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Nora A. Merino, Bibiana P. Barbero, Paul Grange1, Luis E. Cadús∗

Instituto de Investigaciones en Tecnología Química (INTEQUI), UNSL - CONICET, Casilla de Correo 290, 5700 San Luis, Argentina

Received 17 October 2004; revised 21 December 2004; accepted 10 January 2005

Abstract

La1− xCaxCoO3 (x = 0, 0.2, 0.4, 0.5) perovskite-type oxides were prepared by the citrate method and characterised by differ
niques. Thermogravimetry, X-ray diffraction (XRD), and specific surface area results were used to choose the best synthesis condit
the XRD results, the crystalline structure was refined with the Rietveld method. Substitution of Ca for La does not modify the pre
process of the perovskites but changes the crystalline structure slightly. An excess of lanthanum was detected by inductively coup
spectroscopy, which would be at the surface as an oxide susceptible to carbonation. The reactivities of the different oxygen sp
studied from the results of temperature-programmed desorption of oxygen and temperature-programmed reduction. The catalyt
was tested in propane total oxidation. The close parallel between the catalytic activity and the oxygen species amount adsorbed on
oxygen vacancies indicates that the propane oxidation on La1− xCaxCoO3 catalysts proceeds through a suprafacial reaction mechanis
 2005 Elsevier Inc. All rights reserved.
Keywords:Perovskites; Citrate method; Oxygen species; Catalytic oxidation; Propane

a-
nd
-
lac

ther-
ive
ive

s-
the

eri-
tals

, al-
led
m-
ent

lso

ion
s an-
tion
lec-
ite
en,
rbed

uld
av-
1. Introduction

Volatile organic compounds (VOCs) are among the m
jor contributors to environmental pollution, in a direct a
indirect way[1]. Catalytic oxidation is one of the most im
portant processes for VOC destruction because it takes p
at much lower temperatures than those required for the
mal destruction[2]. Supported noble metals are very act
for complete VOC oxidation; however, they are expens
and they can be deactivated by poisoning[3]. The good ac-
tivity shown by perovskite-type oxides in catalytic combu
tion processes, together with a high thermal stability, are
main driving force behind the investigation of these mat
als as catalysts, which can potentially replace noble me
for the complete oxidation of hydrocarbons[4–6].
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Perovskite oxides have the general formula ABO3, where
A sites may be occupied by rare-earth, alkaline-earth
kali, or other large ions, and the B sites are usually fil
with transition-metal cations. Moreover, the perovskite co
position can be widely changed by the partial replacem
of A and/or B cations with other metals, which can a
have an oxidation state different from 3+. The high stabil-
ity of the perovskite structure allows this partial substitut
and a consequent creation of structural defects such a
ionic or cationic vacancies and/or a change in the oxida
state of the transition metal cation to maintain the e
troneutrality of the compound. Generally speaking, A-s
replacement mainly affects the amount of sorbed oxyg
whereas B-site replacement influences the nature of so
oxygen[7]. Therefore, such isostructural substitution wo
produce modifications of the perovskites’ catalytic beh
iour [8].
In those cases in which the substitution is successfully
completed (i.e., all of the substituting cation is incorporated
into the perovskite structure without phase segregation), the

http://www.elsevier.com/locate/jcat
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substitution effects on the catalytic activity are going to
pend on both the reagent molecule involved and the
dation mechanism. As Voorhoeve et al. proposed[9], two
different mechanisms of catalytic oxidation should be dis
guished: (i) a suprafacial process in which the catalyst
face provides a set of electronic orbitals of proper symm
and energy for the bonding of reactants and intermedia
and (ii) intrafacial reactions in which the catalyst parti
pates as a reagent that is partly consumed and regene
in a continuous cycle. In the former mechanism, the oxy
vacancies at the catalyst surface play a relevant role fo
adsorption and activation of the reactant molecules, whe
in the latter mechanism, the metal cation of the catalyst
ide should have the capacity to change the oxidation s
and thus to participate in a redox cycle.

A perovskite catalyst, which contains La at the A s
and Co at the B site, provides excellent catalytic activity
oxidation[10–13]. Such activity is further improved by th
replacement of La at the A site with ions that have a diff
ent valence state, such as Sr or Ce[14–19]. Replacement a
the A site with Ca has not been studied in VOC oxidation
actions. Calcium, a divalent cation like Sr, could increase
catalytic activity and provide a catalyst with high structu
stability due to the similarity of its ionic radius with that
La3+.

Therefore, in this work, La1− xCaxCoO3 perovskites
with x = 0, 0.2, 0.4, and 0.5 were prepared and wid
characterised by different techniques. The effects of Ca
stitution on the synthesis process, on the structural cha
teristics, and on the stability of the perovskite structure w
studied. Furthermore, the potential catalytic application
tested in the complete combustion of propane, which
chosen as a model molecule of VOC, and the correla
between the different oxygen species and the catalytic
haviour is discussed.

2. Experimental

2.1. Catalyst preparation

La1− xCaxCoO3 (x = 0, 0.2, 0.4, 0.5) perovskites we
prepared by the citrate method[20]. La(NO3)3 · 6H2O
(Fluka), Ca(NO3)2 · 4H2O (Fluka), Co(NO3)3 · 6H2O (Carlo
Erba), and citric acid (Mallinckrodt) were used as reage
An aqueous solution of citric acid with a 10% excess o
the number of ionic equivalents of cations was prepa
The aqueous solutions of the metal nitrates were adde
that of citric acid, and they were agitated for 15 min. W
concentrated the resulting solution by slowly evapora
water under vacuum in a rotavapor at 75◦C until a gel was
obtained. We dried this gel in an oven, slowly increas
the temperature to 200◦C and maintaining this temperatu

overnight, to produce a solid amorphous citrate precursor.
The resulting precursor was milled and then calcined in air
at 700◦C for 2 h.
atalysis 231 (2005) 232–244 233
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2.2. Catalyst characterisation

2.2.1. Differential thermal analysis and thermogravimetr
Differential thermal analysis/thermogravimetry (DT

TG) experiments were performed with a Shimadzu D
50 and TGA 51 equipment. The data were collected in
air atmosphere with Al2O3 as a reference, and 10 mg
the sample was used for each analysis. The analyses
recorded from room temperature up to 400◦C; the tempera
ture was kept at 400◦C for 30 min, then increased to 700◦C,
kept at 700◦C for 2 h, and, finally, increased to 1000◦C, at
a rate of 2.5◦C min−1 in all of the ramps.

