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Effect of the calcium on the textural, structural and catalytic properties
of La;_,Ca,Co,_,Fe, O3 perovskites
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In La,_Ca,Co,.,Fe, Oz perovskites, the calcium substitution modifies the crystalline structure toward a pseudocubic one and
produces an electronic unbalance, compensated by the formation of oxygen vacancies and Fe*" ions. It also increases slightly the
ethanol conversion in total combustion, compensating the detriment of catalytic activity caused by the iron substitution and it

increases notably the selectivity to total oxidation.
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1. Introduction

Perovskite-type oxides have been studied due to their
excellent catalytic, electronic and magnetic properties,
which make them appropriate solids to be used in
catalysis, in replacement of those catalysts containing
noble metals. In these oxides of general formula
A A BB 034, A is usually a lanthanide ion
substituted with an alkaline earth cation (Ca, Sr, Ba)
and B and B’ are transition metal ions.

Within this type of structure, the LaCoO; perovskite
is one of the most studied phases as catalyst in oxidation
reactions [1-5], especially those concerning pollution
abatement [4—6]. Moreover, a wide range of cations has
been used to substitute both the A-site and B-site (La
and Co, respectively) to modify the valence of B cation,
redox properties, crystalline structure and non-stoichi-
ometry, and to control the oxygen vacancies and oxygen
storage capacity. The changes of these factors are of a
great importance because they are directly related to the
catalytic performance.

It is known that the substitution of the A-site cation
improves the oxygen ion mobility and the reducibility of
the cation at B-site. In literature, other cations different
from Ca, commonly Sr and Ce, at A’-site in La;_ A’.Co
O3 [79], La; ,A’,MnO; [1,7,10] and La, A’ ,FeO;
[11,12] perovskites have been used to enhance the cata-
lytic combustion reaction of several volatile organic
compounds. In a previous work [13], with the aim of
improving the catalytic performance in propane com-
bustion, LaCoO; perovskite was synthesized by the
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citrate method and the cation at A-site was partially
replaced by Ca’", resulting in La;..Ca ,CoOj3 oxides. It
was observed that the bivalent cation modifies slightly
the rhombohedral structure of the unsubstituted per-
ovskites and generates oxygen vacancies to preserved
the charge neutrality.

In addition to this, several studies substituting B-site
ion have been made [11,14]. The replacement of B cation
can lead to enhance catalytic activity caused by the
facility of the redox process between B** and B> " and a
possible stabilization of the structure. It has been
reported that the partial substitution of Fe for B cation
in LaB;,Fe,O; perovskites (B = Ni, Co) [15-1§]
increases the stability of the structure. We have reported
[17] the catalytic behavior of LaCo,.,Fe,O5 perovskites
in the oxidation reactions of propane and ethanol as
molecule models of VOCs. The LaCoO; structure can
tolerate the iron inclusion with the consequent expan-
sion of the unit cell volume, due to the higher size of the
substituting cation (Fe) and preserving the rhombohe-
dral symmetry with a weakening of B-O bonds. The
capacity of the iron would be to preserve the host
perovskite structure. And this effect would be related to
its capacity to activate or inhibit oxidant or reducing
species. Furthermore, it probably affects the capacity
and the mechanism of oxygen supply or the redox
behavior. The Fe* " appearance would modify the redox
ion couple responsible for the control of the electronic
mobility in the perovskite [17,19].

The study of perovskites-type oxides with a double
cationic substitution is important to take advantage of
the benefits found in the substitution of each cation
separately. This study requires exploring the resulting
textural and chemical changes, i.e., modifications of the
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surface area, structure, surface composition, redox
properties, and thus, how the catalytic performance is
affected.

In this work, we study the effect of the partial sub-
stitution with calcium and iron in La,_,Ca,Co;_,Fe O
perovskites on the textural properties, the structural
stability and the catalytic performance for total oxida-
tion of ethanol.

2. Experimental
2.1. Synthesis of the catalysts

La,.,Ca,Co; Fe,O5 (x =0, 0.2, 0.4; y = 0, 0.1,
0.3, 0.5) perovskites were prepared by the citrate
method [20]. La(NO3);:6H,O (Fluka 99%), Ca(NO3)y:
4H,0 (Sigma 99%), Co(NO3),-6H,O (Acros Organics
99%), Fe(NO3);9H,O (Aldrich 98%) and citric acid
(Merck 99.5%) were used as reagents. An aqueous
solution of citric acid with a 10% excess over the
number of ionic equivalents of cations was prepared.
The aqueous solutions of metal nitrates were added to
that of the citric acid and they were agitated for
15 min. The resulting solution was concentrated by
evaporating slowly water under vacuum in a rotavapor
at 75 °C until a gel was obtained. This gel was dried in
an oven, increasing slowly the temperature up to
200 °C and keeping on it overnight, in order to produce
a solid amorphous citrate precursor. The resulting
precursor was crushed and then calcined in air at
700 °C for 2 h.

