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ARTICLE INFO ABSTRACT

Keywords: Automobile exhaust contributes the largest sources of carbon monoxide (CO) into the environment. To control

Carbon monoxide this CO pollution, the catalytic converters have been discovered. The catalytic converters have been invented for

Eatalyit. regulating the CO discharge. There are many types of catalysts have been investigated for CO emission control
erovskite

purposes. Inorganic perovskite-type oxides are fascinating nanomaterials for wide applications in catalysis, fuel
cells, and electrochemical sensing. Perovskites prepared in the nanoscale have recently received more attention
due to their catalytic nature when used as electrode modifiers. Perovskite catalysts show great potential for CO
oxidation catalyst in a catalytic converter for their low cost, high thermal stability and tailoring flexibility. It is
active for CO oxidation at a lower temperature. The catalytic activity of these oxides is higher than that of many
transition metals compounds and even some precious metal oxides. They represents attractive physical and
chemical characteristics such as electronic conductivity, electrically active structure, the oxide ions mobility
through the crystal lattice, variations on the content of the oxygen, thermal and chemical stability, and super-
magnetic, photocatalytic, thermoelectric and dielectric properties. The surface sites and lattice oxygen species
present in perovskite catalysts play an important role in chemical transformations. The partial replacement of
cations A and B by different elements, which changes the atomic distance, causes unit cell disturbances, stabilizes
various oxidation states or added cationic or anionic vacancies inside the lattice. The novel things disturb the solid
reactivity by varying the reaction mechanism on the catalyst surface. Thus, the better cations replacement may
represent more activity. There are lots of papers available to CO oxidation over perovskite catalysts but no review
paper available in the literature that is represented to CO oxidation.

Electrically active structure and automobile

1. Introduction preparation methods [4]. The main benefit of perovskite catalysts lies in

the fact that they are posses' higher activity and thermal stability

Perovskite catalyst general formula ABOs; typically the A elements
are rare earth alkaline (Ce, La, Pr etc.), alkaline earth metals (Ca, Cs, Sr,
Ba etc.) and the B sites are usually occupied by transition metals (Fe, Co,
Cu, Mn, Ni, and Cr). Perovskite shows high activity for CO oxidation and
high thermal resistance [1]. The performance of perovskite catalysts in
CO oxidation processes can be increased by fractional replacement of
metal in position A and/or position B with metal cations varying in their
valence number [2]. The catalytic activity of perovskite catalysts can be
enhanced by the incomplete substitution of metal in position A or B with
cations of noble metals like Ag, Au, Pt and Pd etc [3]. When deposited of
noble metals into perovskite is main factor in the catalyst's activity,
which, however, is also highly effected by the type of perovskite was
used. The activity of perovskite catalyst is strongly influenced by their

* Corresponding author.

compared to pure oxides [5]. The addition of noble metals into perov-
skite reduces sintering and reduction in mass as a consequence of vola-
tilization at a high temperature in oxidizing conditions [6].

Increasing the number of vehicles on roads, CO concentration has
reached an alarming level in urban areas. In the CO oxidation process, the
oxygen is first adsorbed on the perovskite catalyst surface with the en-
ergy of activation [7]. By substituting the A and B cations, one can control
the total amount of substitution and apply for suitable cations that will
get important structural changes, such as lattice distortions, stabilization
of multiple oxidation states or generation of cationic and anionic va-
cancies, all have a direct effect vary in catalytic activity [8,9]. The
dispersion of perovskites on a support, one can select the most excellent
matrix to contain the oxide particles and expose the major amount of
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active sites in order to get the better catalytic activity for CO oxidation
[10]. Perovskite-type (ABOs3) catalysts can be well modified by the partial
substitution of atoms at A and/or B-sites, producing iso-structural, which
may stabilize unusual oxidation states of B component, induce structural
distortions and create cationic or anionic vacancies [11,12]. The best
catalyst for CO oxidation could able to maintain the oxide structure
throughout the process. The fast changes in temperature of wash coat and
active layer on the support may break due to their thermal extension [13,
14]. Partial substitution of lanthanum perovskite increases with increases
of noble metals into the catalyst. It also influenced by the time and
temperature of perovskite calcination and increase with the rise in
calcination temperature [15]. The size of perovskites has a smaller in-
fluence on the activity of catalysts. This catalyst exhibits good adhesion
to the monolithic metal support. In geometric factors, the perovskites
shows that lanthanum, which is major lanthanide ion in the series, leads
to the most steady perovskite structure [16]. The substituting cations
increase the activity and stability of perovskite oxide structure. Manga-
nite and cobaltate perovskite catalysts have been reported to be highly
active for CO oxidations [17,18]. In comparison to manganese-based
perovskite, the cobalt-based oxides are difficult to support directly on
alumina because cobalt ions easily diffuse into the bulk of support to form
cobalt aluminum perovskite structure [19]. The catalytic activity of
various perovskite catalysts having different compositions in CO oxida-
tion reactions involving at various temperatures has been discussed in
this review paper.

2. Structural analysis of perovskite catalysts

Perovskite-catalyst (ABO3) can crystallize in cubic structure in space
group Pmm or indistinct rhombohedral, tetragonal, orthorhombic and
triclinic symmetry as represent in Fig. 1. The presence of oxygen and
vacancy can be change depending on the composition due to a great
stability range of structure [20]. The larger A-site cation is frequently rare
earth, alkaline earth or an alkali metal cation coordinated to 12 oxygen
anions. The B-site cation is usually a minor transition metal cation
covering octahedral interstices in oxygen structure. Several combinations
of A and B site cations can form a stable perovskite-like structure. These
cations with oxygen anions can be partially substituted by other suitable
elements. Electronic structure descriptions in Fig. 2 are sum of active
quantities used to generate qualitative correlations for a wide range of
properties. In particular, the oxygen p-band center has been used to
direct material finding and basic considerate of a range of perovskite
compounds for utilize in catalyzing the oxygen reduction and advance-
ment reactions [21,22].

Partial chemical substitutions of A and/or B sites for ABO3 type
perovskite and structures drive structural and electronic transformations,
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foremost to functional properties such as large magneto-resistance and
high-temperature superconductivity [23]. A couple of various metal ions
covering equal crystallographic sites create spatial ordering of atoms,
crystallizing in ordered perovskite structures with chemical formulae
such as A;BB'Og, AA'B,Og and AA'3B4015 [24]. Combinations of A, A’ and
B site ions provide surprising properties, some of which are functional.
The charge-disproportionate or transfer transitions are abruptly switched
by bond strains on rare-earth metals. Crystal structure analysis shown in
Fig. 2 suggests that metal oxygen bonds make neighboring adsorbates
close enough to interact, probably facilitate two active site reaction
mechanisms [25]. The conventional single-active-site reactions for plain
perovskite catalysts and expected to keep away from rate-determining
steps of usual mechanisms. Perovskites may be arranged in layers, with
the ABOs structure separated by thin sheets of interfere material [26].
The various forms of intrusions, based on the chemical structure of
groups are defined as:

o Aurivillius phase: The major layer is contained a [Biz02]%" ion,
covering every nABOs layers, foremost to an generally chemical for-
mula of [Bi2O2]-A(z—1)B207.

o Dion—Jacobson phase: The main layer is collected of an alkali metal
(M) each nABO;3 layers, giving the in general formula as
M*A;-1)BrO@Gn+1)-

e Ruddlesden-Popper phase: The major layer occurs between
everyone (n = 1) or two (n = 2) layers of the ABOg lattice.

