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General introduction

Perovskite mixed oxides with the general formula ABO3 containing rare earth
elements (in A position) and 3d transition metals (in B position) are considered as
strategic materials due to their interesting electrical, magnetic, optical and
catalytic properties [1,2,3,4]. Among them, lanthanum nickel oxide LaNiOz with
perovskite structure is considered of great interest because of its electronic and
catalytic properties which make it a promising base material for its use as
electrode material for storage and conversion of energy [5, 6], as well as a catalyst
for the methane reforming reaction [7, 8, 9, 10, 11], for redox reactions involving
NO, CO or soot [12, 13, 14] or for VOC’s combustion reactions [15, 16].

Furthermore, VOC’s combustion activity has been shown to be enhanced
upon partial nickel substitution by iron in the perovskite structure as well as by the
presence of nickel oxide as in the form of nanocomposites with a segregate phase
interacting with the partially substituted perovskite [15]. Within this context, a
sol-gel method (Pechini approach) , sol gel combustion using citric acid, ascorbic
acid, sucrose, as chelating agents and methanol, ethanol, water as solvents, has
been used to prepare different La(Ni,Fe)Ox catalysts. In addition to the LaNiO3
perovskite prepared by the same method and used as a reference sample, different
formulations in which nominal amounts of Ni + Fe employed are in excess with
respect to that of La have been prepared with the aim of achieving nickel
substitution in the perovskite simultaneous to segregated NiO. The latter
hypothesis is based on the fact that the thermodynamic stability LaFeO3 is higher
than that of LaNiO3 [17].

Therefore, it could be expected that the substitution of Ni by Fe in the
perovskite can be favoured and could induce the segregation of excess Ni in the
form of NiO. The samples have been characterized by X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller specific
surface area (Sget) analysis, infrared spectroscopy (IR), thermal analysis (TGA-
DTA) and powder size distribution (PSD) as a basis to explain their catalytic

behavior for CO oxidation.




General introduction

Our work is divided into four chapters:

» The first chapter is devoted to a literature review covering the one hand
knowledge on mixed oxides of perovskites, and also their applications
catalytic properties

» The second chapter is the subject of experimental techniques: preparation
methods, physicochemical characterization techniques and the description
of the catalytic tests installation.

» The third chapter is devoted to the effect of the synthesis method, the
complexing agent, the solvent on the physicochemical properties of
perovskite LaNiOa.

» The fourth chapter presents the Synthesis, characterization and catalytic

properties of La (Ni.Fe)Os-NiO nanocomposites.

This work ends with general conclusion.
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First Chapter: Bibliographical study

A- Chemistry and Crystallography of Perovskites.

1.1 Introduction

The structural family of perovskites is a large family of compounds having
crystal structures related to the mineral perovskite CaTiOs. In the ideal form the
crystal structure of cubic ABXs perovskite can be described as consisting of
corner sharing [BXe] octahedra with the A cation occupying the 12-fold
coordination site formed in the middle of the cube of eight such octahedra. The
ideal cubic perovskite structure is not very common and also the mineral
perovskite itself is slightly distorted. The perovskite family of oxides is probably
the best studied family of oxides. The interest in compounds belonging to this
family of crystal structures arise in the large and ever surprising variety of
properties exhibited and the flexibility to accommodate almost all of the elements
in the periodic system. Pioneering structural work on perovskites was conducted
by Goldschmidt et al in the 1920: s that formed the basis for further exploration of
the perovskite family of compounds. Distorted perovskites have reduced
symmetry, which is important for their magnetic and electric properties. Due to
these properties, perovskites have great industrial importance, especially the
ferroelectric tetragonal form of BaTiO3 [1].

1.2 The crystal structure of perovskite

Perovskite titanate is natural calcium BaTiOs, and a very large number of
compounds of formula ABOz present this structure (not to be confused with
MM'Os type structures or cations M and M' have similar ionic radii). The
perovskite structure is characterized by the association of large cations A, of
radius ra (alkali, alkaline earth or rare earths) and smaller radii rg transition metal
cations. B cations occupy the corners of a cube, while the A cations occupy the
center of the cube. The atony of oxygen is placed in the middle of the edges of the
cube. This structure, characterized by Z = 1. The ABO3z unit cell is shown in
Figure 1.1 [2].
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Figure 1.1 Arrangement of atoms in perovskite structure ABO3

The coordination numbers for each of the cations compared by oxygen are:
- Cation A, situated in the center of the unit cell, that are equidistant from
the edges environments A/O = 12.
- For cations B, located at the corners of the unit cell, occupying octahedral
sites: B/O =6.
The following table shows the Typical perovskite compounds:

Table 1.1 Typical perovskite compounds [3].

Compound Lattice parameterx 10 nm
a b ©

Cubic structure

KTa, 1989
MaTaO, 19X
MNaMNkO, 14949
BabnO, 4.040
BaZr), 4,193
ST, 1904
KMnF, 4189
KFeF 4.121
Telragonal structure

BiAlO, 76l 7.94
PbSnO, 7.86 B13
BaTi, 1994 4038
PdTi 1899 4,153
TIMRCl, 502 504

LaALOY type
LaAlQ, 5.357 =007 06
LaMi0, 5461 x=>060" 05
BiFel, 5632 x =60~ 06’
KM, 4016 x =60~ 06’

Gl Fedd ype
Gl Fe 5346 5616 7.668
YFel), 5283 5.502 7603
MdGat, 5426 5.502 7.706
CaTiy, 5381 5443 7.645
MaMgF, 5343 5.503 7676




First Chapter: Bibliographical study

The simple examination of the elementary cell, which has only motive, allows to
define the geometric conditions for this structure is observed:
(ra+ro) =2 (rs + ro)
It's actually a very strict condition and Goldschmidt introduced a tolerance factor t
to explain the existence of such a structure for a wide range of ionic radii:
(ra+ro) = tV2 (rs + ro)
According to the values of t, it is observed, cubic structures more or less distorted:
t > 1 : hexagonal distortion (ex: BaTiOs, NaNbO3).
1 <t<0.95: cubic structure (ex: BaZrOs, LaMnQO3).
0.95 <t < 0.9 : quadratic distortion (ex: RbTaO3, KNbO3).
0.9 <t < 0.8 : orthorhombic distortion (ex: PbTiOs, GdFeO3).

The limits of the tolerance factor will vary with the charge of the cations A and B.
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Figure 1.2 The effect of ionic size of A- and B-site cations on the observe distortions of the
perovskite structure [3].

It is evident that almost all elements except for noble gases can occupy either
A or B lattice positions in the perovskite lattice, including dopants. The stability
and the crystal group are mainly determined by the ratio of the ionic radii of the A
and B cations. Indeed, the structure is dependent not only on the size but also on
the nature of the A and B atoms. For example, AMnOz compounds crystallize in

the perovskite structure when the A cation is La or Ce-Dy, whereas a new
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hexagonal structure with 5- and 7-coordination of Mn and A, respectively, is
formed when A = Ho-Lu or Y if A = La or Ce-Dy [3, 4].
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Figure 1.3 Chemical elements that can occupy sites in the perovskite structure.
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1.3 Types of crystal perovskites ABOs structure
1.3.1 Orthorhombic perovskite
The GdFeOs structure is probably the most illustrative of all the orthorhombic
perovskites distorted. Its space group is Pnma and lattice parameters are: a =
5.346,b = 5.616, c = 7.668, all +0.004 A. The GdFeOs structure is a distorted
form of perovskite. The distortion mechanism is a tilting of essentially rigid MXs
octahedra. It occurs when the A-site cation is too small for its 12 coordinate cavity
in the cubic perovskite structure. This distortion of the perovskite structure is the
predominant for perovskites with tolerance factors smaller than ~0.98. The
distortion has several consequences [5]. Other materials adopting this
orthorhombic-structure distorted are: NaUOs, LaYbOs [6].
1.3.2 Rhombohedral perovskite

In several materials, the cubic cell may have a small deformation in the
rhombohedral symmetry. If the distortion is not expand the unit cell, it is possible

to index the unit cell containing one or two formulas respectively unitary with the
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rhombohedral angles a ~ 90° or a ~ 60°. However, anions are generally placed as
required larger cell unit with o ~ 60 °. As examples of rhombohedral perovskites:
LaNiOz and LaCoOsa.

La
.
Figure 1.4 Primitive cell of LaNiO3 [7].

1.3.3 Tetragonal perovskite
The crystal structure of PbTiOz3 is another derivative of the perovskite structure:
It has space group P4mm, with a=3.902°A, ¢=4.156"A, Z=1. Compared with cubic
SrTiO3, PbTiO3 is characterized by an elongation of the unit cell. The TiOs
octahedron in the unit cell is more or less undeformed (strictly speaking it is the
combination of two tetragonal pyramids of slightly different heights) but shifted
along the c-axis. However, the displacement of the O* ions is bigger than the
displacement of the Ti** ion, leading alltogether to a separation of the two centers
of the positive and negative charges within the unit cell. This results in a
permanent dipole of each unit cell. Figure 1.5 (a) shows a single unit cell and the
O? ion of the next cell above it, in order to depict a complete TiOs octahedron.
Figure 1.5 (b) shows the same arrangement as Figure 1.5 (a), but more from the
front so that the different displacements of the ions along the c-axis become better
visible [8, 9].

Figure 1.5 two views of the unit cell of PbTiOs.

10
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1.3.4 Monoclinic and triclinic Perovskite

The structure of CaRhQ3, is monoclinic with lattice parameters of a = 12.5114 A,
3.1241 A, ¢ = 8.8579(1) A, p = 103.951(1), V = 336.01(1) A3 with space group
P21/m. The structure contains edge-sharing RhOs octahedral chains along the b-
axis. The six RhOg octahedral chains make a unit, which stacks up alternatively
with the CaOs polyhedral layer along the [101] direction to form the structure of
CaRhOs intermediate phase [10]. Also BiMnOs and BiScO3z have a monoclinic
perovskite crystal structure. AgCuFs, CsPbls, PbSnOz have a triclinic perovskite

structure.

Ca(3) Ca(l) Ca)
Figure 1.6 Crystal structure of CaRhO3 intermediate phase with (a) RhOs octahedra,
and with (b) CaOs polyhedra [10].

SrLaCuNbOe and SrLaCuTaOs are Jahn-Teller distorted double perovskites
with complete B —site ordering. The crystal structure of SrLaCuTaOs has been
solved by refinement of neutron powder diffraction data at 323 (triclinic),
573(monoclinic) and 923 K (body-centered monoclinic) [11, 12].

11
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Figure 1.7 Refinements for SrLaCuTaOs at 323 (top), 573 (middle)
and 923 K (bottom). [11]

1.3.5 Polymorphism

The distortion of the [BOg] octahedra due to temperature changes or stress
effects may cause the transition from cubic structure to tetragonal,
rhombohedral or orthorhombic structures. Distorted perovskites have reduced
symmetry, which is important for their magnetic and electric properties. Due to
these properties, perovskites have great industrial importance and huge potential
for cutting edge technology, especially the ferroelectric pseudo-cubic barium
titanate, BaTiOs. In most cases several factors act on the structure. As an example
of the complexity BaTiOs has four phase transitions on heating: rhombohedral
(R3m) — -90 °C — orthorhombic (Amm2) — 5 °C — tetragonal (P4mm) —
120 °C — cubic (Pm 3m) [13].

12
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Figure 1.9 Lattice constants of BaTiO3 as a function of temperature. [13]
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1.4 Defects in the Crystalline Structure
Real crystals having different types of defects that represent an internal surplus
energy of the crystal relative to a perfect crystal, and therefore a deviation from

the maximum stability.
1.4.1 point defects: Vacancies, Interstitial, and Substitutional

1.4.1.1 Vacancies defects
A vacancy defect is formed when an atom is missing from a normal atomic site

in a crystalline structure.

Figure 1.10 vacancy defect in a crystalline structure.

The number of vacancies present in a material increases exponentially as the
temperature increases. If n is the number of defects and N the total number of
crystal sites: n/ N = Aexp (-Q / RT)

With A dimensionless constant, Q energy of formation of point defect (J / mol), R

ideal gas constant = 8.32 J / K, T the absolute temperature of the crystal (K).

The following figure shows the vacancy defect in the crystal structure of LaNiO3

Figure 1.11 Cell of LaNiO3 with a single oxygen vacancy showing NiOs octahedra. The position of
the vacancy is indicated by the open black circle. [7]

14
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1.4.1.2 Interstitial Defects
An Interstitial defect is formed when an extra atom occupies a normally
unoccupied site (interstitial site), since the interstitial atoms are larger than the

interstitial sites the surrounding lattice is in compression.

Figure 1.12 Interstitial defect in a crystalline structure.

1.4.1.3 Substitutional Defects
Substitutional defects are produced when one atom is replaced by a different type
of atom, if the substitutional atom is smaller than the original atom then the lattice

is in tension. If the substitutional atom is larger than the original atom then the

lattice is in compression.

a) b)

Figure 1.13 Substitutional defect in a crystalline structure. (a) the substitutional atom is smaller
then the original atom,(b) the substitutional atom is larger then the original atom.

15
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1.4.2 linear defects

In linear defects groups of atoms are in irregular positions. Linear defects
are commonly called dislocations. Any deviation from perfectly periodic
arrangement of atoms along a line is called the line imperfection. In this case,
the distortion is centered only along a line and therefore the imperfection
can be considered as the boundary between two regions of a surface which are
perfect themselves but are out of register with each other. The line
imperfection acting as boundary between the slipped and un-slipped region,
lies in the slip plane and is called a dislocation. Dislocations are generated
and move when a stress is applied. The strength and ductility of metals are
controlled by dislocations [14].

1.4.2.1 Edge Dislocations

The inter-atomic bonds are significantly distorted only in the immediate vicinity
of the dislocation line. As shown in the set of images above, the dislocation moves
similarly moves a small amount at a time. The dislocation in the top half of the
crystal is slipping one plane at a time as it moves to the right from its position in
image (a) to its position in image (b) and finally image (c). In the process of
slipping one plane at a time the dislocation propagates across the crystal.
The movement of the dislocation across the plane eventually causes the top
half of the crystal to move with respect to the bottom half. However, only a
small fraction of the bonds are broken at any given time. Movement in this
manner requires a much smaller force than breaking all the bonds across the

middle plane simultaneously [15].

