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Abstract

Heterogeneous catalysis is an important tool in industrial processes because of the re-
coverability of the catalysts. Transition metal perovskites-type oxides, with the general
formula ABO;, offer attractive alternative to noble metal catalysts due to their high ac-
tivity, high thermal stability, and low cost. Moreover, their physicochemical properties
can be tailored to create a family of catalysts by varying the compositions of A and B.
Indeed, the partial substitution at the A- and/or B-site with another metal cation stabil-
izes unusual oxidation states of the B cation with the simultaneous formation of struc-
tural defects. In particular, lanthanum-based perovskites have been used extensively
and can be grouped into: (i) perovskites with oxygen vacancies as catalysts for oxida-
tion reactions and (ii) perovskites as precursors to prepare nanosized catalysts for hy-
drogenation reactions. This chapter focuses on the use of pure and doped lanthanum
perovskites as active and selective heterogeneous catalysts for catalytic energy produc-
tion reaction (DME combustion), decontamination reactions (methane, acetyl acetate,
toluene, n-hexane, and soot combustion), and hydrogenation reactions (guaiacol, glyc-
erol, and xylose hydrogenation).

Keywords: Lanthanum, substituted, oxidation, hydrogenation, energy

1. Introduction

Perovskite-type oxides have been extensively studied since the pioneering work of Voorhoeve
et al. [1] in the early 1970s on their potential as a cheaper alternative to noble metals as an
automobile exhaust catalyst. Since then, the literature has been inundated with studies
expanding their applications, particularly involving their use in combustion. Perovskites have
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been demonstrated to be effective in several oxidation reactions. For environmental processes,
the main objective is to achieve high conversions with almost no by-products or pollutants.
Recently, there has been a particular emphasis on developing catalysts capable of either
transforming pollutants into less harmful products or valorizing the by-products.

The tendency of perovskites to form unique structures is responsible for their reactivity. In
general, perovskite-type oxides are represented by the general formula ABO;, wherein the
larger A-site metals, usually rare earth metals, have a dodecahedral coordination and the
smaller B-site elements, first-row transition metals, have a sixfold coordination. The ability to
tailor the properties of perovskites due to the different combinations of elements employed
and the high degree of flexibility in their composition allow for their use in a wide range of
applications.

In heterogeneous catalysis, the creation of oxygen vacancies, generally obtained by substitu-
tion in the A- and B-site, accounts for their use in catalyzing chemically and environmentally
relevant reactions, such as oxidation reactions. For pure perovskites-type oxides (ABO;), the
combustion activity is dependent mainly on the B component oxides. In our previous work,
we have mainly utilized Mn, Fe, Co, and Ni for the B-site of the perovskite-oxides due to their
high catalytic activities; on the other hand, we have exclusively used La cation for the A-site
position.

In addition to the research conducted into perovskite-based oxidation reactions, advances in
preparation methods have led to perovskites being used as precursors to prepare nanosized
catalysts for hydrogenation reactions. This is achieved by reduction or reduction—-oxidation
cycles of perovskites-type oxides under controlled conditions to leave the metal in the B-site
in a high degree of dispersion on a matrix of the Ln,O; oxide. Studies have demonstrated that
during the reduction—-oxidation cycles of LnCoOj; (Ln = La, Pr, Nd, Sm, Gd) perovskites, the
stability of the perovskite is affected by the nature of the Ln, with the largest lanthanide ion in
the series, La, forming the most stable perovskite structure.

This chapter focuses on the use of lanthanum perovskites as active and selective catalysts in
heterogeneous reactions for catalytic energy production, decontamination, and hydrogenation
reactions.

2. Energy production

2.1. Fischer-Tropsch reaction

The Fischer-Tropsch synthesis (FTS) is the most important catalytic process for the synthesis
of gasoline and/or diesel from syngas (a mixture of CO and H, formed by methane reforming)
[2]. Efforts are being made worldwide to shift from conventional feedstock such as coal due
to their negative environmental impact, and biomass appears to be an attractive alternative as
a feedstock for the production of hydrocarbons. The gasification of biomass stream produces
a gas mixture called “biosyngas” consisting mainly of CO,, CO, CH,, H,, and N,. The H,/CO
ratio in the resulting biosyngas is close to 1 and can be adjusted using the water—gas shift
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reaction. The advantages of hydrocarbons produced from FTS using a biosyngas feed include
being near CO,-neutral and being free of sulfur and nitrogen compounds. However, there is
a dearth of systematic studies of catalytic systems in FTS using biosyngas [3-5]. Perovskites
have been shown to be highly active in FTS using a H,/CO mixture, and its activity was related
to the properties of the perovskite precursor: stability, crystalline structure, and degree of
reduction [6, 7]. These results paved the way for the evaluation of perovskites for FTS of
biosyngas. Hence, this study was focused on FTS over LaFe, Co,O; perovskites using
biosyngas as the feed.

2.2. B-site substitution

The FTS reaction using a simulated gas mixture similar to biosyngas over LaFe, Co,O;
perovskites presented a wide distribution of liquid hydrocarbons (C, to Cis,) and a high
production of CH, attributed to Co metal segregation on the surface. The distribution of the
liquid products was related to the average size of iron particles [8].

A series of LaFe, ,Co,O; perovskites (0.0 < x < 1.0) were prepared using the amorphous citrate
precursor method and characterized by N, physisorption, X-ray diffraction (XRD), Fourier-
transform IR spectroscopy (FTIR), O,-Temperature programmed desorption (O,-TPD),
Thermal-programmed reduction (TPR), and Scanning electron microscopy (SEM). FTS was
carried out in a stainless steel fixed-bed reactor at 300°C and 1 MPa. The BET surface areas of
the samples (13 m?g™) were as expected for these kinds of structures. The reduction behaviors
of the catalysts (TPR;-TPR,) are shown in Fig. 1. This analysis provides information on the
thermal stability of the catalyst (segregation of Co particles) under reducing conditions,
deduced from the reducibility of the oxide precursor. The procedure involved: (i) a first
reduction step under H,/Ar flow up to 700°C (TPR,); (ii) cooling under Ar flow to room
temperature; (iii) an oxidation step under flowing O,/He mixture up to 700°C; and (iv) a second
reduction treatment (TPR,) as in step 1. Figure 1 shows that the largest differences between
TPR, and TPR, were observed for pure LaFeO; and LaCoO; perovskites, while the substituted
perovskites showed similar profiles. Pure LaFeO; is essentially irreducible. On the other hand,
the profile for pure LaCoO; revealed two well-defined peaks: a peak at 350°C is indicative of
the formation of an oxygen-deficient perovskite structure, while the second peak above 500°C
corresponds to the complete reduction of the perovskite to form Co’. The substitution of Fe*
by Co® affected the initial reduction stage, showing only one reduction peak, probably by
passing an intermediate reduction state. The subsequent reduction of Co*/Co*" to Co’ occurred
at a higher temperature, then decreased in intensity with increasing Fe, and subsequently
disappeared when the level of substitution reached 50%. The slight difference in the TPR,
profiles in comparison with TPR, is indicative of the reversibility of the redox cycle. The small
and broad peaks observed at 410°C for LaFeOs; in the TPR, profile are associated with Fe*
segregation during the first reduction step, since this perovskite is a Co-free sample and La is
not reducible under the experimental conditions. Thus, during TPR;, metallic iron is expelled
from the perovskite structure at 620°C. The quantification of the first reduction peak at
temperatures below 500°C is representative of the extent of Co insertion into the perovskite
structure: our data revealed a near linear increase in hydrogen consumption with x, an
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indication of the progressive insertion of Co into the perovskite structure. The XRD patterns
of the calcined perovskites displayed two crystal systems, orthorhombic for x<0.5 and
rhombohedral for x> 0.5. On the other hand, XRD analyses of reduced perovskite showed no
significant changes after H, reduction, indicative of the high thermal stability of these LaFe,.
.C0,0; perovskite solid solutions. The diffraction lines broadened upon substitution of Fe* by
Co™, which suggests a decrease in the crystallinity. The highest stability under hydrogen was
obtained for the perovskite with x=0.5, while the thermal stability of x=0.1 and 0.3 perovskites
were similar to that of the pure LaCoO; and x = 0.4 perovskites, respectively. The observed
behavior of the x = 0.2 perovskite indicates a loss in the perovskite structure, suggesting
segregation of the B cation. FTIR spectra indicated that for the x < 0.5 perovskites, Co>* ions
were incorporated into the orthorhombic LaFeO; perovskite structure and that a new rhom-
bohedral structure appeared for x = 0.5. The pure LaFeO; tolerated Co insertion with no
structural changes up to values of x < 0.3. For x = 0.4 and x = 0.5, the presence of a mixture of
orthorhombic and rhombohedral structures were detected. The catalytic activity indicated a
high intrinsic CO conversion for the substitution degree of x = 0.1, 0.2, and 1.0, in line with
their orthorhombic structures and the presence of segregated Co metal. The x =0.2 perovskite
displayed the highest CO intrinsic conversion attributed to the presence of highly dispersed,
segregated Co species. The absence of segregated Co species in the x = 0.3 and 0.4 perovskites
explains their lower activities. In fact, these perovskites possessed higher thermal stability
under reducing atmospheres due to the presence of a mixture of orthorhombic and rhombo-
hedral crystalline structures, which implies that they did not segregate Co species. In relation
to selectivity, an increase in x led to a decrease in CH, selectivity, while a decrease in x favored
selectivity to longer-chain length condensable hydrocarbons: this was attributed to changes in
the average particle size of segregated Co species. The smaller particles of the x =0.2 and 0.1
perovskites favored the formation of longer-chain hydrocarbons. Pure LaCoO; perovskite
displayed the highest extent of poorly dispersed segregated Co, favoring the formation of
short-chain hydrocarbons (Cs-C,). Thus, the catalytic activity of LaFe, ,Co,O; perovskites in
FTS can be explained in terms of the crystalline structure, segregated Co content, and particle