2.2. Catalyst characterization

2.2.1. BET specific surface area measurements (SSA)

The specific surface area (SSA) of the catalysts was
measured by the BET method from the nitrogen
adsorption isotherms obtained at 77 K on 200 mg of
samples outgassed at 250 °C using a Micromeritics
ASAP 2000 apparatus.

2.2.2. X-ray diffraction (XRD)

X-ray diffraction patterns of the precursors were
obtained after exposing the sample at different temper-
atures (from room temperature to 700 °C with intervals
of 50 °C) for 1 h. A Siemens diffractometer operated at
40 kV and 40 mA by employing a monochromator and
Cu Ko radiation (4 = 0.15418 nm) was used. The data
were collected at 0.02° with a counting time of 2 s per
step, in the 26 range of 20-90°.

X-ray diffraction patterns of the catalysts calcined at
700 °C were recorded at room temperature using
a Rigaku diffractometer operated at 30 kV and
20 mA, employing Ni-filtered Cu Ko radiation
(4 = 0.15418 nm). The data were collected at 0.02°
with a counting time of 5 s per step, in the 26 range of
20-90°.

In both cases, the crystalline phases were identified by
reference to the powder diffraction data (PDF)
employing standard spectra software.

The lattice parameters and the structure of catalysts
have been estimated from Rietveld’s powder structure
refinement analysis [21].

2.2.3. Mdssbauer spectroscopy

Madéssbauer spectra at 298 and 22 K were taken in
transmission geometry with a 512-channel constant
acceleration spectrometer. A source of *’Co in an Rh
matrix of nominally 50 mCi was used. Velocity cali-
bration was performed against a 12 um-thick «-Fe foil.
All isomer shifts () mentioned in this paper are referred
to this standard at room temperature. The temperature
between 22 and 298 K was varied using a Displex
DE-202 closed cycle cryogenic system. The spectra were
folded to minimize geometric effects and were evaluated
using a commercial computer fitting program named
Recoil.

2.2.4. Laser raman spectroscopy (LRS)

Raman measurements were performed with a
LabRam spectrometer (Dilor) interfaced with an
Olympus optical microscope. The excitation radiation
was a He—Ne laser (632.8 nm) operated at a power of
10 mW. The 10 x objective of the microscope was used
so that a spot of about 20 um? at the surface of the
sample was measured at once. Spectra were obtained by
averaging six scans of the Raman shift range between
1100 and 100 cm™"' recorded in 10 s with a spectral

resolution of 7 ecm™".

2.2.5. Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS)

Diffuse reflectance infrared Fourier transform
(DRIFT) spectra were collected with an EQUINOXS55
infrared spectrometer from Briiker equipped with
cooled-air MIR source with KBr optics and a MCT
detector. The samples were placed inside an environ-
mental temperature-controlled chamber (Spectra-Tech
0030-103) equipped with SeZn windows and attached to
a diffuse reflectance accessory (Spectra-Tech collector).
The spectrum of an aluminum mirror was used as
background. All of the spectra (between 200 and 800
scans with a 4 cm™! resolution) were recorded in air or
helium atmosphere (after flushing helium for 1 h) at
room temperature or at 250 °C (after 30 min at this
temperature). The helium flow was passed through a
water trap (Gas purifier, Alltech) before being admitted
into the analysis cell. The spectra are presented in
absorbance mode without any manipulation.

2.2.6. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy analyses were
performed on a Surface Science Instrument SSX 100/
206 photoelectron spectrometer with a monochroma-
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tized microfocused Al X-ray source. Spectra were
registered after degassing at room temperature over-
night and the residual pressure in the analyzer chamber
was around 107 Pa. The flood gun energy was adjusted
to 10 eV. The following spectra were recorded: survey
spectrum, Cys, Oy, Lazg, Coap, Fe,p, Casy, and again Cig
to check the stability of charge compensation in func-
tion of time. The data treatment was performed with the
CasaXPS program (Casa Software Ltd, UK). Binding
energies were calibrated with respect to the C—(C,H)
component of C;s peak fixed at 284.8 eV. The atomic
ratios were calculated by using the atomic sensitivity
factors provided by the manufacturer. Peak deconvo-
lution was performed with the least squares best fitting
routine included in the software after a nonlinear
background subtraction, assuming an 85/15 Gaussian/
Lorentzian product function.

2.2.7. Temperature-programmed reduction (TPR)

Temperature-programmed reduction experiments
were performed in a quartz reactor using a thermal
conductivity detector. In these experiments, 50-mg
samples were pre-treated with helium gas increasing the
temperature from room temperature to 700 °C at a rate
of 10 °C min~" and then, cooled to 50 °C. The reducing
atmosphere was a 5% H,/N, mixture at a total flow rate
of 30 mL min~'. The temperature was increased at a
rate of 10 °C min~' from 50 °C to 700 °C.

