-
lated by applying Scherrer’s equation [44] to the main diffraction
peaks of the samples (see Table 1 and Fig. 2).

XRD diffractograms revealed a rhombohedral symmetry [21,27]
for the LaCoO3; and Lap5Srp5Co03_s perovskites. This symmetry
limits the use of alternative methods of calculating crystal domain
sizes, such as the Williamson-Hall (WH) plots proposed for mixed
oxides [43,45-48], because only two well-resolved planes (shown
in Fig. 2) may be used in the plot. Fig. 2 shows that this perovskite
structure was maintained even after the samples were subjected

to different heating and annealing treatments. The XRD patterns
also demonstrate that no additional segregated oxides were formed
after spray pyrolysis or after the grinding and thermal oxidation
treatments (Fig. 2). Only some traces of LaOOH could be detected
in the original sample of the nonsubstituted perovskite (Figs. 2a
and 2b (left)), likely due to the reaction of lanthanum with am-
bient conditions [10] and the appearance of some SrCOs; after
the thermal oxidation treatment of the doped perovskite (Fig. 2c
(right)). In addition, analysis of the backscattered SEM images, in
which the carbon particles can be discerned from the heavier per-
ovskite atoms, also revealed that (i) the grinding process favored
intimate contact between the carbon particles and the perovskites
(Fig. 2b and 2e) in the grinding process and (ii) no appreciable
rests of carbonaceous particles could be seen after the thermal ox-
idation process. Table 1 shows the width of the (024) diffraction
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Fig. 2. (Color online). XRD patterns of the LaCoOs (left) and Lag 5Srg5Co03_s per-
ovskites (right) under different experimental conditions: (a) original samples after
calcinations at 700°C; (b) perovskites plus carbon after grinding at room temper-
ature; and (c) perovskites after the TPO experiments. (0 1 2) and (0 2 4) parallel
planes have been used for the size crystal and A26 calculations.

Table 1

Sizes of crystalline domains calculated from the XRD diffractograms

Sample FWMH A20 ds24)
(degrees)d (degrees)® (nm)f

LaCo0Os3? 0.2433 24.2491 70

LaCoO3 + CP 0.2364 24.2639 75

LaCoO3 — PostOx© 0.2998 24.2642 60

Lag 55r0.5C003_5? 0.4214 24,2071 29

Lag 5Srg.5C003_5 + C° 0.3975 241904 31

Lag 55r0.5C003_5 — PostOXC 0.6098 241388 18

@ Original perovskite.

b perovskite after grinding with 10 wt% carbon.

¢ Perovskite after thermal oxidation of carbon at 700°C in He/O, (5%).

d Full width at half the maximum height (FWHM) corresponding to the (024)
diffraction peak used in the Scherrer calculation of crystalline domain sizes.

€ Difference in the maximum of the position of peak (012)-peak (024).

f Crystalline domain sizes determined from Scherrer equation applied to the
(024) diffraction peak. 10% estimated error.

peak and its relative position respect to the (012) one (designated
A20) for the samples after they were subjected to different ex-
periments. The sizes calculated from these XRD peaks were also
corroborated by SEM images of the samples, both indicating the
presence of larger and better-conformed crystalline domains in the
nonsubstituted cobaltites and a partial loss of the crystalline struc-
ture of the samples after the thermal oxidation treatments (Figs. 1
and 2). The decrease in A26 values shown in Table 1, especially
after the TPO reaction, can be directly correlated with an increase
of “d” (interplanar distance in Bragg’s equation) and indicates an
expansion of the crystal lattice [46,47,49].