Figure 1.14 Edge Dislocations (linear defect)

16
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1.4.2.2 Screw Dislocations

The screw dislocation is slightly more difficult to visualize. The motion of a
screw dislocation is also a result of shear stress, but the defect line
movement is perpendicular to direction of the stress and the atom
displacement, rather than parallel. To visualize a screw dislocation, imagine a
block of metal with a shear stress applied across one end so that the metal begins
to rip. This is shown in the upper right image. The lower right image shows
the plane of atoms just above the rip. The atoms represented by the blue
circles have not yet moved from their original position. The atoms
represented by the red circles have moved to their new position in the lattice and
have reestablished metallic bonds. The atoms represented by the green circles are
in the process of moving. It can be seen that only a portion of the bonds are
broke at any given time. As was the case with the edge dislocation,
movement in this manner requires a much smaller force than breaking all

the bonds across the middle plane simultaneously[16].
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Figure 1.15 Screw Dislocations (linear defect)
1.4.3 Planar defects
Planar defects, which are interfaces between homogeneous regions of the
material. Planar defects include grain boundaries, stacking faults and external
surfaces. The crystalline structure of each grain is identical but there orientations
are not. The grain boundaries is a narrow zone where the atoms are not properly

spaced.
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Grain

Figure 1.16 grain boundaries defects (Planar defects).

1.4.4 VVolume or Bulk Defects

Bulk defects occur on a much bigger scale than the rest of the crystal defects
discussed in this section. However, for the sake of completeness and since
they do affect the movement of dislocations, a few of the more common
bulk defects will be mentioned. Voids are regions where there are a large
number of atoms missing from the lattice. The image to the right is a void in a
piece of metal. The image was acquired using a Scanning Electron Microscope
(SEM). Voids can occur for a number of reasons. When voids occur due to air
bubbles becoming trapped when a material solidifies, it is commonly called
porosity. When a void occurs due to the shrinkage of a material as it solidifies, it

is called cavitation [17].

Figure 1.17Voids (Bulk Defects). Image acquired using a Scanning Electron Microscope (SEM).

18



First Chapter: Bibliographical study

B- Lanthanum perovskites oxides La (Ni,Fe)Os

Perovskites, of the general stoichiometry ABOs (where A is a trivalent rare
earth metal ion and B is a trivalent first row transition metal ion), Find use in such
applications as CO and NO oxidation catalysis, piezoelectrics and, more recently,
high-temperature superconductors. The ANiOz class of perovskites is considered
extremely important due to its electronic properties. Lanthanum nickel oxide
LaNiOsz is one of the better known of these materials but has not been studied
extensively. Nickel usually adopts a formal charge of Ni*? but can, in rare earth or
alkaline earth ternary metal oxides, form the 3+ cation [18].

It was also reported that substituted LaMO3s materials (where M is a transition
metal) are interesting for the combustion of hydrocarbons, and in particular for
methane. In particular, studies performed on LaNiOs evidenced that nickel into
this type of structure stabilizes the active metal at high temperature and it limits
the sintering and the coke formation. Moreover, the combination of nickel with a
second element of the VIII group into a lanthanum phase (La (Ni,M)QOz3) generally
forms perovskite structures. Also in this case the strong interactions between
nickel and the perovskite structure limits crystallites growth and carbon deposition
[19].

Provendier et al. obtained LaNiOs, LaFeOz and LaNixFe1xOs from aqueous
solutions of the precursors with addition of oxalic acid and precipitation of the
oxides, while Delmon et al. have proposed 30 years before a citrate route. More
recently, Kienemann and co-workers have proposed a sol-gel method which
allows the synthesis of LaNixFe1xO3 perovskite single phase by using the
propionic acid as the solvent. The critical point of this method is the
decomposition of nitrate anions with violent NO2 production which is especially
observed in large scale preparations during the evaporation of the solvent. At this
regards, this method is even more dangerous than the original route based on
citrate because of the presence of propionic acid instead of water [19].

Norman and Morris reported diffractograms were Rietveld refined using the

trigonal space group, R3C, and crystallographic parameters for the LaNiOs
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system. For the modelling of the structure, the rhombohedric structure was used
with the cell parameters (a = 5.4412, b = 5.4389 and ¢ = 13.1715, a = 3 = 90° and
vy = 119.8573°) and the atomic positions of the ions in the unit cell given in. The
corresponding representation is given in Figure 1.17. The ions Ni** are in a perfect

hexagonal environment, the La®* ions are in a deformed environment of 12 0%~

[20].

Figure 1.18 The structure of LaNiO3 obtained with the parameters proposed by
Norman and Morris. [20]
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Figure 1.19 XRD of LaNiOs prepared by (a) citrate method, (b) Pechini’s method;
(c) propionate method after a treatment at 900 °C [20].
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The effect of substitution in the B site on the structural properties (XRD

diffractograms) is shown in the following figures:
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Figure 1.20 XRD pattern of the largest peak for calcined
LaFe;—.NixOs; x =0, 0.2, 0.4, 0.6, 1. [21].
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Figure 1.21 The cell volumes, as a function of annealing temperature for all the samples (filled

symbols). As a comparison Falcon et al. (o), Sangaletti et al. (A) and Provendier et al. results are

also considered (o) [19].
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C- Applications of perovskite oxides
1.5.1 catalytic and photocatalytic perovskites

Because of the variety of component elements and their high chemical stability,
perovskite oxides have been also extensively studied as catalysts for various
reactions. Two types of research trends clearly emerged from these characteristics.
The objective of the first trend is the development of oxidation catalysts or
oxygen -activated catalysts as an alternative to catalyst containing precious
metals, whereas the second trend regards perovskite as a model for active sites.
The stability of the perovskite structure allows preparation of compounds with an
unusual valence state of elements or a high extent of oxygen deficiency.

Table 1.2 summarizes the reactions studied by using perovskite oxides as
catalysts. Evidently, the high catalytic activity of perovskite oxides is based
partially on the high surface activity to oxygen reduction ratio or oxygen
activation resulting from the large number of oxygen vacancies present.

Among the wvarious catalytic reactions studied, those applicable to
environmental catalysis (e.g., automobile exhaust gas cleaning catalyst) attract
particular attention. Initially, it was reported that perovskite oxide consisting of
Cu, Co, M n, or Fe exhibited superior activity to NO direct decomposition at
higher temperatures. The direct NO decomposition reaction (2NO = N2 + Oy) is
one of the ‘‘dream reactions’’ in the catalysis field. In this reaction, the ease of
removal of surface oxygen as a product of the reaction plays an important role,
and due to the facility of oxygen deficiency present, perovskite oxides are active
with respect to this reaction at high temperatures. | t is pointed out that doping is
highly effective in enhancing NO decomposition activity. Under an oxygen-
enriched atmosphere (up to 5 %), arelatively high NO decomposition activity was
reported for Ba (La)Mn(Mg)Os perovskite. Recently, another interesting
application of perovskite oxides as automobile catalysts has been reported,

namely, the so- called intelligent catalysts [3].
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Table 1.2 Main catalytic reactions studied by using perovskite oxides [3].

Catalytic reaction Example
Oxidation CO. lower hydrocarbon. Methanol LaCoO;. LaMnO,
Catalytic combustion
deNOx Selective reduction LaAlO;, S5rTi0;
NO decomposition BaMnO,, SrFeO,.
Y Ba,Cu 0,
NO absorption LaAlQ,, BaCeO,, BaFeO,
Hydrogenation C,H, hydrogenation LaCoO;
CH, coupling Oxidative CH,4 coupling BaTiO;,
Bay Sty sFep»Cop 04
Oxygen electrode Oxygen reduction (alkaline solution) LaCoO5. LaMnO,
Oxygen generation (alkaline solution) LaCoO5, LaFeO,
Cathode for Solid Oxide Fuel Cell LaCoO,, LaMnO,
Oxygen sensor LaCoO,, LaMnO,
Gas sensor Oxygen sensor, Humidity sensor, SrTi0s, BaSnOs,
Alcohol Sensor LaCr(Ti)Os, GdCoO;

The photocatalytic activities of ABOz perovskite-type oxides such as
BaCo0osNbos03, Ca-doped LaFeOz and SrFeOs.x have been found in dye
degradation and other catalysis. Besides, some other related compound oxides
such as spinel-type oxides CuAl204, BaCr,04 and CuM204 (M = Al, Cr, Mn, Fe
and Co) also have been found to show photocatalytic activity in dye degradation
and other catalysis. However, the reducibility of perovskite-type oxides and the
related compound oxides, which can also cause the degradation activity in organic
dye degradation, also cannot be ignored. These compound oxides such as
perovskite-type oxides and spinel-type oxides usually contain various transition
metal ions at A-site or B-site, and then the reducibility can be caused by these
transition metal ions [22].

Catalysts with the perovskite structure exhibited higher catalytic activity as
compared with the catalysts with the spinel and wolframite structures. LaCoOs3,
which stabilizes Co(lll) species in the perovskite structure, exhibited the highest
catalytic activity in the photocatalytic water oxidation compared with CoWOsu,
C0304 and Lao.7Sro.3C003 which contain Co(ll) or Co(IV) species in the matrices.
The high catalytic reactivity of LaCoOs possessing perovskite structure was
maintained in NdCoOs and YCoOs which exclusively contain Co(lll) species.

Thus, the catalytic activity of Co ions can be controlled by the additional metal
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ions, which leads to development of highly reactive and robust catalysts for the

photocatalytic water oxidation [23].
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Figure 1.22 (a) Photocatalytic cycle of water oxidation with Na,S;0s and [Ru(bpy)s]?* (b) Time
courses of O, evolution under visible light irradiation (Xe lamp, 2> 420 nm) of a phosphate buffer

solution.

The nanocrystalline LaMnOz powders exhibited a good activity in the
degradation of MO under UV light irradiation. The degradation percentage of MO
after 36 h on LaMnOs powders was about 76%, indicating good photocatalytic
activity of the obtained LaMnO3 powders [24].
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Figure 1.23 Photodegradation of MO monitored as the normalized concentration change versus
irradiation time under UV light irradiation (insert) and absorption changes of MO solution on

LaMnO; powders. [24]
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Figure 1.24 Schematic illustration of lab-scale evaluation systems for photocatalytic water
splitting reactions. [25]

1.5.2 Perovskites and Solar Cells

Although perovskites come from a seemingly different world of
crystallography, they can be incorporated very easily into a standard OPV (or
other thin film) architecture. While the best perovskite structures have been
vacuum deposited to give better, more uniform film qualities, this process
requires the co-evaporation of the organic (methylammonium) component at
the same time as the inorganic (lead halide) components. The accurate co-
evaporation of these materials to form the perovskite therefore requires
specialist evaporation chambers that are not available to many researchers.
This may also cause the practical issues of calibration and cross-contamination
between organic and non-organic sources which would be difficult to clean.

However, the development of low temperature solution deposition routes offer a
much simpler method to incorporate perovskites and can even be used with
existing materials sets. Although the perovskite solar cells originally came out of
DSSC research, the fact that they no longer require an oxide scaffold means the

field is bifurcating and that many device architectures now look very similar to
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thin film photovoltaics except with the active layers substituted with the
perovskite. The key to enabling this is that the perovskite precursor materials use
relatively polar solvents for deposition therefore an orthogonal solvent systems for
the different layers can be fairly easily developed.

The below structure in (Figure 1.25) represents a standard (non-inverted)
perovskite solar cell based upon a standard glass/ITO substrates with metal back
contact. All that is required to form a working device from the perovskite are two
charge selective interface layers for the electrons and holes respectively.

Many of the standard interface layers from the world of organic photovoltaics
work relatively well. For example PEDOT:PSS and the PTAA-class of polymers
work well as hole interface layers while PCBM, Cgo, ZNO and TiO2 makes an
effective electron interfaces. However, the field is so new that there is a vast
archive of possible interface materials to be explored. Understanding and
optimising the energy levels and interactions of different materials at these

interfaces offers a very exciting area of research [26, 27, 28, 29].

metal back contact

electron interface layer

Perovskite

ABX,

hole interface layer
ITO

glass

Figure 1.25Generic structure of a standard (non-inverted) perovskite solar cell.
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1.5.3 Perovskites used in fuel cells

Fuel cells are devices that convert the chemical energy of a fuel directly into
electrical energy and heat. The most common fuel is Hz, but other hydrocarbon
compounds such as methanol, methane, natural gas, ethanol or others can also be
used. A single cell is composed of three main components: anode, cathode and
electrolyte [30, 31, 32, and 33].