size.
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Figure 1. Temperature-programmed reduction profiles of LaFe, ,Co,O; perovskites: left: TPR, and right: TPR,
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3. Dimethyl Ether (DME) combustion

The easier transportation, lower emission of polluting particles, and higher thermal efficiency
of dimethyl ether (DME) make it a useful, low-cost replacement for liquefied petroleum gas
(LPG) and diesel fuel. Recently, the catalytic combustion of DME has been studied on Ce-
doped manganese oxide octahedral molecular sieves (OMS-2) [9]. Mixed oxides with perov-
skite-type structures, in particular LaMnO; 5, have the potential to be highly active catalysts
for the deep oxidation of DME. This catalyst has been previously used for the catalytic
oxidation of toluene [10], carbon monoxide [11], and NH, [12].

3.1. B-site substitution

The electronic properties and performance of La(MnysBy5)O;;5 (B = Cr, Fe, Co, Ni, Cu)
perovskites in the combustion of dimethyl ether (DME) revealed that an increase in the
catalytic performance, expressed as intrinsic activity (umolm=h), is contingent on B-site
substitution in LaMnO; and a decrease in the required calcination temperature to obtain the
perovskite structure. The similar tolerance factor (t) of the substituted perovskites, a measure
of the geometric effect, plays a secondary role on the surface and catalytic performance.
Consequently, the electronic effect explains the relationship between catalytic performance,
chemisorbed oxygen species, and reducibility of the substituted perovskites. XRD results
indicated that calcined pure LaMnO; ;5 and Cr-, Co-, and Fe-substituted perovskites presented
well-defined rhombohedral structure, whereas Cu- and Ni-doped perovskites displayed
La,CuO, and La,NiO, phases. The largest surface area corresponded to the LaMnO;;s5
perovskite with 11 m?g?, and subsequently decreased upon B-substitution. The TPR profiles
obtained for the pure and oxygen-rich LaMnQO; ;5 perovskite presented a concentration of 32%
Mn*" ions after H, reduction. An observed reduction peak at 350°C with a shoulder at 420°C
corresponds to the reduction of Mn* to Mn* followed by the destruction of the perovskite
structure (Mn** to Mn*") at 800°C [13-15]. Upon B- substitution, the two reductions steps of
pure LaMnO; 5 perovskite were maintained when Co and Ni were used, while only one
reduction step was detected for the Cr- and Fe-substituted perovskite. This result is closely
related to the thermal behavior of nonreducible perovskites such as LaCrO; and LaFeO,. Thus,
Fe- and Cr-substituted perovskites showed lower reducibility compared to the parent
LaMnO; ;5 but higher reducibility in comparison with the nonreducible LaCrO; and LaFeO,
perovskites. The observed increase in the reducibility of the Co- and Ni-substituted perovskites
is similar to the effect induced by La substitution of divalent alkaline-earth cations. The high
stabilities of Co?* and Ni** helped stabilize the Mn*" ions, with corresponding increase in the
reduction peaks. On the other hand, the TPR results for the Cu-substituted perovskite showed
a single-step complete reduction of the Cu ions to the metallic state, similar to the reduction
of CuO but at lower temperatures. The O,-TPD experiments were used to evaluate the redox
properties of the catalysts. The data revealed two different behaviors, consistent with the
different patterns observed from TPR results: for the Cr- and Fe-substituted perovskites, a
behavior similar to the parent LaMnO; ;5 perovskite was observed, with the presence of a- and
[B-oxygen species beginning at ~600°C. Conversely, the absence of (3-oxygen at temperatures
below 700°C for the Co-, Ni-, and Cu-substituted perovskites is related to the lattice oxygen-
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deficient structures. XPS analyses showed that the La3d;, spectra presented peaks with BE at
834.3 eV and 838.1 eV that correspond to La’* in the perovskite. The small difference between
the BEs of Mn* at 641.3 eV and Mn* at 642.4 eV makes it difficult to distinguish them.
Regarding the Cr 2p,, spectra, two peaks with BEs centered at 576.6 and 579.4 eV were
detected: the peaks were assigned to surface Cr** and Cr® species, respectively. The main peak
of the Fe 2p;, spectra was located at 710.8 eV, and is attributed to surface Fe* species. For the
Co 2ps), spectra, the two peaks detected at 780.6 and 786.9 eV are associated with Co** and
Co* species, respectively. Because the Ni 2p;,, signal coincides with the La 3d;, signal, the BE
of Ni 2p,, was measured instead. The displacement of the Ni BE to 873.2 eV suggests the
presence of surface Ni** species. Considering the low BET surface area of the substituted
perovskites, the surface composition was similar to the nominal composition in the bulk, and
the surface analysis may be extrapolated to the bulk. The BE of O 1s peak less than 532 eV
suggests the absence of surface oxygen vacancies. Therefore, the substitution of Mn*" with a
first-row transition metal in the (III) oxidation state preserved the oxygen-rich perovskite
structure for the LaMn,5Cr,50;,5 and LaMn,;Fe;sO; 5 perovskites. On the other hand, the
substitution by Co*, Ni**, and Cu?** generated a stoichiometric cubic perovskite structure. These
differences in behavior are in agreement with interpretations deduced from TPR and O,-TPD
results. The catalytic activity of the B-site substituted perovskites were tested in the combustion
of DME with excess oxygen in a flow reactor. The light-off curves allow the calculation of the
reaction rate of the oxidation reaction at low conversion levels (<10%) at 180°C. The reaction
rate was correlated with the H, consumption calculated from TPR profiles and the a-oxygen
derived from O,-TPD (both parameters normalized by the specific surface area), and shown
in Fig. 2. It can be inferred from this correlation that the high stability of (III) oxidation state
of Cr*" and Fe**cations did not increase the redox character of the Mn*/Mn* pair; on the other
hand, the higher redox properties and catalytic performances of the LaMn,;Co,;0; and
LaMn,;Ni,;O; catalysts stem from the high stability of (II) oxidation state of Co** and Ni*,
leading to a progressive decrease of Mn?*" species, while stabilizing the Mn*" species in the
network.