In the cubic unit cell, the ‘A’ atom sits at cube corner positions (0 0 0),
type ‘B' atom sits at body-center position (2 ! '4) and oxygen atoms meet
at face-centered positions (2 4 0). The comparative ion size for steadi-
ness of cubic structure are moderately rigid, so small buckling and warp
can generate many lower-symmetry indistinguishable versions, in which
the coordination numbers of A cations and B cations [27,28]. The most
active oxygen reaction catalysis for quadruple perovskite oxides con-
taining of earth-abundant elements exposed that exploitation of
ultra-high-pressure preparations facilitates the increasing of novel func-
tional materials. A large amount of perovskites compounds prepared in
high pressure also shows best candidates for functional materials. Several
crystal structures are closely related to perovskite structure is called
hexagonal perovskites. The perovskite structure (shown in Fig. 3) con-
tains two A-site cations with robustly various sizes are used, further
complication increases from ordering of A-sites and oxygen vacancies as
in the double perovskite (AA’B20s.5) [29]. The natural of cation in ABX3
act as a major role in the formation of structure of perovskites structure
moreover a large outcome on stability and electronic property of the
materials. The sharing of various cation and anions in different perov-
skite catalysts is shown in the Fig. 3.

A2BOy:5

Fig. 1. Crystalline structure of various perovskite catalysts [24-26].
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A=Nat, Ca?t, Sr*, Ba* R,
Pb2+ Bi®+, Cu*, Mn#, etc.

A= CU2+/3+, Mn1.67+l3+, F92+‘
Co?*, Pd?, etc.

B= AR+, Ti*+, V4, Cré+, Mn+4+,
F83+/4+’ C03+, Ge-h, RU'“,
Rh34, Sn#, Ir#+, Pt#, etc.

Fig. 2. Crystal structure of (ABO3) and quadruple (AA'3B401,) perovskites [34,43,44].

O Asite (La)

O Bsite (Fe, Co)
O B site (Pd)

O Oxygen

Fig. 3. Sharing group of various perovskite catalysts [11,12,18].

A cation exchange should be based on BX¢ octahedral allocation with
respect to a Goldschmidt tolerance factor. A cation substitution is
intentional to get more-stable and suitable dynamic position of trans-
mission band of perovskite film. The octahedral deformation increases by
increase in an ionic radius of organic cation [30]. The traditional position
of perovskite lattice is discussed in Table 1. It consists of small B cations
within oxygen octahedral and larger A cations which are XII fold coor-
dinated by oxygen. The A®'B3>'0; perovskites are most symmetric
structure observed in rhombohedra structure. It involves a rotation of
BOg octahedral with respect to cubic structure [31]. The A cations are
present in corners of cube and B cation in center with oxygen ions in the
face-centered positions. The decrease of A cation size will be reach where
the cations will be very small to stay behind in make contact with anions
in the cubic structure. The lowest lattice energy was recognized for all

Table 1
Atomistic positions in various types of perovskite structure.

Structure Site Location

Cubic A cation 2a
B cation 2a
O anion 6b

Orthorhombic A cation 4c
B cation 4b
0O(1) anion 4c
0(2) anion 8d

Rhombohedral A cation 6a
B cation 6b
O anion 18e

Hexagonal A cation 2a
A cation 4b
B cation 6c
0O(1) anion 6c
0O(2) anion 6¢c
0O(3) anion 2a
0(4) anion 4b

Cubic bixbyite A/B cation 8b
A/B cation 24d
O anion 48e

compounds so that an energy value was assigned to all the composition.

The A cation is huge and B cation is lower as a result of the lowest
energy structure is rhombohedral in nature. As the A cation radius de-
creases and B cation radius increases, the lower energy structure changes
to be orthorhombic. The reducing of A cation radius and raising in B
cation radius result in the creation of hexagonal structure. The lattice or
internal energy does not change significantly with the changes in crys-
tallographic structure [32]. The structures of perovskites compounds
have been studied by many workers. The actual perovskite compounds
with few binary oxides have simple cubic in structure as shown in Fig. 4
at room temperature and this structure maintained at higher tempera-
tures. The X-ray patterns of many compounds can be indexed on the basis
of distortion of perovskite structure [33]. In addition to various types of
disturbances that involve a multiplication of pseudo cubic cell resultant
in tetragonal, orthorhombic and rhombohedral symmetries. The most
interests study of ferroelectric forms of perovskite structure, especially in
two groups of mixed oxides A*2B*#03 and A¥3B*303. A classification of
perovskite-type structures was done on the basis of radii of their metallic
ions [34].

Perovskites showed excellent catalytic activity and high chemical
stability; therefore, they were studied in a wide range in the catalysis of
different reactions. Perovskites can be described as a model of active sites
and as an oxidation or oxygen-activated catalyst. The stability of the
perovskite structure allowed the compounds preparation from elements
with unusual valence states or a high extent of oxygen deficiency. In
Fig. 5 shows a unit cell of perovskite structure. Perovskites exhibited high
catalytic activity, which is partially associated with the high surface ac-
tivity to oxygen reduction ratio or oxygen activation that resulted from
the large number of oxygen vacancies. Perovskites can act as automobile
exhaust gas catalyst, intelligent automobile catalyst and cleaning cata-
lyst, etc., for various catalytic environmental reactions. It was reported in
the literature that perovskites containing Cu, Co, Mn, or Fe showed
excellent catalytic activity toward the direct decomposition of NO at high
temperature, which is considered one of the difficult reactions in the
catalysis (2NO — Ny+0O,). Perovskites showed superior activity for this
reaction at high temperatures because of the presence of oxygen
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Fig. 4. Oxygen vacancy presents in the perovskite catalysts [8-10,21,22].

Oxygen vacancy

PO Cubic Perovskite

Tilted & Distorted Perovskite

Double Perovskite

Fig. 5. Representation of a unit cell of perovskite structure [32-34,40].

deficiency and the simple elimination of the surface oxygen in the form of
a reaction product. NO decomposition activity was enhanced upon
doping. Also, under an atmosphere that is rich with oxygen up to 5%,
Ba(La)Mn(Mg)Os perovskite exhibited superior activity toward the
decomposition of NO.

Perovskite showed a great impact as an automobile catalyst; intelli-
gent catalyst. Pd-Rh-Pt catalysts was utilized as an effective catalyst for
the removal of NO, CO and uncombusted hydrocarbons. There is another
catalyst that consists of fine particles, with high surface-to-volume ratio,
and can be utilized to reduce the amount of precious metals used.
However, these fine particles exhibited very bad stability under the
operation conditions leading to catalyst deactivation. Therefore, the
perovskite oxides can be used showing redox properties to preserve a
great dispersion state. The crystalline structure of various perovskite
catalysts and their formation is shown in the Fig. 6. Upon oxidation, Pd is
oxidized in the form of LaFe( 57C0¢.38Pdp 0503 and upon reduction; fine
metallic particles of Pd were produced with radius of 1-3 nm. This cycle
resulted in partial replacement of Pd into and sedimentation from the
framework of the perovskite under oxidizing and reducing conditions,
respectively, displaying a great dispersion state of Pd. Also, this cycle
improved the excellent long-term stability of Pd during the pollutants

removal from the exhaust gas. Exposing the catalyst to oxidizing and
reducing atmosphere resulted in the recovery of the high dispersion state
of Pd. This catalyst is known as intelligent catalyst because of the great
dispersion state of Pd and the excellent stability of the perovskite
structure.