3.2. TPO of perovskites + carbon mixtures

Fig. 3 shows the TPO profile of carbon and mixtures of the two
perovskites plus carbon measured with both the TCD and the cal-
ibrated mass spectrometer. (The Y-scale is equivalent for all of the
TPO profiles shown in Fig. 3). In this latter case, CO and CO, can
be differentiated as reaction products. The spectra show that the
maximum oxidation rate of carbon occurred at T =650°C in the
absence of the catalysts (cf. Fig. 3a); however, in the presence of
the perovskites, total conversion of carbon occurred at 510°C for
Lag 5Srp.5Co003_5 and at 540°C for LaCoOs (cf. Figs. 3b and 3c).
It is also worth mentioning that whereas equivalent amounts of
CO and CO, were obtained during the direct oxidation of carbon

650 °C
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A=1
(50% CO,)

——mCO
----- mCO,

0 150 300 450 600

(b) x=0 540°C

A=9.5
(89% CO,) |
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T T T T
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MS current intensities (a.u.)

(c) x=0.5 s10°C
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Fig. 3. Evolution of the CO (m/z =28) and CO, (m/z = 44) mass products formed
during the temperature programmed oxidation of carbon nanoparticulates: (a) in
the absence of catalysts; (b) in the presence of the non-substituted LaCoOs; per-
ovskite; (c) in the presence of the Lag5Srg5Co03_5 perovskite; The delta coefficient
(A) expresses the ratio of areas (CO,/CO). All the experiments have carried out in
tight-contact conditions. The temperature of total oxidation of carbon and the se-
lectivity percentages toward CO; are also included.

(~50% CO, selectivity), a major conversion to CO; occurred (up
to 94% CO, selectivity in the substituted cobaltite) when the car-
bon was mixed with the perovskites (cf. Fig. 3). This result is in
agreement with findings of previous studies using plasmas plus
catalysts in which oxidation of methane progressed to CO; in the
presence of the Lag 5Srg5C003_s catalyst [21]. In addition, TPD ex-
periments [40] helped confirm that the concentration of CO/CO;
released from the perovskites alone was negligible compared with
that from the outlets in the thermal oxidation of carbon.

3.3. EELS analysis of the carbon-perovskite interaction

To gain deeper insight into the phenomena occurring in the
perovskite during its interaction with carbon, perovskite-carbon
mixtures were analyzed by EELS. Fig. 4 shows the EEL spectra at
the cobalt Ly 3 edge for the two perovskites studied here (Fig. 4a),
their mixtures with carbon at room temperature (Fig. 4b), and
also after the TPO experiments with He/O, (5%) (Fig. 4c). Spec-
tra of the reference compounds used to evaluate the Co3t/Co?t
ratio in the samples are also included for comparison. These spec-
tra clearly indicate that the position of the edges shifted from CoO
to CoOOH, compounds in which cobalt is in divalent and trivalent
oxidation states, respectively [30]. Meanwhile, the edge position of
the perovskite samples lies in an intermediate position between
the reference compounds, indicating that the average formal ox-
idation state of cobalt has a intermediate value close to that of
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Fig. 4. (Color online). EEL spectra at the cobalt L, 3 edge for the non-substituted
perovskite (left) and the strontium-substituted perovskite (right) under different ex-
perimental conditions: (a) perovskite calcined at 700°C; (b) perovskite + 10 wt%
carbon ground at room temperature; (c) perovskite after the TPO experiments in
He/O, at 700°C. The spectra corresponding to the cobalt references are also in-
cluded. The energy scale of all spectra has been corrected with respect to the
lanthanum M4 5 edge.

the Co304 spinel used as a reference. The average oxidation state
of cobalt in the perovskites can be estimated more accurately by
calculating the intensity ratio between the L3 and L, edges. This
method has been used previously to determine the oxidation state
of this element in other perovskites and d®-d® mixed-valence com-
pounds [50-53].