Anode 2H, - 4H* + 4e-

Electrolyte or

Cathode 0, +4e > 20%

Figure 1.26 General operation scheme of a fuel cell running with H,. [30]

Due to their good stability and high electrical conductivity, it is also anticipated
that LaCrOz-based interconnect materials can be modified to anode materials
through appropriate elemental substitution. Therefore, various transition metal
elements e.g., (Ru, V, Mn, Fe, Co, Ni) with 3-10 atom % concentration were
inserted into the Cr site of the perovskite lattice, and the Ni substitution seemed
most promising. However, further investigations revealed nickel segregation from
the perovskite lattice upon reduction, Thus, the observed good electrocatalytic
activity of 10 atom % Ni-substituted (La, Sr)CrOs could be ascribed to the well-
dispersed metallic Ni because the catalytic effect of only a small fraction of Ni in
an anode has been demonstrated by other investigations. Recently, a high level
Mn-substituted lanthanum strontium chromite, Lag.75Sr0.25CrosMnos03.5 (LSCM),
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was reported to display rather good electrochemical performance. The electrode
polarization resistance at 900°C was 0.26 and 0.87Q cm? in wet H, and wet CHa,
respectively. The observed good performance of this material could be linked to
its possibly improved ionic conductivity by the 50 atom % Mn substitution for Cr
because the ionic conductivity was found to be crucial for a mixed ionic/electronic
conductor to have good electrocatalytic activity for fuel oxidation.1 In reducing
atmosphere and at high temperatures, the reduction of Mn leads to an oxygen loss
of as much as 0.25 mol O  per mol of LSCM, giving rise to a high concentration
of oxygen vacancies. The strong ability of oxygen incorporation/release of LSCM
upon redox cycling is essentially due to the presence of 50 atom % Mn, which is
capable of adjusting its valence (+4, +3, and +2) according to the ambient oxygen
partial pressure (p(O2)), as in (La, Sr)MnOs [34].
1.5.4 Perovskites and biomedical science

To evaluate the ability of manganese perovskite nanoparticles (lanthanum-
strontium manganite) to heat the tumor tissue in vivo under action of external
alternating magnetic field. A magnetic fluid on the basis of nanoparticles of
perovskite manganite was tested in the heating experiments using of alternating
magnetic field of frequency 300 kHz and amplitude 7.7 kA/m. Guerin carcinoma
was transplanted into the muscle of rat. Magnetic fluid was injected
intramuscularly or intratumorally. Temperature was measured by copper-
constantan thermocouple. As Results: Temperature of magnetic fluid was
increased by 56 °C for 10 min of alternating magnetic field action. Administration
of magnetic fluid into the muscle followed by alternating magnetic field resulted
in the elevation of muscle temperature by 8 °C after 30 min post injection.
Temperature of the tumor injected with magnetic fluid and treated by alternating
magnetic field was increased by 13.6 °C on the 30 min of combined influence.

As Conclusion of this study: In vivo study with rat tissue has demonstrated that
magnetic fluid of manganite perovskite injected in the tumor increases the tumor

temperature under an alternating magnetic field. Obtained results emphasize that
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magnetic fluid of manganite perovskite can be considered as effective inducer of
tumor hyperthermia [35].

Figure 1.27 Photograph of rat in the special created net-hammock (the femur is located in the coil

of magnetic field generator) [35].
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This chapter is devoted primarily to the description of the methods of preparation,
second to characterization techniques and thirdly the catalytic tests: catalytic

combustion CO.
11.1 Synthesis of perovskites

The physical properties of perovskites are greatly dependent on synthesis
methods. In general, perovskites are usually formed at elevated temperatures, and
the solid-state synthesis method is quite commonly used to prepare perovskites in
pure form due to the availability of impurity-free precursors. Such synthesis
methods are often suitable for electronic and electrical applications, but they pose
problems when perovskites are subjected to surface-related studies. Obviously,
perovskites with higher surface areas are required for catalytic and adsorption-
related applications. Therefore, efforts have been devoted to synthesizing
perovskites at lower temperatures with improved porosity. Close contact with
precursors is essential for attaining the lowest possible synthesis temperature to
achieve high surface area. The concept of maintaining high homogeneity of
precursors (mixed-metal form) has been exploited for the purpose of achieving
close contact with a view to synthesizing perovskites in the pure phase at low
temperature. Low-temperature synthesis of perovskites results in higher surface
area with smaller particle size, typically between the submicron and nano levels.
Co-precipitation, citrate sol—gel, and solution combustion techniques have been
commonly reported as ways to synthesize perovskites for catalytic applications.
Serious attempts have been made to evaluate perovskite-based catalysts on a
prototype scale, and the synthesis of perovskites on commercial honeycomb
substrates has been successfully demonstrated. [1]

To obtain fine particles of perovskite oxides, some advanced synthetic methods
that generally involve the use of organic compounds have been developed.
However, the preparation of perovskite oxide powders with a large surface area is
quite a difficult subject, and the BET surface area is generally smaller than 50

m?/g. This restriction is easily understood by considering a simple relationship
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between the specific surface area (S) an d the diameter of a spherical particle (D)
[2]:
S=6/(pD)
Where p is the density of the sample. Figure 11.1 shows the relationship between
the geometrical surface area (S) of a spherical body and radius (D): the density of
LaCoOs3 perovskite oxide is much lower than that of a general single oxide such as

MgO or Al>Os.
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Figure 11.1 Relationship between geometrical surface area (S) of a spherical body

and radii (D) [2]

11.1.1 Sol-gel method

This synthetic route based on the use of the complexing agent and in particular
of citric acid for the preparation. The complexing agents used are varied: citric
acid, EDTA, malic acid, propionic acid, sucrose, ascorbic acid ... the preparation
method is schematically shown in Figure 11.2. It provides solids with surface area
(~20-40 m?/g). [3, 4]
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B cation : complexing agent A cation :
(N1, Fe, Mn...) citric acid, EDTA, (La, Sr, Ce...)
Nitrates or oxides malic acid... Nitrates or oxides
A\ 4
> Mixture <

agitation / heating

\4

polymerized resin

A 4

Drying (80-200 °C)

l

Calcination (550-1200 °C, 1-6 h)

A 4

Perovskite

Figure 11.2 general diagram of sol-gel route.

LaNi;—xCoxOz perovskite-type oxides have been successfully synthesized by the
sol-gel citrate method employing La(NO3)3-6H20, Ni(NO3)2-6H-0,
Co(NOs3)2:-6H20, citric acid, and ammonium carbonate as materials. The
decomposition of the precursor complex at 800 oC for 5 h led to the formation of
LaNi;—xCoxO3 powder as confirmed by XRD [5]. The effect of the preparation
methods in the perovskite structure formation and the effect of partial substitution
of Ni for Co in the B sites of LaNiO3 perovskites on the structural, morphological
and surface properties were studied by Silva et al, using lanthanum, nickel and

cobalt nitrates, citric acid and using ethylenediaminetetraacetic acid (EDTA) as
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chelating agent [6]. The ‘amorphous citrate’ gel method is a simple and easy to
use technological method that allows the preparation of single-phase ceramic
powders of LaNiOs with controlled grain size by thermal annealing. LE, Ngo Thi
Hong obtained single-phase LaNiOs nanopowders at 650 “C with particle sizes
from 30 to 65 nm at annealing temperatures from 650 to 750 °C, while the
crystalline size, given by XRD measurements, varied from 10 to 15 nm [7].

11.1.2 Sol-gel combustion synthesis (SGC).

This method based on the combustion of the precursor to form the perovskite
phase. an acidic solution containing the metal ions (La, Fe, Ni ..) and the fuel
(sucrose, urea, citric acid, glycine, ...) is heated to obtain a resin and then dried.
The solid foam obtained is then ignited in a reactor, and the ashes produced after
burning ground to get the final product. this product can be a pure perovskite

phase or require Additional calcination [8].

Gel formed by heating a solution containing lanthanum(l11) nitrate, nickel(I11)
nitrate and sucrose underwent self-sustaining smoldering type of combustion
synthesis upon continued heating on a hot plate. The combustion was of complex
nature, as evidenced by TGA-DSC plot. The TGA-DSC plot of the dried gel
revealed that combustion reaction took place in two steps, one at 160 °C and the
other at 350-525 °C. Variation in crystallite size was observed as the calcinations
temperature increased, which was reflected in the values of specific surface area.
TEM analysis revealed that hard agglomerates of the powder range from 20 to 60
nm. The powders calcined at different temperatures showed different behavior to
optical absorption in the UV-visible range of optical spectrum, which is basically
due to the various crystallographic structures. Phase pure rhombohedral LaNiO3
can be used as electrode material since it has electronic conducting property. SEM
study showed that sucrose combustion route produces highly agglomerated porous

powder [9].
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Lanthanum nitrate + nickel
nitrate + Sucross
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Homogeneous solution
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Calcination
¥
Black LaMNiO, powder

Figure 11.3 Process flow chart. [9].

New supports for the LaNiO3z oxide were successfully made use of Ni foam. It
was found that the oxide preparation procedure by the self-combustion method,
using citric acid, in combination with the use of Ni foam as support, enhanced the
electrode surface properties [10].

A photocatalyst LaNiOsz with perovskite structure was synthesized via a sol—gel
combustion technique by Li Yuanyuan et al. they studied The effect of
calcination process on the crystallinity, structure and visible-light-driven
photocatalytic property of LaNiOs. The results showed that a single perovskite
phase of LaNiO3z was obtained by suitable calcination process. The powder had

high surface area [11].
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11.2 Characterization Methods
11.2.1 X-ray diffraction
11.2.1.1 Introduction

The X-ray diffraction (XRD) is one of the main analytical techniques non-
destructive of crystalline materials. The interaction of monochromatic radiation
(X) with the ordered material produces a diffraction pattern which is characteristic
of the material under investigation and can be considered a 'fingerprint'. The
geometric crystallography shows that any ordered three-dimensional assembly of
atoms can be described by a stack in the three spatial directions of a fundamental
unit called a unit cell. This allows to identify different lattice planes, each of
which is identified by its Miller indices (hkl noted see during geometric
crystallography). In the crystal, they form families of parallel and equidistant
planes each other a distance called interplanar distance (denoted dhki), unique to
each family and depending on the dimensions of the unit cell (a, b, c, a, B, 7).

The lattice structure of crystals and the vibratory nature of X-rays whose
wavelengths (~ 1A) are of the same order of magnitude as the interplanar spacings
allow the diffraction phenomenon. If an X-ray beam is deflected by an angle 26
by the material, then the incident and reflected beams make an angle 6 with only
one set of lattice planes of the studied material, the interplanar spacing is
connected to the angle 0 by the law of Bragg: 2dnk sind = A
Where A is the wavelength of the X-radiation used.

Figure 11.4 According to the 26 deviation, the phase shift causes constructive (left figure) or

destructive (right figure) interferences.
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If a polycrystalline sample is subjected to X-monochromatic beam, due to the
random sharing and statistic of many microcrystals constituent of the sample, all
lattice planes of families will be diffraction position simultaneously.
Experimentally, the collection (electronic counter or photographic film) of all the
diffracted beams leads to a diffraction pattern or diffractogram .

The angular position of the diffracted beams is a function of the geometry of
the unit cell characteristic of the crystallized substance. Bragg's equation reflects
this aspect of the X-ray diffraction intensity of the diffracted beams (integrated
peak area) in turn depends on the nature (number of electrons) and the position of
the atoms in this mesh elementary.

Indeed, the X electromagnetic radiation interacts with the electron clouds of the
atoms constituting the material. It is therefore understood that the intensity of a
diffracted beam is dependent on both the position of the atom and an electronic
specific factor (fj) of the electronic structure of the considered atom.

This means that two substances crystallized in the same unit cell but whose
constituent atoms are different or occupy different sites will present some similar
patterns from the viewpoint of the intensity distribution of diffracted beams
(unless atoms have scattering factors fj very similar).

Physical theories make today well aware of the phenomenon of X-ray
diffraction. Intensity of the diffracted beam is described by a mathematical
expression linking the coordinates of the atoms of the mesh, electronic
distribution factor (fj) and indices h, k, | of the diffraction position plans family
(Miller indices) [12].

Ik =K * | F(hk|) |2
where |hk1| is the intensity of a diffraction peak, k is a constant which
includes experimental parameters, the Lorentz factor, polarization, multiplicity

(m) of a family of planes (eg in a cubic unit cell , the line (100) at a multiplicity of

6 because 6 following plans are equivalent (thus even dna same angular position
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on the diffractogram): (100) (010) (001) (-100), (0-10) and (00-1)) and the
structure factor which includes Debye U factors (thermal agitation).

8w Usin’ 6
2’2

F(hkl) = ; fiexp(27i(hx; + kyi + [z)) ® exp(— )
Where n is the total number of atoms in the unit cell, 82 U = B, is called thermal
agitation factor. Its order of magnitude: from 1to 5 A.
It is theoretically possible to calculate and even simulate diffraction.It allows
tracing two types of information:
e The analysis of a diffraction pattern using the Bragg equation and
geometric crystallography to determine the geometry of the unit cell.
¢ analyzing the relative intensities of the diffracted beams may allow, under
certain conditions, to rise to the position of atoms in the unit cell (for
structural resolution).
11.2.1.2 Calculation of average crystallite size
We can use Scherrer methods [13, 14, and 15] to estimate the average
crystallite size in the field 2-100 nm. In many cases, this approximate method is
sufficient to characterize the catalysts. In addition, it is simple and quick to

implement.The Scherrer equation can be written as: D = where:

Bcose '

o D is the mean size of the ordered (crystalline) domains, which may be smaller
or equal to the grain size;

e Kis a dimensionless shape factor, with a value close to unity. The shape
factor has a typical value of about 0.9, but varies with the actual shape of the
crystallite;

o Alisthe X-ray wavelength;

e fis the line broadening at half the maximum intensity (FWHM), after
subtracting the instrumental line broadening, in radians. This quantity is also

sometimes denoted as A(26);

e @ isthe Bragg angle.
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Figure 11.5 Peak width-full width at half maximum.

11.2.1.3 Apparatus used
XRD Patterns were collected on a Bruker AXS D8- advance diffractometer

(Institute of Catalysis and Petrochemical ICP-CSIC University Autonoma.
Madrid) employing Cu Ko radiation. In all diffractograms, a step size of 0.02°

(20) was used with a data collection time of 15 s.

Figure 11.6 Bruker D8 Advance diffractometer.
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11.2.2 Infrared spectroscopy
11.2.2.1 Introduction

Infrared spectroscopy is certainly one of the most important analytical
techniques available to today’s scientists. One of the great advantages of infrared
spectroscopy is that virtually any sample in virtually any state may be studied.
Liquids, solutions, pastes, powders, films, fibres, gases and surfaces can all be
examined with a judicious choice of sampling technique. As a consequence of the
improved instrumentation, a variety of new sensitive techniques have now been
developed in order to examine formerly intractable samples. Infrared
spectrometers have been commercially available since the 1940s. At that time, the
instruments relied on prisms to act as dispersive elements, but by the mid 1950s,
diffraction gratings had been introduced into dispersive machines. The most
significant advances in infrared spectroscopy, however, have come about as a
result of the introduction of Fourier-transform spectrometers.