2.2.2. BET specific surface area measurements
The specific surface area (SSA) of the catalysts was

culated with the BET method from the nitrogen adsorpt
isotherms obtained at 77 K on samples outgassed at 25◦C
with the use of a Micromeritics Accusorb 2100E apparat

2.2.3. Inductively coupled plasma-optical emission
spectroscopy

The elemental composition was determined by ind
tively coupled plasma optical emission spectroscopy (I
OES), with the use of a 1m-Czemy Turner monochroma
with a holographic grating with 1800 grooves mm−1. In each
experiment, 10 mg of each catalyst was dissolved in
HCl solution. The reference solutions were prepared w
the metal nitrates used in the catalyst preparation.

2.2.4. X-ray diffraction
To check the evolution of the crystallinity, X-ray diffrac

tion (XRD) patterns of the precursors were obtained at ro
temperature and at 200◦C; then the temperature was i
creased in steps of 50 to 700◦C and the data were recorde
after the sample was exposed for 1 h at each temp
ture. We used a Siemens diffractometer, operated at 40
and 40 mA with a monochromator and Cu-Kα radiation
(λ = 0.15418 nm). The data were collected at 0.02◦ with
a counting time of 2 s per step, in the(2θ) range from 10◦ to
90◦.

XRD patterns of the catalysts calcined at 700◦C were
recorded at room temperature with a Rigaku diffractom
operated at 30 kV and 20 mA and Ni-filtered Cu-Kα radia-
tion (λ = 0.15418 nm). The data were collected at 0.02◦ with
a counting time of 5 s per step, in the(2θ) range from 20◦
to 90◦. In both cases, the crystalline phases were ident
by reference to the powder diffraction data (JCPDS-ICD
with the use of standard spectra software.

The lattice parameters and the structure of the cata
calcined at 700◦C have been estimated from Rietveld’s po
der structure refinement analysis of XRD data[21].

2.2.5. Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) spectra were regis-

tered with a Nicolet Protegé 460 spectrometer in KBr pellets.
The spectra were the result of averaging 32 scans obtained
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at room temperature at wavelengths ranging from 400
225 cm−1.

2.2.6. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) analyses w

performed on a SSX 100/206 photoelectron spectrom
from Surface Science Instruments with a monochromat
microfocused Al X-ray source. Spectra were registered a
the samples were purged at room temperature in vacu
The residual pressure in the analysis chamber during
analysis was about 10−6 Pa. The flood gun energy was a
justed at 10 eV. The survey spectrum and the C1s, O1s,
La3d , Co2p, Ca2p, and C1s spectra were recorded aga
to check the stability of charge compensation as a func
of time. The data treatment was performed with appropr
software. Binding energies were calibrated with respec
the C–(C,H) component of the C1s peak fixed at 284.8 eV
The atomic ratios were calculated from the atomic sens
ity factors provided by the manufacturer.

2.2.7. Oxygen temperature-programmed desorption
Oxygen temperature-programmed desorption (O2-TPD)

experiments were performed in a quartz reactor with a T
as detector. In each analysis, 500 mg samples were
treated with helium gas, and the temperature was incre
from room temperature to 700◦C at a rate of 10◦C min−1.
The samples were oxidised with a 20% O2/He mixture at a
total flow rate of 30 ml min−1 at 700◦C for 30 min. Then
they were cooled to room temperature in the oxidising m
ture and flushed with a stream of purified He for 30 min. T
desorption was carried out under the same conditions a
pretreatment; the temperature was maintained at 700◦C up
to the baseline of the chromatograph was stabilised.

2.2.8. Temperature-programmed reduction
Temperature-programmed reduction (TPR) experim

were performed in the apparatus used for O2-TPD. In this
case, 50 mg samples were pretreated with helium gas
temperature was increased from room temperature to 70◦C
at a rate of 10◦C min−1 and then cooling down to 50◦C. The
reducing atmosphere was a 5% H2/N2 mixture introduced a
a total flow rate of 30 ml min−1. The temperature was in
creased at 10◦C min−1 from 50 to about 725◦C.

2.3. Catalytic test

The catalysts (300 mg, 0.5–0.8 mm particle diameter)
luted with glass particles of the same size in a ration
1:5, were tested in a fixed-bed quartz tubular reactor
erated at atmospheric pressure. The feed was a mixtu
2 vol% propane and 10 vol% oxygen, balanced with
lium. The total flow rate was 100 ml min−1 measured a

room temperature. The temperature, measured with a coaxia
thermocouple, varied between 150 and 420◦C increasing in
steps of 20◦C. The data obtained at each temperature were
atalysis 231 (2005) 232–244
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the average of three steady-state measurements. The
tants and reaction products were alternately analysed on
with a Shimadzu GC9A gas chromatograph equipped w
thermal conductivity detector, a Porapak Q (80–100 me
column for separating hydrocarbons and CO2, and a Car-
bosphere column for carbon monoxide, methane, and
gen. The conversion of propane,X (%), is defined as the
percentage of propane feed that has reacted

X (%) = (C3H8)in − (C3H8)out

(C3H8)in
× 100.

3. Results

3.1. Differential thermal analysis and thermogravimetry

DTA/TG diagrams of the perovskite precursor withx = 0
andx = 0.5 are shown inFig. 1. The TG signal shows weigh
loss in several steps. The first weight loss below 250◦C is
mostly due to dehydration and evaporation of volatile
ganic components. The following large weight loss betw
250 and 620◦C can be ascribed to the decomposition a
burnout of most of the organics trapped in the powder p
cursor. Apparently a step is defined at about 400◦C; how-
ever, this could be an artifice due to the discontinuity
the heating ramp. At temperatures higher than 620◦C no
l

Fig. 1. DTA/TG profiles of LaCoO3 and La0.5Ca0.5CoO3.
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Table 1
Effect of the calcination temperature on the
specific surface area of LaCoO3

T (◦C) SSA (m2 g−1)

600 7.9
700 7.3
800 2.0
900 2.7

further weight loss is observed for LaCoO3, but for the sub-
stituted perovskites, a very weak weight loss above 910◦C
was detected. It could be ascribed to the decompositio
carbonates or to the decomposition of Co3O4 impurities to
CoO[22]. On the DTA curve, an exothermic effect betwe
200 and 325◦C, with a maximum at 280◦C, is observed, in
dicating that the thermal events can be primarily associ
with the decomposition of organic precursor. At a temp
ature higher than 400◦C, the effect of heating on the DTA
signal becomes important, and, thus, the alteration of
baseline prevents the detection of other thermal events.