Fig. 5a plots of this ratio against the oxidation state of cobalt
for a series of reference compounds. The values reported include
those determined for the reference compounds used here, along
with other values obtained from the literature [52]. Of note, all of
the points lay on a single curve, supporting the use of this plot
as an empirical reference curve for determining the average oxida-
tion state of cobalt in the perovskite samples. The results of such
analysis are plotted in Fig. 5b as the value of this ratio for the two
perovskites after they were subjected to different treatments. The
values are an average of a series of measurements carried out in
different zones of the samples; the error bars account for the dis-
persion of values found in each case. The evolution of the points
indicates that the L3 /L, intensity ratio of the perovskites increased
from the original material to its physical mixture with carbon at
room temperature and, to a greater extent, when this mixture was
heated with He/O, up to 700°C. Fig. 5b also shows that this ra-
tio was always smaller for the nonsubstituted LaCoOs3 than for
the substituted LagsSrgsCoO3_s. In the former case, the value
was close to that expected for a Co3t oxidation state, whereas in
the strontium-substituted perovskite, the average oxidation state
of cobalt varied between +2.5 and +2.7. This change can be at-
tributed to an increased number of defects (i.e., oxygen vacancies
in the structure) generated from the substitution of La3* by Sr2t.
The increase in this ratio for the physical mixture, both after grind-
ing and after heating at 700°C in He/O,, supports the existence of
a reduction process leading to the migration of oxygen from the
lattice and, consequently, to a decrease in the average oxidation
state of the cobalt (see Fig. 5b).

3.4. XPS analysis of the carbon-perovskite interaction
Because most of the redox processes involving perovskites must

start at the surface, it is important to use a surface-sensitive tech-
nique, such as XPS, to gain insight into these surface phenomena.
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Fig. 5. (Color online). (a) Plots of the intensity ratio of L3/L, for a series of ref-
erence compounds (see text); (b) plot of the intensity ratio L3/L, determined for
the LaCoO3 and the Lag 5Srp5Co03_s perovskites after being subjected to different
treatments.

We carried out an experiment with the original Lag5Srg.5Co03_s
sample and for this same catalyst after grinding with carbon at
room temperature. We chose this perovskite not only because it
has greater activity toward carbon oxidation (Fig. 3), but also be-
cause similar trends would be expected for the photoemission
regions evaluated in the nonsubstituted cobaltite (equivalent com-
position except for strontium). In both cases, we present in situ
results for the original samples, after heating at 400°C in vacuum
and under 0.5 Torr O,. This latter treatment, although not com-
pletely equivalent to the TPO reactions in which the samples were
heated up to 700°C, was anticipated to provide some information
about the surface changes occurring in the perovskites at the tem-
perature of the onset of carbon oxidation (cf. Fig. 3b).

Fig. 6 shows the the C 1s, Sr 3d, and La 3ds;; photoemission
spectra recorded for the perovskite and the perovskite-carbon mix-
ture subjected to the treatments specified. Fig. 7 shows Co 2p3/2
spectra recorded in the same experiments, along with an analysis
of the Co3t/Co?" ratio. Based on the areas of the different spec-
tra and the corresponding sensitivity factors, we can estimate the
surface compositions of the samples after the different treatments.
Table 2 reports atomic percentages of the monitored elements and
some atomic ratios among these elements. The values reveal a de-
viation in the surface composition of the sample with respect to
that of its bulk. Thus, it is particularly interesting that this table
shows that the original sample exhibited an increased surface con-
centration of strontium (i.e., La/Sr ratio of 0.6, quite different from
the ratio La/Sr =1 expected from the bulk composition of the per-
ovskite). This enrichment reverted after the in situ treatments at
400°C. Another interesting result is that in all cases, the La/Co
ratio was higher than that expected from the bulk composition
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Fig. 6. C 1s, Sr 3d, and La 3ds; photoemission spectra of the Lag 5Sro.5C0o03-s perovskite after different (in situ) treatments: (a) original sample before grinding with carbon;
(b) perovskite after grinding with 10 wt% carbon at room temperature. The reported spectra correspond to the samples without thermal treatment and after heating at 400°C

in vacuum and in the presence of 0.5 Torr Oy.