This type of instrument employs an interferometer and exploits the well
established mathematical process of Fourier-transformation. Fourier-transform
infrared (FTIR) spectroscopy has dramatically improved the quality of infrared
spectra and minimized the time required to obtain data. In addition, with constant
improvements to computers, infrared spectroscopy has made further great strides.
Infrared spectroscopy is a technique based on the vibrations of the atoms of a
molecule. An infrared spectrum is commonly obtained by passing infrared
radiation through a sample and determining what fraction of the incident radiation
is absorbed at a particular energy. The energy at which any peak in an absorption
spectrum appears corresponds to the frequency of a vibration of a part of a sample
molecule. In this introductory chapter, the basic ideas and definitions associated
with infrared spectroscopy will be described. The vibrations of molecules will be
looked at here, as these are crucial to the interpretation of infrared spectra [16].
11.2.2.2 Inorganic Molecules

As with organic compounds, inorganic compounds can produce an infrared

spectrum. Generally, the infrared bands for inorganic materials are broader, fewer
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in number and appear at lower wavenumbers than those observed for organic
materials. If an inorganic compound forms covalent bonds within an ion, it can
produce a characteristic infrared spectrum. The bands in the spectrum of ionic or
coordination compounds will depend on the structure and orientation of the ion or
complex [16].

Several factors have an impact on the appearance of the infrared spectra of
inorganic compounds. The crystal form of the compound needs to be considered.
Crystalline lattice bands manifest themselves in the far-infrared region and
changes to the crystal structure will be observed in the spectra. The consequence
is that non-destructive sampling techniques are preferred for such samples.
Techniques such as alkali halide discs or mulls can produce pressure-induced
shifts in the infrared bands of such materials. The degree of hydration of an
inorganic compound is also a factor when interpreting spectra. The water
molecules that are incorporated into the lattice structure of a crystalline compound
produce characteristic sharp bands in the 3800-3200 and 1700-1600 cm™

regions, due to O—-H stretching and bending, respectively.

<—— Transmittance
c)

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™")

Figure 11.7 Infrared spectra of (a) dihydrate, (b) hemihydrate and (c) anhydrous CaSO, [16].

The lattice environment of the water molecules determines the position of the
infrared bands of water and whether they are single or split. The hydroxy
stretching bands in the 3800-3200 cm™* range show unique patterns that may be

used to characterize the compositions of hydrated inorganic compounds [16].
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In spite of the differences in cell symmetry and composition of the investigated
materials, their IR spectra are very similar, showing two strong and well-defined
absorption bands, typical of perovskite materials. These bands are mainly
assigned to the antisymmetric stretching and deformational modes of the
octahedral BOs moieties. Because both, the B and B’ cations are present as
octahedral MOe building blocks, strong vibrational coupling between them may
be expected. On the other hand, the M-O bonds of these units, involving metal
cations of charges ranging between +3 and +6 are undoubtedly stronger than those
belonging to the 12-coordinated A(I1)-O units. On the basis of this simple
argument one may predict that the MOg units behave as approximately *‘isolated’’
groupings that dominate the spectroscopic behavior. In some cases, if the charges
and/or masses of the B and B’ cations are very different it should be possible to

make some additional differentiation between BOs and B’Og Vvibrators [17].
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Figure 11.8 Typical FT-IR spectra of some of the investigated perovskite materials: Ca,AlTaOs
(A), SroMgMoOs (B), Ba,YNbOg (C) and BazInSbOg (D) [17].
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11.2.2.3 Apparatus used

Infrared transmission spectra were performed on a Fourier transform
spectrometer (FTIR) Shimadzu 8400S (chemistry laboratory, Department of
Material Sciences, University of Biskra). A granular technique employing KBr (1
mg of sample added to 200 mg of KBr) was used and the spectra were recorded in
the 400-4000 cm-1 range.

Figure 11.9 Fourier transform spectrometer (FTIR) Shimadzu 8400S.
11.2.3 Thermal analysis

Thermal analysis, Techniques in which a physical property of a substance is
measured as a function of temperature whilst the substance is subjected to a
controlled temperature programme. In addition to being more accurate, this
definition has the advantage that it can be adapted to define any thermoanalytical
technique by alteration of only a few words in each instance[18].
11.2.3.1 Thermogravimetry (TG):

A technique in which the mass of a substance is measured as a function of
temperature while the substance is subjected to a controlled temperature program.
The record is the thermogravimetric or TG curve; the mass should be plotted on
the ordinate decreasing downwards and temperature (T) or time (t) on the abscissa
increasing from left to right [19].
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Tort ——»

Figure 11.10 Formalized TG Curve.

11.2.3.2 Differential Thermal Analysis (DTA)

A technique in which the temperature difference between a substance and a
reference material is measured as a function of temperature whilst the substance
and reference material are subjected to the same controlled temperature program.
The record is the differential thermal or DTA curve; the temperature difference
(AT) should be plotted on the ordinate with endothermic reactions downwards and
temperature or time on the abscissa increasing from left to right. The term
quantitative differential thermal analysis (quantitative DTA) covers those uses of
DTA where the equipment is designed to produce quantitative results in terms of

energy and/or any other physical parameter [20].

Figure 11.11 Formalized DTA Curve.
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Figure 11.12 Schematic thermobalance [20].

11.2.3.2.1 Apparatus used

Thermogravimetric and differential thermal analyses (TGA-DTA) of the
precursor decomposition were performed on a Perkin-Elmer TGA7 and a Perkin-
Elmer DTA7 devices (Institute of Catalysis and Petrochemical ICP-CSIC
University Autonoma. Madrid), respectively, from 20 to 900 °C at a heating rate

of 20 °C min and under an air flow of ca. 60 ml min,

Figure 11.13Perkin-Elmer TGA7 and a Perkin-Elmer DTA7 devices.
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11.2.4 Determination of the specific surface area by BET method
11.2.4.1 Principle

The gas adsorption method is a method for measuring the amount of gas
adsorbed on the surface of a powder sample as a function of the pressure of the
adsorbate gas, and is used to determinate the specific surface area of a powder
sample. Measurement are usually performed at the boiling point of liquid nitrogen
(-196 °C).
When the gas is physically adsorbed by the powder sample, the following
relationship holds when P/Po is in the range of 0.05 to 0.3 for pressure P of the

adsorbate gas in the equilibrium for the volume gas adsorbed, Va [21].

1 cCc—1_ P 1
0
Va _

Where:
e P: Partial vapor pressure of adsorbate gas in equilibrium (kPa)
e Po: Saturated pressure of adsorbate gas at -196 °C (kPa)
e Va: volume of adsorbate gas at equilibrium (mL)
e Vn:volume of adsorbate gas in a monolayer (mL)
e C: Dimensionless constant related to the enthalpy of adsorption and
condensation of the adsorbate gas.
The specific surface area, S, is determined from Vp, the volume of gas adsorbed in

a monolayer on the sample.

S_VmXNxa
T om X 22400

e S: Specific surface area (m?/g)

e N: Avogadro constant
e a: Effective cross-sectional area of one adsorbate molecule (m?)

e m: Mass of the test powder (g)
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11.2.4.2 Apparatus used

The specific surface area of the samples (Sger) was determined by applying the
BET method to nitrogen adsorption/desorption isotherms recorded at -196 °C,
using a Micrometrics apparatus model ASAP-2000 (Institute of Catalysis and
Petrochemical ICP-CSIC University Autonoma. Madrid).

Figure 11.14 Micrometrics apparatus model ASAP-2000.

11.2.5 Particle Size Distribution and its Measurement

11.2.5.1 Introduction

The population of particles in a powder, as described by its particle size
distribution (PSD), affects the properties of a powder and dispersions in many
important ways. For example, in industrial applications, it determines the setting
time of cement, the hiding power of pigments, the activity of catalysts, the taste of
food, and the sintering shrinkage of metallurgical compositions. The relevance to
the Pharmaceutical industry is that the stability, aesthetics, rate of absorption and

total bioavailability, to name a few properties, are all strongly affected by the size
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of the particles that comprise the powder or dispersion. In addition, regulatory
agencies are becoming increasingly aware of the importance of the PSD and
requiring developers to have greater control and understanding of this aspect of
their drug products. So, what is Particle Size? Surprisingly, it is not a question that
can be easily answered. This is because in the real world, depending upon the
material properties, conditions of manufacture and storage, three distinct species
(Figures 1 and 2) will always exist in any powder, wet or dry [22,23], the
existence of which results from a variety of different binding mechanisms. Please
note that we are talking about solid particles dispersed alone or in liquids and not,
for instance, the internal phase of an emulsion. The three species are:

e Primary particles: These are inorganic or organic structures held together
by atomic or molecular bonding. They are the “fundamental” particles;
they cannot be separated into smaller particles except by the application of
ultrahigh energy. In any sample they are usually present at only a fraction
of a percent.

e Aggregates: These comprise two or more primary particles tightly bound
together by rigid chemical bonding resulting from sintering or
cementation, which is the coalescence of particles by processes other than
heat/pressure, i.e., precipitation of ionic salts onto surfaces during
manufacture. Aggregates are typically formed when powders are heated,
compressed, or dried from suspension. They have a large interfacial area
of contact between each particle and the force necessary to rupture these
bonds is considerable. Aggregates constitute, for all practical purposes, the
largest single fraction of any particle size distribution (PSD) that one can
hope to achieve in formulation.

e Agglomerates. These are collections of aggregates, loosely held together
at point-to-point contact by weak electromagnetic forces, van der Waals
forces, mechanical friction, and interlocking. Agglomerates are formed

when fine particles are handled, shaken, rolled or stored undisturbed in a
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single position. They can readily be broken apart with proper dispersion
techniques. During the formulation process, while it is critical to obtain an
initial suspension in which the particles are narrowly distributed, it is
equally important that the PSD remains the same at the end of any
formulating process. The end result of a correct dispersing process is to
effectively narrow the PSD: to reduce the agglomerates to aggregates [23].

THE SIZE NATURE OF DRY POWDERS
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Figure 11.15 the size nature of dry powder.
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Figure 11.16 particle size relationship.
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11.2.5.2 Principle

Laser diffraction measures particle size distributions by measuring the angular
variation in intensity of light scattered as a laser beam passes through a dispersed
particulate sample. Large particles scatter light at small angles relative to the laser
beam and small particles scatter light at large angles. The angular scattering
intensity data is then analyzed to calculate the size of the particles responsible for
creating the scattering pattern, using the Mie theory of light scattering. The
particle size is reported as a volume equivalent sphere diameter [24].
11.2.5.3 Apparatus used

Powder size distribution was characterized with a laser particle size analyzer
(Mastersizer 2000, Malvern). (chemistry laboratory, Department of Material

Sciences, University of Biskra).

k|

i

Figure 11.17 Mastersizer 2000, Malvern.

11.2.6 X-ray photoelectron spectroscopy (XPS)
11.2.6.1 Introduction

X-ray photoelectron spectroscopy works by irradiating a sample material with
monoenergetic soft x - rays causing electrons to be ejected the identification of the
elements in the sample can be made directly from the kinetic energies of these
ejected photoelectrons [25]. The relative concentrations of elements can be
determined from the photoelectron intensities. An important advantage of XPS is
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its ability to obtain information on chemical states from the variations in binding
energies, or chemical shifts, of the photoelectron lines.

11.2.6.2 History

X-ray Photoelectron Spectroscopy (XPS) was developed in the mid -1960s by

Kai Siegbahn and his research group at the University of Uppsala, Sweden. The
technique was first known by the acronym ESCA (Electron Spectroscopy for
Chemical Analysis). The variation of photopeak energy with chemistry allowed
the development of this surface sensitive chemical analysis method. The advent of
commercial manufacturing of surface analysis equipment in the early 1970s
enabled the placement of equipment in laboratories throughout the world. In
1981, Siegbahn was awarded the Nobel Prize for Physics for his work with XPS
[25].

11.2.6.3 Principle

Photoelectron spectroscopy is based on the incoming photon / electron-out
process, and in many ways, this process remains a relatively simple physical
phenomenon, at least in comparison with the Auger electron emission.
The energy of a photon is given by the Einstein relation: E=hv
Where h is Planck's constant (6.62x103* J s) and v is the frequency of the
radiation (s or Hz).
Although this is not always the case, generally it used sources of monochromatic
radiation in experiments photoemission. The incident photons then have a fixed
energy. In XPS, the photons are absorbed by an atom in a molecule or solid. This
leads to ionization and emission of a heart of electron (inner layers). The kinetic
energy of the emitted photoelectrons can be measured by an electron energy
analyzer, such as a concentric hemispherical analyzer (CHA), to finally record a
spectrum of the number of photoelectrons emitted according to their Kinetic
energy [26].

The photoionization process can be described in several ways. One of them,
whereas an atom or molecule A is to take:

A+hy — A" +é
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The energy conservation law then requires the following equation:
E(A)+hv=E (A") + E(é)
The energy of the electron E (e) is essentially in the form of kinetic energy (KE
for kinetic energy). We can then rewrite the above equation as photoelectron KE:
KE=hv-[E(A")-E(A)]=hv-BE

The term in braces is simply the difference in energy between the atom ionized
and the neutral atom, so-called "binding energy" (BE for binding energy) of the
electron. More schematically, we can also write the photoionization process as

follows:

&

O photoelectron
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» | - EV 1
¢
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@ Photon % P Core hole
O— O v
Core
levels ~ ~
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Figure 11.18 Process of heart photoionization of electrons.

The binding energy BE of the energy levels in solids is conventionally measured
relative to the Fermi level of the solid, rather than the vacuum. This implies a
correction to the above equations in order to take account of the work function
(work function) of the solid. In the following discussion, this correction will be
neglected. We then, set ¢ = 0.