One of the important characteristic of perovskites is ferroelectric
behavior, which is obvious in BaTiO3, PdZrOs, and their doped com-
pounds. The ferroelectric behavior of BaTiO3 was strongly related to its
crystal structure. BaTiO3 was subjected to three phase transitions; as the
temperature increases, it was converted from monoclinic to tetragonal
then to cubic. One of the major properties of perovskites is supercon-
ductivity. The halide perovskite catalyst crystalline structure is shows in
the Fig. 7. Cu-based perovskites act as high-temperature superconduc-
tors, and La-Ba—Cu-O perovskite was first reported. The presence of Cu
in B-site is essential for the superconductivity and various super-
conducting oxides can be manufactured with different A-site ions.
Furthermore, some perovskites exhibited great electronic conductivity
similar to that of metals like Cu. LaCoO3 and LaMnOs3 are examples of
perovskites exhibiting high electronic conductivity, and therefore they
are utilized as cathodes in solid oxide fuel cells displaying superior hole
conductivity of 100 S/cm. The electronic conductivity of the perovskites

Fig. 6. Crystal structure of various perovskite catalysts [48-50].
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Orthorhombic

Fig. 7. Halide perovskite crystalline structure [39,40].

can be improved by doping the A-site with another cation, which resulted
in increasing the amount of the mobile charge carriers created by the
reparations of charges.

In the ABO3 form, B is a transition metal ion with small radius, larger
A ion is an alkali earth metals or lanthanides with larger radius, and O is
the oxygen ion with the ratio of 1:1:3. In the cubic unit cell of ABO3
perovskite, atom A is located at the body center, atom B is located at the
cube corner position, and oxygen atoms are located at face-centered
positions. The 6-fold coordination of B cation (octahedron) and the 12-
fold coordination of the A cation resulted in the stabilization of the
perovskite structure. The perfect perovskite structure was a corner linked
BOg octahedra with interstitial A cations. Some distortions may exist in
the ideal cubic form of perovskite resulted in orthorhombic, rhombohe-
dral, hexagonal and tetragonal forms. In general, all the perovskite dis-
tortions maintaining the A and B site oxygen coordination was achieved
by the tilting of the BOg octahedra and an associated displacement of the
A cation. The different perovskite catalyst unit cell structure is shown in
the Fig. 8.

Goldschmidt presented much of the early work on the synthetic pe-
rovskites and developed the principle of the tolerance factor t, which is
applicable to the empirical ionic radii at room temperature. Goldschmidt
presented much of the early work on the synthetic perovskites and
developed the principle of the tolerance factor t, which is applicable to
the empirical ionic radii at room temperature. Where ry is the radius of
the A-site cation, rp is the radius of the B-site cation, and rg is the radius
of oxygen ion 02". The tolerance factor can be used to estimate the
suitability of the combination of cations for the perovskite structure. It is
a real measure of the degree of distortion of perovskite from the ideal
cubic structure so that the value of t tends to unity as the structure ap-
proaches the cubic form. From the equation, the tolerance factor will
decrease when rp decreases and/or rp increases. Based on the analysis of
tolerance factor value, Hines et al. solely suggested that the perovskite
structure can be estimated. For 1.00 < t < 1.13, 0.9 < t < 1.0, and 0.75
< t < 0.9, the perovskite structure is hexagonal, cubic and orthorhombic,

Cubic Orthorhombic

respectively. For t < 0.75, the structure was adopted to hexagonal
ilmenite structure (FeTiOs3).

_ (rA + ro)
[V2(rs +1,)]

Electro neutrality; the perovskite formula must have neutral balanced
charge therefore the product of the addition of the charges of A and B
ions should be equivalent to the whole charge of the oxygen ions. An
appropriate charge distribution should be attained in the forms of
AYB% 03, A*™B2Y03 or A3'B3'0s. Ionic radii requirements;
ra > 0.090 nm and rg > 0.051 nm, and the tolerance factor must have
values within the range 0.8 < t < 1.0. Perovskite exhibited a variety of
fascinating properties like ferro electricity as in case of BaTiO3 and super
conductivity as in case of BapYCu3O;. They exhibited good electrical
conductivity close to metals, ionic conductivity and mixed ionic and
electronic conductivity. In addition, several perovskites exhibited high
catalytic activity toward various reactions. There are some properties
inherent to dielectric materials like ferroelectricity, piezoelectricity,
electrostriction and pyroelectricity.

t BB+

3. Methods of perovskite catalysts synthesis
3.1. Solid-state reactions

In solid-state reactions, the raw materials and the final products are in
the solid-state therefore nitrates, carbonates, oxides and others can be
mixed with the stoichiometric ratios. Perovskites can be synthesized via
solid-state reactions by mixing carbonates or oxides of the A- and B-site
metal ions corresponding to the perovskite formula ABOs in the required
proportion to obtain the final product with the desired composition. They
are ball milling effectively in an appropriate milling media of acetone or
isopropanol. Then the obtained product is dried at 100 °C and calcined in
air at 600 °C for 4-8 h under heating/cooling rates of 2 °C/min. After
that, the calcined samples are grinded well and sieved. Then it was

\I/ €

Rhombohedral

Hexagonal

Fig. 8. Different perovskite unit cells structures [45-48,52-54].
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calcined again at 1300-1600 °C for 5-15 h under the heating/cooling
rate of 2 °C/min to confirm the formation of single phase of perovskite.
Again grinding and sieving was carried out for the calcined samples. The
synthesis of BaCeOs-based proton conductor perovskites and
BaCe( 95Ybp.0503_5 was achieved through the previous methodology
using BaCO3, CeO, and Yb,Og as the starting materials and isopropanol
as the milling media.

3.2. Wet chemical methods (solution preparation)

These methods included the sol-gel preparation, co-precipitation of
metal ions using precipitating agents like cyanide, oxalate, carbonate,
citrate, hydroxide ions, etc., and thermal treatment, which resulted in a
single-phase material with large surface area and high homogeneity.
These methods presented good advantages such as lower temperature
compared to the solid-state reactions, better homogeneity, greater flex-
ibility in forming thin films, improved reactivity and new compositions
and better control of stoichiometry, particle size, and purity. Therefore,
they opened new directions for molecular architecture in the synthesis of
perovskites. Solution methods were classified based on the means used
for solvent removal. Two classes were identified: (i) precipitation fol-
lowed by filtration, centrifugation, etc., for the separation of the solid and
liquid phases and (ii) thermal treatment such as evaporation, sublima-
tion, combustion, etc., for solvent removal. There are several factors must
be taken in consideration in solution methods like solubility, solvent
compatibility, cost, purity, toxicity, and choice of presumably inert
anions.

3.3. Precipitation

3.3.1. Oxalate-based preparation

This method is built on the assimilation of oxalic acid with carbon-
ates, hydroxides, or oxides producing metal oxalates, water and carbon
dioxide as products. The solubility problem is minimized as the pH of the
resulting solution is close to 7. An oxidizing atmosphere like oxygen was
used during calcination to avoid the formation of carbide and carbon
residues. It utilized an aqueous chloride solution with oxalic acid to
obtain unique and novel complex compound of BaTiO(C204)2.4H20 as a
precursor for the preparation of finely divided and stoichiometric
BaTiOs.

3.3.2. Hydroxide-based preparation

This method is often used due to its low solubility and the possible
variety of precipitation schemes. The sol-gel process can be used to
produce a wide range of new materials and improve their properties. It
presented some advantages over the other traditional methods like
chemical homogeneity, low calcination temperature, room temperature
deposition, and controlled hydrolysis for thin film formation. BaZrO3
powders in its pure crystalline form can be prepared by the precipitation
in aqueous solution of high basicity. LaCoOs was prepared by the
simultaneous oxidation and coprecipitation of a mixture containing
equimolar amounts of La(IIl) and Co(Il) nitrates producing a gel con-
taining hydroxide then calcination at 600 °C.