Table 2

Surface composition (atomic percentages and atomic ratios) for the Lag5Srg5C0o03_s perovskite after different treatments as determined by XPS

Sample Treatments %C %0 %Co La/Co La/Sr 0/C %Src? %CO%’b Op/0cc

Lag5Sr05 25°C 16.9 56.4 8.3 0.8 0.6 33 5.0 12.1 21
400°C 10.7 50.0 14.9 0.9 1.2 4.7 338 6.0 2.7
400°C + Oy 2.5 56.5 14.9 1.0 11 37.4 6.6 2.5 13

Lag5Sro5 + carbon 25°C 50.6 322 5.7 11 1.7 0.6 2.4 13.2 0.9
400°C 47.8 30.7 6.7 14 1.5 0.7 31 12.9 13
400°C + Oy 38.1 384 6.2 1.6 13 1.0 4.2 8.4 1.9

@ Percentage of strontium associated to carbonates.
b Total percentage of carbon associated to carbonate species.

¢ Ratio between O species from bulk perovskite lattice (Op) and low coordination - low density O species (Oyc).

(i.e., La/Co =0.5). It is also noteworthy that grinding the perovskite
and the carbon together increased the La at the surface. Here the
concentration of this element was less affected by the subsequent
thermal treatments compared with the pure sample, as indicated
by the shifts in binding energy values shown in Fig. 6.

Along with the percentages and ratios accounting for the sur-
face composition of the samples, Table 2 also reports specific data
referring to the C 1s and O 1s spectra resulting from a more ac-
curate analysis of the signals of these elements. From Fig. 6, it is
apparent that the Sr 3d and La 3ds,, signals were rather complex
and must have been formed by the contribution of more than one

species. Because under our experimental conditions, these two el-
ements can be present only in the form of Sr* and La3*, the two
species contributing to the spectra must be associated with these
ions pertaining to an oxide and a hydroxicarbonate phase [32,54].
The Sr 3d signal clearly points to the existence of two different
species of clearly differing binding energies (131.5 and 133.6 eV for
the Sr 3ds;, peaks). According to the literature, these species can
be attributed to Sr2* ions in the perovskite oxide phase and in
a hydroxicarbonate phase [32,33,54]. The relative contributions of
these two species can be determined by fitting analysis [54]. The
results of this evaluation are included in Table 2, which indicates
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Fig. 7. Co 2p3/2 photoemission spectra of the Lags5Sro.5C0o03_s perovskite before (left column) and after grinding with 10 wt% carbon (right column) and after different
treatments: (a) spectra of the original samples; (b) after heating at 400°C in vacuum; (c) after heating at 400°C in the presence of 0.5 Torr O,. The estimation of the
percentage of Co>*/Co?* has been done by linear subtraction of the experimental spectra of the Co?* signal of a reference compound of CoO (see text).

the percentage of strontium atoms (referred to the overall surface
composition) associated with the hydroxicarbonate phase.

It is important to mention that after heating at 400 °C, most,
if not all, of the hydroxide groups must be removed from the sur-
face, and thus the strontium must be associated with CO3 groups
at a 1:1 ratio. For simplicity, we assume that this also holds for the
original sample before annealing. According to the values given in
Table 2 and the shape of the spectra shown in Fig. 6, it is apparent
that more strontium was linked to carbonate in the physical mix-
ture with carbon (Fig. 6b, center) than in the original perovskite
(Fig. 6a, centre). Table 2 also reports the amount of carbon present
on the surface in the form of carbonate species, characterized by
a binding energy of 289-290 eV (associated with strontium or
lanthanum, or just adsorbed contamination onto the surface). Ac-
cording to these values, the amount of carbonate decreased after
the heat treatments, as also demonstrated by the intensity of the C
1s peak at around 290 eV for the samples subjected to heat treat-
ments shown in Fig. 6.

The Co 2p spectra provide interesting information about the
chemical state of this element. Fig. 7 shows that cobalt under-
went a significant redox transformation when mixed with carbon
and also when the sample was heated to increasing temperatures.
According to previous reports [54,55], the Co 2p spectrum of the
original sample is characteristic of Co>t species (a binding energy
of 779.7 eV and the absence of an intense satellite peak at around
786 eV). Heating this sample in vacuum at 400°C led to a chemi-
cal reduction of these species, as evidenced by the fitting analysis
of the corresponding spectrum shown in Fig. 7b. The Co3* species
were restored when the perovskite was heated in O, at this tem-
perature (cf. Fig. 7c).