So atomic orbital of each heart of an element has a specific BE binding energy,
that is to say each element will result in a set of peaks in the spectrum of

photoelectrons whose kinetic energy KE is determined by energy of the photons

55



Second chapter: Synthesis methods, physicochemical characterization
techniques and description of catalytic tests.

and the respective binding energies. The presence of peaks at energies data then
indicates the presence of a specific component in the sample considered. In
addition, the intensity of the peaks is related to the concentration of the element in
the sample probed region. The presence of peaks at energies then data indicates
the presence of a specific component in the sample regarded. In addition, the
intensity of the peaks is related to the concentration of the element in the sample
probe area. The two main sources of radiation used in XPS are based on emissions
of rays Ka magnesium (hv = 1253.6 eV) and aluminum (hv = 1486.6 eV). With
these sources, kinetic energy KE of emitted photoelectrons will be in the interval
0-1250 eV or 0-1480 eV for magnesium and aluminum respectively. The inelastic
mean free path of such electrons is particularly small in solids, which makes this

particularly sensitive technical elements present in the sample surface [27].
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Figure 11.19 La 3d and Ni 2p core level spectra of the LaNiO;-, thin films taken at:

(1) Normal emission and (2) grazing emission angles [28].
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11.2.6.4 Apparatus used
X-ray photoelectron spectroscopy was performed with a VG Escalab 200 R

spectrometer employing Al Ka (1486 eV) as x-ray source. (Institute of Catalysis

and Petrochemical ICP-CSIC University Autonoma. Madrid).

= £l

Figure 11.20 VG Escalab 200 R spectrometer.

11.2.7 Catalytic activity (CO oxidation)

11.2.7.1 Introduction

The oxidation of carbon monoxide is a very important reaction, and low
temperature carbon monoxide oxidation reaction catalysts are important in many
applications. Low temperature CO oxidation catalysts are used in residential and
automotive air cleaning technologies, gas masks for mining applications, CO
detectors, and selective oxidation of CO in reformer gas for fuel cell applications.
Research interest in the catalytic oxidation of carbon monoxide has surged

because of the possible uses for air cleaning, orbiting, closed-cycle CO; lasers,
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and other remote sensing applications. Characteristic properties of a catalyst and
pretreatment conditions have an effect on the catalytic activity of catalysts. Metal
oxide catalysts are preferred for carbon monoxide oxidation reactions [29].
11.2.7.2 History

The first CO oxidation studies in the presence of perovskite back to the 50s by
Parravano (1953). Later this oxidation reaction was described suprafacial reaction
Voorhoeve et al. The suprafacial mechanism involves a reaction between species
adsorbed on the catalyst surface. The solid surface present adequate atomic
orbitals of symmetry and energy to activate the reactive molecules. Thus, the
reaction rate depends on the degree of occupation of d orbitals (Fermi level).

A reaction mechanism on LaCoOz has been proposed by Tascon et al. (1981):

Oag) . Oaadsy — 2.0(ags)

COp —  COuay

COpag) B 2.0¢ads) » CO3445) (EDV)
COsaas) — CO2ats) + Olads)

COzads) » COyy)

In this mechanism, the rate determining step (SDR) is the surface reaction
between the adsorbed CO and adsorbed oxygen. Oxygen gas is adsorbed on the
Co?* ions surface and dissociates to form atomic oxygen (O°). On the other hand
CO is adsorbed at sites O surface, leading to the formation of a labile species
which reacts with atomic oxygen. This reaction produces a carbonate structure

itself decomposed forming gaseous CO> [30].

11.2.7.3 Catalytic properties of LaNiO3
LaNiOs with perovskite structure is considered of great interest because of its
electronic and catalytic properties which make it a promising base material for its

use as electrode material for storage and conversion of energy, as well as a
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catalyst for the methane reforming reaction, for redox reactions involving NO, CO
or soot [31-33] or for VOC’s combustion reactions.

Rida. K et al studied the effect of calcination temperature on structural properties
and catalytic activity in oxidation reactions of LaNiOs perovskite prepared by
Pechini method. They found that, tests on the two catalytic oxidation reactions of
CsHs and CO over the system calcined between mentioned temperatures were
examined on the basis of characterization results and showed that optimum
catalytic properties for such reactions were achieved for the perovskite calcined at
600 °C [34].
11.2.7.4 Apparatus used

The catalysts were tested for the CO oxidation reaction at atmospheric pressure.
100 mg of powder sample was mixed homogeneously with SiC to obtain a total
volume of ca. 1 ml. The mixture was then loaded in a cylindrical Pyrex reactor
tube. The products of the reaction were analysed by infrared spectroscopy using a
Perkin-Elmer 1725X FTIR spectrometer fitted with a multiple reflection
transmission cell for gas analysis (Infrared Analysis). (Institute of Catalysis and
Petrochemical ICP-CSIC University Autonoma. Madrid).

Figure 11.21 different parts used in tests of catalytic activity for CO oxidation.
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I11.1 Introduction

A sol-gel (Pechini approach) and sol-gel combustion methods has been used
to prepare different LaNiOs using different solvents and different agents of

complexation [1].

The aim of this chapter, to study the physicochemical properties of the perovskite
LaNiOs, for that, the samples prepared by the method sol-gel and sol-gel
combustion with Ethanol and distilled water as solvents and citric acid, ascorbic
acid and sucrose as agents of complexation .the samples calcined at 800 °C were
characterized by the X-ray diffraction (XRD, Fourier transform infrared (FTIR),
thermal analysis (TGA) and powder size distribution (PSD) as a basis to explain

their properties.

111.2 Preparation of the oxides LaNiOs:
111 .2.1 Preparation by sol-gel method
111 .2.1.1 Using distilled water and ethanol as solvents

LaNiOs was prepared by the sol-gel method (Pechini approach) using citrate as
complexing agent [1]. La (NO3)3.6H>0 (Sigma Aldrich), Ni (NO3)3.6H>0 (Sigma
Aldrich), Ethanol (99%, from Fluka), distilled water (H.O) and citric acid
monohydrate CeHgO7 (Sigma Aldrich) were used as reagents. Water and
Methanol solutions of citric acid and of the metal nitrates were prepared
separately and then mixed together and agitated for 5 h. The resulting solution
was then concentrated by slowly evaporating the methanol at 80 C° until a gel was
obtained. This gel was then dried in an oven slowly upon increasing the
temperature to 100 °C and maintaining this temperature overnight in order to
produce a solid amorphous citrate precursor. The resulting precursor was finally
calcined in air at 800 °C for 5 h [2, 3]; such calcination temperature was selected
on the basis of analysis of the decomposition of the precursor under air

atmosphere.
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La(NOs3).6H20 H>O / Ethanol Ni(NO3)3.6H20
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Figure 111.1: The different steps of sol-gel synthesis (water-Ethanol —citric acid).
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Il .2.1.2 Using citric acid, ascorbic acid and sucrose as agents of
complexation

LaNiOs was prepared by the sol-gel method (Pechini approach) using citrate as
complexing agent [1]. La (NO3)3.6H>0 (Sigma Aldrich), Ni (NO3)3.6H>0 (Sigma
Aldrich), distilled water (H20) and citric acid monohydrate CeHgO7 (Sigma
Aldrich), ascorbic acid CeHgOs (Fluka) and sucrose Ci12H22011 (Fluka) were used
as reagents. Water solutions of complexing agent and of the metal nitrates were
prepared separately and then mixed together and agitated for 5 h. The resulting
solution was then concentrated by slowly evaporating the methanol at 80 C° until
a gel was obtained. This gel was then dried in an oven slowly upon increasing the
temperature to 100 °C and maintaining this temperature overnight in order to
produce a solid amorphous citrate precursor. The resulting precursor was finally
calcined in air at 800 °C for 5 h [2, 3]; such calcination temperature was selected
on the basis of analysis of the decomposition of the precursor under air

atmosphere.

Samples after Drying in an oven at 100 °C, 24h

1

1;?;

Samples after Calcination in air at 800 C°for 5 h
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Citric acid CsHgO7.H20

Ascorbic acid CsHsOs

Sucrose C12H22011
La(NOz).6H20 Ni(NO3z)3.6H20

A

Mixture < H,0

l

Heating the homogenous
solution at 80 C°, 5 hours

l

Gel formation

A 4

A 4

Drying in an oven at 100 °C, 24 h

\4
Fine Powder

A

Calcination in air at 800 C° for 5 h

Figure 111.2: The different steps of sol-gel synthesis (citric acid, ascorbic acid and sucrose as
agents of complexation)
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111 .2.1 Preparation by sol-gel combustion

LaNiOs was prepared by the sol-gel combustion method using citrate as
complexing agent [1]. La (NO3)3.6H>0 (Sigma Aldrich), Ni (NO3)3.6H>0 (Sigma
Aldrich), distilled water (H20) and citric acid monohydrate CeHgO7 (Sigma
Aldrich) were used as reagents. Water solutions of citric acid and of the metal
nitrates were prepared separately and then mixed together and agitated for 1 h.
The resulting solution was then concentrated by slowly evaporating the methanol
at 80 C° until a gel was obtained. This gel was then heated at 250 °C, we looked a
rise in very sharp temperature, a combustion of all precursors, then cooling to
room temperature. The resulting precursor was finally calcined in air at 800 °C for
5 h [2, 3]; such calcination temperature was selected on the basis of analysis of the
decomposition of the precursor under air atmosphere.

Sample S5 after combustion of all precursors at 250 °C

Sample s5 after Calcination
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La(NOz).6H20 H20 Ni(NO3z)3.6H20

\ 4

Mixture < CeHsO7.H20

l

Heating the homogenous
solution at 80 C°, 5 hours

l

Gel formation

A

A 4

A 4

Heating at 250 °C
Combustion of all precursors

A\ 4

Cooling to room temperature (Fine Powder)

v

Calcination in air at 800 C° for 5 h

Figure 111.3: The different steps of sol-gel combustion synthesis.
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111 .3 Characterization of Samples:
111 .3.1 X-ray diffraction

XRD Patterns were collected on a Bruker AXS D8- advance diffractometer
employing Cu Ka radiation. In all diffractograms, a step size of 0.02 o (20) was
used with a data collection time of 15s. Data were collected between 26 values of
geometry. ldentification of crystalline phases was carried out610° and 80° using
standard 6/2 by comparison with JCPDS standards. The unit cell parameters were
obtained by fitting the peak position of the XRD pattern using the Match and
X’pert Highscore programs. The result obtained for the compounds under study is

shown in the following figures:
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Figure 111 .4 XRD patterns of LaNiOs prepared by sol-gel

(Water - citric acid S1) Peaks marked with * correspond to NiO.
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Figure 111 .5 XRD patterns of LaNiOs prepared by sol-gel
(Ethanol - citric acid S2)
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Figure 111 .6 XRD patterns of LaNiOs prepared by sol-gel

(Sucrose — water S3)
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Figure 111 .7 XRD patterns of LaNiOs prepared by sol-gel

(Ascorbic acid — water S4)

The observed values of the 26 with JCPDS standards for this type of compound
(X'pert highscore software) it shows us the presence of a single phase which is the
perovskite LaNiOs (S1, S2, S3, S4) Perovskite-type phase with rhombohedral
symmetry, space group R3m [4, 5, 6], Additional peaks are shown in the
diffractogram of the sample S1 (LaNiOs prepared by water and citric acid), the
most intense ones appearing at 20~ 37.2, 43.3 and 62.80 which correspond to
cubic NiO [4, 7]
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e JCPDS standard of LaNiOs. ( Reference code 00-033-0711)

Date: 20/03/2016 Time: 18:23:53

Name and formula
Reference code:
PDF index name:

Empirical formula:
Chemical formula:

File: 00-001-1239

00-033-0711
Lanthanum Nickel Oxide

LaNiO,
LaNiO,

Crystallographic parameters

Crystal system:
Space group:
Space group number:

a(A):

b (A):
c(A):
Alpha (°):
Beta (°):
Gamma (°):

Calculated density (g/cm”3):

Volume of cell (106 pm*3):
Z:

RIR:

Subfiles and Quality
Subfiles:

Quality:

Comments

General comments:

Sample preparation:

Additional pattern:
Unit cell:

References

Primary reference:

Rhombohedral
R-3m
166

5,4570
5,4570
6,5720
90,0000
90,0000
120,0000

7,22
169,49
3,00

Inorganic
Corrosion
Indexed (1)

Increase of temperature causes a decrease of the rhombohedral

Room temperature form.

distortion leading to cubic cell parameters at about 1020 C.

Form Il.

Above 825 C, LaNiO3 slowly decomposes into NiO and an "unidentified phase" of
LaNiO, (PDF 00-012-0751), which changes irreversibly into La;NiO,4 at 1166 C.
The doubling of the c-axis could not be confirmed by

superstructure reflections in this powder pattern.

Sample was spray-dried from aqueous solution and annealed at 1000 C in an oxygen
flow.

To replace 00-010-0341.

Rhombohedral cell data: a=3.8375, a=90.44.

Space group R-3c and doubling of the c-axis has been reported by Megaw and
Darlington [Acta Crystallogr., Sec. A, 31 161 (1975)] for related compounds.