3.2. Specific surface area

Specific surface area (SSA) results are listed inTables 1
and 2. In Table 1the effect of the calcination temperature
the SSA is shown. SSA strongly decreases with the tem
ature increase from 700 to 800◦C. In Table 2, the SSAs of
the catalysts calcined at 700◦C are presented. The SSAs
fresh and used LaCoO3 catalyst calcined at 700◦C are 7 and
9 m2 g−1, respectively. These values are similar to th
recorded by Irusta et al.[23] and Ferri and Forni[8]. The
SSA of the substituted perovskites is on average double
of the unsubstituted LaCoO3 (7.3 to 13.6, 14.4, and 19.1
and it increases with calcium loading. La1− xCaxCoO3 cat-
alysts withx = 0.2 and 0.4 have similar surface areas. Af
the catalytic test, the SSAs of all of the catalysts incre
slightly, and this difference between fresh and used cata
decreases as the amount of calcium increases.

3.3. Elemental composition: ICP-OES

Table 2shows the results of ICP. It can be observed t

the results obtained are very similar to the nominal values.

0.6 0.4 3 0.75 0
La0.5Ca0.5CoO3 19.1 19.3 La0.6Ca0.

Rwp, residual weight pattern.
atalysis 231 (2005) 232–244 235

t

Fig. 2. XRD profiles of LaCoO3 at different calcination temperatures.

3.4. X-Ray diffraction

The XRD patterns shown inFig. 2 indicate the crys-
tallinity evolution of LaCoO3 precursor as a function of th
calcination temperature. The diffractogram at room tem
ature reveals that the precursor was completely amorph
The formation process of the perovskite phase can be
served from 550◦C. At higher temperatures, an increase
the diffraction line intensity is obtained.

Fig. 3 shows XRD diffractograms of La1− xCaxCoO3

(x = 0, 0.2, 0.4, 0.5) perovskites calcined at 700◦C. Dif-
fraction lines of LaCoO3 are in agreement with the JCPD

25-1060 file, which corresponds to a rhombohedral system.

the

tveld
In all of the catalysts, the experimental lanthanum amount is
higher than the theoretical one.

The diffractograms of the substituted perovskites show
same perovskite phase as LaCoO3, although a slight shift to

Table 2
Results of specific surface area (m2 g−1) of La1− xCaxCoO3 calcined at 700◦C, elemental composition from ICP-OES, and lattice parameters from Rie
method

Catalyst SSA (m2 g−1) Elemental composition
(ICP-OES)

Lattice parameters

Fresh Used a (Å) α (◦) Rwp (%)

LaCoO3 7.3 9.2 La1.19Co0.94O3 5.376 60.81 2.8
La0.8Ca0.2CoO3 13.6 15.7 La0.93Ca0.17Co0.9O3 5.382 60.53 2.3
La Ca CoO 14.4 15.5 La Ca Co O 5.383 60.18 2.1
.4 0.98 3

5Co0.97O3 5.383 60.24 2.1
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Fig. 3. XRD profiles of La1− xCaxCoO3 (x = 0, 0.2, 0.4, 0.5) calcined a
700◦C.

higher values ofθ Bragg angles is detected. A decrease in
diffraction line’s intensity with increasing calcium amount
also observed. In no case, is a phase different from the
ovskite found.

In Table 2, the results of structure refinement fro
Rietveld are shown.

In the diffractograms of the samples after the catal
test, the same diffraction lines that appeared for the f
samples are observed, although they are less intense.
phases are not found.

3.5. FT-IR

Fig. 4 shows the FT-IR results of the La1− xCaxCoO3
perovskites withx = 0, 0.2, 0.4, 0.5. In the LaCoO3
perovskite spectrum bands at 598 cm−1 (very strong),
563 cm−1 (shoulder), 424 cm−1 (strong), and 343 cm−1

(strong) are observed. These bands are in agreement
the vibrational frequencies that correspond to three nor
modes reported by Couzi and Huong[24]. They assigned
the doublet at 598–563 cm−1 to the ν1 mode, the band a
424 cm−1 to the ν2 mode, and the band at 343 cm−1 to
theν4 mode. This assignment corresponds to rhombohe
symmetry.

For La1− xCaxCoO3-substituted perovskites, theν1 mode
presents only one weak band and theν2 andν4 mode intensi-
ties decrease when the calcium loading increases, beco
undetectable forx = 0.5. No other band was found in th
fresh catalyst spectra.
On the other hand, for all of the used catalysts, except for
LaCoO3, a band at approximately 1420 cm−1 is detected.
This band is characteristic of theν3 mode of the carbonates.
atalysis 231 (2005) 232–244
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Fig. 4. FT-IR spectra of fresh and used La1− xCaxCoO3 (x = 0, 0.2, 0.4,
0.5).

3.6. X-ray photoelectron spectroscopy

Fig. 5shows the XPS results for LaCoO3 perovskite. The
La3d3/2 peak (Fig. 5a) is a doublet, with components
binding energies of 837.5 and 834.6 eV. These values
similar to those for pure La2O3 [25]. No change in this pea
was observed when La was partially substituted with C
in the samples after the catalytic test.