A completely different situation occurred for the perovskite—
carbon mixture (Fig. 7, right). In this case, the spectrum of the
mixture before heating showed a considerable reduction of the

Co>* species to Co%T, amounting to ca. 60-70% of the total cobalt.
This situation was maintained after the mixture was heated in vac-
uum to 400°C but was almost completely reversed after it was
heated in oxygen at the same temperature. That treatment almost
restored the Co 2p spectrum of the original perovskite (cf. Fig. 7a,
left and Fig. 7c, right). The most interesting of these results is the
fact that Co3t could be reduced to Co?* simply by grinding the
perovskite at room temperature with carbon during preparation of
the physical mixture (cf. Fig. 7a, right). This result, together with
the enhanced carbonation of the surface produced by this treat-
ment (cf. Fig. 6 and Table 2), demonstrate that perovskites exhibit
high reactivity toward carbon even at low temperatures. To the
best of our knowledge, no analogous results on this solid-solid in-
teraction have been presented to date, despite the fact that other
authors have evaluated physical mixtures of catalysts and carbon
particles [10,41,42,56,57] or have used milling techniques for fabri-
cating perovskites [58-60]. Also of note, a similar grinding exper-
iment in the absence of catalyst did not show any change in the
spectra thus discarding mechanical effects associated to the grind-
ing process.

XPS analysis of the O 1s spectra provided additional informa-
tion about the evolution with temperature of the surface of per-
ovskites when mixed with carbon. Fig. 8 shows a series of fitted
O 1s spectra corresponding to the samples subjected to the same
treatments as those reported in Figs. 6 and 7. Fitting was carried
out under the assumption of four different species of oxygen in
the experimental spectra. For the analysis, the position and width
of the corresponding bands were kept fixed throughout the series
of spectra. According to the literature, the first band at 528.3 eV
(hereafter called Op) can be associated with oxide species of the
perovskite lattice [54,55], the band at 529.5 eV can be ascribed to
oxide ions of segregated single oxides of the cations present in the
sample [33,54,61], and the band at 531 eV can be attributed to
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Fig. 8. (Color online). Fitted O 1s photoelectron spectra of the Lag 5Srg5Co03_s perovskite before (left column) and after grinding with 10 wt% carbon (right column) and
after different treatments: (a) spectra of the original samples; (b) after heating at 400°C in vacuum; (c) after heating at 400 °C in the presence of 0.5 Torr O,.

oxygen in the form of hydroxide or carbonate species [54,55,62-
64]. The intensity of this latter band was not left free during the
analysis, but rather was assumed to be fixed as a function of the
amount of carbonate species present in the sample, as reported in
Table 2. Thus, the intensity of this band was estimated according
to Io-c = Ic3(00/0¢c), where I¢ is the intensity of the C 1s peak
due to carbonates [62] and op and oc are the sensitivity factors of
oxygen and carbon, respectively.

Following this fitting procedure, it is apparent that some in-
tensity of the O 1s peak remained, which can be justified only
by the presence of another band at a higher binding energy (i.e.,
532.4 eV). The results of previous analyses of O 1s spectra of cobalt
spinels and defective cerium oxide [36,37,65] allow us to tenta-
tively attribute this extra band to oxide ions with low electron
density, likely because they are in a very low coordination state
and/or are associated with cation vacancies in the oxide structure
[36,37,65]. The fitted O 1s spectra of the pure perovskite samples
after the different treatments show that, in agreement with the
data given in Table 2 and the C 1s spectra shown in Fig. 6, heating
at 400°C produced significant decarbonation of the surface along
with a simultaneous increase in the concentration of oxide species
in the perovskite and the segregated oxides. Because the percent-
age of strontium associated with carbonate species remained prac-
tically unmodified after the treatments (cf. Fig. 8 and Table 2), the
formation of surface patches of lanthanum oxide seems to be the
main result of surface decarbonation. Simultaneously, the spectrum
in Fig. 8 (left) demonstrate an increase in the intensity of the band
associated with low-electron density oxide ions.