Wustenberg, H., Hahn, Inst. fur Kristallogr., Technische Hochschule, Aachen,
Germany., ICDD Grant-in-Aid, (1981)

User: microtel
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Date: 20/03/2016 Time: 18:23:53 File: 00-001-1239 _User: microtel

Peak list

No. h k 1B d [A] 2Theta(deg] I [%]
1 1 0 1 3,84000 23,144 5,0
2 1 1 0 2,73200 32,754 100,0
3 0 1 2 2,70100 33,140 85,0
4 0 2 1 2,22300 40,548 25,0
5 0 0 3 2,18900 41,207 11,0
6 2 0 2 1,9200 47,306 70,0
7 2 1 1 1,72400 53,078 8,0
8 1 1 3 1,70800 53,615 7,0
9 3 0 0 1,57650 58,499 5,0

10 1 2 2 1,57020 58,757 35,0
11 1 0 4 1,55150 59,536 16,0
12 2 2 0 1,36400 68,768 14,0
13 0 2 4 1,34840 69,678 12,0
14 b 3 1 1,28490 73,668 2,0
15 3 0 3 1,27860 74,092 6,0
16 3 1 2 1,21780 78,475 15,0
17 2 1 4 1,20900 794157 15,0
18 2 2 3 1,;15770 83,422 7,0
19 2 0 5 1,14870 84,224 5,0
20 0 4 2 1,11200 87,691 9,0
21 3 2 1 1,06940 92,160 3,0
22 i 2 5 1,05850 93,393 5,0
23 4 1 0 1,03070 96,724 4,0
24 1 3 4 1,02480 97,469 19,0
25 15 1. 6 1,01680 98,501 14,0
Stick Pattern

Inensity (%]

O o atiem L}aﬂr*.anumr-od;a O, 000330741

0

. I | I ‘ 1 H T |4 1‘}

0,100 0200 0300 0,40 0500

Position [Sin=2("Theta)]
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JCPDS standard of NiO. ( Reference code 00-047-1049)

Date: 20/03/2016 Time: 18:31:19

Name and formula
Reference code:

Mineral name:
PDF index name:

Empirical formula:
Chemical formula:

File: 00-001-1239 User: microtel

00-047-1049

Bunsenite, syn
Nickel Oxide
NiO

NiO

Crystallographic parameters

Crystal system:
Space group:
Space group number:

a(A):

b (A):
c(A):
Alpha (°):
Beta (°):
Gamma (°):

Calculated density (g/cm*3):

Volume of cell (106 pm*3):
Z

RIR:

Subfiles and Quality

Subfiles:

Quality:
Comments
Color:

General comments:

Sample source:
Sample preparation:
Optical data:
Additional pattern:

References
Primary reference:

Optical data:

Cubic
Fm-3m
225

4,177
4,1771
4,1771
90,0000
90,0000
90,0000

6,81
72,88
4,00

6,15

Inorganic

Mineral

Alloy, metal or intermetalic
Corrosion

Common Phase

Forensic

Star (S)

Green

Average relative standard deviation in intensity of the 5 strongest reflections for 3
specimen mounts = 1.1%.

Validated by calculated pattern.

Sample obtained from J.T. Baker Chemical Corporation.

Sample annealed for 72 hours at 1100 C.

B=2.27

To replace 00-004-0835.

Martin, K., McCarthy, G., North Dakota State Univ., Fargo, ND, USA., ICDD Grant-in-
Aid, (1991)
Winchell, Winchell., Elements of Optical Mineralogy, 58, (1964)

10f2
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Date: 20/03/2016 Time: 18:31:19 File: 00-001-1239 User: microtel
Peak list

No. h k 1 N aldeg] I [%]
1 1 1 1 249 61,0
2 2 0 0 76 100,0
3 2 2 0 379 35,0
4 3 1 1 6 13,0
5 3 2 2 09 8,0
6 4 0 0 59 4,0
7 3 3 93 3,0
8 4 2 3 7,0
Stick Pattern
IrE’sty!'?::
TRt Pattdm: Bunsenite, syn, 000471049
50
| 1 | | ]
.ol I T T 1 il 5
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XRD patterns of LaNiOs prepared by sol-gel the combustion using water and
citric acid, before and after calcination are shown in the following figures:
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Figure 111 .8 XRD patterns of LaNiO3 prepared by sol-gel combustion
(Citric acid — water S5) before calcination.
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Figure 111 .9 XRD patterns of LaNiO3 prepared by sol-gel combustion

(Citric acid — water S5) after calcinations.

The sample S5 LaNiOz prepared by sol-gel combustion need a calcination at 800
°C for 5 hours with a rate of 5 °C.mint to form the perovskite phase of
rhombohedral symmetry and space group of R3m.

The observed values of the 20 with JCPDS standards for this type of compound
(X'pert highscore software) it shows us the presence of a single phase which is the
perovskite LaNiOs [8, 9].
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111 .3.2 Infrared spectroscopy

Infrared transmission spectra were performed on a Fourier transform
spectrometer (FTIR) Shimadzu 8400S. A granular technique employing KBr (1
mg of sample added to 200 mg of KBr) was used and the spectra were recorded in
the 400-4000 cm™ range. The infrared spectra of the 5 samples (S1, S2, S3, S4
and S5) before calcination are shown in the following figures:

Lo b b b b b b b L

Figure 111 .10 Infrared spectrum of LaNiOs prepared by sol-gel

(water - citric acid S1) before calcination.
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Figure 111 .11 Infrared spectrum of LaNiOs prepared by sol-gel

(Ethanol - citric acid S2) before calcination.
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Figure 111 .12 Infrared spectrum of LaNiOs prepared by sol-gel
(Sucrose — water S3) before calcination.
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Figure 111 .13 Infrared spectrum of LaNiOs prepared by sol-gel

(Ascorbic acid — water S4) before calcination.
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Figure 111 .14 Infrared spectrum of LaNiO3 prepared by sol-gel combustion

(Citric acid — water S5) before calcination.
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Infrared spectra obtained for these samples prepared by different complexing
agent exhibit a wide absorption band, the characteristic is: 3450 cm™. The wide
band appear obvious to about 3450 cm™ attributed to the stretching vibration of
hydroxide (OH) of the solvent (water or Ethanol) absorbed by the molecules [10]
Or attributed to (OH) of complexation agents (acid citric, ascorbic acid and
sucrose). The infrared spectrum of the sample S4 shows an intense band at about
1705 cm* which characterizes the carboxyl (C=0) ascorbic acid. While this band
is less intense in the spectra of samples S1, S2 and S5 when we used citric acid as
a complexation agent. There is also an intense band at 1330-1410 cm-1 and about
1280 to 1380 cm-1 characteristic vibration of deformation in the plane of each of
alcohol and carboxylic acids [11, 12].

0 OH
0 )
Citric acid CgHgO7
HO OH
OH
HO
HO o o
H" Ascorbic acid CsHsOs
HO OH
CH,OH
H ) —on  §RU
OH H o Sucrose C12H22011
OH ¢ CH,OH
H OH OH H
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Infrared spectra of samples prepared by various agents of complexation and
different methods of synthesis after calcination are shown in the following

figures:
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Figure 111 .15 Infrared spectrum (400-600 cm™) of LaNiO3 prepared by sol-gel
(Water - citric acid S1) after calcination.
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Figure 111 .16 Infrared spectrum (400-600 cm™) of LaNiOs prepared by sol-gel

(Ethanol - citric acid S2) after calcination.
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Figure 111 .17 Infrared spectrum (400-600 cmt) of LaNiOs prepared by sol-gel

(Sucrose — water S3) after calcination.
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Figure 111 .18 Infrared spectrum (400-600 cm™) of LaNiOs prepared by sol-gel

(Ascorbic acid — water S4) after calcination.
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Figure 111 .19 Infrared spectrum (400-600 cm?) of LaNiO3 prepared by sol-gel combustion (Citric

acid — water S5) after calcination.

The infrared spectra of these five samples after calcination at 800 °C show
strong and well-defined absorption bands, typical of perovskite oxides [13];
Typically, the vibrations the M-O (M = Ni) vibrations of octahedral MOs units
dominate the spectra. The infrared spectra show a value of absorption band about
420 cm™ attributed to vibrations of the Ni-O bond in the perovskite LaNiOs
compared the infrared spectra before calcinations [14].
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111 .3.3 Thermal characterizations (TGA) of precursors

Thermogravimetric analyze (TGA) of the precursor decomposition were
performed on a Perkin-Elmer TGA7 device, respectively, from 20 to 900 °C at a
heating rate of 10 °C min™.

The precursors (after the drying step of the preparation at 100 C°) were
examined by TGA in order to explore their decomposition under atmospheric air
and with the aim of establishing most adequate calcination conditions for them.

The results are displayed in the following figures:
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Figure 111 .20 TGA curve during heating of LaNiOs; powder prepared by sol-gel

(water - citric acid S1).

Figure (111 .18) shows the TGA plot of the gel (S1), TGA shows two
decomposition processes:

- Weight loss of 95% between 25-190 °C indicates the desorption of
adsorbed or hydration water that may remain in the precursors and the
sudden charring of citric acid polymer [8, 15, 16].

- Weight loss of 1% between 190-250 °C corresponds the slow combustion

of carbon and the oxidative decomposition of citrates complexing the
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metals in the precursors and complete removal of organic matters took
place at the temperature below 250 °C [17, 18].
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Figure 111 .21 TGA curve during heating of LaNiOs; powder prepared by sol-gel
(Ethanol - citric acid S2).

Figure (111.19) shows the TGA plot of the gel (S2), TGA shows three
decomposition processes:

- Weight loss of 92% between 25-220 °C indicates the desorption of
adsorbed or hydration water that may remain in the precursors and the
sudden charring of citric acid polymer [8, 15, 16].

- Weight loss of 2% between 220-400 °C corresponds the slow combustion
of carbon and the oxidative decomposition of citrates complexing the
metals in the precursors [17, 19].

- Weight loss of 1% up to 400 °C, indicates complete removal of organic

matters took place at the temperature below 400 °C [18].
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Figure 111 .22 TGA curve during heating of LaNiOs; powder prepared by sol-gel

(Sucrose — water S3).

Figure (111 .20) shows the TGA plot of the gel (S3), TGA shows three
decomposition processes:

Weight loss of 85% between 25-180 °C indicates the desorption of
adsorbed or hydration water that may remain in the precursors and the
sudden charring of sucrose polymer [8, 15, 16].

Weight loss of 5% between 180-350 °C corresponds the slow combustion
of carbon and the oxidative decomposition of complexing the metals in the
precursors [17, 19].

Weight loss of 30 % between 350-500 °C indicates complete removal of

organic matters took place at the temperature below 400 °C [18].
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Figure 111 .23 TGA curve during heating of LaNiOs; powder prepared by sol-gel
(Ascorbic acid — water S4).

Figure (111 .21) shows the TGA plot of the gel (S4), TGA shows three

decomposition processes:

Weight loss of 5% between 25-180 °C indicates the desorption of
adsorbed or hydration water that may remain in the precursors and the
sudden charring of Ascorbic acid polymer.

Weight loss of 30% between 180-350 °C corresponds the slow combustion
of carbon and the oxidative decomposition of complexing the metals in the

precursors [17, 19].

Weight loss of 30% between 180-350 °Ccorresponds to the decomposition
of carbonate or carboxylate-type complexes remaining in the sample [18].
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111 .3.4 Powder size distribution (PSD)

The analysis of the distribution of the grain size of the samples was employed in
order to show the influence of the complexing agent, solvents and the synthetic
methods employed on the particle size by laser granulometry. After calcination at
800 °C the powder was dispersed in deionized water in a beaker with magnetic
stirring and combined under ultrasound for 15 minutes. Powder size distribution
was characterized with a laser particle size analyzer (Mastersizer 2000, Malvern)
[20]. The results are displayed in the following figures:
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Figure 111 .24 Particle size distribution of LaNiOs prepared by sol-gel
(water - citric acid S1) after calcination.
One mode of particle distribution of the sample S1 are shown, which the peak is

centered at 30 microns of the volume distribution is 15%.
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Figure 111 .25 Particle size distribution of LaNiOs prepared by sol-gel

(Ethanol - citric acid S2) after calcination.

One mode of particle distribution of the samples S2 is shown, which the peak is

centered at 0.159 microns of the volume distribution is 25.

87



Third chapter: Effect of the synthesis method, complexing agent and solvent
on the physicochemical properties of LaNiO3

25
20
15
10

5

Yolume (%)

UEI.EH 0.1 100 1000 3000

1 - - 10
particle size

Figure 111 .26 Particle size distribution of LaNiOs prepared by sol-gel

(Sucrose — water S3) after calcination.

Two modes of particle distribution of the sample S3 are shown, the first mode of
which the peak is centered at 0.159 microns of the volume distribution is 26%,
and it follows by second mode of 6% of the distribution whose particle diameter is

0.580 microns.
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Figure 111 .27 Particle size distribution of LaNiO3 prepared by sol-gel
(Ascorbic acid — water S4) after calcination.
Two modes of particle distribution of the sample S4 are shown, the first mode of
which the peak is centered at 0.159 microns of the volume distribution is 19%,
and it follows by second mode of 4% of the distribution whose particle diameter is

2.244 microns.
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Figure 111 .28 Particle size distribution of LaNiOs prepared by sol-gel combustion (Citric acid —

water S5) before calcinations.
Three modes of particle distribution of the sample S5 (before calcinations) are
shown, the first mode of which the peak is centered at 0.159 microns of the
volume distribution is 25%, and it follows by second mode of 2.27% of the

distribution whose particle diameter is 0.630 microns, the third is at 1.589 and V=

2.16%.
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Figure 111 .29 Particle size distribution of LaNiO3 prepared by sol-gel combustion (Citric acid —

water S5) after calcinations.

Two modes of particle distribution of the sample S5 (before calcinations) are
shown, the first mode of which the peak is centered at 0.112 microns of the
volume distribution is 1.6%, and it follows by second mode of 5% of the

distribution whose particle diameter is 7.096 microns.
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The following table (I11.1) represents the particle size of the samples prepared by

different complexing agent, solvents and the synthetic methods:

Table (111.1) particle size of the samples prepared by different complexing agent, solvents and the

synthetic methods

synthetic complexing particle size
samples solvent volume %
methods agent (um)
S1 sol-gel citric acid water | 125 - - | 15 -
S2 sol-gel citricacid | ethanol | oo | - - | 25 - -
S3 sol-gel sucrose water | oise [ 058 | - | 26 6 -
S4 sol-gel ascorbic acid | water | oiso | 2244 | - | 19 4 -
S5
sol-gel o
before ) citric acid water | oiso | o630 | 1589 | 25 | 2.27 | 2.16
combustion
cal
S5 sol-gel o
) citric acid water | o112 | 7006 | - | 16| 5 -
after cal | combustion

It is noted that the particle size of the sample prepared by citric acid in the

ethanol (0.159 pum) is similar than that prepared by the sucrose, ascorbic acid and

particle size of LaNiOgz prepared by sol-gel combustion (after calcination) which is

lower than that synthesized by citric acid in water (12.5 pum).