XPS for the Co2p peak of LaCoO3 unsubstituted per
ovskite is shown inFig. 5b as an example, since no shi
in the binding energies or changes in the peak forms are
served with Ca substitution or after the catalytic test. T
obtained Co2p3/2 signal is a distorted peak typical of Co3+,
which results from complex state effects. The average b
ing energy is similar to that reported for Co3+ at 781.0 eV by
O’Connell et al.[26]. Other oxidation states different from
Co3+ are not easily discriminated because of the spect
complexity, since the binding energies are not very differ
and the resolution achieved without reductive treatmen
poor. However, Co2+ can be discarded, since satellite pe
in the 785–788 eV range are not observed[27].
Table 3shows the surface atomic ratio from XPS. In all
of the samples, the La/Co ratio is double the theoretical
one, suggesting a strong lanthanum surface enrichment. The
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Table 3
Surface atomic ratio from XPS

x La/Co Ca/Co (La+ Ca)/Co C/(La+ Ca+ Co) Ca/(La+Co)

Fresh Used Fresh Used Fresh Used Fresh Used Fresh U

0.0 2.31 2.30 0.00 0.00 2.31 2.30 1.90 2.35 0.0 0.0
0.2 1.54 1.36 0.81 0.66 2.35 2.02 1.94 2.48 0.32 0.28
d

e
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0.4 1.26 1.53 0.68 0.55 1.94
0.5 1.11 1.18 0.97 0.90 2.08

Fig. 5. XPS results of (a) La3d peak and (b) Co2p peak of fresh LaCoO3.

(La + Ca)/Co ratio is rather similar in all of the fresh an
used samples.

The C/(La + Ca+ Co) ratio increases slightly with th
calcium loading in the fresh samples and in the used s
ples. In all of the used catalysts, this ratio increases b
percentage similar to that observed for the fresh catalys

3.7. O2-temperature-programmed desorption

O2-TPD curves for La1− xCaxCoO3 perovskites are pre
sented inFig. 7. All of the samples show a first peak at abo
100–140◦C. Spinicci et al.[28] also observed a simila

peak on La1− εFeO3− 1.5ε (ε = 0, 0.1, 0.2, 0.3) perovskites,
which they assigned to surface hydroxyls according to the
results obtained by mass spectroscopy. We think that the pre
2.08 2.21 2.78 0.30 0.22
2.08 2.29 2.78 0.46 0.41

Fig. 6. Propane conversion as a function of the reaction temperatu
La1− xCaxCoO3 (2) x = 0, (Q) x = 0.2, (F) x = 0.4, and (") x = 0.5.

treatment conditions guarantee a clean surface before
gen adsorption, and so the desorption signal would co
spond exclusively to oxygen species. As a consequence
suppose that the first peak in the TPD curves corresp
to physisorbed oxygen species or, as denoted by Zha
al. [29], to ordinary chemically adsorbed oxygen. Then,
first peak shows a shoulder at about 230◦C, the intensity
of which increases slightly as the calcium substitution
creases. At about 350◦C, a weak signal of oxygen desor
tion is observed for LaCoO3. This peak is almost undetecte
for La0.8Ca0.2CoO3, but its intensity increases markedly
the calcium substitution increases. The oxygen species a
ciated with these signals are generally denoted byα oxygen,
and they are oxygen species adsorbed to the surface ox
vacancies[29]. Finally, a signal starting at 450◦C is detected
only for substituted perovskites, and its intensity increa
when the calcium amount increases. This signal is gene
denoted byβ oxygen, and it is associated with the latti
oxygen[29] or with oxygen species occupying the inner v
cancies created by substitution of Ca for La.

3.8. Temperature-programmed reduction

Fig. 8 shows the TPR profiles for La1− xCaxCoO3 per-
ovskites. The results indicate two reduction stages, altho
-

every stage could be more than one. In all of the cases, a re-
duction stage occurs between 350 and 450◦C and another
one at about 600◦C. Only in the TPR curves of the sub-
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Fig. 7. O2-TPD profiles of La1− xCaxCoO3 (x = 0, 0.2, 0.4, 0.5) calcined
at 700◦C.

stituted perovskites is a signal detected, at approxima
660◦C. In literature, there is not an agreement on the red
tion stages assignment. The assignations made by Naka
et al.[30] indicate that the perovskite reduction includes fo
stages. First, the formation of the oxide of the B cation an
spinel structure occurs; then the B cation is reduced; fin
La2O3 and Co0 are formed. On the other hand, Wachow
[31] found two reduction processes: the first one correspo
to a partial reduction to give intermediate perovskite, an
the second step the sample is completely reduced to Co0 and
La2O3. For the purpose of this work, state identification
the reduction intermediate is not relevant.

Although it is not very clear, a slight shift of the maxim
towards lower temperatures with increased calcium su
tution is observed. A clearer tendency of the Ca effect
the reducibility of the perovskites can be observed from
onset temperatures in the reduction profiles. These tem
tures decrease markedly when the calcium amount incre
(Table 4).

3.9. Catalytic activity

The catalytic behaviour of La1− xCaxCoO3 (x = 0, 0.2,
0.4, 0.5) perovskites in the complete oxidation of prop

is studied. The results of propane conversion as a function
of the reaction temperature are shown inFig. 6. Each da-
tum is the average of three steady-state measurements.Ta-
atalysis 231 (2005) 232–244

a

-
s

Fig. 8. TPR profiles of La1− xCaxCoO3 (x = 0, 0.2, 0.4, 0.5) calcined a
700◦C.

ble 4summarises the reaction temperature correspondin
50 and 90% conversion, the conversion at 260◦C, and the
activation energies. The main products are CO2 and water.
On La1− xCaxCoO3, in the temperature range between 2
and 300◦C, traces of propylene and ethylene are detec
Neither CO nor other oxygenated products (e.g., acro
acrylic acid, acetaldehyde) were found. The carbon bala
was±4%. In the La1− xCaxCoO3 catalysts an important in
crease in the propane conversion with the increase in
calcium amount is observed, especially forx = 0.4, where
a conversion difference in the order of 20% at 260◦C with
respect to the unsubstituted perovskite is reached. The
plete oxidation is reached at temperatures higher than 42◦C
for all of the catalysts except for La0.5Ca0.5CoO3, for which
total oxidation was reached at 400◦C.