4. Decontamination reactions

4.1. VOCs abatement

Metal oxides with a perovskite structure have been consistently proposed during the last two
decades as alternative catalysts for the deep oxidation of hydrocarbons. It is well-known that
perovskite-like mixed oxide substitution of the trivalent A-site metal ion with a bivalent or
tetravalent metal cation (A’) is accompanied by a modification of the oxidation state of the B-
site metal cation, thus modifying its catalytic activity. Moreover, modification of the oxidation
state of the B-site metal cation by insertion of A" may be accompanied by the formation of
structural defects, thus leading to nonstoichiometry. This usually means the creation of oxygen
defects in the Co-containing perovskites, while in the Mn-perovskites it results in excess of
oxygen [13]. Fe-based [12] and Ni-based perovskites [14] were shown to exhibit an intermedi-
ate behavior. Good catalytic performances in combustion reactions were displayed by La- or



Energy Production, Decontamination, and Hydrogenation Reactions over Perovskite-Type Oxide Catalyst

http://dx.doi.org/10.5772/61522

a)
"~ 0,2
. Ni4/ 4 Co
(S
©
S
S
g 014 F
© Mn
< A Cu
IS Cr A
®
o
0,0 T T T T
0,0 0,2 0,4 0,6
Hydrogen consumption, pat m’
03, D)
" Ni
Em 0.2 Co
3
[e)
S
S
)
© - F
© 0,1 Mn vve
c
8 v v Cu
3 Cr
o
0,0 T T T T 1
0 1 2 3

desorbed o oxygens, pat m™

Figure 2. Intrinsic activity as a function of quantity of hydrogen consumed (above) and quantity of a-oxygen desorbed

La,Sr,_-based perovskites containing Co, Fe, or Mn as B cation [15, 16]. A major drawback for

their application, however, is their low surface area, and hence significant efforts are underway

to increase the specific surface area of conventional A, A’ BO,, perovskites through various
preparation methods [17, 18].

The insertion of calcium ions into the LaFeO; perovskite lattice results in a solid with structural

and electronic defects possessing highly active sites for redox reactions. A continuous increase

in number of oxygen vacancies in LaFeO; perovskites upon A-site substitution of La* by

Ca?* was previously reported [19]. In this work, La,Ca, FeO; (x = 0.0, 0.1, 0.2, 0.3, 0.4) perov-

skites prepared by precursor citrate method were characterized and evaluated in catalytic
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combustion reaction. The effect of La substitution by calcium on the physical, chemical, and
catalytic properties for the total combustion of acetyl acetate and methane was studied. Surface
area values ranging from 19 to 39 m?g™! were obtained as the calcium content of the perovskites
varied from 0.0 to 0.4. XRD patterns indicated that for pure LaFeO; an orthorhombic perovskite
structure was observed; on the other hand, a shift toward larger 20 angles appeared as La*
was partially substituted by Ca*, evidence of lattice distortion. Even though the ionic radii are
very similar (La** = 0.136 nm; Ca*" = 0.134 nm), the substitution of La* with a cation of lower
valence like Ca?* entails either the oxidation of the cation at the B-site (i.e., Fe** — Fe*") or the
formation of oxygen vacancies in order to retain electroneutrality. Since the ionic radius of
Fe** (0.0585 nm) is smaller than that of Fe* (0.0645 nm), the distortion can be explained by the
presence of Fe*" in the perovskite structure, in agreement with previous results reported for
other iron-based perovskites. The shift of the 20 angles as a function of the degree of calcium
substitution is illustrated in Fig. 3: a linear shift of the 20 values is observed with increasing
Ca content, a clear indication of the insertion of calcium in the studied range.

0,8 1

5, degrees

0,0 I 0:1 I 0:2 I O:3 I 0,4
Substitution degree

Figure 3. Shift of the peak position as a function of substitution degree 260 (®) 40°; (M) 46°; (A) 58°

IR spectra of the perovskites show a band at 865 cm™, attributed to O-C-O bending in the
carbonates. This peak appeared as a shoulder for x = 0.1 and increased linearly when x > 0.2,
without showing any change in the wavelength. This band is ascribed to the presence of
calcium and corresponds to the out-of-plane bending of the carbonate ions supporting the
incorporation of calcium in the perovskite structure. O,-TPD profiles showed clear increase of
the desorbed oxygen as the degree of Ca substitution increased. In addition, an appreciable
desorption peak was observed at temperatures above 500°C for the perovskite with the highest
degree of substitution. This desorbed oxygen corresponds to the so-called 3 oxygen, which is
associated with lattice oxygen or with oxygen species occupying the inner vacancies created
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by substitution of Ca by La. The plot of the amount of O, desorbed from 150°C up to 700°C,
which involves a-oxygen species, as a function of Ca substitution showed a continuous
increase. Desorption of large amount of lattice oxygen in the bulk from the samples indicates
a large substitution vacancy and/or defects. TPR profiles for the pure LaFeO, showed no
reduction peaks, indicative of the nonreducibility of this perovskite. However, the TPR profile
for the substituted perovskites showed a pronounced peak at lower temperatures that shifted
to higher temperatures and increased in intensity as the degree of Ca substitution increased.
The replacement of part of La’ by Ca?* led to a well-defined H, consumption peak due to the
higher amount of Fe* ions generated to compensate for the unbalanced charge, consistent with
the deduction from XRD results. In situ XRD measurements also revealed no detectable
differences between diffraction patterns of pre- and post-TPR measurements, suggesting that
the integrity of the structure was retained after hydrogen treatment, although the nature of
the phases present in the sample changed. The post-TPR XRD pattern of the pure LaFeO,
perovskite was essentially the same as that obtained for the fresh perovskite: the only differ-
ence was a minimal increase in the intensity of the peaks and small shifts toward lower angles,
indicating increased crystallinity with a great expansion of the cell parameters. The catalytic
activity in the oxidation of methane and acetyl acetate in a flow reactor using an excess amount
of oxygen showed two contrasting behaviors: a near independency of the ignition temperature
with Ca substitution for the methane reaction; and a decrease in ignition temperature with Ca
substitution for the acetyl acetate reaction. These results clearly demonstrate the differences
between a suprafacial and intrafacial reaction mechanism. The presence of substituted Ca ions
enhances the catalytic activity of suprafacial reactions (e.g., acetyl acetate combustion), which
typically occurs at lower temperatures. Conversely, the activity of intrafacial reactions (e.g.,
methane combustion), which requires a much higher temperature, is only slightly modified
by Ca* insertion into the perovskite.