2.3. Catalytic test

The catalysts (300 mg, 0.5-0.8 mm particle diameter)
diluted with glass particles of the same size in a ratio 1:5
were tested in a fixed bed quartz tubular reactor oper-
ated at atmospheric pressure. The feed was a
C,HsOH:0,:He mixture of 1:20.8:78.2. The total flow
rate was 100 mL min~' measured at room temperature.
The temperature, measured with a coaxial thermocou-
ple, varied from 70 °C to 325 °C in steps of 10 °C or
5 °C. The data obtained at each temperature were the
average of at least three steady-state measurements. The
reactants and reaction products were alternately ana-
lyzed on-line by a gas chromatograph equipped with a
TCD as detector. The conversion of ethanol, X%, was
defined as the percentage of ethanol feed that has reac-
ted, 1.e.,

ethanol),, — (ethanol)

out 100
(ethanol);, i

yop =

3. Results
3.1. Specific surface area (SSA)

The SSAs of La;,Ca,Co,,Fe,O; (x =0, 0.2, 0.4;
y =0, 0.1, 0.3, 0.5, 1) catalysts, measured before and
after catalytic test, are shown in table 1. The SSAs are

within 10 and 18 m? g~'. The substitution of Ca for La
increases the surface area regardless of the iron levels.
After the catalytic test, the SSAs vary between 2 and
3 m? g~! for low iron content and around 1 m* g~! for
y = 0.3 and y = 0.5. The confidence interval for all the
measurements is 90%. Each sample was measured at
least three times, so the statistical error is strongly
diminished.

3.2. X-ray diffraction (XRD)

X-ray diffraction patterns of the precursors measured
at increasing temperatures indicate the crystallinity
evolution as a function of calcination temperature. As
we previously reported for La;..Ca,CoO3 and LaCo,.
,Fe, O3 [13,17], the diffractogram at room temperature
reveals that the precursor was completely amorphous.
The formation process of the perovskite phase starts at
550 °C. At higher temperatures, an increase of the dif-
fraction line intensity is observed.

X-ray diffraction results of the catalysts calcined at
700 °C (figure 1) reveal the formation of perovskite-type
single phases (PDF 53-1211 LaCoq sFe( O3 and 25-1060
LaCo0s3). The diffractograms of the samples without
calcium (LaCo,.,Fe, O3 perovskites) exhibit a doublet at
around 20=33-33.3°, characteristic of rhombohedral
symmetry. In the calcium-substituted samples, this
doublet changes to a single line as well as the doublets at
20 = 40.7-41.4, 53.4-53.9, 59.0-59.8, 69.0-69.9, 74.3—
75.2, 78.8-79.5°. Furthermore, a shift of the XRD lines
to higher 26-angle values when calcium amount increa-
ses is observed. This shift is higher for those samples
with a higher iron content.

Results of structural refinement by the Rietveld
method are shown in table 2. Lattice parameter a«
increases slightly with the increase of the calcium
amount when y = 0.1, but it decreases notably when
y = 0.3 and 0.5. For all of iron substitution levels, the
angle o and the unit cell volume decrease when the
calcium amount increases. La and Ca occupancies agree
with the nominal stoichiometry for x = 0.2. For
x = 0.4 with y = 0.3, 0.5, calcium does not seem to be
totally included in the structure, and the stoichiometry is
Lao_7Ca0_3.

The oxygen occupancy decreases with the calcium
amount. This decrease is more notable for low iron
amounts (y = 0.1).

3.3. Mossbauer spectroscopy

Table 3 shows the hyperfine parameters. The analysis
of the system is very complex since the great number of
possible Fe neighbor combinations. The procedure fol-
lowed is the one proposed by Russo et al. [22]. With all
possible combinations, the corresponding probabilities
for each pair (La—Ca, Co-Fe) are obtained. The
hyperfine parameters are calculated and weighed by the
population. The results generate 12 possible sites that
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Table 1

Results of SSA (m” g™') of La,_.Ca,Co;.,Fe, O3 perovskites (x =

0,0.2,0.4; y = 0.1, 0.3, 0.5) calcined at 700 °C before and after catalytic test,

reaction temperature at 50% of ethanol conversion (7’sp) and at 90% of CO, yield (7o), feeding a C,HsOH:0,:He mixture of 1:20.8:78.2 with a
total flow rate of 100 mL min~' and operating at atmospheric pressure