In the perovskite-carbon mixture, the initial O 1s spectrum was
dominated by oxide pertaining to carbonate species, in agreement
with the data for the other elements (Fig. 8 and Table 2). Heat-

ing this sample in vacuum produced only a slight decrease in
the intensity of the carbonate species. Oxides linked to carbonate
species were diminished significantly only after heating in oxygen
to 400°C, accompanied by an increased intensity of the peak due
to oxide ions from segregated oxides. The decrease in the Op/Oyc
ratio with respect to the original samples (cf. Table 2) can be seen
as another indication of the partial destruction of the perovskite
lattice due to its interaction with carbon during preparation of the
physical mixture.

4. Discussion

The TPO experiments on carbon alone or the perovskite-carbon
mixture demonstrate that in the presence of this catalyst, the
oxidation temperature decreased by ca. 140°C (i.e., from 650 to
510°C; see Fig. 3). Moreover, the observed increase in the selec-
tivity toward CO, indicates that the perovskites had moderate ef-
ficiency as oxidation catalysts of soot particles [4]. Other catalysts,
including cobalt-containing oxides [12,13,24], spinel-like structures
[8,25], and perovskites with Cr and Li [3], have demonstrated bet-
ter catalytic behavior by reducing the temperature of carbon com-
bustion to below 400°C, some of them even under loose contact
conditions. Previous studies have linked the oxidation capacity of
the perovskites with the ionic mobility of O species that migrate
to the surface as an effect of temperature [4,19]. This hypothesis
has been proved with experiments using isotopically marked oxy-
gen in the gas phase that demonstrated the evolution of products
with two kinds of oxygen [23]. It seems that the ionic migration of
oxide ions occurs through the formation of oxygen vacancies occu-
pied by other oxide ions of the lattice to compensate for the defect
of charge [4,19,35,66],
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Fig. 9. (Color online). Scheme of the cobalt oxidation states distribution within the perovskite as a consequence of the interaction and reaction with carbon particulates:
(a) perovskite as prepared (without carbon); (b) after grinding at room temperature; (c) intermediate state during the heating treatment at 400°C in the presence of
0.5 Torr O7; (d) final state of the perovskite after the complete removal of carbon by prolonged thermal oxidation. The expressed percentages of cobalt are deduced from the

EELS calculations described in Section 3.3.

(Co*™ — 0™ — Co*") — (Co®" — [Vo] — Co®T), (1)

where Vg represents an anionic vacancy.

Our EELS and XPS experiments have shown that the different
treatments produce changes in the chemical state of cobalt and in
the distribution of the elements at the surface. These changes can
be accounted for by the model shown schematically in Fig. 9. We
elaborated on this model by taking into account the different prov-
ing depths of the EELS and XPS techniques. EELS can be considered
bulk-sensitive, whereas XPS is sensitive only to the outermost sam-
ple layers. The ratio L3/L; determined from the EEL spectra allow
us to determine the average valence state of the cobalt and, in
an indirect way, calculate the amount of anionic vacancies in the
structure, particularly for the substituted perovskite (cf. Fig. 5b).