4.2. A-site substitution

A different behavior was detected upon the substitution of La** by Ca* in LaNiO; and
LaFeO; perovskite-type oxides. In the Fe series (La,,CaFeO;), the perovskite structure is
maintained within the studied range of substitution. In contrast, a completely different
behavior was observed for the Ni series (La,,CaNiO;), whereby a Brownmillerite-type
structure (La,Ni,Os) with a large degree of segregated phase as highly dispersed mixed oxides
was observed [20]. There was no monotonic dependence of the Sy values on the extent of La
substitution. The XRD patterns shown in Fig. 4 revealed the presence of orthorhombic structure
for the Fe series; however, for the pure LaNiO; counterpart, the peak at 20 = 43.3° indicated
the presence of segregated NiO. For the Ni series, the most prominent diffraction line at 20 =
32.7° changed from a singlet for x = 0.0 to a doublet for both x = 0.2 and 0.4, as shown in the
inset of Fig. 4. As x increased, the diffraction line at 20 = 32.7° corresponding to LaNiO;
structure decreased in intensity and, consequently, a new diffraction line at 20 = 32.4° corre-
sponding to La,Ni,O; brownmillerite-type structure appeared. Additionally, NiO and CaO
were also present as segregated phases for the x = 0.2 and 0.4 solids. Thus, it is difficult to
substitute La* with Ca*" in LaNiO; even to a limited extent. TPR profiles showed increase in
the extent of reduction in the Fe series, explained by the higher amount of Fe** ions generated
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to compensate for the unbalanced charge. For the Ni series, a large amount of H, consumption
indicated a total reduction of Ni** ions in LaNiQO; to yield the La,Ni,Os; phase, followed by an
H, consumption peak at 500°C, ascribed to Ni® deposited on La oxide. The evolution of oxygen
during TPD measurements showed the expected presence of physisorbed species at low
temperatures in the Fe series, in addition to a-oxygen, which appeared as a shoulder for the
pure LaFeOs. There was a noticeable increase in the intensity of the peak attributed to the so-
called B-oxygen upon Ca®* substitution. Since this peak is associated with the lattice oxygen
or with oxygen species occupying inner vacancies, their evolution is a measurement of the
replacement of La®* by Ca* in the perovskite structure. For the Ni series, the desorption profiles
for the pure LaNiO; and the substituted samples showed a large increase in the desorption
peak detected at 350°C, indicative of either the presence of segregated metal oxide phases in
a high degree of dispersion or crystalline oxides (such as La,Ni,0Os), as detected by XRD. With
regard to the XPS spectra of the Fe series, the BE of the most intense peaks of doublets for
La3ds), at 834.8 eV and Fe2p;, at 710.3 eV were almost constant. For the Ni counterpart, on the
other hand, the overlap of the La3d;, and Ni2p;, peaks may mask the accurate measurement
of the intensity of the Ni BE; thus, the Ni2p,, was measured instead. The least intense
Ni2p,,, peak at 873.4 eV was almost constant, and the detected satellite line at 881.2 eV is
indicative of the presence of Ni*" ions on the surface. The Ca 2p5, doublet has two peaks at BE
of 346.2 and 346.8 eV, corresponding to surface Ca-O and carbonated surface Ca* ions,
respectively. Ols peak was deconvoluted into three components: at BE of 529.2 eV assigned
to surface O* species, at 531.0 eV which arises from lattice [La-O-M] bonds and at 532.3 eV due
to hydroxyl/carbonate groups. In the Fe series, x = 0.2 showed the largest extent of Ca incor-
porated into the perovskite structure at 346.2 eV, while a clear trend was not observed for the
Ni series. The (Fe/La+Ca) and (Ni/La+Ca) surface ratios were higher than the nominal com-
positions: i.e., the solid surface became enriched with Ni and Fe. Since the carbonation degree
is related to the extent of segregated phases, the (CO,*/La+Ca) surface ratio for the Fe and Ni
series can provide an insight into the surface structure of the solid. A decrease in the carbo-
nation degree upon Ca substitution was obtained for the Ca series; conversely, a larger increase
with increasing x was detected for the Ni series. This finding is in agreement with the previous
characterization results, and demonstrates that upon Ca substitution, Ni** ions are more
difficult to stabilize than Fe* ions in the perovskite lattice. The perovskites were tested in
toluene combustion (4000 ppmv) in a flow reactor under an excess of oxygen using a GHSV
of 47000 h™. For the Fe series, the substituted perovskites displayed higher catalytic activity
than the pure LaFeO; perovskite and the maximum catalytic activity was obtained for the
perovskite with x = 0.2. The observed trend in activity indicated no simple dependence on the
metal ion oxidation state, and appeared to be due to the effect of the pair Fe*/Fe** on the
vacancy ordering, in that a disordered distribution of oxygen vacancies led to an increase in
the catalytic activity. The lower activation energy displayed by La,3Ca,,FeO; can be attributed
to cationic vacancies compensating the amount of Fe*" involved in the reaction. Conversely,
for the Ni series, substitution resulted in solids with lower activity than the pure LaNiO;
perovskite due to the loss of the perovskite structure and the corresponding change in the
oxidation state of Ni** to Ni*".
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4.3. B-site substitution

The catalytic activity expressed as intrinsic activity (mol m? h) for the total combustion of
acetyl acetate and ethanol over substituted LaFe, Ni O, perovskites revealed that the simul-
taneous presence of Ni’ and Ni* is required to achieve optimum performance for these
perovskites-type oxides [21]. The largest BET surface area of 20 m?g" was obtained for the
unadulterated LaFeO; perovskite, and then decreased progressively upon Ni substitution.
XRD patterns indicated an orthorhombic phase for LaFeO, and a rhombohedral phase for
LaNiO;. Upon substitution of Fe** ions by Ni* ions, a shift toward larger 20 angles was
observed. The shift of the peak reached a maximum for a substitution degree y =0.1, and then
remained constant for higher substitutions. These findings suggest complete insertion of nickel
for substitution y = 0.1, whereas a simple mixed NiO, phase became segregated for substitu-
tions y> 0.1. FTIR spectra indicated that upon Ni** substitution the band at 560 cm™ shifted
toward higher wavenumbers and increased in intensity compared to that for pure LaFeO;. The
dependence of these two parameters on the substitution degree runs in parallel with the shift
observed in the main diffraction lines of the XRD patterns, confirming that Ni** ions were
incorporated within the perovskite structure. The TPR;-TPR, cycles of the substituted perov-
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skites did not show significant differences between them, indicating that their structures were
restored after intermediate oxidation. No reduction peaks were observed for the nonreducible
LaFeO,, while two reduction peaks were observed for LaNiQO,, attributed to reduction of
Ni* ions of LaNiO; to yield La,Ni,Os. The second reduction peak at 500°C led to Ni’. Only one
less-intense peak was observed for the substituted perovskite with almost no change in
intensity (in comparison with TPR,), indicative of the high stability of LaFe, ,Ni,O; (y = 0.1,
0.2, 0.3). The evolution of oxygen during TPD experiments indicated the presence of a-oxygen
in the pure LaNiO; and the two highest substituted perovskites. The intensity of the desorption
peaks increased as the degree of substitution increased. There was no evidence of the presence
of a-oxygen on substituted perovskite with y = 0.1, and this was related to the absence of
segregated metal oxide phases in this sample. The BEs of the XPS spectra for Ols was decon-
voluted into three components: 529.2 eV attributed to surface O* species; 531.0 eV, which arose
from lattice [La-O-M] bonds; and 532.3 eV, which was due to hydroxyl/carbonate groups. The
intensity of the two peaks at 529.2 eV and 531.0 eV changed almost linearly in a perfect opposite
way, which was related to the incorporation of Ni into the structure. The increase in intensity
of the lattice oxygen component in the sample with increase in Ni substitution was related to
the increasing catalytic activity in combustion reactions. The surface atomic ratios Fe/La,
Ni/La, and CO,*/La was plotted as a function of Ni substitution degree and shown in Fig. 5:
upon Ni substitution, the surface of the substituted perovskites became Ni- and Fe-enriched.
The Fe/La surface ratio for the nonsubstituted LaFeO; is consistent with the slight La-enrich-
ment often reported for La-containing perovskites, whereas the larger Ni/La surface ratio for
LaNiO; and also for the substituted LaFe; ,NiO; samples indicated that Ni** ions are more
difficult to be stabilized than Fe* ions in the perovskite lattice and results in surface segregation
of a separate NiO phase. The extent of carbonation was higher for LaFeO; due to basic character
of the slight La-enrichment observed in this perovskite. The catalytic activity tested in the
combustion of acetyl acetate and ethanol in a flow reactor under an excess of oxygen showed
differences in catalytic behavior depending on the nature of the substrate to be combusted.
Ethanol reacted at lower temperatures and exhibited a higher reaction rate. The catalytic
activity of LaFeOj; increased upon nickel substitution but declined for LaNiO;. The approach
undertaken to modulate oxygen adsorption and release properties by inserting Ni** ions into
the LaFe, Ni O, structure while retaining a separate NiO phase is crucial to enhance the
performance of substituted perovskites in the combustion of ethanol and acetyl acetate.