y x SSA (m* g™") Tso (°C) Ty (°C)
Fresh Used

0 0 7.3% 9.2% - 249
0.2 13.6° 15.7% - 245
0.4 14.4° 19.3% - 234

0.1 0 10.9 8.0 196 243
0.2 18.1 15.3 194 233
0.4 13.1 14.1 195 235

0.3 0 14.3 13.9 205 256
0.2 18.3 18.1 192 233
0.4 16.0 16.8 192 230

0.5 0 9.6 8.9 205 251
0.2 11.8 13.1 200 239
0.4 13.7 15.1 201 239

1 0 18.5° 12.8° 257 -
0.2 13.0° 9.7 245 -
0.4 16.7° 15.3 237 -

? From Ref. [13].
® From Ref. [19].
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Figure 1. XRD profiles at room temperature of fresh La;..Ca,Co,_,
Fe, O3 perovskites (x = 0, 0.2, 0.4; y = 0.1, 0.3, 0.5) calcined at
700 °C during 2 h.

are divided in groups of 4, based on the similarity of the
magnetic hyperfine fields. After recalculating the
parameters, they are fixed and only the areas are allowed
to change. A signal at 509 kG was discarded due to its
low value and the one at 464 kG is assigned to a non-
Gaussian distribution because of the appearance of
asymmetric lines. Also, a central doublet is used and due
to its low d it could be ascribed to Fe* " instead of Fe® *.
Finally, a sextet assigned to Fe* " also appears. At room
temperature, only a singlet appears which is fitted with a
doublet of very small quadrupolar splitting value (A),
indicating a high symmetry in all of Fe’" sites and a
Fe*" singlet. The estimated percentage for this last
cation is 15+3%.

3.4. Laser Raman spectroscopy (LRS)

Raman spectra of La;_Ca,Co;.Fe, O3 perovskites
are exposed in figure 2. They show bands at 405 cm™!
(very strong), 450 cm™' (weak), 485 cm™' (medium),
590 cm™! (medium), 675 cm™' (very weak), 705 cm™'
(strong), and 815cm™' (very weak). The spectra
obtained are similar to those corresponding to rhom-
bohedral LaFeOj; [19], rhombohedral LaCoOs; [13] and
rhombohedral LaNiO; [23]. Also, Popa et al. [24]
obtained very similar spectra for these three perovskite
phases. On the other hand, Granado et al. [25] assigned
the 494 and 604 cm 'modes to the orthorhombic
LaMnO; phase. Regardless of the iron content, the
intensity of the bands decreases when the calcium
amount increases.
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Table 2
Crystalline cell parameters and ions occupancies of fresh La, (Ca,Co,.,Fe, O3 perovskites calcined at 700 °C from the structural refinement by

Rietveld method

X v a (A) o () V(A3) Ooccupancy Laoccupancy Caoccupancy
0 0.1 5.386 60.7 112 0.99 1? 0*

0.3 5.416 60.6 114 0.98 1 0*

0.5 5.439 60.6 115 0.99 1# 0*
0.2 0.1 5.387 60.5 112 0.97 0.84 0.16

0.3 5.410 60.4 113 0.96 0.84 0.16

0.5 5.436 60.3 114 0.96 0.81 0.19
0.4 0.1 5.388 60.1 111 0.88 0.62 0.38

0.3 5.405 60.2 112 0.94 0.70 0.30

0.5 5.426 60.2 113 0.92 0.71 0.29
# Without refinement.

Table 3

Hyperfine parameters of fresh Lag Cag4Cog sFeysO5 perovskite calcined at 700 °C, measured at 24 and 298 K
Species T (K) H (kG) A (mm/s) d (mm/s) 2¢ (mmy/s) Y%
Group 1 24 529 — 0.44 -0.05 20+2
Group 2 24 489 - 0.47 —-0.09 24+3
Group 3 24 445 - 0.46 —-0.11 42+3
Fe** 24 261+8 - -0.1+0.1 0.1+0.1 942
Paramagnetic and/or supermagnetic Fe® ™ 24 - - 0.16+£0.09 - 6+1
Fe* 298 - 0.4+0.1 0.4+0.1 - 78£23
Fe'* 298 - - 0.1+0.1 - 22423

Group 1: Fe**: Ca(0,2)+ Co(0):Ca(3) + Co(0);Ca(4) + Co(0).

Group 2: Fe**: Ca(0,2) + Co(3);Ca(3) + Co(3):Ca(4) + Co(3);Ca(5) + Co(2).

Group 3: Fe**: Ca(5)+ Co(3).

0 [mm/s]: isomeric shift.

A [mm/s]: quadrupolar splitting.
H [kG]: hyperfine field.

3.5. Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS)

Figure 3 shows DRIFT spectra of La;,Ca,Co,.,
Fe,O; perovskites. DRIFT spectra of LaggCag»Co;.,
Fe,O; present a band at around 635-649 em™'. Its
intensity increases with the iron content. The typical
spectra of ABOj; perovskite oxides exhibit bands at 500—
730 cm™! region assigned to stretching modes of BOg
octahedra [26-28]. Bands at around 885 and 905 cm™!
appear in Lag¢Cag4Co,.,Fe, O3 perovskites and their
intensity increases slightly with the iron amount. The
exposure of catalysts to inert atmosphere (helium) does
not modify the spectra.