4. Discussion

4.1. Synthesis of single perovskite phase
La1− xCaxCoO3 perovskites withx = 0, 0.2, 0.4, and
0.5 were synthesised by the citrate method. It is known that
the citrate method provides solids with high surface areas,
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Table 4
Oxygen vacancies(λ), onset temperature of reduction(Tonset), reaction temperatures at 50 and 90% propane conversion (T50 andT90), propane conversion a
260◦C (X260), and activation energies (Ea)

Catalyst λ Tonset(◦C) T50 (◦C) T90 (◦C) X260 (%) Ea (cal/mol)

LaCoO3 0 290 303 366 11.4 30,763
La Ca CoO 0.1 225 334 413 10.9 21,235
0.8 0.2 3
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La0.6Ca0.4CoO3 0.2 140 2
La0.5Ca0.5CoO3 0.25 115 2

which are obtained at relatively low calcination temperatu
from very homogeneous precursors[32]. These character
istics make it an appropriate method for preparing oxi
with the desirable textural characteristics for catalysis.
gel precursor obtained by this method leads to the for
tion of pure phases. In this work, the synthesis of the p
ovskites was carried out with highly soluble reagents to
tain completely transparent starting solutions. In this w
a translucent and homogeneous gel was obtained, whic
came an amorphous solid precursor after drying, as reve
by XRD (Fig. 2, bottom). This probably could not be o
tained under other experimental conditions. In fact, Popa
Kakihana[33] observed the formation of precipitates duri
the process of solution concentration when they prep
LaCoO3 by the citrate method. In our work, we have us
metal nitrates as highly soluble starting reagents instea
La2O3 · 3H2O and CoCO3.

The steps of dry, organic precursor decomposition
calcination are critical for obtaining an oxide without pha
segregation or structural collapse. DTA/TG analyses
formed over the dried precursors allowed the selection
the decomposition conditions. Since a large weight loss
ing the decomposition of the organic precursor was obse
between 250 and 620◦C, the temperature was slowly in
creased to avoid a fast oxidation and probable phase seg
tion. As observed inFig. 1, the weight loss corresponding
the organic precursor decomposition ends at approxima
620◦C. The solid crystallinity evolution as a function of th
calcination temperature was studied by in situ XRD. The
sults presented inFig. 2 clearly indicate that the process
formation of the perovskite structure starts at approxima
550◦C, and the crystalline organisation improves at hig
temperatures. As shown inTable 1, an increase in the calc
nation temperature from 700 to 800◦C produces an impor
tant structural collapse, which notably decreases the spe
surface area. Because of the results discussed above,
decided to calcinate the samples at 700◦C, since this temper
ature guarantees perovskite phase formation with a sui
surface area for use as a catalyst in oxidation reactions.

The substitution of calcium for lanthanum could mod
the perovskite synthesis process. In fact, an important di
ence between the surface area of the unsubstituted an
substituted perovskites is observed. The calcium prob
modifies the carboxilate precursor decomposition, gene

ing a different texture. Although the DTA/TG diagrams of
the substituted perovskite precursors show slight differences
in comparison with those of the unsubstituted perovskite, it
343 35.3 21,992
333 42.0 21,962

-

-

s

e

is not possible to infer any conclusions from these resu
XRD results reveal that a single perovskite phase is form
for all substituted perovskites after calcination at 700◦C.
A lower crystallinity is observed as the calcium amount
the substituted perovskites increases. Although the calc
replacement for lanthanum in the A sites is feasible beca
of the similarity between the ionic radii of the two spec
in 12-fold coordination (1.36 Å for La3+ and 1.34 Å for
Ca2+ [34]), this replacement probably induces a structu
disorder that leads to a delay in the crystallite growth. T
could be why the specific surface areas of the substit
perovskites are on average double that of those observe
the unsubstituted perovskite.

In solids prepared via the ceramic method, residual
La2O3 were observed together with the perovskite pha
despite the higher calcination temperature (1000◦C) [35].
Giannakas et al.[36] also detected residuals of La2O3 in
LaMnO3 and LaFeO3 perovskites prepared via a new tec
nique based on microemulsions after calcination at 650◦C.
In those cases, heating at 800◦C was enough to form th
pure crystalline phase. Kahoul et al.[37] found a calcium-
rich phase (calcium cobaltate) in a La1− xCaxCoO3 series
prepared by the sol–gel route. In our catalysts no diffrac
line different from the perovskite phase was detected. H
ever, the possibility of amorphous phases in low concen
tions or crystallites of very small size that were undetec
by XRD cannot be discarded.

According to the results discussed up to now, we
conclude that the citrate method, under the conditions u
in this work (highly soluble starting reagents, slow dryin
and calcination), is appropriate for the formation of the p
La1− xCaxCoO3 perovskite phases avoiding phase segre
tion. Moreover, it is important to remark that it is a suitab
method for obtaining a calcium substitution for lanthan
without a solubility limit in the LaCoO3 perovskite. The spe
cific surface areas obtained are acceptable for applicatio
catalytic oxidation reactions.

4.2. Structure and stoichiometry

The LaCoO3 perovskite diffractogram is in agreeme
with the diffraction lines of the JCPDS-ICDD 25-1060 fil
which corresponds to a rhombohedral structure. In the
fractograms of the substituted perovskites, a slight diffr

tion line shift to higher values ofθ Bragg angle (that is,
smaller interplanard distances) as the calcium loading in-
creases is observed. This could be associated with a change
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in the solid crystalline system. The structural chemistry
the perovskite lattices, which may present a whole serie
hexagonal, rhombohedral, and tetragonal distortions, is
complex[38]. These variations in the simple cubic syste
are the result of cation size mismatch and cationic or
ionic nonstoichiometry. The use of spectroscopy techniq
that are a very sensible approach to the problem of de
mining the structure, such as FT-IR, can help to determi
what structural changes can be produced by the subs
tion with calcium. The LaCoO3 perovskite infrared spectrum
shows theν4 absorption band at 320 cm−1, which can be
assigned to the O–Co–O angle deformation[24]. This vibra-
tional mode is usually inactive in IR as well as in Ram
spectroscopy for a cubic structure, but it is active in a d
torted structure. As can be observed inFig. 4, this band
tends to disappear when lanthanum is replaced with calc
It is evident that the substitution of calcium in the LaCo3
perovskite structure favours the crystalline reorganisation
wards a cubic structure. The results of structure refinem
by Rietveld confirm this statement.