3.3.3. Acetate-based preparation

Different perovskites were prepared by mixing acetate ions alone or
together with nitrate ions with the metal ions salts. La; x\SryCoO3 with
x =0, 0.2, 0.4, 0.6 was prepared using acetate precursors then calcina-
tion at 1123 K in air for 5 h La;4SryCo;.yFe,O3 was prepared using iron
nitrate and strontium, cobalt and lanthanum acetates then calcination at
1123 K in air between 5 and 10 h.

3.3.4. Citrate-based preparation

Citrate precursors can be used and undergo several decomposition
steps in the synthesis of perovskite. These steps included the decompo-
sition of citrate complexes and removal of COgZ’ and NOs ions.
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LaCog 4Feo 603 can be prepared by this method, and the mechanism was
investigated by thermo-gravimetry, XRD, and IR spectroscopy.

3.4. Thermal treatment

3.4.1. Freeze-drying

The freeze-drying method can be achieved through the following
steps: (i) dissolution of the starting salts in the suitable solvent, water in
most cases; (ii) freezing the solution very fast to keep its chemical ho-
mogeneity; (iii) freeze-drying the frozen solution to get the dehydrated
salts without passing through the liquid phase; and (iv) decomposition of
the dehydrated salts to give the desired perovskite powder. The rate of
heat loss from the solution is the most important characteristic for the
freezing step. This rate should be as high as possible to decrease the
segregation of ice-salt. Also, in case of multi-component solutions, the
heat loss rate should be high to prevent the large-scale segregation of the
cation components.

3.4.2. Plasma spray-drying

This method was applicable to various precursors, including gaseous,
liquid, and solid materials. It was applied for the preparation of various
ceramic, electronic, and catalytic materials. It presented many advan-
tages in terms of economy, purity, particle size distribution, and reac-
tivity. This method was achieved through two steps: (i) injection of the
reactants and (ii) generation and interaction of the molten droplets (with
substrate or with the previously generated droplets). The thick film of
YBayCusOy covering large areas was prepared via this approach, and the
optimum superconducting oxide phase was obtained by varying the
preparation conditions like plasma parameters, substrate temperatures,
and film post deposition treatment.

3.5. Combustion

A redox reaction, which is thermally induced, occurs between the
oxidant and fuel. A homogenous, highly reactive, and nanosized powder
was prepared by this method. When compared with the other traditional
methods, a single-phase perovskite powder can be obtained at lower
calcination temperatures or shorter reaction times. One of the most
popular solution combustion methods is citrate/nitrate combustion,
where citric acid is the fuel and metal nitrates are used as the source of
metal and oxidant. It is similar to the Pechini process “sol-gel combustion
method” to a large extent, but in citrate/nitrate combustion, ethylene
glycol or other polyhydroxy alcohols are not used. In addition, in citrate/
nitrate combustion, the nitrates are not eliminated in the form of NOx,
but they remain in the mixture with the metal-citrate complex facilitating
the auto-combustion. Iron, cobalt, and cerium-perovskite can be pre-
pared via citrate/nitrate combustion synthesis. In addition, uniform
nanopowder of LaggSrg4Co03_5 was prepared by the combined cit-
rate-EDTA method, where the precursor solution was made of metal
nitrates, citric acid and EDTA under controlled pH with ammonia.
Lag gSro.2Cog 2Fep g03_s and Sr or Ce-doped La; _xMCrOs catalysts were
prepared by citrate/nitrate combustion method. Furthermore, the
Pechini “citrate gel” process includes two stages: (i) a complex was
formed between the metal ions and citric acid, then (ii) the produced
complex was polyesterified with ethylene glycol to maintain the metal
salt solution in a gel at a homogenous state. This approach presented
some advantages like high purity, minimized segregation and good
monitoring of the resulting perovskite composition. LaMnOgs, LaCoOs,
and LaNiO3 were prepared by citric acid gel process producing nano-
phasic thin films.

3.6. Microwave synthesis
The microwave irradiation process (MIP), evolving from microwave

sintering, was applied widely in food drying, inorganic/organic synthe-
sis, plasma chemistry, and microwave-induced catalysis. MIP showed
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fascinating advantages: (i) fast reaction rate, (ii) regular heating, and (iii)
efficient and clean energy. The microwave preparations were achieved in
domestic microwave oven at frequency of 2.45 GHz with 1 kW as the
maximum output power. Dielectric materials absorbed microwave en-
ergy converted directly into heat energy through the polarization and
dielectric loss in the interior of materials. The energy efficiency reached
80-90% which is much higher than the conventional routes. MIP was
recently utilized to prepare perovskites nanomaterials reducing both the
high temperature of calcination (higher than 700 °C) and long time
(greater than 3 h) required for pretreatment or sintering. GaAlO3 and
LaCrOs; perovskites with ferroelectric, superconductive, high-
temperature ionic conductive and magnetic ordering properties, faster
lattice diffusion, and grain size with smaller size were prepared in MIP.
The CaTiO3 powders prepared in MIP presented a fast structural ordering
than powders dealt in ordinary furnace. Hydrothermal conventional and
dielectric heating were utilized to prepare La-Ce-Mn-O catalysts. Hy-
drothermal MIP leads to formation of La; ,Ce,MnOs3,.CeO5 (x + & = 0.2)
with enhanced catalytic activity while using the conventional heating
methods lead to formation of LaMnO3 + CeO,. Moreover, nanosized
single-phase perovskite-type LaFeOs, SmFeO3, NdFeO3, GdFeOs, barium
iron niobate powders, KNbO3, PbWO4, CaMoO4 and MWO4 (M: Ca, Ni),
strontium hexaferrite and SrRuO3; were prepared in MIP showing finer
particles, higher specific surface areas and shorter time for synthesis of
single crystalline powders.

4. Chemisorptions of carbon monoxide over perovskite catalysts

Perovskites showed a good catalytic activity, which is moderately
associated with more surface activity to oxygen decline ratio or oxygen
activation that creates from huge amount of oxygen vacancies. It can act
like a catalytic converter and cleaning catalyst, etc., for different catalytic
environmental reactions [35]. Perovskites containing Cu, Co, Mn or Fe
showed excellent catalytic activity toward direct oxidation of CO at high
temperature. The LaCoOs, LaMnOs and BaCuOs perovskite catalysts
showed great catalytic activity for CO oxidation at higher temperatures.
The perovskites represents best activity for reaction at high temperatures
because the presence of oxygen shortage and easy removal of surface
oxygen in the form of reaction product. The addition of smaller amounts
of element in perovskite catalyst improved their performances. The
Cup.15Ce(La)o g50x catalyst synthesized by wet impregnation method
showed that the best activity toward CO oxidation [36]. It fine particles
with high surface-to-volume ratio be capable of utilized to decrease the
amount of noble metals used. However, the fine particles bad stability in
operation conditions mostly to catalyst deactivation. So that it can be
used to the showing redox properties to maintain a more dispersion state
[37]. Lanthanum (La) is oxidized in the form of various La oxide catalysts
with fine metallic particles of La were produced in a radius of 1-3 nm.
The LnCoOs catalyst is known as an intelligent catalyst because of great
dispersion state of Ln and excellent stability of perovskite structure. The
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different properties of perovskites and their catalytic activity are highly
affected by the method of preparation, calcinations conditions and A-
and/or B-site substitutions [38,39].

