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INTRODUCTION

The performance of fuel cells and batteries is affected by the structural and phase changes of
the components during operation. In the studies presented in the dissertation, the neutron
diffraction method is mainly used in combination with other structure-sensitive methods.

Neutron powder diffraction (NPD) provides unique and useful information on the structure-
function relationship of components . It can be used to study changes in phase composition
and component structure during battery cycling.

A summary of the information obtained in NPD measurements on the structural and phase
evolution of materials with a perovskite and spinel structure included in electrodes, which are
critical for the developing technology of electrochemical sources of electrical energy, is
given.

Compounds of transition metals with a perovskite structure represent a large structural class
of substances in which properties and effects important for science and technology are
manifested. The reason lies in the richness of charge-spin-lattice interactions.

The processes in perovskites are very complex and should be studied as a function of e. g.
composition, different doping impurities, and if possible in electric field, high and low
temperatures, and in magnetic field. The neutron has a magnetic moment and is a sensitive
probe of the spin density distribution, thus providing direct information on the magnetic
structure and a solid basis for interpreting magnetic properties.

I. GENERAL PART

1.1. Crystal structure
The ideal perovskite structure ABO3, presented in Fig. 1.1, is described by the cubic space
group 07 (Pm3m), No 221 B ITA [1.6]. Fig.1.2 illustrates the alternatives for unit cell selection.

Fig.1.1. The cubic unit cell and structure of the ideal perovskite ABX3 (X is oxygen (O) or a
halogen element). The central smaller cation B is octahedrally coordinated by six oxygen
anions OZ. The larger A cations occupy the corners of the cube. Basic structural elements
are the BOG6 octahedra, which share a common vertex. The B-O-B and A-O-B bond angles
essential for superexchange magnetic interactions are exactly 180° and 90 ¢, respectively.
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The size of the A and B cations plays a determining role in the "assembly" of the BOs octahedra.
The presence of cations A and B, too large or too small, often leads to the deformation of the
ideal perovskite structure.

The stability of the perovskite structure is usually discussed employing the "Goldschmidt
parameter” (e. g. [1.7]), which Goldschmidt introduced as early as 1927 for the "a priori"
characterization and allowability of the structure deformation depending on the size of the ions.

1.2. Magnetic structures

In seminal studies of the physics of manganites [1.23] on structural deviations from cubic
symmetry in temperature-induced phase transitions and their influence on magnetism in the
Lai1xCaxMnQOz system, Wohlan and Kohler combined X-ray and neutron structural data. In
magnetic structural transitions, in addition to ferromagnetic arrangement, they establish
antiferromagnetic structures, in some of which the unit and crystallographic cells do not match,
as shown in Fig. 1.11.
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1.3. Conclusions:
From the literature review, we draw the following conclusions, which
support the research objectives in this dissertation.

1. Manganites exhibit a rich phase diagram, and in addition, orbital
(OO) and charge (CO) ordering phenomena accompany
structural progress under the stimuli of external conditions, such
as temperature, magnetic field, pressure, and others. A variety
of magnetic states have been found, ranging from ferromagnetic
to collinear and tilted antiferromagnetic arrangements. Among
the most interesting effects, separate and independent of the
CMR effect, are the CO transition itself and the CO
configurations as an intrinsic phase separation.

2. Manganese oxides with the general formula (R1.xAx)MnO3, (R =
rare earth cation, A = alkaline or alkaline earth cation), with a
structure similar to the perovskite CaTiO3, possess a wide
variety of crystallographic, electronic and magnetic phases.
Historically, they led to the emergence of new physical concepts,
such as those of the double exchange interaction and the Jahn—
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Teller polaron. More recent developments of thin films with
similar compositions reveal new phenomena, including colossal
magnetoresistance near the Curie temperature and optically
induced magnetic phase transitions.

3. Some of the perovskite materials present slightly modified structures, but
all of them possess BO,, layers, which are believed to have a fundamental
role in understanding the physical processes inherent in manganites (B =
Mn). The fundamental reason for the variety of physical effects is the
high degree of tunability demonstrated by an oxygen-surrounding
scheme that allows doping with a wide variety of ions while maintaining
high chemical resistance

4. In short, the diversity of perovskites in terms of properties is related to:

- wide scope for changing the composition, i.e., the A and B site can be
occupied by a wide variety of cations, either singly or in combination;
- flexibility of the structure with the formation of a deformed structure
affecting the orbital overlap and electronic interactions;
- tolerance of the structure to cationic and anionic vacancies, and
adaptation to ions of mixed valence.
2. Neutron diffraction and Rietveld method
Among the programs available for structural refinement, we used the FullProf package,
which is suitable for both crystalline and magnetic materials. It implements the so-called
Rietveld method for full profile analysis. A least-squares approximation of the entire
observed diffraction pattern to the modeled one is performed to achieve the best match in
terms of a set of criteria for agreement, which is calculated based on simultaneously refined
crystal structure models and other sample characteristics, diffraction optics effects, and
instrumental factors. The distinct advantage of this process is the trade-off between the

degree of structure knowledge and the improvement of the observed intensity separation
between partially overlapping Bragg reflections.