The diffractogram of LaCoO3 perovskite presents th
characteristic doublets of the rhombohedral structure,
the refinement by Rielveld is very satisfactory consider
this geometry. In the diffractograms of the substituted p
ovskites, these doublets are not resolved, and so, single
like those for the cubic structure are observed. Howe
better adjustments are achieved if we consider a rhom
hedral space group (No 167, R3c). The results present
Table 2show that substituted perovskites(x > 0.2) have a
slightly rhombohedral distortion (α is equal to 60◦ in the
cubic structure). When the data are fitted with the cu
space group, the results do not improve. Furthermore, fi
all the sample diffractograms with a rhombohedral sys
makes it possible to correlatex with both the lattice para
meter(a) and the angle(α). Thus it is observed that whe
x increases,a increases andα decreases. An anomaly
observed forx = 0.5: La and Ca occupations seem to cor
spond to La0.6Ca0.4CoO3 more than to La0.5Ca0.5CoO3, and
the other parameters are similar to those forx = 0.4. If we
extrapolateα for x = 0.5, the value is practically 60◦; and
then this “prediction” would indicate that La0.5Ca0.5CoO3
perovskite is cubic, or at least the most cubic among
substituted perovskites. If we force the fitting forx = 0.5
with a cubic space group, the occupations also corresp
to La0.6Ca0.4CoO3.

Many authors consider the LaCoO3 perovskite to be a
stoichiometric system. Although the XRD and FT-IR resu
indicate that the obtained phases are pure, a defect in
perovskite stoichiometry could exist. Wu et al.[39] pointed
out that the system is essentially nonstoichiometric. O’C
nell et al. [26] prepared LaCoO3 perovskite in two forms
(La:Co= 1:1 and La:Co= 1:1.1), both of which resulted i
a strong lanthanum deficiency in the lattice. From elem

tal composition analysis, a lanthanum excess in all of the
perovskites studied in this work is observed. As mentioned
above, La2O3 or other phases different from the perovskites
atalysis 231 (2005) 232–244
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have not been detected by XRD. Considering that the ca
sis is a surface phenomenon, the results in the oxide su
composition from XPS are very important. InTable 3it is
observed that in all of the perovskites the La/Co ratio is
double or more than the theoretical ratio. This indicates
part of the lanthanum excess determined by ICP is on
perovskite surface. However, it is not possible to determ
whether the lanthanum constitutes the perovskite struc
or another phase, which could be amorphous, in very
concentration or with a crystal size less than 40 Å,
so would not be detected by XRD. In the substituted p
ovskites, the (La+ Ca)/Co ratio is always higher than 2
and so a surface lanthanum or calcium excess is prese
is known that La2O3 easily forms hydroxides and carbo
ates under atmospheric conditions[40], and the CaO forms
carbonate. Thus, an experiment using in situ FT-IR sp
troscopy in which the La0.5Ca0.5CoO3 sample was expose
to CO2 was performed. First, CO2 pressure was increase
from 0.0013 atm to 1 atm, and the sample was kept at r
temperature while the infrared spectra were acquired. T
the temperature was increased to 450◦C under CO2 flow.
During the entire treatment any signal corresponding to
bonates or bicarbonates was detected. Then another e
ment was performed in which the sample was treated
CO2 and water simultaneously. In this case, the formatio
carbonates was clearly detected by the appearance of b
at 1413, 871, and 734 cm−1 in the FT-IR spectrum. There
fore, it can be assumed that some of the lanthanum is o
surface as an oxide susceptible to being carbonated u
conditions similar to those of the reaction.

The substitution of Ca2+ for La3+ generates an electron
unbalance of the perovskite structure, and, as a consequ
oxygen vacancies or an increase in the oxidation stat
Co3+ to Co4+ can be produced to preserve charge neutra
A change in the oxidation state of the lanthanum ions is
expected. In fact, La3d5/2 XPS signals are recorded at 837
and 834.5 eV, which are close to values recorded for p
lanthana at 837.8 and 834.4 eV. As could be expected,
thanum ions are present in the trivalent form. XPS results
the Co2p3/2 could help to determinate the cobalt oxidati
state. However, the Co2p3/2 signal gives a distorted pea
typical of Co3+ resulting from complex final state effect
which makes a reliable deconvolution difficult to attain.
the other hand, the possibility of the presence of Co2+ can be
completely discarded since there are no high-binding-en
satellites[27].

The other effect that the substitution of calcium
lanthanum can produce is the generation of anionic
cancies, generally indicated byλ in the general formula
La1− xCaxCoO3± λ. The λ values, assuming all the coba
ions to be trivalent, are shown inTable 4. As has been
observed by Kahoul et al.[37] for the La1− xCaxCoO3 se-
ries, oxygen deficiency increases as the calcium conten

creases.

To conclude, we can say that the partial replacement of
La by Ca slightly modifies the rhombohedral structure of the
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LaCoO3 perovskite towards a nearly cubic symmetry. La
thanum excess was found in all of the samples, and it wo
be at the surface as an oxide susceptible to carbonatio
der conditions similar to those of reaction. The substitut
of Ca2+ for La3+ generates oxygen vacancies, preserv
charge neutrality and thus resulting in a “reductive s
chiometry.”

4.3. Textural stability

An important aspect to be considered in the solids
will be used as catalysts is their textural stability when th
are exposed to reaction conditions. With this aim, the s
ples were characterised after the catalytic test by diffe
techniques. The specific surface area of all of the cata
after the catalytic test increases slightly; this increas
higher in the unsubstituted perovskite. The catalytic re
tion modifies the surface area without structural collap
This could be due to a solid-state reaction followed b
segregation of the formed phase. However, XRD patte
of the used samples do not show new phases, and o
lower intensity was observed. This could be associated
a lower crystallinity. As the perovskite oxide is exposed
reaction conditions, cycles of reduction–oxidation can oc
at its surface. This probably induces a continuous struct
reorganisation during the reaction that affects the orig
structure. To verify the perovskite capacity to rebuild its
avoiding phase segregation as it is exposed to reduct
oxidation cycles, a study in extreme conditions was p
formed. Samples were reduced in a flow of 5%H2/N2 up
to 700◦C at 10◦C min−1. It is known that under these con
ditions, LaCoO3 is changed into La2O3 and Co0 [18]. The
reduced samples were then treated with a 20%O2/He flow at
700◦C for 1 h, and after cooling only the original perovsk
phase was detected by XRD. It is known that the LaCo3
reduction up to temperatures lower than 800◦C does not im-
plicate segregation processes or a sintered phase that a
the following reconstruction of the perovskite structure[18].
In our samples, this was verified, and the substitution of
cium for lanthanum did not affect this reconstruction.