3.6. X-ray photoelectron spectroscopy (XPS)

La3ds), peak is detected at 833.5+0.3 eV. According
to literature [29-31], this corresponds to La®*. The
Ca2p peak is at 346.7+0.3 eV, and it is Ca*" [30]. Co2p
peak has a binding energy of 779.7 eV which is char-
acteristic of Co®". It has been reported [32] that Co>™"
exhibits a satellite peak at 785-788 ¢V. None of the
samples shows a satellite peak. Fe2p peak appears at
710.0-710.6 eV. This binding energy would be charac-

teristic of Fe® " [33,34]. The analysis of Fe2p peak to
determine iron oxidation states other than +3 is quite
difficult since it is overlapped by Co Auger signal.
Binding energy shifts caused by the calcium substitution
are not observed. Table 4 shows the surface atomic
ratios obtained from XPS. (La+ Ca)/(Co+ Fe) atomic
ratios are more than the double of the theoretical value.
Furthermore, Ca/(La+ Ca) atomic ratio is much higher
than the theoretical one. This indicates a surface
enrichment in La and Ca. The Ols peak is deconvoluted
considering several components as described in [35]. The
relative content of lattice oxygen species: Op (O7) and
adsorbed oxygen species: O,q (0,>7/O7) can be esti-
mated from the areas of the sub-peaks. The O>7/
(La+ Ca+ Co + Fe) surface atomic ratios decrease line-
arly with calcium content, regardless of the iron content.

3.7. Temperature-programmed reduction (TPR)

The reduction curves of La;_Ca,Co,.,Fe, O3 (x = 0,
0.2, 0.4; y = 0.1, 0.5) are shown in figure 4. All of the
catalysts exhibit a reduction signal starting at about
200 °C with a maximum within 350-400 °C. The cal-
cium substitution does not appreciably affect this signal.
With y = 0.1 and 0.3, a second reduction signal at high
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Figure 2. Raman spectra of fresh La, Ca,Co,.Fe O3 perovskites
(x =0,02,04; y = 0.1, 0.3, 0.5).

temperature is observed. The presence of calcium
decreases the maximum temperature of this step
regardless of its amount.

3.8. Catalytic activity

Table 1 shows the temperature corresponding to
50% ethanol conversion (75,) and the temperature
corresponding to 90% CO, yield (Tog). Figure 5 pre-
sents the selectivity to CO, as a function of the reaction
temperatures in the ethanol oxidation reaction of La;_,
Ca,Co3Fej 305 perovskites (x = 0, 0.2; 0.4) since all
of the perovskites show the same behaviour of this
serie.

These parameters are good indicators of the catalytic
activity and they facilitate the comparison among the
catalysts. The results of La;_.Ca,FeO; perovskites are
shown as reference. The conversion is not affected by
calcium substitution when y = 0.1. However, the con-
version increases with calcium substitution for y = 0.3
and y = 0.5, thus, the activity detriment caused by the
increase of the iron amount is compensated. At any
amount of iron in the structure, the mere presence of
calcium improves the yield to CO,, i.e., the selectivity to
complete oxidation reaction.
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Figure 3. DRIFT spectra of fresh La;..Ca,Co;_Fe, O3 perovskites
(x =0,0.2,04; y = 0.1, 0.3, 0.5) at room temperature in He flow
during 1 h.

4. Discussion
4.1. Textural and structural properties

The series of La;.,Ca,Co; Fe, O3 perovskite-type
oxides was synthesized by the citrate method because
this technique has shown to be very appropriate to
obtain high purity perovskite oxides and relatively high
SSAs in comparison with other synthesis methods
[13,19,33,34]. Effectively, the surface areas resulted
within 10 and 18 m* g~ ' and, as it has been observed in
La;_Ca,CoO; perovskites [13], the incorporation of
calcium produces an increase on the surface area
regardless of the iron levels. This textural modification
may be due to (i) structural defects induced by a partial
substitution, or (ii) segregation of phases, if the substi-
tution is not completely achieved.