The doping in perovskite catalysts the catalytic activity, ionic radius,
electronic conductivity, physical and chemical properties can be changed
for exploitation in different applications. Different cations with various
sizes and charges can be hosted in perovskites; thus, many studies can be
performed to utilize doped perovskites in CO oxidation [40,41]. The
chemisorptions of CO and CH4 over perovskite catalysts are shown in the
Fig. 9. The material characteristics of perovskite oxides mainly related
with structural characters were very much affected by structural changes
from perfect cubic structure of perovskite catalysts. The synergism effect
between the crystal lattice of perovskite and metal ions dissolved in
lattice upon doping [42]. It results in an improved redox reaction and
best catalytic activity of synthesized perovskite was obtained. A
remarkable modifies in transportation and magnetic properties of ABO3
perovskite can be done by doping in the B-site due to an ionic valence
effect and/or anionic size effect. The doping in B-site of ABO3 perovskites
with transition metals mainly noble metals, the strength of perovskite
was enhanced and catalytic activity was improved considerably [43]. In
LaMnOj3 + CeO; perovskites with a low surface area (<15 m?/ g) the Ce*t
replacement into La>" sites reduces both cell parameters of rhombohe-
dral unit cell and crystalline domain sizes, since the ionic radius of Ce** is
lesser than La®". The selective of CO oxidation in which CO and O, were
totally converted into CO, and presence of cerium affected the reaction
kinetics shifting CO conversion to higher temperatures [44]. The Ce*t
distorted some Co>' to Co?" to maintain the charge neutrality within the
LaxCe;.xCoOs structure, as a result decreasing the amount of active Co3*
sites on the LaCoOj3 surface and declining the activity for CO oxidation.
The charge neutrality would stabilize the total Co>*/0, on the surface,
ensuring high CO; selectivity for cerium substituted perovskites [45].
The effect of strontium insertion into Lag 5Srg5C003.4 on the catalytic
performance of CO oxidation was discussed in Table 2 (see Fig. 10).

Differently, from Ceria the Sr?* as a cationic dopant is probable to
raise cobalt oxidation state and/or produce oxygen vacancies inside the
crystal lattice, it was the oxygen mobility and supply lattice oxygen for
CO oxidation on the surface [46]. The complete Sr?* substitution into the
rhombohedral crystalline structure of perovskite which led to declined
and extension of unit cell volume, since the ionic radius of Sr?*
(0.132 nm) is superior than La®>" ion. In LaFeOs; molecular oxygen
chemisorbs on Fe' cations as an 0?~ anion, dissociating to form atomic
oxygen (O7) on the iron sites. The CO adsorbs on the surface oxide ions
formed a labile species that interacts with adsorbed atomic oxygen,
producing carbonates which decompose towards CO;, and oxygen [47].
The manganese promoted LagySrg3Mn;.xCoxOs perovskites were
investigated as a catalyst in the CO oxidation reactions. Increasing the
amount of Mn atoms on the LagySrg3Mn; xCoxOs catalyst surfaces
affecting the catalytic behavior: the greater Co® + Mn® exposition. The
higher extension of Lag7Srg3Mn;xCoxOs phase derived from the

2P

Fig. 9. Chemisorptions of CO over various perovskite catalysts [56-58,62-64].
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Fig. 10. Carbon monoxide oxidation over perovskite catalysts [60-62].

perovskite structure, higher the activity and stability of the catalysts. In
Zn;_xNixMnOs catalyst the complete conversion of CO was obtained at
300 °C [48].

This catalyst is highest resistance to carbon deposition among all the
catalysts. The rhombohedral structure of perovskite towards metallic Ni°
and hexagonal MnyO3 phases (for high Zn content, ZnO and NixMnOs3
phases also emerged). The fractional replacement of Ba by Zn in
Lag.9Bag 1Co03 raising the oxidation temperature of perovskite, signi-
fying a more constant structure in reaction conditions which might be
stay away from Ba sintering [49]. In LaMn;.,CuyOs3 5 perovskites the Cu
replacement could enhance the amount of chemisorbed oxygen species
over the perovskite, improving the catalytic activity for CO oxidation.
The addition of iron (Fe) in LaFeygCop 203 lattice the iron valence
changed from Fe®' to Fe*' improving the catalytic performance [50].
The A series of B site replacements over LaCoO3 perovskite showed that
Mn?*, Fe?*, Ni?>* and Cu®" dopants could get better CO conversion. To
modify the characteristics of supported metal catalysts obtained from
precursor perovskite under oxidation conditions. The important catalytic
reactions made to better comprehend the role of active sites on the
perovskite-type oxides [51].

4.1. Mechanism of CO oxidation on the perovskite catalysts

The efficiency of perovskite catalysts for reactions with CO molecules
is strongly depending upon the chemisorptions process. The discrete
reaction mechanisms are steady with the observed kinetics [51,52]. A
better device for measuring the activity of perovskite catalysts for CO
oxidation is reported the activation energy of the process. Early study
represented that the catalyst starting oxidized CO before its oxidized by
air, and this is an investigation of a Mars-van Krevelen-type mechanism
which has consequently found support [53]. The perovskite oxides
frequently exhibit strong electronic and/or magnetic correlations, band
gaps and bending, which may affect the mechanism. Various synthesis
methods have been presented in Table 2 intended at increasing the sur-
face area mainly mixed oxide and fast synthesis; still the surface areas
between 5 and 50 m?/g at most are achieved [54,55]. The macro-porous
perovskite catalysts illustrate better catalytic activities for CO oxidation
than consequent nanometric sample. Calcination temperature highly
affects the crystallization and particle size of perovskite catalyst [56].

In the calcination of perovskite at higher temperature raise the
crystalline and particle size. Carbon monoxide can be adsorbed either in
a linear or bridged form covering respectively over perovskite catalysts.
Which structure is formed depends on the chemisorptions conditions and
nature of support. The CO adsorbed on perovskite could react with ox-
ygen held by these species. This catalyst able to absorb oxygen at low
temperature suggests that the CO oxidation should be done at low tem-
peratures. The activation of surface oxygen vacancy in the perovskite
catalysts performance for CO oxidation is properly represents in the

Fig. 11.

However, the catalytic activity of perovskite catalyst is quite low in
spite of fact that catalysts contain adsorption sites both for CO and O,
adsorption. It causes a result of no dissociative adsorption of oxygen. The
reaction mechanism of perovskite catalysts is represents in the Fig. 12. In
stoichiometry of CO oxidation reaction needs the dissociation of oxygen
molecules followed by reaction between adsorbed oxygen atom and CO
to CO, is one of the accepted mechanisms for CO oxidation. In this
condition, the reaction rate is limited by the dissociation of Oy. The
molecular adsorption of CO occurs at higher temperatures, which ensures
that the appearance of reactive oxygen forms [57,58].

The oxygen adsorption occurs mainly in the form of Oy, while
above the calcination temperature of 350 °C the O~ species is pre-
dominate. The O ions are highly active and reactivity of superoxide is
also high, though much lower as compared to O ™. In oxygen species, the
CO molecules from gas phase can be directly oxidized [59]. The
marsvan krevelen mechanism for conversion of CO over perovskite
catalysts is shown in the Fig. 13. The conversion of CO by the Mars-van
Krevelen mechanism would give details the relationship between
easiness of catalyst activity and reducibility. Different mechanisms
have been suggested for the oxidation of CO over metals and metal
oxides. The CO oxidation over metals is thought to follow a
Langmuir-Hinshelwood mechanism [60]. The CO2 produced is poorly
adsorbed and does not influence the rate substantially, since it's rapidly
desorbed to the gas phase. The rate of reaction will be proportional to
the total coverage of O,gs and COqyqgs [61].