4.4. B-site substitution

For substituted LaMn, ,Co,0; perovskite-type oxides, a crystal phase transformation occurred
for y values above 0.5 and the general trend obtained was: for y <0.5, Co ions were inserted
into the manganite structure; for y >0.5, the Mn ions were inserted into the cobaltite structure.
The enhancement of the ferromagnetic properties and the thermal stability against reduction
for y = 0.5 was attributed to the optimized Co*-Mn* interactions [22, 23].

The manganite had the highest surface area (38 m’g™), and that upon Co substitution, a
progressive decrease in surface area was observed until reaching the cobaltite surface value
of 16 m?g™. XRD analysis showed the existence of cubic and rhombohedral perovskites phases



Energy Production, Decontamination, and Hydrogenation Reactions over Perovskite-Type Oxide Catalyst

0,6

Fe/La

0,4

0,24

0,0

http://dx.doi.org/10.5772/61522

0,8

0,6 4

Ni/La

04

0,2

T T
0,0 0,1 0,2 03

Ni substitution degree

1,0

0,0

T T
0,0 0,1 0,2 0,3

Ni substitution degree

1,0

T T
0,0 0,1 0,2 0,3

Ni substitution degree

1,0

Figure 5. XPS ratios for the LaFe; Ni O, perovskite: (M) atomic surface ratio, (®) nominal (a) Fe/La, (b) Ni/La, (c)

CO;%/La

for pure LaMnO, and LaCoO;, respectively. The general trend obtained for the LaMn, ,Co,O,

perovskites were as follows: (i) the XRD patterns were quite similar to the cobaltite’s rhom-
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bohedral structure for the y>0.5 samples; (ii) the structure of the perovskite was modified to
form a new orthorhombic structure for y<0.5; (iii) and for the case of y=0.5, the pattern was
practically equal to the one obtained for pure LaMnQO;. The vibration frequencies in the infrared
region allowed us to conclude that the insertion of Mn into the cobaltite resulted in notable
distortions of the highly symmetrical rhombohedral structure, and that manganite can
withstand Co insertion without large structural changes up to values of y < 0.3. With regard
to TPR profiles, LaCoO; and LaMnO; displayed two reduction peaks, ascribed to the formation
of oxygen-deficient intermediate and the reduction of the perovskite structure at higher
temperatures. The substituted perovskites exhibited nearly identical behavior with tempera-
ture displacements, which was attributed to the previously discussed distortions. The mag-
netic properties were investigated in the paramagnetic and magnetically ordered regimes: in
both cases the data revealed two well-identified regions separated by the equimolar compo-
sition y = 0.5. For samples with y > 0.5 (Mn substitutes Co in the cobaltite LaCoO,) the Curie-
Weiss temperature sharply decreased, reaching negative values at y = 1. This nonmonotonous
variation was also observed in the ordering temperature T, which reached a maximum value
for y =0.5. The magnetic moment of the paramagnetic regime showed a linear decrease during
the first half of the cobalt substitution, which was interpreted as the progressive transformation
of Mn?" into Mn*" ions. This decrease became more pronounced above y = 0.5 since Mn ions
were all converted to Mn*, and cobalt was being introduced as Co®*". The overall behavior
observed through the compositional variation of the Curie-Weiss temperature is explained by
the varying character of the magnetic interactions between Co and Mn. During the first half
of the series (y < 0.5), strong Co*-Mn*" double-exchange ferromagnetic interactions were
triggered when Co* was introduced into the lattice, while antiferromagnetism was augmented
when Co was introduced as Co* (y>0.50). To investigate the ordered regime, the thermal
dependence (ZFC/FC cycles) and the field dependence (M loops) of the magnetization was
carried out. Figure 6 compares the (ZFC/FC cycles) regions separated by the equimolar
composition y = 0.5. A strong ferromagnetic behavior was observed for the first half of the
series since the magnetization Mg reached a characteristic plateau and the ordering temper-
ature increased toward a maximum value of 235 K. For y compositions above 0.5, the mag-
netization decreased by one or two orders of magnitude, meaning that the ferromagnetic Co*-
Mn* interactions were weaker, being progressively replaced by the less effective Co*-Co**
interactions. Thus, magnetic iso-field studies (ZFC-FC) revealed that, for y < 0.50, the system
presented an antiferromagnetic canted-like ordering of the Mn/Co sublattice, in which the
presence of divalent Co ion created Mn?*-Mn*" pairs that interact ferromagnetically through
the oxygen orbital. This was confirmed by the magnetization loops in which the magnetic
moment increased when substituting Mn for Co. The catalytic activity in total acetyl acetate
combustion in a flow reactor under an excess of oxygen (60000 cmgh) indicated that lower
ignition temperature (i.e., the higher activity) was displayed by manganite, while higher
ignition temperature was exhibited by the cobaltite. The substituted perovskite displayed
ignition temperatures between these two values, indicating that changes in y values modified
the active sites required for the oxidation of organic compound. The larger intrinsic activity
(molm™h-1) of the substituted perovskites with y= 0.5 was attributed to the magnetic order of
Mn*-Co*. This ordered state confirmed the presence of two regimes, separated by the



Energy Production, Decontamination, and Hydrogenation Reactions over Perovskite-Type Oxide Catalyst
http://dx.doi.org/10.5772/61522

equimolar composition LaMn,;Co,;05: strong ferromagnetic interactions for y-, < 0.5 and a

superposition of antiferromagnetism and ferromagnetism for y, > 0.5.
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4.5. A- and B-site substitution

Partial substitution of La** by Ag*in LaMn, 4Co, ;O; substantially increased the catalytic activity
in the removal of n-hexane in a flow reactor under an excess of oxygen, attributed to the
interaction between O- and the low coordinated metal site. Silver segregated phases further

increased the catalytic activity [24].
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The BET surface areas of the perovskites varied only slightly with substitution degree. The
XRD profiles revealed that the substitution of small amounts of La* by Ag* cations in a Co-
substituted manganite (LaMn,,Coy,0;) did not alter its rhombohedral crystallographic
structure, and that it only decreased their crystallinity. Segregated silver oxide (Ag,0O) phase
was also detected upon increasing the Ag content. TPR profiles indicated that upon introduc-
tion of Ag, two features were seen: the first reduction peak shifted toward lower temperatures
and became wider upon increasing Ag content; the second reduction peak also started at a
lower temperature but became more intense upon increasing Ag content. Since the first
reduction step involves the formation of oxygen-deficient perovskite, and the shoulder
includes the reduction of individual segregated oxides, quantification of this peak can be taken
as a measurement of the extent of Ag insertion in the perovskite structure. The increase in
H, consumption in the first reduction step upon Ag-substitution is indicative of the appearance
of a higher proportion of micro crystals from segregated silver, MnO, phases, and/or surface
carbonates species. The shift of the peak toward lower temperatures indicates a growth in
crystal size. These results are in line with the XRD patterns, which showed diminished
crystallinity as silver increased. The FTIR spectra showed an increase in the asymmetric and
symmetric O-C-O stretching vibration modes of carboxylate structures with the substitution
degree associated with the presence of segregated phases in the form of carbonates in the Ag-
substituted perovskites. The XPS spectra of La 3d5, with BE at 834.8 eV and Co 2p;, with BE
at 780.6 eV demonstrated the presence of La** and Co®* species on the surface, whereas
manganese appeared at slightly higher BE than is expected for Mn* ions, suggestive that the
surface manganese was present as Mn*. Differences in the surface O-species upon silver
substitution was observed. For the x = 0.0 sample, the two surface oxygen species were the
ones expected for a nonsubstituted perovskite. On the other hand, upon Ag substitution, the
lower oxidation state of Ag*inserted into the network of the LaMn, ,Co, ;O; perovskite induced
the appearance of O* species at BE higher than 532 eV known as oxygen vacancies, which is
necessary to maintain the electroneutrality of the solid. A relative proportion of this kind of
oxygen species of 18% was exhibited by the perovskite with an Ag substitution of x=0.1, which
suggests that the maximum content of Ag with almost no segregated phases was at x = 0.1,
and that this segregated phase disappeared at larger quantity of Ag. The EDAX and surface
Mn/La and Co/La atomic ratios were much higher than the nominal compositions, and the
differences were even larger upon increasing Ag substitution. These results indicate that the
surface of the silver-substituted perovskites became Mn- and Ag-enriched, in line with
deductions from oxygen-TPD profiles, which showed that Ag-substituted perovskites
displayed a new desorption peak associated with the redox cycle of the B cation. This result
further indicated that in these perovskites the Mn*/Mn®* redox cycle was almost constant, in
agreement with XPS results. Therefore, the charge compensation due to the substitution of
La* by Ag' occurred mainly via a nonstoichiometric decrease rather than through a change in
the Mn*/Mn?'ratio. The catalytic activity of the perovskites was evaluated in the total com-
bustion of n-hexane in a flow reactor under an excess of oxygen and shown in Fig. 7. The typical
S-shaped curves represent the total conversion of n-hexane oxidation as a function of the
reaction temperature up to complete combustion. There was an appreciable increase in the
catalytic activity, expressed in terms of the total conversion, when Ag was substituted into the
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perovskite. For Ag substitution of x = 0.1, a noticeable shift of the curve toward lower tem-
peratures is indicative of a higher catalytic activity of the perovskite upon a 10% Ag substitu-
tion of La. The changes in the activity of the La;  Ag, Mn,Co, ;O; systems are mainly dependent
on their crystalline structure and surface composition. The highest activity displayed by the x
= (0.3 sample can be explained in terms of the large amount of segregated silver on the surface.
Sample x = 0.2 was only slightly less active, although the silver surface segregation was much
lower than in its x = 0.3 counterpart. This could be due to the less intense diffraction lines of
the rhombohedral phase displayed by the x = 0.3 perovskite. For the sample x = 0.1, in which
the rhombohedral structure and almost no silver segregation existed, the relation between
catalytic activity and the nonstoichiometric oxygen ratio suggests an intrafacial reaction
mechanism.
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Figure 7. Stationary-state conversion over La, Ag Mn,;4Co,,0; perovskite for (¥v) x=0.0, (®) x=0.1, (A) x=0.2, and
() x=0.3.