The most homogeneous distribution is that of the sample prepared by citric acid

in ethanol, there is one mode of distribution which is 159 nm. Not to mention the

effect of dispersant and the effect of crushing ,the small particle size obtained

using the sol-gel method (after calcination) but the best homogeneity is that of

sample prepared by sol-gel method (citric acid - ethanol)159 nm.
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111 .4 Conclusion

In this work we have synthesized the perovskite LaNiOs using two methods: sol-

gel and sol-gel combustion with two solvents (ethanol and water), and different

complexing agents. Physicochemical characterization of the system LaNiOs; have

brought us to the following conclusions:

The study by X-ray diffraction, has allows us to identify the phase of
LaNiOgz system at the selected temperature of calcination. And showed us
that the oxides have a perovskite with rhombohedral symmetry and space
group R3m.

Chemical analysis by laser particle size, has allowed us to follow the
evolution of the partical size of the oxide LaNiOs and confirm with to
those of the literature; to obtain the composition of the structure of the
samples initially prepared from the different precursor salts used, and to
optimize their catalytic performance.

Thermogravimetric analysis (TGA) allowed us to identify different
transformations that take place during a heating cycle and the
corresponding calcination temperature at the passage of the hydroxide
form of the various metals in the oxide form which starts from 500 ° C to
determine the stability range of the pure perovskite phase in the
temperature range studied.

Infrared spectra (IR) of the oxide LaNiO3z show that the bands related to
the hydroxide group and water and (C=0) have disappeared completely.
The intense band observed at 420 cm™ corresponds to the stretching
vibration indicating the formation of the Ni-O band in all samples of oxide
LaNiO3z developed in both solvents (ethanol-water) and by different

methods and agents of complexation to form the perovskite structure.
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Characterization and catalytic properties
of La(Ni.Fe)Os-NiO nanocomposites
prepared by sol-gel method.
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Chapter 1V: Characterization and catalytic properties of La(Ni.Fe)O3-NiO
nanocomposites prepared by sol-gel method.

1VV.1 Introduction

A sol-gel method (Pechini approach) has been used to prepare different
La(Ni,Fe)Ox catalysts. In addition to the LaNiO3s perovskite prepared by the same
method and used as a reference sample, different formulations in which nominal
amounts of Ni + Fe employed are in excess with respect to that of La have been
prepared with the aim of achieving nickel substitution in the perovskite
simultaneous to segregated NiO. The latter hypothesis is based on the fact that
the thermodynamic stability LaFeOs is higher than that of LaNiOgz [1].

In this chapter, the work is the study of physicochemical properties and
structural characteristics of the perovskite La (Ni, Fe) Oy and its catalytic activity
for oxidation reaction CO. For that, the samples prepared by the method sol-gel
(Pechini) and calcined at 750 °C were characterized by the X-ray diffraction
(XRD), surface area analysis, Fourier transform infrared (FTIR) spectroscopy and
X-ray photoelectron (XPS), specific surface area (Sget) and thermal analysis
(TGA-DTA) powder size distribution (PSD) as a basis to explain their catalytic

behavior for CO oxidation.

IVV.2.Preparation of the oxides by the sol-gel:

Samples were prepared by the sol-gel method (Pechini approach) using citrate
as complexing agent [2]. La(NOz)3.6H.0 (Sigma Aldrich), Fe(NOz3)3.9H.0
(Sigma Aldrich), Ni(NOz3)3.6H.0 (Sigma Aldrich), methanol (99%, from Fluka)
and citric acid monohydrate CsHgO7 (Sigma Aldrich) were used as reagents.
Methanol solutions of citric acid and of the metal nitrates were prepared
separately and then mixed together and agitated for 5 h. The resulting solution
was then concentrated by slowly evaporating the methanol at 75 °C until a gel was
obtained. This gel was then dried in an oven slowly upon increasing the
temperature to 100 °C and maintaining this temperature overnight in order to
produce a solid amorphous citrate precursor. The resulting precursor was finally

calcined in air at 750 °C for 5 h [3, 4]; such calcination temperature was selected
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on the basis of analysis of the decomposition of the precursor under air
atmosphere (vide infra). Nominal amounts employed for the components in order
to intend to achieve final materials with characteristics as exposed in the
Introduction were of the following atomic stoichiometry: (1-x)La + xFe + 1Ni,
with x = 0.0, 0.1, 0.2 and 0.3. The x value is employed for the nomenclature of the

catalysts.

La(NO3).6H20 Ni(NO3)3.6H.0O Fe(NO3)3.9H,0

A 4

Mixture < CeHgO7.H20

l

Heating the homogenous
solution at 75 C°, 5 hours

l

Gel formation

l

Drying in the stove at 100 °C, 24

A

A 4

A 4
Fine powder

A

Calcination in air at 750 °C for

Figure 1V.1 The different steps of sol-gel synthesis.
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IVV.3 Characterization and catalytic testing:
IVV.3.1 X-ray diffraction

XRD Patterns were collected on a Bruker AXS D8- advance diffractometer
employing Cu Ka radiation. In all diffractograms, a step size of 0.02° (260) was
used with a data collection time of 15 s. Data were collected between 26 values of
10° and 80° using standard 6/26 geometry. Identification of crystalline phases was
carried out by comparison with JCPDS standards. The unit cell parameters were
obtained by fitting the peak position of the XRD pattern using the Match and
X’pert Highscore programs. A reaction chamber allowing heating of the samples
up to 800 °C under controlled atmosphere was also used for XRD experiments,
collecting data between 30° and 60° (in 26) for these particular experiments. The

result obtained for the compounds under study is shown in Figure I1V.2.

20 (°)

Figure 1V.2 X-ray diffractograms of indicated samples calcined at 750 °C.Peaks marked with *
are attributed to LaNiOs (or Fe-substituted) perovskite and those marked with + correspond to
NiO.
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XRD patterns of the samples are shown in Figure 1V.2. As expected, the sample
with x = 0 displays the pattern of LaNiOs perovskite-type phase with
rhombohedral symmetry, space group R3m [5]. A shift to lower angle of the
peaks of this perovskite phase is observed upon increasing X. This corresponds to
pseudocubic lattice constant of 3.836, 3.854, 3.865 and 3.877 A for x =0, 0.1, 0.2
and 0.3, respectively.

The increase in lattice constant with increasing x is consistent with Ni
substitution by Fe in the perovskite, taking into account pseudocubic lattice
constant values of 3.84 A for LaNiOs and 3.93 A for LaFeOs [6,7]. This is also in
accordance with mentioned thermodynamic stability of corresponding perovskites
which would favor such substitution. Additional peaks are shown to grow with
increasing X, the most intense ones appearing at 26~ 37.2, 43.3 and 62.8° which
correspond to cubic NiO [8]. Crystal size estimate from use of the Scherrer
equation for the major perovskite phase are of 14.7, 24.1, 19.2 and 21.1 nm for X
=0,0.1,0.2 and 0.3, respectively.

No direct correlation can be established between these values and those of
Seet and pore volumes or grain sizes (Table 1V.1 and Figure 1V.6), suggesting that
the specific surface area becomes basically determined by morphological
properties of the NiO-La(Ni,Fe)O3z nanoheterostructures formed in each case.

1VV.3.2 Infrared spectroscopy

Infrared transmission spectra were performed on a Fourier transform
spectrometer (FTIR) Shimadzu 8400S. A granular technique employing KBr (1
mg of sample added to 200 mg of KBr) was used and the spectra were recorded in
the 400-4000 cm-1 range.

Samples with x = 0 and 0.3 have been explored by infrared, as shown in Figure
IV.3 .The spectra show strong and well-defined absorption bands, typical of
perovskite oxides; Typically, the vibrations the M-O (M = Ni, Fe) vibrations of

octahedral MOg units dominate the spectra [9]. The bands at higher wavenumbers
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(580-675 cm™) are assigned to the stretching modes of the MOsg octahedral unit
and those at 400-500 cm™ to the deformation of this same polyhedral unit [9, 10].

The effect of Fe incorporation appears related to an important increase of a
band at ca. 570 cm™ which is attributed to Fe-O stretching vibration [11] while the
increase observed in the band at ca. 470 cm™ band, which can be attributed to Ni-
O vibration, is attributed to formation of NiO, in accordance with XRD results
(Figure 1V.2).

x=0

x=0.3

1 I 1 I 1 I 1
800 700 600 500 400

wavenumber (cm™)

Figure 1V.3 FTIR spectra of samples with x = 0 (top) and 0.3 (bottom).
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I1VV.3.3 Thermal characterizations (TGA-DTA) of precursors

Thermogravimetric and differential thermal analyses (TGA-DTA) of the
precursor decomposition were performed on a Perkin-Elmer TGA7 and a Perkin-
Elmer DTA7 devices, respectively, from 20 to 900 °C at a heating rate of 20 °C
mint and under an air flow of ca. 60 ml min‘.

The precursors (after the drying step of the preparation at 100 C°) were
examined by TGA-DTA in order to explore their decomposition under
atmospheric air and with the aim of establishing most adequate calcination
conditions for them. The results are displayed in Figure (1V -3.4).

Basically four decomposition processes are identified. A first endothermic one
taking place up to ca. 180 °C and which must be related to the desorption of
adsorbed or hydration water that may remain in the precursors [5,12,13].

The second one represents an important mass loss (ca. 45%) and takes place
between ca. 160 and 350 °C corresponding to an exothermic process. Such mass
loss appears consistent with the oxidative decomposition of citrates complexing
the metals in the precursors [5].

The third one takes place between ca. 350 and 450 °C and corresponds to a
mass loss of about 10%. It could be related to the exothermic decomposition of
carbonat or carboxylate-type complexes remaining in the samples, according to
previous analogous investigation of samples of this kind by infrared [5].

The final process occurs slowly above ca. 450 °C and must correspond to the
final exothermic crystallization of the oxides, as will be confirmed below, along
with the slow decomposition of more persistent residual carbonate- or
carboxylate-type species [5].

Some differences appear between the samples as a function of the iron content
x. Basically, weight loss processes involving decomposition of organic precursors
appear shifted to lower temperature while the final crystallization process
reflected by the strong exothermic peak between 450 and 650 °C appears shifted

to higher temperature with increasing X. The width of the different processes
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generally increases with increasing x as a consequence of the increasing

heterogeneity in the system.

100 +
90 —-
80 —-
70 —-

60

weight (%)

50
40

30

250

200

150 o

100 +

50

Heat flow Endo down (mW)

-50 4 . ; . ; . ; . ;
0 200 400 600 800

Temperature (°C)

Figure IV 4. TGA (top) and DTA (bottom) curves during heating under air of the indicated

powder precursors.

These results have been complemented by XRD during heating of the
precursors under air in a reaction chamber. Figure 1V.5 displays the results
obtained for the two extreme x values. Amorphous patterns are observed in any
case up to ca. 400 °C at which some peaks begin to appear most likely

corresponding to the formation of residual lanthanum oxy-carbonate species [13].
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LaNiOs perovskite peaks (or the corresponding perovskite partially substituted
with Fe at the B position) begin to appear at 600 °C for x = 0 and at 650 °C for x =
3. This is consistent with TGA-DTA analysis showing that the final crystallization
process becomes shifted to high temperature in the presence of iron. Noteworthy,
segregated NiO appears for x = 3 and apparently starts to form above ca. 450 °C
and grows with the calcination temperature. In any case, the crystallization
process appears complete at 750 °C. On this basis and considering also the TGA-
DTA results showing that decomposition processes are practically over above 750

°C, this calcination temperature has been chosen to prepare the samples.

30 40 50 60 30 40 50 60
20() 20()

Figure 1V.5 X-ray diffractograms during heating under air of the powder precursors.
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1V.3.4 specific surface area (Sger)

The specific surface area of the samples (Sger) was determined by applying the
BET method to nitrogen adsorption/desorption isotherms recorded at -196 °C,
using a Micrometrics apparatus model ASAP-2000. Prior to adsorption, the
samples were degassed overnight at 140 C°. Pore volume (single point adsorption
total pore volume of pores less than ca. 80 nm diameter at P/Po ca. 0.98 and t-Plot

micropore volume) was also determined from corresponding analysis of the

isotherms.
Table IV.1 Main textural properties of the La(Fe,Ni)Os samples
Total pore Micropore
SeeT (M2g1

Sample M) | Lolume @ ) | yotume (cmig?)

Xx=0 4.7 0.0175 0.000327
x=0.1 3.8 0.0112 0.000229
x=0.2 3.7 0.0154 0.000162

x =0.3 3.4 0.0179 0.000122

Table 1V.1 summarizes the basic textural properties of the samples. As noted,
the Sger and micropore volume of the samples monotonically decrease with
increasing x while the total pore volume shows a minimum at x = 0.1. This latter
suggests that the specific surface area can be determined by the balance between
the crystal size and the degree of agglomeration of the nanocrystals in each case.

The observed Sger decrease can in this sense be basically determined by the
crystal size increase expected upon nickel substitution by iron in the perovskite
[14].
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I1VV.3.5 powder size distribution (PSD)

The analysis of the distribution of the grain size of the samples was employed in
order to show the influence of the Fe/Ni substitution and the synthetic method
employed on the particle size by laser granulometry. After calcination at 750 °C
the powder was dispersed in deionized water in a beaker with magnetic stirring
and combined under ultrasound for 15 minutes. Powder size distribution was

characterized with a laser particle size analyzer (Mastersizer 2000, Malvern) [15].
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Figure 1V.6 Particle size distribution of samples with x =0, 0.1, 0.2 and 0.3.