Other factors that can modify the surface nature are
reaction products, mainly CO2 and water, which are gene
ated at the surface at high temperatures. IR spectra o
samples after the catalytic test show the appearance
weak band at 1420 cm−1, indicating that some carbona
species are formed or remain adsorbed, although the am
would be very small, since any evidence was found by XR
Surface carbon can be originated in the formation of c
bonates as well as residual carbon produced by the cata
reaction. Both possibilities explain the increase in the s
cific surface area after the catalytic test. The formation
carbonaceous compounds on the surface could cause
tivation of the catalyst, if the carbon is not removed fro

the surface during the reaction. After the catalytic test was
ended at 420◦C, the reaction temperature was decreased and
the test was restarted. The propane conversion over the use
atalysis 231 (2005) 232–244 241
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catalyst has been found to be approximately 2% lower t
that over the fresh catalyst. The formation of carbonace
compounds on the surface is also corroborated by the
results. The C/(La + Ca+ Co) surface atomic ratios of a
of the samples after the catalytic test increased in a s
lar percentage independently of the substitution degree.
indicates that all of the catalysts remove the carbon with
same efficiency. It is probable that if the catalytic test w
to be performed with an oxygen proportion in the feed t
is higher than the stoichiometric one, this small deactiva
could be avoided.

In conclusion, La1− xCaxCoO3 perovskites present ex
cellent structural stability under catalytic test conditio
neither specific surface area collapse nor structural ch
was observed. The LaCoO3 perovskite reconstruction afte
H2 reduction to La2O3 + Co0 is not affected by the substitu
tion with calcium. A very small deactivation was observ
but it could be avoided by a change in the propane/oxy
ratio in the feed.

4.4. Catalytic potential in the total oxidation of propane

It is widely known that the catalytic activity of the pe
rovskite oxides is related to the unusual oxidation state
the transition metal ions, the amount of nonstoichiome
oxygen, and the structural defects of the lattice. The incre
in the cobalt oxidation state could facilitate the catalyst p
formance in a redox cycle, in which the cobalt is reduc
supplying the necessary oxygen for the oxidation react
and then is reoxidised, taking oxygen from the gas ph
The oxygen vacancies play an important favorable role
the oxidation process since they accelerate the dissoci
of oxygen molecules on the surface and increase the m
ity of lattice oxygen. These situations are usually reac
by partial replacement of the A cation with other meta
which can have an oxidation state different from 3+. The
idea of this work is to modify the LaCoO3 perovskite by
substituting calcium for lanthanum to improve its cataly
performance in total oxidation of VOCs. As shown inTa-
ble 4, substituted perovskites present a remarkably lo
activation energy (21,700 cal/mol, in average) in compari
son with that of LaCoO3 (30,800 cal/mol).

In Fig. 6 it can also be seen how the partial subst
tion of calcium for lanthanum modifies the catalytic a
tivity of the LaCoO3 perovskite. The propane conversi
decreases when a small amount of lanthanum is su
tuted for calcium(x = 0.2), but the conversion markedl
increases for higherx. Thus the order for the propane co
version is La0.8Ca0.2CoO3 < LaCoO3 < La0.6Ca0.4CoO3 <

La0.5Ca0.5CoO3 within the whole reaction temperatu
range. In contrast, over a similar catalytic system s
as La1− xSrxCoO3, Nakamura et al.[14,41,42]found that
the activity for propane oxidation increased by almost
d

times for x = 0.1–0.2, but it significantly decreased for
x � 0.4. The same tendency was observed by Nitadori
and Misoro[16] over La1− xCexCoO3 catalysts. Further-
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more, the catalytic activity for methane combustion o
several perovskite-type oxides substituted partially at th
site (e.g., La1− xSrxCoO3 [8], La1− xCexCoO3 [43], and
La1− xSrxMnO3 [44]) is at maximum forx = 0.1–0.2, and
it decreases for higherx. Only when lanthanum was partial
replaced by calcium in LaFeO3 perovskite did the catalyti
activity for methane combustion decrease forx = 0.1 and
increase up tox = 0.3. As far as we know, La1− xCaxBO3

(B = Co, Mn, Fe, etc.) perovskite oxides have not be
evaluated, up to now, in propane catalytic oxidation. Si
only La1− xCaxFeO3 perovskites in the methane oxidatio
and our La1− xCaxCoO3 perovskites in propane oxidatio
showed an activity decrease for low substitution level (s
stitution between 10–20%) and a further increase for hig
substitution levels, we think that the calcium is respons
for this singular behaviour.

The catalysts withx � 0.4 were more active than the u
substituted perovskite, reaching a 20% higher propane
version at 260◦C. The activity increase with the increase
x could be due to higher specific surface areas presente
the substituted perovskites than the LaCoO3 perovskite. This
observation does not explain the result over La0.8Ca0.2CoO3.
Although its specific surface area (13.6 m2 g−1) is almost
double that of LaCoO3 (7.3 m2 g−1), the propane conver
sion at reaction temperatures higher than 260◦C is lower
than that of thex = 0 catalyst. It is evident that other modifi
cation produced by the calcium is responsible for the cha
in the catalytic behaviour. A greater oxygen mobility caus
by the oxygen vacancies would be the cause.

4.5. Oxygen species and their relationship with the
catalytic activity

As mentioned above, the oxygen vacancies play an
portant role in oxidation reactions since they are respons
for the adsorption–desorption properties of the gas phase
they facilitate the diffusion of lattice oxygen from the bulk
the surface. Both cases would lead to the enhancement o
catalytic activity. In the elucidation of the predominant ro
of the oxygen vacancies in the catalytic activity, studies
temperature-programmed desorption of preadsorbed ox
(O2-TPD) can be a valuable tool.

In fact, the O2-TPD results shown inFig. 7 reveal very
interesting information. A first observation indicates th
the calcium substitution for lanthanum in the LaCoO3 per-
ovskite modifies the oxygen desorption curves, where
signals appear, and, according to the higher desorption s
intensity, sorption properties of the catalyst towards oxy
would be enhanced when the calcium amount is increa
Taking into account the temperature at which the differ
signals appear, some qualities of the nature and reactivi
the different released oxygen species can be elucidated

◦
first peak at about 100–140C is observed in all of the sam-
ples and is assigned to physisorbed oxygen species. Thes
species would hardly participate in the propane catalytic ox-
atalysis 231 (2005) 232–244

y

d

e

l

.

e

idation, since they are released at temperatures lower
those at which the reaction starts.