The XRD results (figure 1) showed that the samples
obtained were pure single phases. However, the detec-
tion limit of this technique does not permit to identify
oxide phases at trace level that may segregate during the
preparation. To determine this, spectroscopy techniques
more sensible than XRD were employed. Mdssbauer
spectroscopy was used to detect iron oxide traces. Fe,O;
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Table 4
Surface atomic ratios and surface oxygen vacancies of La;_Ca,Co,.,Fe, O3 from XPS
y x 0% /(La+Ca+- 0,q4/(La+Ca+- Ca/(La+Ca) (La+Ca)/(Co + Fe) ae
Co + Fe) Co+Fe)®
Fresh Used Fresh Used Fresh Used Fresh Used
0 0 1.25° 1.34 - - - - - - 0.50¢
0.2 1.21° 1.02 - - - - - - 0.58¢
0.4 1.08° 1.17 - - - - - - 0.84¢
0.1 0 1.50 1.39 0.68 0.82 0 0 2.00 2.00 0.0
0.2 1.29 1.24 0.94 1.00 0.39 0.22 4.00 2.40 0.42
0.4 1.01 1.62 0.73 0.92 0.54 0.44 2.70 2.60 0.98
0.3 0 1.28 1.35 0.88 0.93 0 0 2.30 3.00 0.44
0.2 1.21 1.64 0.62 1.13 0.36 0.32 2.45 2.40 0.58
0.4 1.07 1.55 0.65 1.01 0.51 0.41 2.80 2.60 0.86
0.5 0 1.71 1.37 0.72 0.73 0 0 2.20 2.20 -
0.2 1.31 1.71 0.75 0.80 0.44 0.30 2.80 2.50 0.38
0.4 1.11 1.43 0.62 1.09 0.61 0.38 2.90 2.30 0.78

# From Refs. [13,35].
® 0,4: adsorbed oxygen (0,>"+0"), from Ref. [35].

©)’: surface oxygen vacancies calculed as 2° = 3-2[0*7/(La+ Ca+ Co + Fe)].

4 From Ref. [35].
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Figure 4. TPR profiles of fresh La,.Ca,Co;,Fe,O; perovskites
(x =0, 0.2, 04; y = 0.1, 0.5) calcined at 700 °C, pre-treated with
He flow in a range of room temperature — 700 °C at 10 °C min~' and

reduced with a 5% H,/N, mixture of 30 mL min~' in the same
temperature range.

gives a characteristic doublet easily distinguished from
the perovskite spectrum [36,37]. As the perovskites
spectra show no signal of Fe,O;, and considering the
high symmetry of Fe'" ions, Fe,O; existence can be
discarded.

The cations occupying the A-site, lanthanum and
calcium, can form oxocarbonates and carbonates when
they are as oxides. However, when these cations are
included in a structure such as the perovskite, they are
stable and the formation of carbonates is avoided. Thus,
a study using DRIFT spectroscopy — a technique par-
ticularly sensible to carbonate detection — may be useful
to discriminate if lanthanum and calcium were success-
fully incorporated in the perovskite structure. In this
study, the samples were undergone different conditions
(helium and air atmosphere, at room temperature and
250 °C). The DRIFT spectra of LaCo,.,Fe, O3 per-
ovskites (measured under helium or air atmosphere at
room temperature) showed a doublet in the region of
1400-1600 cm ™' assigned to carbonated species [17].
When calcium substituted for lanthanum, carbonate
signal disappeared. Thus, DRIFT results suggest that
calcium substitution favors the inclusion of lanthanum
ions within the perovskite structure.

Another important insight into XRD results is that
there is a change of the crystalline structure. LaCo,.,
Fe, 05 perovskites with y < 0.5 exhibit rhombohedral
structure [6,16,17]. The doublet around 26 = 32°, which
is characteristic of perovskites with rhombohedral
structure, becomes a single peak at approximately 33°,
when calcium partially substitutes for lanthanum. This
change is observed with a 20% of calcium substitution.
At higher substitution level (x = 0.4), peaks are nar-
rower. Apparently, the structure changes toward a
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Figure 5. Selectivity to CO, as a function of the reaction temperatures in the ethanol oxidation reaction using 300 mg of La,_.Ca,Cog3Fej 303
perovskites (x = 0, 0.2; 0.4) feeding a C;HsOH:0O,:He mixture of 1:20.8:78.2 with a total flow rate of 100 mL min~ L.

pseudocubic one. The results of structural refinement by
the Rieltveld method confirm this assumption. The
typical perovskite presents cubic structure, i.e., o = 60°.
The refinement of our diffractograms was made con-
sidering a rhombohedral structure. Thus, the decrease of
the o-angle value with the increased calcium amount
indicates a lower structure distortion, i.e., a crystalline
structure tending to a cubic symmetry. A characteriza-
tion technique particularly sensible to structural changes
is Raman spectroscopy. The results indicate that the
signal intensity decreases with the increase of the cal-
cium content. The same was observed with La,_,
Ca,FeO; perovskites [19] and assigned to a structural
change toward a pseudocubic structure. Thus, the
Raman spectra confirm what was suggested by the XRD
results.

From the results discussed so far, a partial conclusion
can be achieved. The citrate method is a very appro-
priate way to synthesize perovskites with relatively high
SSA and good purity. Calcium substitution modifies the
crystalline structure toward a pseudocubic one and it
increases the SSA and the lanthanum incorporation into
the perovskite structure.