Based on the EELS calculations (cf. Fig. 5), we estimate that
in the original strontium-substituted perovskite, half of the cobalt
was in a trivalent state, and the other half should correspond to
divalent states. Therefore, we must assume that to maintain elec-
troneutrality, the structure contains a significant concentration of
anionic vacancies. Previous studies combining TEM and EELS found
that in defective perovskites with a Brownmillerite-like structure,
an ordered distribution of oxygen atoms and anionic vacancies
along the lattice is possible [50,67]. In other cases, the distribution
is not ordered, and oxygen defects and cobalt ions with different
oxidation states are randomly distributed in the perovskite struc-
ture [52]. In our samples, XRD revealed that the perovskite struc-
ture was maintained even after the reaction at 700°C (Fig. 2c).
In addition, the finding that the (012) and (024) peaks became
closer after these treatments (see Table 1) suggests an expansion
of the unit cell. This finding is congruent with the substitution of
Co**t (r=0.63 A) by Co?t (r=0.74 A) cations [68]. The observed
changes were smaller in the nonsubstituted perovskite, in agree-
ment with the larger size of the crystalline domains and also the
predominance of the Co3* species in this sample (cf. Fig. 7 and Ta-
ble 1). Thus, the model shown in Fig. 9a accounts for the original
perovskite where there is a homogeneous distribution of Co?* and
Co>* species.

Fig. 9b accounts for the solid-solid reaction occurring during
the preparation of the perovskites—carbon mixture. The partial re-
duction of cobalt detected by XPS reveals considerable surface
reactivity toward carbon even at room temperature. The mainte-
nance of the perovskite structure after grinding (cf. Fig. 2b). This is
demonstrated schematically in the model shown in Fig. 9b by an
external layer with a high concentration of Co?t species (ca. 70%

according to the XPS analysis; cf. Fig. 7), leading to a 40% concen-
tration of Co3t species as estimated by EELS. Our XPS analysis also
suggests the existence of additional phenomena. According to the
fitting analysis of the O 1s spectra (cf. Fig. 8, left column), the orig-
inal sample had a significant contribution of oxygen species from
the perovskite lattice (i.e., the band at 528.3 eV) [54,55], along
with the presence of low-electron density oxide species appear-
ing at higher binding energies (i.e., the band at 532.5 eV) [36]. The
existence of this singular surface oxygen can be associated with
low-coordinated oxygen atoms at special sites on the surface with
a higher covalence of the Co-O bond, as was proposed previously
for other polycrystalline cobalt oxides [36]. Recent TPD experi-
ments also have accounted for the existence of oxygen species
not only from the lattice network, but also from dislocations and
grain frontiers (i.e., pseudodefective perovskites and/or oxides) [40,
58-60]. We believe that this species may favor the reaction of
perovskite with carbon particles after grinding at room tempera-
ture and somehow may be associated with the typically reported
anionic vacancies responsible for the active role of perovskites in
oxidation reactions [4,19,58-60].

On the other hand, comparing the XPS results for the orig-
inal sample and the physical mixture reveals evidence pointing
to partial destruction of the perovskite structure at the surface
due to the reaction between perovskite and carbon. Table 2 in-
dicates a decrease in the Op/Ojc ratio from 2.1 to 0.9 between
the original perovskite and the physical mixtures. This indicates
an increased presence of low-coordination species of oxygen at
the surface, likely due to the partial destruction of the perovskite
structure at the surface (see Fig. 8). Moreover, the change in the
Co 2p spectrum shown in Fig. 7, characterized by a shift toward
higher binding energies and the appearance of a satellite at ca.
786 eV, clearly indicates a reduction of cobalt. Consequently, the
following overall reaction can be proposed to account for the in-
teraction process occurring at the surface during the grinding of
the perovskites and the carbon particles (cf. Fig. 9b):

(Co** — 0= — Co**) + C— (Co?* — [Vo] — Co*T) + COy. )

Our data provide additional evidence supporting the partial de-
struction of the perovskite lattice in the outer layers of the oxide
particles in the physical mixture. In fact, the XPS spectra shown
in Figs. 6 and 8 and the results given in Table 2 indicate that
mixing with carbon enhanced the carbonation state of the per-
ovskite surfaces. This finding can be explained by assuming that
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the perovskite structure was partially destroyed during the chem-
ical reduction of the Co3t species, which would favor carbonation
of the segregated lanthanum and strontium oxides with the atmo-
spheric CO3/H,0 [10].