5. Soot combustion

Diesel engines play a vital role in modern society because they are widely used for heavy-duty
transportation and power generation. However, they are one of the largest contributors to
environmental pollution because they emit particulate matter and nitrogen oxide. Particulate
matter consists mostly of carbonaceous soot, minor amounts of volatile organic fraction from
unburned fuel, as well as inorganic compounds such as ash and sulfur compounds. These
materials are detrimental to human health, plants physiology, the environment, and building
materials [25, 26]. Thus, stringent emission standards for soot have been set by most countries,
leading to continuous efforts in emission control technology. Diesel particulate filter (DPF) is
the most effective and widely employed approach to reduce soot in exhaust gases. However,
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one drawback for using the filter is that it requires regeneration through continuous combus-
tion to remove accumulated soot. Recently, perovskite-type oxides have received considerable
attention as catalytic systems for soot combustion [27-29]. Pure and doped lanthanum
chromites, manganites, and cobaltites have been tested with mixed results in the catalytic
combustion of soot [30]. Cerium has been usually reported as a good promoter in perovskite
lattice. Partial substitution of La by Ce or Sr on cobalt-based perovskite led to an increase in
catalytic oxidation [31]. When perovskite-type oxides were reduced, their low thermal
behavior under reducing atmosphere allowed the formation of highly dispersed metal
nanoparticles [22], which consequently modified the oxygen storage capacity of the catalyst.
The substitution of the lanthanum cation La* by an oxygen storage cation such as cerium, with
the capacity of the redox Ce*/Ce* pair, will have a direct effect in the reducibility of the
perovskite structure and the dispersion degree of the pure or mixed La,O; and CeO, oxides.

5.1. A-site substitution

The catalytic activity of soot combustion over oxidized and partially reduced substituted La,.
.Ce CoO; perovskites is enhanced by two factors: (1) the increase in CeO, content, closely
related to the increase in the material’s capacity for oxygen transfer to the carbonaceous
surface; and (2) the formation of larger CeO, crystals in the higher-Ce-content samples after
H, reduction, responsible for the improvement of the exchange of oxygen and number of
contact points between catalyst and soot [32].

The BET specific surface areas of the calcined solids ranged from 10 to 19 m?g™, and increased
upon incorporation of Ce. After reduction, Sg;; decreased and ranged from 7 to 16 m?g'. XRD
patterns of the calcined perovskites indicated that Ce was introduced into the lattice of the
parent LaCoO; solid at lower degree of substitution (i.e., x<0.5), while for larger Ce content
(x20.7) formation of CeO, phase was detected. Figure 8 showed the XRD of the (a) calcined
and the (b) reduced solids. Larger structural changes after H, treatment at 700 °C were observed
for the samples with lower Ce content (x<0.3), while calcined and reduced samples with higher
Ce content (x =0.7 and 0.9) showed nearly identical XRD patterns. For the samples with lower
Ce content (x =0.1, 0.3, 0.5), the most intense diffraction peak of the perovskite-type structure
(20 = 33°) fully disappeared after reduction treatment, and the reduced solids showed the
presence of La,0;, La,CoO,, CeO, as segregated phases as well as Co°, which appeared as two
broad peaks at 20 = 44.3° and 51.5°. TPR analysis showed that the reduction of pure LaCoO,
solid occurred in two steps: at 365°C forming an intermediate oxygen-deficient perovskite
structure (LaCoO,;); and, at 530°C which corresponds to the complete reduction of the
perovskite, leading to the formation of La,O,, La(OH);, H,O, and Co®. With the addition of Ce,
there was a noticeable shift of the peaks to lower temperatures, which implies an increase in
the reducibility of the catalysts. The evolution of oxygen during TPD analysis showed a
beneficial effect on the presence of a-oxygen with increasing Ce content. The importance of
these surface oxygen species is their close relation with the oxygen vacancies in the perovskite
structure that can activate molecular oxygen in soot. The catalytic activity determined by
nonisothermal thermogravimetric analysis indicated that the activity of calcined catalysts
increased with Ce content. La,;Ce,,CoO;, the most active catalyst, was the sample with the
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highest Ce/La mass ratio and possessed CeO, and Co,;0, crystalline phases instead of perov-
skite-type structure (from their XRD patterns). These results suggest that CeO, played the main
role in soot combustion. The higher activity of the higher Ce-substituted catalysts indicated
the availability of reactive oxygen species on the surface of the catalyst, attributed to the weaker
binding of oxygen. The enhanced activity of the two catalysts with larger Ce content (x = 0.7
and 0.9) pointed out the importance of structural defects and oxygen mobility by lattice oxygen
via La*-doped CeO, in the CeO,/soot interface for the catalytic oxidation of soot. In order to
evaluate the effect of perovskite-type structure on soot combustion, the destruction of the
perovskite structure was carried out in hydrogen at 700°C. After reduction, an increase in the
catalytic activity was observed in varying degrees: only a slight increase of the activity for the
samples with low CeO, content (x<0.5), while the activity for the catalysts with higher amount
of CeO, (x=0.7, 0.9) increased sharply. These results suggest that the activity of these materials
for soot combustion is improved by increasing the CeO, content, closely related to the higher
material capacity for oxygen transfer from catalyst to carbonaceous surface and the formation
of larger CeO, crystals in the higher-Ce-content samples after reduction.
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Figure 8. XRD profiles for La, ,Ce, CoO; catalysts: (left) calcined; (right) reduced

5.2. A- and B-site substitution

The increase in the catalytic performance in soot combustion by Ag* substitution in
LaMn,,Co,,O; perovskite structure occurred due to increase in surface Ag species and
superoxide ions content. These species have been found to be responsible for the higher
capacity for oxygen transfer from the catalyst to the carbonaceous material in the solids with
higher-Ag-content [33].