Os) = Ospua) = ZO@d) (€8]
CO(g) - CO(ﬂd) (2)
COpg) 4204,y = CO4y, 3
CO3ta) = COsaa) + Ofyy) = COsg) + Oy (@)
0y + 2% 520,45 (5)
CO +* = COus 6)
COygs + Ougs = COy + 2% @

The procedure of CO oxidation does not take place as long as the
adsorbed molecules of Oy change to the reactive form of oxygen. The
variation of activity and the binding energy of perovskite catalysts as a
function of tolerance factor for the series of catalysts. The high spin state
of perovskite catalysts at the surface may be favorable for the strong
chemisorptions of oxygen which accounts for increased activity [62]. As
far as catalyst development is concerned, it is critical to discover the
structure-activity correlation of catalysts. A Langmuir-hinshelwood
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Table 2
The operating parameters and activity measurement of various perovskite catalysts for CO oxidation.
Catalyst Catalyst Preparation Operating Parameters Remarks References
Method
Lag 5S19.5C003 4 Spray pyrolysis The 100 gm catalyst at a flow rate of 100sccm with reactants gas Lag 5519 5C003.4 (T; = 200 °C [1]
method mixture 1% CO and 6% O in volume, a heating rate of 1 “C/min. Tso = 300 °C, T100 = 500 °C)
LnCoO3 Cobalt cyanide The 1 gm catalyst with a feed gas composition 5% CO, 5 %05, 90% N, LnCoO3 (T; = 200 °C Tso = 240 °C, [2]
method at space velocity 19-48 h™! has been used. T100 = 300 °C)
Sr-doped LaMnO3 Solid state diffusion The 100 gm of catalyst in presence of 15.5% O, and 6% CO in a Sr-doped LaMnO3 (Xco = 60% at 520 °C) [3]
process. stream at a pressure 1.65 bar for 2 h. The temp. was carried out
500 °C and 550 °C temp.
Cug.15Ce(La) g5 Ox Conventional The 100 gm catalyst with a gas mixture of 0.1% CO, 0.228% CHy and  Cug 15(Ce(La)) gs0x [4]
Wet impregnation 1% O, with contact time 9 s. (T; = 30 °C Tso = 70 °C, T190 = 95 °C)
method
Lag gSrp oMnO3., x Sol-gel method. The 10 gm catalyst, sieved to 1.5 mm particles with feed gas Lag gSrp oMnO3, x(Xco = 100% at 400 °C) [5]
composed of CO (500ppmv) in air and space velocity is 20 h™!.
LaCoO3 Conventional The 200 gm catalyst under a reactant stream (25 ml/min) containing LaCoO3 (T; = 90 °C Ts¢ = 190 °C, [6]
pyrolysis 5.6mol % CO, 5.6 mol % O and rest being Ny. T100 = 260 °C)
Method
La; xSrxFeO3 Wet impregnation The 250 gm catalyst at temp. 250 °C for 1hr. with exposure to the La; xSrxFeO3 (Xco = 70% at 720 °C) [7]
method reaction gas mixture at 6 kPa (CO: Oy = 2:1).
La; xSryBO3 Alkaline The 300 gm catalyst with a gaseous mixture of NO (1500 ppm), CO La; xSryBO3 (T; = 200 °C Tso = 350 °C, [8]
Co-precipitation (1500 ppm), and He (balance) was fed into the reactor at a flow rate ~ Tyo9 = 650 °C)
method of 120 mL/min, and heating rate 10 “C/min.
LaCoO3 Co-precipitation The 150 gm catalyst was performed at 100-550 °C temperature with ~ BaFeO3/ZrO, (T; = 200 °C Tso = 320 °C, [91
Supported perovskite method a space velocity of 18950/hr. The gas mixture consists of 2% CO, T100 = 400 °C)
2.5% propylene and balance N, with feed gas. BaFeO3/Al;03 (T; = 200 °C Tso = 420 °C,
T100 = 500 °C)
LaFeO3/ZrO, (T; = 200 °C Tso = 300 °C,
T100 = 480 °C)
LaFeOs5/Al,05 (T; = 200 °C Tso = 420 °C,
T100 = 480 °C)
LaSrNiO4 Combustion method The 600 gm catalyst with feed gas composition 1% CO/He + 0.5-2%  LaSrNiO4 (T; = 250 °C Tso = 290 °C, [10]
0Oy/He; W/F = 0.6gscm’3, at temperature = 300 °C. T100 = 325 °C)
LaCoOs3 Reactive grinding The 5 gm of catalyst with (CO: 7.8%, Oz: 13%, N2 : 79%, SV: 32,000 Reactive grinding (T; = 250 °C [11]
and Citrate method Nem®g~'h™1) Tso = 400 °C, T190 = 500 °C)
Citrate method (T; = 10 °C Tso = 500 °C
LaMn; 4 Cu,O3 Citrate method A gas mixture of CO(1.3%), Oz (1.3%) and N, (balance) at a flow rate ~ LaMn;.xCu,O3 (T; = 200 °C Tso = 320 °C, [12]
200 cm® min~! over a 3-20 gm catalyst and GHSV = 1.8 x 10° h™!,  T;0o = 400 °C)
stream at 873 K for 1h.
LaMn; xCuy O34 Sol-gel method The 200 gm catalyst with a total gas flow rate 50 cm®/min. A mixture LaMn;_,Cuy O35 (T; = 50 °C [13]
of 2% CO and 20% O in nitrogen was used. Tso = 225 °C, T190 = 350 °C)
CaTiO3 Citrate process The 300 gm catalyst with a gas mixture of (CO/O, = 2.36) at air CaTiOs3 (T; = 300 °C Tso = 420 °C, [14]
1.2 L/h. The reaction temp. 400 K with flow velocity of 60 mL/min. T100 = 500 °C)
LaMnO3 Impregnation The 100 gm catalyst with feed gas composition 8% CO, 4% O, 88%  LaMnOj3 (T; = —175 °C Tso = 275 °C, [15]
Lag 5Srg sMng 3 method He. The total flow rate 100 sccm/min with Space velocity = 6000 h T100 = 460 °C)
L. Lag 5Sro.sMng 3 (T; = —150 °C
Tso = 250 °C, T1g0 = 440 °C)
LaCoO3 Conventional citrate The 100 gm catalyst with a gas mixture of 2 vol % CO and 98 vol % air ~ LaCoOs (T; = 50 °C, [16]
method (GHSV) of 12,000 h™!. The total flow rate 100 ml/min. Tso = 110 °C,T1090 = 160 °C
LaFeOs3 Sol gel method The 100 gm catalyst with feed gas composition 0.25% CO and 5% O,  LaFeO3 (T; = 200 °C, Tso = 266 °C, [17]
LaFe( gC00 203 balanced He. The total gases flow rate was 50 SCCM. T100 = 320 °C)
LaFe( gC0o 203 (T; = 60 °C, Tsg = 120 °C,
Ti00 = 155 °C)
PrMnO3 substitute Sol-gel method The 100 gm catalyst with heating rate 50 ‘C/min and flow rate 60 ml/ ~ PrMnOs (T; = 135 °C,Ts = 180 °C, [18]
Ba/K/Ce min. The gas mixture was consisting of 1% CO/1% 02/50% Hz/No. T100 = 220 °C)
PrMnOs substitute Ba
(T; = 65 °C,Tso = 110 °C, T190 = 160 °C)
PrMnOs substitute K
(T; =180 °C,Tso = 260 °C, T190 = 315 °C)
PrMnOs substitute Ce
(T; =105 °C,Tsp = 145 °C, T100 = 220 °C)
LaFeO3 Citric acid The 100 gm catalyst with feed gas composition of 1 vol % CO, 20 vol ~ LaFeO3 (T; = 50 °C,Ts5o = 120 °C, [26]
complexing method % O3, and He balanced. The total flow rate was 100 mL/min and T100 = 170 °C)
space velocity was 20,000 mL/g.h.
LayK;.xCoO3 Sol-gel method The 100 gm catalyst with reaction gases mixture consist of 10% O, LaCoOs3 (T; = 110 °C,Tso = 155 °C, [20]
0.2% CO balanced He. The total flow rate was 50 mL/min. Tgo = 200 °C)
LayK;.xCoOs (T; = 145 °C,Tso = 210 °C,
Tgo = 260 °C)
Zn;_xNixMnO3 Co-precipitation The 100 gm catalyst with feed gas composition of 5% CO and 5% O, ZnMnOs3 (T; = 200 °C, Tso = 300 °C, [21]
method in nitrogen. The flow rate was100 ml/min and GHSV was 20,000 h™!.  Tgy = 400 °C Const.)
Zn;_xNixMnO3
(T; = 115 °C,Tso = 170 °C,
T100 = 300 °C)
LaCog sMg 503 Impregnation The 2.7 gm catalyst with feed gas flow rate was 550 cm®/min and LaCoOs (T; = 150 °C, Tso = 210 °C, [22]
(M = Mn, Cr, Fe, Ni, method composition of 1.5 vol % CO and balance air was used. T100 = 450 °C)