The effect of heating at 400°C in the presence O, is consid-
ered in the model schemes of Figs. 9c and 9d. According to the
literature [4,19], increasing temperature facilitates the elimination
of surface hydroxicarbonates (cf. Fig. 6) and the migration of 0%~
species from the bulk to the surface. This explains the partial de-
crease in the overall oxidation state of cobalt for the perovskites
after the TPO experiments, as detected by EELS (cf. Fig. 5), as well
as the 140°C decrease in the overall temperature of carbon oxi-
dation in the presence of perovskite (Fig. 3). In the presence of
oxygen, the carbon particulates in contact with the catalysts were
oxidized by both the O, added as a reactant and the contribution
of the 0%~ ions provided by the perovskite lattice. This led to oxy-
gen depletion within the perovskite grains, as well as an additional
decrease in the average oxidation state of cobalt as determined by
EELS (cf. Figs. 9c and 9d).

The other effect of heating in the presence of O, demon-
strated by the XPS analysis is the transformation of surface (La,
Sr)-carbonates into their oxide counterparts. Both the increment of
the O 1s fitted band at 529 eV (cf. Fig. 8) and the binding energy
shifts in the La 3d spectrum from La-carbonate to La-oxide species
point in that direction [31,54]. Probably some of these oxides were
inherently segregated to the surface of the perovskites because of
the preparation method used [32]. Nonetheless, the destruction of
the perovskite structure by reduction with carbon and its subse-
quent reoxidation by O, allowed the additional formation of both
finely dispersed oxides (not detectable by XRD) and pseudodefec-
tive perovskites structures containing sites for labile oxygen species
associated with the higher binding energy band at 532.4 eV (cf.
Fig. 8).

The final state of the cobaltites after the TPO experiments re-
vealed a nonstoichiometric perovskite that maintained its structure
but with a higher amount of vacancies within its lattice. EELS cal-
culations of the valence state of cobalt confirmed a reduction in
the overall valence state (cf. Fig. 7b). This evidence might seem to
contradict the finding that, according to the XPS results, cobalt un-
derwent additional oxidation after being heated with oxygen (cf.
Fig. 7). But we believe that, according to the model scheme in
Fig. 9d, this simply indicates that the Co3* enrichment was con-
centrated in the outer parts of the perovskites while its bulk was
depleted in oxide ions due to migration to the surface through the
anionic vacancies. This spillover mechanism facilitated the creation
of “additional oxygen” species that actively participated in the ox-
idation of carbon, leading to a major selectivity toward CO; as a
byproduct [4,14,19,21,59,69]. Similar behavior also has been ob-
served in CeO;,-based catalysts [14,48,70].

5. Conclusion

We have shown that the cobaltites prepared by a spray pyroly-
sis method are suitable catalysts for the oxidation of finely divided
carbon particles simulating the effect of soot. TPO experiments un-
der tight contact conditions demonstrated moderate activity of the
cobaltites, with a ca. 140°C reduction in the oxidation tempera-
ture of carbon with respect to the results obtained in the absence
of catalysts. Perovskites and fine carbon particles may react even
at room temperature when they are ground together to form a
physical mixture but with only mechanically induced effects dis-
counted, because no surface reduction was detected in the absence
of carbon. As a result of this reaction, the perovskite surfaces are
partially reduced and strongly carbonated. The combination of XPS
and EELS techniques has provided evidence that at higher temper-
atures, significant migration of 02~ lattice species toward the sur-

face occurs, thereby increasing the potential number of active sites
for the oxidation of carbon and the selectivity toward CO;. This mi-
gration of oxygen ions is marked by an overall depletion of oxygen
ions in the bulk of the grains of perovskites (supported by EELS)
and a higher oxidation state of cobalt at the surface (indicated by
XPS). In addition, a new oxygen species has been identified at the
surface of the cobaltites by XPS. This species is attributed to low-
electron density oxide ions likely located in low-coordination sites
and is compatible with the existing oxygen species also evidenced
by TPD experiments.
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