The grain size of the different oxides calcined at 750 °C, according to PSD
measurements, is shown in Figure IV.6. The size distribution of the x =0, 0.1, 0.2
and 0.3 samples shows a maximum at ca. 35.6, 28.3, 24.1 and 23.8 microns,

respectively .
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Size distributions obtained with maximum at tens of microns must result from
agglomeration of primary particles. The decrease of the particle size observed
upon increasing x contrasts with the evolution observed in Sget values, Table 1V.1
IV .3.6 X-ray photoelectron spectroscopy( Xps)

X-ray photoelectron spectroscopy was performed with a VG Escalab 200 R
spectrometer employing Al Ka (1486 eV) as x-ray source. The sample was first
placed in a stainless steel holder mounted on a sample-rod in the pretreatment
chamber of the spectrometer and then outgassed (at ca 10-5 Torr) at room
temperature for 1 h before being transferred to the ultrahigh vacuum analysis
chamber. A selected region of the XPS spectrum (La 3d, Ni 2p, Fe 2p, O 1s, and
C 1s) was then scanned for a determinate number of times such as to obtain a
good signal to noise ratio.

The binding energies (BE) were referenced to the spurious C 1s peak (taken at
284.6 eV) used as internal standard to take into account charging effects. Peak
areas were computed by fitting the experimental spectra to Gaussian/Lorentzian
curves after removal of the background (Shirley function). Surface atom ratios
were calculated from the peak areas normalized by corresponding atomic
sensitivity factor [16, 17].

The surface characteristics of the samples were examined by XPS. Relevant
atomic ratio values as well as binding energies determined from the fittings for the
main peaks in La 3d, Ni 2p and O 1s zones are collected in Table IV.2 while
corresponding spectra are shown in Figure 1V.7, 8 and 9. Spectra in the zone
corresponding to La 3d and Ni 2p are complicated as a consequence of important
overlapping between La 3ds» and Ni 2ps2 components. No significant differences
were detected between the spectra observed for the samples in the La 3d zone.
These displayed the typical two peaks of La 3ds» located at ca. 853.8 and 850.3
eV and those of La 3ds, at ca. 837.5 and 833.9 eV, close to those expected for

La3* ions in an oxidic environment [18,19].
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Concerning Ni 2p features, the most intense Ni 2ps;» peak appears, according to
fitting results, at around 855.4 eV while the Ni 2p1> component appears at ca.
872.2 eV, which are characteristic of Ni?*/Ni** ions in an oxidic environment
[5,20]. Additionally, a satellite line appears at ca. 7 eV higher BE. This must arise
from Ni?* ions, which allows concluding that the surface of all the perovskite
oxides contains a certain proportion of Ni?* along with Ni®* ions. An analysis of
the relative contribution of this satellite peak to the spectra provides in this sense
hints on the relative amount of surface Ni?* species. Thus, if we consider a factor
Isat /(Ini2pr2 X ILaga7) (normalized to one of the La 2ps)» peaks at ca. 837 eV in order
to take account that some small La Auger contribution could appear in the same
zone as the Ni 2psq satellite peak and taking the Ni 2pi- intensity, free of
overlapping, as reference for the main Ni 2p XPS peaks), it evolves as
(normalized to the sample x = 0) 1, 0.99, 1.84 and 1.39 for x =0, 0.1, 0.2 and 0.3,
respectively. This is consistent with a general increase of the Ni%* portion with
increasing x and therefore with the fact that segregated NiO locates at the surface
of the La(Ni,Fe)Os perovskite.

The fact that no important difference is observed in such factor between x = 0
and x = 0.1 suggests that Fe substitution of Ni cations in the perovskite could
favour to some extent the stabilization of Ni®* at the surface. In turn the decrease
observed in such factor for the sample with x = 0.3 could be related to the
sintering of NiO, also consistent with a decrease in the relative Ni atomic ratio
observed for this sample (Table 1V.2). On the other hand, the O 1s spectra show
two contributions at ca. 528.5 and 531.0 eV which can be assigned to lattice
oxygen and chemisorbed (in the form of hydroxyls or carbonate-related species)
oxygen species, respectively [5, 21]. Apparently, the increase of x produces a
decrease of the relative amount of chemisorbed oxygen species, as shown in Table
2. In turn, the Fe 2p spectra display Fe 2ps;. peak at 712.2-711.0 and Fe 2py.. at
723.0-721.2 eV. Practically no satellite peak is apparent according to examination

of the highest energy zone related to Fe 2p1/ features.
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Figure V.7 XPS spectra in the La 3d—Ni 2p region for indicated samples. Lines in red are

attributed to La 3d features and those in green to Ni 2p features.
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Figure 1V.8 XPS spectra in the Fe 2p region for indicated samples. Red lines are attributed to Fe

2p features and those in gray to Ni Auger peaks.
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Figure 1V.9 XPS spectra in the O 1s region for the indicated samples.

The spectra appear quite similar to those attributed to Fe®* species in a
perovskite environment like those observed in previous studies of the LaFeOs3
perovskite [22,23].The main difference as a function of x appears in this case
related to the spectrum observed for the sample x = 0.1 which displays somewhat
higher Fe 2ps;» binding energy and apparently lower spin-orbit splitting. This
reflects an electronic modification of the Fe®* species for relatively low
substitution level in the La-Ni perovskite and which can be related to an increase
of the ionic character of the Fe3* cations [24]. Finally, the C 1s core level spectra
(not shown) displayed three components (Table 1V.2). Two of them at ca. 284.5
and 285.5 eV come from spurious carbon resulting from atmospheric
hydrocarbons contamination while a third peak around 289.1 can be attributed to

residual carbonate species [21].
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IVV.3.7 Catalytic test on the oxidation reaction of CO

The catalysts were tested for the CO oxidation reaction at atmospheric pressure.
100 mg of powder sample was mixed homogeneously with SiC to obtain a total
volume of ca. 1 ml. The mixture was then loaded in a cylindrical Pyrex reactor
tube. The total flow rate employed was in all cases of 100 ml min™ and a feed
composition of 1% CO and 2% O, was employed (volume percentages balanced
with N2 employed as carrier gas; mass flow controllers being used for this
purpose). The products of the reaction were analysed by infrared spectroscopy
using a Perkin-Elmer 1725X FTIR spectrometer fitted with a multiple reflection
transmission cell for gas analysis (Infrared Analysis).

Carbon dioxide gas bands in the 2400-2200 or 750-600 cm™ range (depending
on the degree of saturation of the most intense former ones) and the band of CO
gas in the range of 2250-2000 cm™ were employed to determine conversion
levels. In all cases, the samples were pre-treated under diluted Oz (20 % in N>) at
500 °C and then tested in light-off mode using a ramp of 5 °C min™ .The four
samples were tested in the oxidation (conversion) of CO. Figure IV 10 shows the

catalytic activity results obtained.
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Figure 1V.10 Catalytic activity for CO oxidation over the indicated samples.
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The catalytic activity shows a maximum for the sample with x = 0.1 and higher x
values do not provide any enhancement with respect to the reference x = 0 sample
while the activity apparently decreases with increasing x above x = 0.1.

These results evidence that optimum catalytic properties for this reaction are
achieved upon weak substitution of Ni by Fe in the perovskite within
nanocomposite configuration interacting with very small well dispersed NiO
entities. The cooperative effect of LaFe1-xNixOs and NiO phases was claimed in a
previous study as most relevant to explain the catalytic properties of the
substituted perovskite for VOC’s (ethanol and acetyl acetate) combustion while
the activity is shown to increase with the amount of Ni in the substituted
perovskite [25] ; in turn, the enhancing effects of phase cooperation within
multiphase perovskite-based catalysts have been also reported, which suggests
that the specific interactions between the various phases present in the system play
the most relevant on the catalytic activity [26,27].

On the other hand, achievement of optimum dispersion between the interacting
active phases is most important in order to attain optimized catalytic properties
[25, 28, 29, 30]; this is related not only to achievement of optimum characteristics
in the supported oxide nanoparticles themselves, i.e. more defective and active
surfaces which are generally attainable upon decreasing the particle size [31], but
also in the active interface formed between the two active interacting phases [32].

Concerning mechanistic aspects, the catalytic differences must be generally
related to differences in the oxygen handling properties (adsorption, transport)
achieved in each case within a suprafacial or intrafacial catalytic mechanism [28].
In this sense,The capability of Ni®* ions into the LaFe1.xNixOsz structure for
modulating oxygen adsorption and release properties along with mentioned
cooperation with segregated NiO phase were pointed out previously as most
important factors to enhance VOC’s combustion performance [25]. Our activity
results present similarities in this sense. The most active catalyst with x = 0.1 is

the one exhibiting the highest surface concentration of Ni®* according to XPS
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results (Figure 1V.7 and Table 1V.2), on which oxygen activation can be most
favored [25].

Nevertheless, taking into account that Ni** concentration of the sample x = 1
appears similar to that with x = 0, iron substitution in the perovskite as well as the
presence of interacting segregated NiO entities are pointed out as most important
factors to take into account in order to achieve maximum CO oxidation activity

over the nanocomposite catalysts.
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1VV.4 Conclusion

A sol-gel method (Pechini approach) has been used to prepare different
La(Ni,Fe)Ox/NiO nanocomposite materials. In addition to the LaNiOz perovskite
prepared by the same method and used as a reference sample, different
formulations in which nominal amounts of Ni + Fe employed are in excess with
respect to that of La have been prepared with the aim of achieving nickel

substitution by iron in the perovskite simultaneous to segregated NiO.

TGA-TDA and XRD analysis of the decomposition of the precursors show
that minimum temperature to achieve full crystallization of the components is 750
°C. The textural properties of corresponding materials calcined at 750 °C have
been explored by Sger measurements and PSD analysis, demonstrating that the
agglomeration degree of primary particles increases with increasing the amount of
iron. Characterisation by XRD and XPS have demonstrated the formation of
mentioned nanocomposite structures for which optimum catalytic properties for
the CO oxidation reaction are apparently achieved for a weak substitution level in

the substituted perovskite interacting with small well-dispersed NiO entities.
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General conclusion

In this work, our contribution focused on the synthesis, physicochemical characterizations

of different La (Ni/Fe) O2/NiO nanocomposite materials.

In the first part, the work aims to preparing LaNiOs perovskite oxides by different synthesis
methods (sol-gel and sol gel combustion) with two solvents (ethanol and water), and different
complexing agents. The samples were characterized by several techniques (XRD, TGA,
FTIR, and PSD).

» The study by X-ray diffraction, has allows us to identify the phase of LaNiO3 system
at the selected temperature of calcination. And showed us that the oxides have a
perovskite with rhombohedral symmetry and space group R3m.

» Chemical analysis by laser particle size, has allowed us to follow the evolution of the
partical size of the oxide LaNiOz and confirm with to those of the literature; to obtain
the composition of the structure of the samples initially prepared from the different
precursor salts used, and to optimize their catalytic performance.

» Thermogravimetric analysis (TGA) allowed us to identify different transformations
that take place during a heating cycle and the corresponding calcination temperature at
the passage of the hydroxide form of the various metals in the oxide form which starts
from 500 ° C to determine the stability range of the pure perovskite phase in the
temperature range studied.

> Infrared spectra (IR) of the oxide LaNiO3 show that the bands related to the hydroxide
group and water and (C=0) have disappeared completely. The intense band observed
at 420 cm corresponds to the stretching vibration indicating the formation of the Ni-
O band in all samples of oxide LaNiOz developed in both solvents (ethanol-water) and
by different methods and agents of complexation to form the perovskite structure.

In the second part: we prepared LaNiOs perovskite oxide by the same method and used as a
reference sample, different formulations in which nominal amounts of Ni + Fe employed are
in excess with respect to that of La have been prepared with the aim of achieving nickel
substitution by iron in the perovskite simultaneous to segregated NiO.

TGA-TDA and XRD analysis of the decomposition of the precursors show that minimum
temperature to achieve full crystallization of the components is 750°C. The textural properties
of corresponding materials calcined at 750°C have been explored by Sger measurements and
PSD analysis, demonstrating that the agglomeration degree of primary particles increases with

e —————————————
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General conclusion

Increasing the amount of iron. Characterization by XRD and XPS have demonstrated the
formation of mentioned nanocomposite structures for which optimum catalytic properties for
the CO oxidation reaction are apparently achieved for a weak substitution level in the

substituted perovskite interacting with small well-dispersed NiO entities.
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Abstract

Nanocomposite structures involving LaNiOs; perovskite partially substituted with iron and
segregated NiO are synthesized by sol-gel and sol gel combustion methods using citric acid,
ascorbic acid, sucrose, as chelating agents and methanol, ethanol, water as solvents. X-ray
diffraction (XRD) and thermogravimetric, differential thermal analysis techniques are used to
explore precursor decomposition and to establish adequate calcination temperature for the
preparation of the nanocomposites. The samples obtained after calcination at 750, 800°C were
characterized by XRD, X-ray photoelectronic spectroscopy, Brunauer—-Emmett—Teller surface area
analysis, Fourier transform infrared spectroscopy and powder size distribution, and tested for the
catalytic oxidation reaction of CO. Optimum catalytic properties are shown to be achieved for
nanocomposites with relatively weak Fe/Ni substitution degree in the perovskite interacting with

well-dispersed small NiO entities.
Résumeé

Les nanocomposites LaNiOs de structure perovskite partiellement substitués par du Fer et la
ségrégation du NiO sont synthétisés par des procédes sol-gel et sol-gel combustion en utilisant de
l'acide citrique, l'acide ascorbique, le saccharose, a titre d'agents chélatants et le méthanol,
I'éthanol, l'eau comme des solvants. La diffraction des rayons X (XRD), thermogravimétrie et
thermogravimétrie différentielle, des techniques utilisées pour explorer la décomposition des
précurseurs et d'établir la température de calcination appropriée pour la préparation des
nanocomposites. Les échantillons obtenus aprées calcination a 750, a 800 ° C ont été caractérisés
par : diffraction des rayons X, XPS (spectroscopie photoélectronique des rayons X), analyse de la
surface Brunauer-Emmett-Teller, la spectroscopie infrarouge a transformée de Fourier et la
distribution granulométrique des poudres et 1’évaluation de I’activité catalytique assurée par
oxydation catalytique de CO. Les nanocomposites avec un faible degré de substitution de Fe/Ni et

une bonne dispersion de NiO présentent des propriétés catalytiques optimales.
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