No significant differences between BET specific areas upon Ag substitution were found. XRD
profiles revealed that the crystallinity of the rhombohedral structure of the Co-substituted
manganite (LaMn,,Co,,0;) decreased upon Ag substitution. For the higher Ag-substituted
perovskites, the intensities of three diffraction lines- indexed to a segregated Ag,O phase-
increased with increasing Ag substitution: a mean crystal size of 7 nm was estimated by the
Debye Scherrer equation at 20 = 37.96°. The main differences observed in relation to the TPR
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profiles of Ag-substituted perovskites with respect to Ag-free perovskite were as follows: the
tirst reduction peak became more intense with increasing x, and the two reduction peaks
become closer and shift toward lower temperatures. The increase in H, consumption upon Ag-
substitution is indicative of the appearance of a higher proportion of Ag,0O segregated
crystallites and/or other segregated species. The shift of the peaks toward lower temperatures
coincided with the increase in crystallite size; furthermore, it indicates that the redox properties
of the solids increased with Ag content. These results were consistent with XRD patterns,
which showed a drop in crystallinity of the structure of the perovskites upon increasing silver
content, indicating that the Ag* inserted into the network made the formation of the perovskite
structure more difficult. The BEs from XPS spectra revealed the presence of carbonates strongly
attached to the surface, as expected for La-containing perovskites. The core-level spectra
indicated the presence of La* and Co* species, whereas Mn appeared at slightly higher BE
than that expected for Mn* ions, suggesting that surface Mn was present as Mn*". Other notable
observations were: (i) the Ag3ds, peaks with BE at 368.2 and 369.3 eV indicated the presence
of surface Ag’ and Ag" species, respectively; (ii) the Ols peak was attributed to surface lattice
oxygen species (Op,>) at 529.8 eV, hydroxyl and/or carbonate groups at 531.0-531.4 eV, and
loosely adsorbed superperoxide species (O,,4) at 532.4-532.6 eV. The surface Ag/La+Ag
atomic ratio of the silver-substituted perovskites indicated the enrichment of Ag upon
increasing substitution; in addition, the nearly unchanged surface O,,4,/O,,* atomic ratio of
the Ag-free and the Ag-containing perovskites means that the charge compensation due to the
substitution of La’>* by Ag" occurred via nonstoichiometric decrease rather than through a
change in the Mn*/Mn* ratio. Since identical trends were obtained for the Ag’/Ag and the
O,.4s/O1” surface ratios for the Ag-containing perovskites, it was proposed that these
superoxides ions acted as the most important active species, facilitating oxygen transportation
for soot oxidation. In addition, due to the fact that surface Ag and superoxides” ions formation
increased with increasing Ag content, surface Ag,O was proposed as an active phase in the
reaction. The evolution O,-TPD experiments revealed a continuous increase in total a-oxygen
species upon Ag doping, supporting the hypothesis of the formation of Ag* sites in the lattice
of the perovskite. The catalytic activity for soot combustion was related to the temperature
corresponding to the maximum from the DTG curve shown in Fig. 9. Higher values for T,,
mean lower catalytic activity. T,, value for the uncatalyzed CB combustion was found to be
650°C, while much lower T, values were observed for all the catalyzed reactions, indicative
of the catalytic nature of the materials for soot combustion. Catalytic activity was observed to
increase with the silver content, with the best catalyst being the one with Ag content of x=0.3
(burned off soot at 370°C). This important catalytic effect was attributed to the presence of
oxygen vacancies due to the substitution of La’* by Ag*in the perovskite lattice. These vacancies
enhanced the availability and reactivity of oxygen species on the catalytic surface, because of
the weaker oxygen binding. The results show that structural defects and oxygen mobility are
important factors that control the catalytic activity of these types of crystalline structures. The
presence of surface Ag,O phase improved the O, exchange and number of contact points
between catalyst and soot, with no significant effect on BET surface area and crystal size. These
results contrast the proposed mechanism for soot combustion on La-containing perovskites,
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in which the oxidation of soot particles is attributed to the surface oxygen species, formed on

the perovskite structure.
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Figure 9. Thermogravimetric assays for the catalytic combustion of CB

6. Hydrogenation reactions

For these kinds of heterogeneous catalytic reactions, perovskite-type oxides are not used
directly as catalysts but rather as precursors to obtain metal nanoparticles catalysts. Therefore,
prior to the reaction, perovskites are activated ex situ under H, at 500°C.

7. Guaiacol conversion

Catalytic studies focusing on hydrodeoxygenation (HDO) of guaiacol, the most representative
phenolic compound in bio-o0il, has provided insights into catalyst optimization for lignin
valorization technologies. Different active phases, including sulfides [34-36] and metals
[37-39], have been investigated as catalysts for the HDO of guaiacol. Nickel-based catalysts
have recently received extensive attention for the HDO of lignin derived compounds, and have
consistently been proven to be highly active.

8. A-site substitution

The preparations of Ni catalysts from the reduction of La, ,Ce NiO; perovskite-type oxides
were effective in catalyzing the conversion of guaiacol to cyclohexanol, an important feedstock
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for the chemical industry. The most active catalyst was the solid with Ce content x = 0.5 and
0.7, which was ascribed to the highest thermal stability under reductive atmosphere of the
CeO,-solid solution partially substituted with La [40].

The BET specific surface areas of the calcined and reduced solids showed a monotonic
dependence of the surface area on Ce content with a slight decrease after reduction treatment.
The main difference in the XRD patterns of the as-calcined and as-reduced solids after Ce
substitution was the absence of the perovskite structure and the appearance of segregated
phases in the latter. The most crystalline perovskites corresponded to the undoped LaNiO;
material and the lowest Ce-substituted perovskite (La,yCe;;NiO;). Upon increasing the Ce
content (x>0.5), there were neither diffraction peaks characteristic of the perovskite structure
nor single or mixed La oxides; however, new crystalline phases corresponding to CeO, and
NiO appeared. The XRD patterns of the Ni-reduced solids indicated a complete loss of the
LaNiO; perovskite structure and the formation of Ni° for the material with Ce content x = 0.0
and 0.1. For higher Ce contents (i.e., x=0.5), there were no observable changes in the crystalline
structure after H, treatment, and a shift of the main CeO, peak toward higher 20 angles upon
Ce doping can be taken as a clear indication of the modification of the crystalline structures,
suggestive of the insertion of La* into the CeO, structure. These results indicate the formation
of the perovskite structure with low thermal stability under H, for the samples with low Ce
content x<0.3, and the formation of a solid solution of CeO,-La,O; with higher thermal stability
for samples with higher degree of Ce substitution x> 0.5. The Ni-reduced catalyst with Ce
content x = 0.5 displayed the lowest crystallinity and the highest Ni° dispersion. The TPR;-
TPR, cycles demonstrated clear differences in the H, consumption peaks between TPR cycles,
an indication of the structural changes under H, treatment. The TPR, profiles showed two
different behaviors attributed to the reduction of Ni** to Ni% two reduction peaks for the
samples with Ce contents x< 0.3 and only one reduction peak for those with Ce contents x>0.5.
The amount of H, consumed during TPR, and TPR, cycles is plotted as a function of Ce content
and shown in Fig. 10. The TPR, profile showed larger H, consumption for the perovskites with
Ce content x<0.3 and almost constant value for those with Ce content x>0.5. Considering that
the theoretical hydrogen uptake for sample reduction assuming that NiO is stoichiometrically
reduced to Ni°is 4.1 mmol g, the larger obtained values suggest that other oxides entities are
also being reduced. Since XRD results did not show any structural changes under reduction
atmosphere, it is possible to calculate the degree of reduction of the perovskite structure
considering only the reduction of Ni** to Ni’. The obtained reduction degree of 24% fits quite
well with previously reported results corresponding to the total reduction of Ni present in the
original perovskites. The TEM micrographs of all of the Ni-reduced catalysts showed a
narrower particle size distribution for metallic Ni between 5 and 25 nm. The H, chemisorption
capacity assuming a stoichiometry of H/Ni, =1 was smaller than the expected one considering
the particle size obtained from TEM and XRD, indicating that Ni particles were partially
inserted and not available for H, uptake. In the conversion of guaiacol over Ni-reduced
catalysts, cyclohexanol and methoxycyclohexanol were principally obtained via the hydroge-
nation and demethylation routes. In other words, the Ni-reduced catalysts displayed a high
hydrogenation activity and a low activity toward hydrogenolysis of C-OH bond. The products’
distribution calculated both at 20% conversion of guaiacol and at 4 h of reaction time showed
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that all the Ni-reduced catalysts displayed similar trends in product distribution. The changes
in Ni particle size and the presence of segregated phase influenced by the degree of Ce
substitution did not affect the selectivity. This result suggests that the simultaneous presence
of highly dispersed nickel partially inserted into a CeO,-solid solution is a prerequisite for
improved catalytic performance for the conversion of guaiacol over these catalytic systems.
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Figure 10. Plot of hydrogen consumption of the La, ,Ce,NiO; vs. nominal Ce content (®) TPR;; (m) TPR,