More relevant for the catalytic activity can be the ox
gen species releasing at about 230 and at 350◦C, since the
adsorbed oxygen species that can be desorbed under
tively low temperatures are able to participate in the oxi
tion reactions. These species are calledα oxygen, and they
are oxygen species adsorbed on surface oxygen vaca
Thus the intensity of this desorption signal could indic
the surface oxygen vacancy amount. Oxygen vacancie(λ)

presented inTable 4 correspond to the theoretical valu
needed to preserve the electroneutrality. Consequently, t
are oxygen vacancies in the bulk of the catalysts, and
amount increased when the calcium amount was increa
It is well known that in the case of all solids, the composit
of the surface layer is usually different from the composit
of the bulk. This is of great importance, since the catal
properties of the solid are determined by the surface na
Therefore, the presence of oxygen vacancies on the su
can be different from that in the bulk. In fact, an intere
ing characteristic of the O2-TPD curves is that the intensit
of the α oxygen desorption signal increases when the
cium amount increases, except for La0.8Ca0.2CoO3, where it
is almost undetected.

The last oxygen desorption signal (above 450◦C) is
called β oxygen, and it is generally ascribed to latti
oxygen. A higher intensity of theβ oxygen signal indi-
cates a higher lattice oxygen mobility when the Ca amo
increases. Up to the moment, there is disagreement
whether these species arrive from the inner oxygen va
cies in the bulk (i.e., nucleophilic oxygen that has migra
to the surface) or if they are directly associated with
B-site cation reduction in the perovskite oxide framew
[45]. The reduction process with hydrogen undoubtedly
volves lattice oxygen species of the perovskite oxide
causes the reduction of the B-site cation (cobalt). T
studies of temperature-programmed reduction with hyd
gen could shed light on the lattice oxygen reactivity. T
most relevant features of the calcium effect on the cata
reducibility are the onset temperatures of the reduction
files. These temperatures markedly decrease when the
cium amount increases, suggesting that the reduction i
cilitated. These results are in agreement with the desorp
signal assigned toβ oxygen species in the O2-TPD curves,
where the signal intensity increases linearly with the calc
amount. However, it cannot be ensured that theβ oxygen
signal in O2-TPD corresponds to the same oxygen spe
involved in the reduction with hydrogen; that is, it is not e
actly certain that theβ oxygen release is accomplished
the cobalt reduction. Theβ oxygen could be oxygen speci
resulting from inner oxygen vacancies in the bulk.

The participation ofβ oxygen species in the oxidatio
reaction would be unexpected because of the releas
e
these species at relatively high temperatures. However, it
must be considered that the oxygen sorption capacity of
perovskite-type oxides changes under different surround-
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ing atmospheres (oxygen mixed with another gas or ano
preadsorbed gas)[46]. In fact, during the reduction with hy
drogen the lattice oxygen activity starts at 100–300◦C (de-
pending on the calcium amount in the catalyst), wherea
the TPD studies, they become active at temperatures h
than 400◦C. The lattice oxygen can become surface e
trophilic oxygen as an intermediate in the oxygen tran
from the lattice to the gas phase during the process of s
dissociation or in the course of its reduction (e.g., by a
drocarbon molecule). Thus theβ oxygen species could hav
an important role under reaction conditions. However,
should not be taken as an indication that it is the nucleop
lattice oxygen that is participating in the reaction[47].

More relevant hints about which oxygen species are
ticipating in the reaction can be directly revealed by catal
activity results. It has been found that the propane conver
decreases when a small amount of calcium is substitute
lanthanum(x = 0.2), but the conversion increases marke
for higherx. Both the desorption signal intensity ofβ oxy-
gen species (lattice oxygen) and the onset temperatu
the TPR profiles vary linearly with the calcium amount.
contrast, the desorption signal intensity ofα oxygen species
(mainly that at about 350◦C assigned to oxygen species a
sorbed on the oxygen vacancies) follows the order sh
for catalytic activity. The close parallel between cataly
activity for propane oxidation and the extent of oxygen
sorption indicates that adsorbed oxygens are the dom
oxygen species participating in this reaction. Then, con
ering the two different mechanisms of catalytic oxidat
proposed by Voorhoeve et al.[9], suprafacial and intrafacia
processes, we can suggest that, as has been observed
combustion of propylene and isobutene[46], the combustion
of propane would proceed through a suprafacial cata
mechanism.

5. Conclusions

The citrate method, under carefully selected synth
conditions (highly soluble initial reagents, slow drying a
calcination steps), is appropriate for the formation of p
La1− xCaxCoO3 perovskite phases and the avoidance of
segregation of phases. Moreover, it is a suitable method
obtaining a calcium substitution for lanthanum without s
ubility limit in the LaCoO3 perovskite. The specific surfac
areas obtained are acceptable for applications in catalytic
idation reactions.

The partial substitution of Ca for La slightly modifies t
rhombohedral structure of the LaCoO3 perovskite towards
nearly cubic symmetry. A lanthanum excess was foun
all of the samples, and it would be at the surface as an o
susceptible to carbonation under conditions similar to th

2+ 3+
of the reaction. The substitution of Cafor La generates
oxygen vacancies, preserving charge neutrality and resulting
in a “reductive stoichiometry.”
atalysis 231 (2005) 232–244 243
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La1− xCaxCoO3 perovskites demonstrate excellent str
tural stability under catalytic test conditions: neither spec
surface area collapse nor structural change was obse
The LaCoO3 perovskite reconstruction after H2 reduction is
not affected by the substitution with calcium.

The partial replacement of La with Ca in the A sites
the LaCoO3 perovskites improves the catalytic performan
in propane oxidation, notably decreasing the activation
ergy. Thus theses perovskites can be considered approp
catalysts for the total oxidation of propane. A very small
activation was observed, but it could be avoided by a cha
in the propane/oxygen ratio in the feed.

The desorption signal intensity ofα oxygen species as
signed to oxygen species adsorbed on the oxygen va
cies follows the same order as shown in catalytic activ
This suggests that the combustion of propane would pro
through a suprafacial catalytic mechanism.
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