4.2. Electroneutrality

The partial substitution for lanthanum (oxidation
state + 3) with a cation of lower valence such as calcium
(+2) causes an electronic unbalance in the perovkite
structure. To preserve the electroneutrality, two situa-
tions may occur: (i) an increase of the oxidation state of
B cation (cobalt or iron, in our case) and/or (ii) the
formation of oxygen vacancies. The nature of the B
cation will lead to one or both of the previous situations.
In La;_.Ca,CoOj; perovskites, it was found that the
charge compensation was achieved by the formation of
oxygen vacancies [13]. On the other hand, in La.,
Ca,FeOj; perovskites, iron increases its oxidation state
to +4 and oxygen vacancies are formed only with

calcium substitution levels higher than 20% [19]. To
determine which situation prevails in La;_Ca,Co;.
,Fe, O perovskites, where both situations — the increase
of iron oxidation state and the formation of oxygen
vacancies — may occur, results from several character-
ization techniques were considered.

Direct evidence about the existence of Fe** could be
obtained from XPS but, unfortunately, the analysis of
Fe2p peak at 710.1-710.2 eV is difficult. The decovolu-
tion of this peak to detect contributions from different
iron oxidation state is very unreliable, since Co Auger
signal overlaps it.

In other works about orthoferrites [19,38], the exis-
tence of Fe*" was determined from indirect measure-
ments by TPR and XRD. The reduction of Fe*" to
Fe’" proceeds at about 250-450 °C, depending on the
experimental conditions. The reduction curves of Laj._,
Ca,Co,.,Fe O perovskites (figure 4) present an intense
signal with a maximum at 335-395 °C, which is mainly
due to the reduction of Co®" to Co>". Thus, the
reduction signals of Co® " and Fe*™, if the latter exists,
are overlapped. To determine whether the reduction
signal only corresponds to Co®" or the Fe*" signal is
also included, the hydrogen consumption that corre-
sponds to that reduction stage was estimated calculating
the area under the curve in a range of 100—450 °C. If the
unbalance generated as a result of the partial substitu-
tion of Ca for La is compensated with the appearance of
Fe*", the hydrogen consumption should increase with
the calcium amount. To visualize this in a better way,
the hydrogen consumption as a function of the iron
content was drawn, considering the calcium content as a
parameter (figure 6). As it is expected, the hydrogen
consumption decreases when the iron content increases,
since it is not reduced (under the TPR conditions used in
this work) when it constitutes the perovskite structure
[17,19]. The difference observed between the x = 0
curve and the x = 0.2 one makes us suppose the Fe*"
formation.
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Figure 6. Hydrogen consumption from TPR results as a function of
the iron content of La, Ca,Co,.Fe, O3 perovskites (x = 0, 0.2;
y = 0.1, 0.3, 0.5).

The XRD results reveal the existence of Fe*". The
peaks shift toward higher 20 angles as the calcium
amount increases indicates a smaller interplanar dis-
tance, i.e., the unit cell volume decreases. The change of
the unit cell size cannot be only attributed to the dif-
ference between the ionic radii of the calcium and lan-
thanum, since they are quite similar (1.34 A for Ca>"
and 1.36 A for La*" [39]). In contrast, the ionic radius
of Fe*" is significantly smaller than that of Fe'"
(0.585 A for Fe** and 0.645 A for Fe* " [39]); thereby,
the decrease of the unit cell volume would be caused by
the existence of Fe*". The DRIFT results are in line
with the XRD ones. In figure 3, it can be observed that
the bands shift to lower wavenumbers. This behavior
may be ascribed to a reinforcement of the metal-oxygen
bonds, due to the contraction of the cell volume.
Moreover, DRIFT spectra of Lag¢Cag4Co; Fe, O
show a band at about 900 cm™". In the FT-IR spectra of
La,_Ca,FeOs perovskites, a band at 877 cm ™" assigned
to structural modifications produced by the substitution
with calcium and probably associated to the Fe*" ion
formation was observed [19]. Although it is difficult to
analyze the Mdssbauer spectra due to a great number of
possible neighbors’ combinations of Fe, the presence of

about 15% of Fe* " can be inferred from a fit following
the parameters studied for Lag¢Cag4FeO5 (B.P. Barb-
ero et al., submitted).

The shift of the XRD peak is more notable in per-
ovskites with higher iron amount. In the samples with
only 10% of iron, probably the electronic unbalance
cannot be totally compensated by the elevation of the
iron oxidation state and so, another phenomenon such
as oxygen vacancies formation may occur. The oxygen
vacancies can be distributed in the bulk or at the surface
and the concentration of such vacancies may be different
in each case. The existence of oxygen vacancies in the
bulk would be assumed from the results of oxygen
occupancy obtained by Rietveld’s method. Thus, the
oxygen vacancies increase with calcium amount. The
concentration of oxygen vacancies at the surface, A’, can
be estimated from XPS measurement (table 4) by means
of / = 3-2[0%*/(La+ Ca+ Co + Fe)] [13,40] where O*~
is referred to the lattice oxygen amount and the chemical
symbols to the corresponding amount of each element.
The results present a great dispersion but, in average,
the concentration of surface oxygen vacancies clearly
increases with the increase of calcium amount (figure 7).