Cu)

LaCoosNip 503 (T; = 145 °C,Tso = 175 °C,

(continued on next page)



S. Dey, N.S. Mehta

Table 2 (continued)

Science in One Health 1 (2022) 100002

Catalyst Catalyst Preparation

Method

Operating Parameters

Remarks

References

LaMnO3 + CeO4 Co-precipitation

method

Lag oBag 1CoO3 Sol-gel method

LaBO3(B_Mn, Fe, Co) Hydrolysis Co-

precipitation method

Lag 7Srg.3Mn;.xCoxO3 Citrate method

Alumina supported Pechini method

LaCoO3

Conventional citrate
route

LaSrCuO4

The 50 gm catalyst in presence of 1 vol % CO, 1 vol % O, in 98 vol %
He with a heating rate 5 K/min and space velocity was 2102

m® kg~

The 100 gm catalyst in presence of 500 ppm CO, 10% O, balanced He,
with a total flow rate 50 SCCM and space velocity 30,000 hl

The 100 gm catalyst in presence of 0.5% CO, 5% O, and He was
balanced. The total flow rate was 100 ml/min and WHSV 60,000 mL/
gh.

The 200 gm catalyst in presence of 6% CO in Ar with air. The total
flow rate was 47 ¢cm®/min and GHSV 12,000 hl

The 150 gm catalyst in presence of 1 vol % CO, 1 vol % O, 60 vol %
H, balanced N, at a flow rate 100 cm®/min.

The 100 gm catalyst with a gas mixture of 2 vol % CO and 98 vol % air
was fed into the catalyst bed at a gas hourly space velocity (GHSV)
was 12,000 h™*.

T100 = 350 °C)

LaCog sFeq 505 (T; = 105 °C,Tso — 180 °C,
T100 = 340 °C)

LaCog.5Cug 503

(T; = 150 °C,Tsp = 240 °C,

T100 = 440 °C)

LaCog.sMng 503

(T; = 145 °C,Tso = 190 °C,

T100 = 300 °C)

LaCog 5Crp 503 (T; = 155 °C,Tso = 195 °C,
Ty00 = 440 °C)

LaMnO3 + CeO (T; = 78 °C,Tso = 145 °C,
T100 = 252 °C)

LaCoOs (T; = 170 °C,Tso — 240 °C,
T100 = 300 °C)

Lag gBag.1Co03

(T; = 120 °C,Tso = 162 °C,

T100 = 200 °C)

LaMnOs3 (T; = 200 °C,Tso = 300 °C,
T100 = 390 °C)

Lao gSro.2MnO3

(T; = 150 °C,Tso = 250 °C,

T100 = 340 °C)

LaCoOs (T; = 150 °C,Tso — 240 °C,

T100 = 350 °C)

Lag gSrg 2C003 (T; = 100 °C,Tso = 160 °C,
T100 = 240 °C)

LaFeO3 (T; = 250 °C, T = 350 °C Const.)
Lag Sro.2MnO3

(T; = 200 °C,Tsp = 315 °C,

T100 = 400 °C)

Lag 7Sro.3Mn;.xCoxO3

(T; = 50 °C,Ts = 150 °C,

Ti00 = 170 °C)

Alumina supported LaCoO3

(T; = 100 °C,Tso = 170 °C,

Ty00 = 300 °C)

LaSrCuOy (T; = 60 °C,Tsg = 145 °C,
T100 = 180 °C)

[23]

[24]

[30]

[31]

[32]

[33]

Co- 0% mmmmmmmy Co+¥- 02X
Charge Transfer

Fig. 11. Activation of surface oxygen vacancy in the perovskite catalysts [70-74].

mechanism predicts the reactivity of perovskite catalysts in CO oxidation.
Low lattice oxygen mobility and kinetic effect of O, rule out the MvK
redox mechanism [63]. Under reaction conditions, the rate was propor-
tional to the O, pressure and independent of CO pressure. The rate of CO
oxidation was done by following either rate of formation of CO; or, when
the CO was intent and rate of losing of CO [64]. The mechanism for CO
oxidation over perovskite catalysts shows in the Fig. 14. The reaction rate
was found to be reduced sharply when CO was introduced into the gas

10

phase during the oxidation. In the presence of CO, the reaction was first
order in CO and zero order in Oy. The CO molecule retained its integrity
during the oxidation reaction [65].

The number of CO5 molecules adsorbed corresponded to the number
of oxygen atoms pre-adsorbed on the surfaces of catalyst. The equivalent
concentration of oxygen atoms in the gas phase and on the surface,
therefore, heterogeneous exchange reaction was taking places. The
mechanisms of CO oxidation on the surfaces of catalysts are a top tactic in
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Fig. 13. Marsvan Krevelen mechanism for conversion of carbon monoxide [27,28,31,32].

Perovskite Structure

Perovskite Structure

Perovskite Structure

Chemisorptions of CO over perovskite catalysts

Fig. 14. Mechanism for CO conversions over perovskite catalysts [56-58,70-72].

nature, therefore the reversible failure and uptake of huge oxygen or for
the production and destruction of vacancies reported these systems as
attractive oxidation catalysts. The inconsistent oxygen in the perovskite
structure is accountable for the unusual performance of these materials.
The removal of oxygen from frame works of perovskite structure and
possibility of deriving different structural in ideal perovskites catalysts
[67-70]. The various mechanisms of CO oxidation and formation of CO,
over perovskite catalysts are shown in the Fig. 14.

The mixing of the pollutants gases are constantly measured by an
oxygen sensor and the air-to-fuel ratio is tuned consequently by the fuel-
control reaction conditions. The kinetics study of CO oxidation over
perovskite catalysts at the adsorption and desorption cycle is shown in
the Fig. 15. The performance of perovskite-type oxides convincingly in-
creases with increasing the concentration of available active phase.
Therefore the higher performance was obtained on extruded and layered

11

on the structured catalysts containing a more adding of energetic
component [71,72].