9. Glycerol reforming

The use of environmentally friendly and renewable feedstock for clean energy production such
as hydrogen has been extensively studied, with particular focus on the catalytic green
reforming process of glycerol [41]. Even though the reaction pathway is a complex process, as
a result of the occurrence of wide variety of reactions, the type of catalysts used play a key role
in determining the product distribution. For supported metal catalysts as well as Ni-based
catalysts, high basic character of the catalysts has consistently been observed to lead to higher
activity and resistance toward deactivation [42, 43].

9.1. A-site substitution

Mixed oxides with the general formula La; ,Ce NiO; used as precursors for supported Ni
catalysts have led to active catalysts for the production of hydrogen-rich gas stream. Substi-
tution of 50% of La by Ce provided more deactivation-resistant catalyst, allowing only minor
amount of deactivation, associated with the formation of CeO,-La,O, solid solutions, which
acted as an oxygen buffer and, hence, facilitated the removal of carbon deposits on the catalysts
surface [44].
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Figure 11. Evolution of global glycerol conversion as a function of time on stream for glycerol steam reforming at 500
°C over all mixed oxide-derived catalysts

The La,,Ce,NiO; perovskites used as precursors for supported Ni catalysts were previously
tully characterized and used as catalysts in glycerol steam reforming. Figure 11 illustrates the
global performance of the catalysts for glycerol reforming. Regardless of the features of the
catalysts or degree of La substitution by Ce, a drop in global conversion versus time on stream
was observed. However, the sample formed from the mixed oxide with an equivalent content
of La* and Ce*" (x=0.5) was much more stable and promising, which may be associated with
the formation of a CeO,-La,0O; solid solution as detected by XRD analysis. The catalysts with
Ce substitution other than 50% led to a dramatic decrease in glycerol conversion, revealing a
strong deactivation process: indeed x = 0.1 and x = 0.7 samples presented conversion within 5
and 20% right after the first hour. To investigate the causes of deactivation, Fe-SEM analysis
revealed that the deactivation of unsubstituted LaNiO; perovskite-derived catalysts (x = 0.0)
was due to the formation of plentiful amounts of filamentous carbon. Even though, the
formation of the carbon nanostructures did not occur equally over all Ce-containing catalysts
due to varying degrees of Ce substitution, considerable amounts of carbon filaments and
similar FE-SEM images were obtained even for unsubstituted LaNiO; perovskite-derived
catalyst (x=0.0). Conversely, after a much more detailed and meticulous analysis, only few
filaments could be found on the x =0.5 solid. Thus, it can be argued that although deactivation
occurred irrespective of catalysts composition, the sample with 50% La substituted by Ce was
more resistance to deactivation compared to other loadings. TEM micrographs allowed the
identification of carbon nanotubular structures with an open end, where it was suggested that
Ni nanoparticles were detached. From this analysis, it was suggested that Ni nanoparticles
were intimately involved in the formation of those carbon filaments. TPO/TGA analyses
combined with mass spectrometry were complementarily performed for the used catalysts.
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The evolution of CO, (m/z=44) observed in the analysis originated from the gasification of
carbon deposits. The x = 0.5 sample possessed the lowest amount of the more reactive carbon
deposits. Thus, the minimization of the deactivation process in glycerol reforming requires an
appropriate Ce content, which can lead to the formation of CeO,-La,O; solid solutions.

10. Xylose hydrogenation

Liquid phase hydrogenation of aldoses is an important process in the synthesis of mono- and
disaccharides, which have long been used as natural sweetening agents. Xylitol, an excellent
sweet molecule, can also be commercialized because its sweetening capacity exceeds that of
sugar by 20-25%, in addition to having no insulin requirements [45]. Several well-known
hydrogenation catalysts such as noble metals or nickel-based [46] catalysts have been used for
xylose hydrogenation [47]. Due to their lower price, the main advantage of Ni catalysts is their
utilization in a typical slurry batch reactor, leading to good activity and selectivity. Neverthe-
less, the major drawback of Ni catalysts (which has been reported for Raney Ni) is their high
deactivation rate as a result of poisoning of the active sites and metal leaching.

10.1. A-site substitution

A series of active and selective partially Ni-substituted La, Ce Al,sNijs,0; perovskite
catalysts with a constant Ni loading of 20 wt.% were tested in the hydrogenation of xylose to
xylitol to gain insight into the importance of the perovskite structure in preventing leaching.

The specific surface areas obtained showed that the solids with lower Ce substitution degree
displayed lower values between 9 and 15 m”g?, while higher values above 30 m?g™ were
obtained for solids with higher Ce substitution degrees. The XRD patterns of the reduced solids
shown in Figure 12 indicated that the Ce-free solid presented perovskite structure while upon
Ce substitution segregated phases appeared. The x = 0.1 solid showed both the perovskite
phase and the presence of mixed oxides. For larger Ce substitution degree the perovskite
structure was not present and only peaks corresponding to Ce-La oxide solid solution were
found. TPR results show only two reduction peaks corresponding to reduction of Ni species.
TEM micrographs revealed that Ni was dispersed on the oxide support without forming
nanoparticles. Catalytic activity results indicated that all the catalysts were active in the
hydrogenation of xylose to xylitol. The catalysts with lower Ce substitution degree (x=0.0, 0.1)
displayed higher catalytic activity, demonstrating the importance of crystalline perovskite
structure in this reaction. Xylitol selectivity between 40 and 60% was obtained at a conversion
of 30%. Hydrogenolysis products were also detected. Atomic absorption spectroscopy (AAS)
analysis of the catalyst before and after reaction indicated that for the unsubstituted and lower
Ce substituted solids (x = 0.0, 0.1), a constant Ni content close to the nominal loading was
obtained, indicative of the high stability under aqueous medium. On the other hand, the solid
with the higher Ce substitution degree (x = 0.5, 0.7) showed loss of Ni by leaching. The results
from this study demonstrated clear dependence on the reactivity and stability of the catalyst
on the presence of crystalline perovskite, modulated by the degree of Ce substitution.
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Figure 12. XRD pattern of Ni-substituted La;  Ce, Al,5Ni, ,0; catalyst

11. Conclusion

Perovskite-type oxides with La in the A-site and a d-transition metal in the B-site position are
the most widely used materials for catalytic purposes. The activity of La perovskites can be
noticeably improved by partial replacement of the A-site and/or B-site metal. The different
combinations of partial substitution of A-site by an adequate A” metal with similar ionic radii
but lower oxidation state modifies the oxidation state of the B-site metal cation and/or oxygen
vacancies formation. This substitution also affects the thermal stability, crystalline structure,
and activity of the perovskites. Two clear applications can be identified:

* Perovskites with oxygen vacancies to be used as catalysts in oxidation reactions

* Perovskites to be used as precursors to prepare nanosized catalysts to be used in hydroge-
nation reactions

Due to their tunable properties, perovskites show different crystallization structures and high
flexibility in their composition, and, hence, it is important to understand how different
perovskites behave under different reaction conditions and what would be the most effective
metal combination for a given catalytic process.
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