In conclusion, the electronic unbalance caused by the
calcium substitution in La,.,Ca,Co,_,Fe,O5 perovskites
is compensated by both the elevation of the oxidation
state of the Fe ions and the generation of oxygen
vacancies.

4.3. Catalytic performance and stability

The oxygen vacancies generated by calcium substi-
tution can act as adsorption centers or can increase
oxygen mobility to favor a Mars-van Krevelen mech-
anism at high reaction temperature. In previous studies
[13,19], we reported that the substitution of calcium for
lanthanum in La; Ca,CoO; and La,..Ca.Fe O3 per-
ovskites increases propane and ethanol conversion in
the total oxidation reaction. In La,..Ca,Co;_Fe,O;
perovskites, however, the effect of calcium substitution
on ethanol conversion is not very important. Only a
slight increase of the catalytic activity is observed when
iron substitution level is higher than 10%, regardless of
calcium amount. However, the conversion increases
with calcium substitution for y = 0.3 and y = 0.5.
Thus, the calcium substitution compensates the detri-
ment of catalytic activity caused by the iron substitu-
tion.

It is known that ethanol oxidation proceeds by means
of the formation of an intermediate, the acetaldehyde.
This by-product is more harmful for human health than
ethanol and so, it is necessary to avoid its production.
Thereby, the important increase of the selectivity (or
yield) to CO, (figure 5) obtained with the substituted
catalysts is very beneficial and this is the more relevant
effect of the incorporation of calcium in La,_ Ca,Co,.,
Fe,O; perovskites.
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Figure 7. Surface oxygen vacancies curves as a function of the
calcium content in fresh La,.,.Ca,Co;.,Fe,O3; perovskites (x = 0,
0.2,0.4;y = 0,0.1,0.3, 0.5), calculated from XPS results as A’ = 3-2
[0*/(La+ Ca+ Co + Fe)].

In LaCo,_,Fe, O3 perovskites [17], the main effect of
iron substitution is the increase of structural stability.
Furthermore, at low substitution level, the catalytic
performance improves even after thermal hydrotreat-
ment. In contrast, the calcium substitution would
decrease structural stability. This would be assumed
from the TPR results considering the decrease of the
temperature of second reduction step with calcium
substitution, i.e., the presence of calcium facilitates the
system reduction. The XRD results of the samples after
TPR offer important evidence about the structural sta-
bility. When iron substitutes for cobalt, the perovskite
structure is preserved after the TPR but when calcium
substitutes for lanthanum, additional diffraction lines
corresponding to La,O5; (PDF 5-602, 22-0369) and Co
(PDF 15-806) are detected. The intensity of these last
phases increases with calcium amount indicating the
destabilizing effect of calcium in the perovskite struc-
ture.

If we consider the variation of the SSA of the catalyst
before and after the catalytic test as an indicator of
textural stability, the stabilizing effect of iron is
observed. The samples with y = 0 and 0.1 present
variations of SSAof 2-3 m? g~! while for the samples

with y = 0.3 and y = 0.5, the variation is around
1 m?g.

In summary, calcium substitution increases slightly
ethanol conversion compensating the detriment of the
catalytic activity caused by iron substitution. Thus, due
to the presence of calcium in the catalyst, a higher iron
amount is incorporated in order to increase the struc-
tural stability, preserving the catalyst performance.
Nevertheless, the most important effect of calcium sub-
stitution is the increase of the selectivity to total oxida-
tion limiting the yield to acetaldehyde.

5. Conclusions

The calcium substitution increases slightly ethanol
conversion compensating the detriment of the catalytic
activity caused by iron substitution. Thus, due to the
presence of calcium in the catalyst, a higher iron amount
is incorporated in order to increase the structural sta-
bility preserving the catalyst performance. Nevertheless,
the most important effect of calcium substitution is the
increase of the selectivity to total oxidation limiting the
yield to acetaldehyde.

Calcium substitution modifies the crystalline struc-
ture toward a pseudocubic one and it increases the SSA
and lanthanum incorporation into the perovskite
structure. The citrate method is a very appropriate way
to synthesize perovskites with relatively high SSA and
good purity.

The electronic unbalance caused by the substitution
of calcium (+2) for lanthanum (+ 3) in the perovskite is
compensated by both the elevation of the oxidation state
of part of the Fe ions and the generation of oxygen
vacancies.
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