5. Deactivation of perovskites catalysts

The activity and selectivity of perovskites catalysts in catalytic con-
verter are crucial for CO oxidation reaction. The catalyst deactivation can
be divided into six different types: (i) poisoning, (ii) thermal degradation,
(iii) fouling, (iv) vapor compound formation (v) vapor-solid reactions
and (vi) crushing/abrasion. The lead, sulphur poisoning, carbon forma-
tion and sintering is the main cause of catalyst deactivation. The
dispersion of active phase rapidly decreases, which is one of the main
reason for catalyst deactivation. The catalytic activity of metal support
(LaO3) is susceptible to sulphur poisoning, which is one of the most
contaminants in catalytic converter exhaust emissions. The substitutions
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Fig. 15. Kinetics analysis of CO oxidations over perovskite catalysts [43,44,50-52].

of materials in perovskite catalysts should not influence their activity in
reforming reaction; but the changes in structure should remain their
resistance to carbon deposition as well as to sulphur poisoning [66]. The
promising stability of this catalyst could be attributed to the high
mobility of oxygen on the interface between the MnCeOx solid solution
and MnOx, which is critical for removing the CI species produced during
CB decomposition. The Ce-Pr mixed oxides, specifically CesPro 502,
have been reported to exhibit higher stability for the catalytic combus-
tion of 1,2-dichloroethane. Conspicuous catalytic deactivation was,
however, induced through the formation of by-products such as C-C
coupling products, higher chlorinated compounds and cracking com-
pounds. The sulphur poisoning over perovskite catalysts are shown in the
Fig. 16. The LaMnOs perovskite oxide catalyst synthesized by
co-precipitation was found to exhibit significant activity for the catalytic
oxidation of CO emissions. Moreover, its activity was enhanced by A or B
site substitution. Because a promising catalyst for industrial applications
should present not only high catalytic activity, but also good stability and
durability, further study relative to stability and deactivation issues for
LaMnOs is now of the utmost urgency and significance [73,74].

The stability of perovskite catalyst could be well recognized to the
high mobility of oxygen on the interface of mixed oxides. The dispersion
of active phase rapidly decreases, which is one of the main reasons for
catalyst deactivation. Chemical poisoning and coke formation are one of
the main reasons for catalytic deactivation. The deactivation of perov-
skite catalyst reduced the surface area of catalysts if available to the
surroundings [75,76].

The poisoning is due to strong adsorption of feed impurities; there-
fore, the poisoned catalysts are generally difficult to regenerate. Catalyst
restoration is the least desirable approach to defeat catalyst deactivation
and restore their activity and selectivity. The catalyst regeneration and
reforming processes are mostly classified into three types: semi-
regenerative, cyclic and constant regenerative process. Catalyst regen-
eration is mainly to recover activity defeat due to fast coking with failure

Sulphur poisoning by H,S without oxygen addition

T
2 ¥ ¢

e .QSP

of active metal diffusion. The regeneration of perovskite catalysts by
various processes is shown in the Fig. 17. The small amounts of noble
metals added in perovskite due to their regenerating mechanism. The Pd
in LaFe( 95Pdg 0503 exists as a solid solution dispersed all over perovskite
lattice. In the perovskite catalyst, the oxidizing/reducing cycle maintains
the catalytic activity by regenerating the nano-particles and preventing
metal nano-particle growth [77,78].

6. Challenges and future applications of perovskite catalysts

Perovskite oxides are versatile materials due to their wide variety of
compositions offering promising catalytic properties, especially in
oxidation reactions. Perovskites ABOj3 are exciting materials for oxidation
catalysis as they provide considerable flexibility regarding their compo-
sitions and the possibility to implement oxygen vacancies with a selective
modification of the cationic sublattice An interesting property of perov-
skite nanocrystals is their ability to undergo reversible exchange of halide
ions (I, Br and Cl). While this property is useful in preparing nanocrystals
of different halide composition, it also hinders the use of different nano-
crystals or films. Upon contact, two different nanocrystals (e.g., CsPbBrs
and CsPbls) form mixed halide perovskites. Another interesting approach
is to couple perovskite nanocrystals with a different semiconductor to
create a hetero structure with Type I or Type II configurations, based on
their bandgap alignment. Furthermore, the perovskite structure is tolerant
to the formation of anionic and cationic vacancies, which can tune the
catalytic properties of the materials. The oxygen activation and dissoci-
ation capabilities at perovskite surfaces are strongly correlated to the
composition and number of oxygen vacancies. These vacancies can pro-
mote the formation of monoatomic oxygen (O™), which would act as the
primary type of oxygen in the system. One straightforward approach to
determine catalytic activity and oxygen activation capability is the CO
oxidation reaction as a prototypical reaction for heterogeneous processes.
The reaction only has a single gaseous product, which interacts with metal

8 8

o

6. g s
s\‘s,. 85 .s:
- B by

Sulphur poisoning by H,S with oxygen addition

L
ol =

(0] 0
n

@

Selective poisoning

s
A 5 NeA

Non-selective poisoning

.o:z
0
@

Ll Ll

-

Fig. 16. Sulphur poisoning in the various perovskite catalysts [61,62,67,68].
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oxides either strongly or weakly. For Co304, no adsorption of CO, on the
surface was found, whereas an adsorption capacity has been reported for
AlyO3. Furthermore, this reaction pathway is involved in the total
oxidation mechanism of hydrocarbons and oxygenated molecules, which
leads to a decrease in selectivity towards valuable intermediates. The
effect of Co incorporation into oxides and LaFeOs perovskite on CO
oxidation catalysis has also attracted attention. For example, including
only 1% Co has been shown to increase the CO oxidation activity of NiO
significantly, but no steady conversion increase with Co incorporation has
been observed. On Sr and Co-doped LaFeOs, highly at intermediate Co
level were observed for transition metal surface content, oxygen storage
capacity, reducibility and methanol oxidation activity. In our upcoming
research work, we will perform further mechanistic studies on the CO
oxidation on different perovskites catalysts and also test the performances
in different oxidation reactions.

7. Conclusions

In perovskite catalysts the partial substitution of cations, which sta-
bilizes unusual oxidation states of metal components and creates anionic
or cationic vacancies within the perovskite lattice. The partial substitu-
tion of cations can increase the reducibility and metal dispersion of
catalyst. The support perovskites on porous materials like a monolith or a
usual high surface area material to raising the amount of uncovered
perovskite active sites. The reaction intermediates and a mechanistic
condition are paramount for fundamental insight into the origin of ac-
tivity and product selectivity. Structure-function relationships are crucial
concept to develop basic guidelines for the design of more active catalysts
after the mechanism is sufficiently understood. The surface area of
perovskite oxides falls behind into simple metals. In addition, organo-
metallic halide perovskites exhibited efficient intrinsic properties to be
utilized as a photovoltaic solar cell with good stability and high effi-
ciency. The reducing of particle size, making perovskites with hierar-
chical porosity is a promising approach to enhance mass activity and
control applications. Nano-perovskites have been utilized as catalysts in
oxygen reduction and hydrogen evolution reactions exhibiting high
electro-catalytic activity, lower activation energy and high electron
transfer kinetics. In addition, some perovskites are promising candidates
for the development of effective anodic catalysts for direct fuel cells
showing better catalytic performance. The relative ease of preparation,
thermal and chemical stability and good catalytic activities of perovskites
catalysts offer good performances for environmental pollution.
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