1. GOALS AND TASKS

The main goal of the dissertation work is to reveal and specify by the neutron diffraction
method the structure of the materials used for basic elements of electrochemical energy
sources, based on which to achieve optimization of their basic building blocks.
In this regard, the following were investigated:
) barium-cerate ceramics, which find application in solid oxide fuel cells (SOFC)
as a chemical source of waste-free energy from an ecological point of view. SOFC
offers forward-looking "green™ technologies for direct conversion of the chemical
energy of the fuel into electricity,
i1) the components in an innovative design of a rechargeable zinc-air cell with a
carbon-free gas-diffusion electrode with increased lifetime intended for
photovoltaic energy storage. Development of a monolithic ceramic bifunctional



electrode based on oxide bifunctional catalysts with application in SOFC (LSM,
LSCF) and replacing the carbon base material with nickel cobaltite due to its nano-
porous structure,

iii) obtaining new experimental data to help understand the nature of MR
(magnetoresistance), OO (orbital ordering) and CO (charge ordering) effects in
50% hole-doped compounds and also the possible relationship with the
phenomenon of phase separation. This effect is elucidated by considering the
consequences of the substitution effect of diamagnetic Bi®* with rare earth ion Nd**
on the magnetic and electrical properties of the doped bismuth manganites
Bio.25Ndo.25Sr0sMnO3 1 Bio.2sNdo.2sCaosMnO3 and the hypothetical manifestation
of charge and spin order..

III. EXPERIMENTAL PART
List of tested substances

BaCeo.g5Y0.1503-5s = BCY15
Bio.25Ndo.25Sr0.sMnO3 = BNSMO
Bio.2sNdo.2sCa0sMnO3 = BNCMO
Cos04_IC

C0s04_MT

NiC0204

Lao.eSro4C0o.2FepsO3 = LSCF
Lao.6Sro.4CaogO3z-b = LSCO
Lao.6Sro4Co03-LSCO
LapsCapsCo003-LCCO
Lao.sSro.2MnOs., = LSM

3.1. Structural determination of BaCeossY0.1503-5 as an oxide material for a
solid-state fuel cell

Fuel cells (FC) are electrochemical devices in which the chemical energy from the fuel is

converted into electrical and thermal energy, and the only by-product is water.

Solid oxide fuel cells. General description

Solid oxide fuel cells (SOFCs) offer a promising green technology for the direct conversion of

fuel chemical energy into electricity [3.3]. SOFCs are a class of fuel cells characterized by the

use of a solid oxide (ceramic) component as an electrolyte, Fig. 3.1.

Fig. 3.1. Scheme of a solid oxide fuel cell. A high-density ceramic electrolyte is located
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3.1.1. Neutron-diffraction studies of BaCes5Y.1503-5

Structural studies were carried out on materials for the preparation of components in SOFC:
yttrium-substituted barium cerate BaCeo.s5Y0.1503-5 (BCY15) in powder form and two types of
BCY 15-containing samples labeled "dense" and "porous" in the form of pressed discs tablets with
a diameter of 20 mm. Phase and structural characterization of materials (solid, porous, powder)
created based on of BCY'15 was carried out using powder samples.

Topas-4.2 software was used to analyze the X-ray (Cu Ka radiation, A = 1.5418 A) diffractograms
measured at 20° C with a Bruker D8 Advance diffractometer in reflection mode in Bragg-Brentano
geometry, LynxEye PSD detector in an angular range of (10° mo 120°)20 with constant step
(0.2%)20, 175 sec/point counter time. Phase identification was performed with Diffracplus EVA
software using the International Center for Diffraction Data (ICDD) PDF-2 database. The
FULLPOF package was applied to analyze the neutron diffraction patterns measured with the
PSD diffractometer [3.28] of the Budapest Neutron Center (A= 1.069 A, 3.6° -114.0° scattering
angle 20, step 0.1°). Measurements were performed at 295K on a powdered sample placed in a
thin-walled vanadium container.

3.1.2. Results and discussion

The neutronograms shown in Fig. 3.5 showed no difference in the crystal symmetry of the
individual samples at 295K and ambient pressure. The samples can be indexed in rhombohedral
space group R-3c¢ and monoclinic space group 12/m.
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Fig. 3.5 Neutron diffractogram of samples based on BaCe.s5Y0.1503.5 samples at 295K: a)
diffractogram with constant wavelength (. = 1.069 A). The sample, designated as powder, was
stored for three days in moist air; (b) TOF samples: 1 (solid), 2 (porous), 3 (powdery). The
diffractograms have been offset vertically to improve visibility.
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The ideal perovskite structure is cubic (Pm—3m), in which the B-cations are surrounded by 6
anions at the vertex shared by the octahedral geometry. As a result, a cubo-octagonal cavity is
formed, in which A-cations are placed. In the studied material based on Y-doped barium cerate,
the tilting of the octahedron lowers the ideal cubic symmetry into an orthorhombic O-type.
Fig. 3.7 illustrates the agreement between observed and calculated ND curves after Rietveld
refinement. The structure parameters and agreement factors that describe the quality of the
modeling are presented in Table 3.1. Table 3.2 presents the structural parameters of specimen
BCY15 (left panel, Fig. 3.8). The pelletized material BCY 15 without pore former (graphite)



was sintered at 1400°C for 8 hours in air. TOF diffraction data were collected for 6 hours at
295K. Prolonged sintering resulted in a more compact unit cell. The right panel (Fig. 3.8) shows
the diffraction pattern of BCY 15 powder before the usual temperature annealing at 1000°C to
reduce the possible consequences of transporting the sample to JINR-Dubna.

Table 3.1. Refined structural parameters of BaCeys5Y0.1503.5 (pellet form) in space group
Pnma, Rp = 6.6%. Unit cell parameters (4): a = 6.174(9), b = 8.833(7), ¢ = 6.179(9), volume
(A3) = 336.96(70). The isotropic thermal parameters Bi are fixed. Expected standard
deviations are in parentheses.

X y z B, A?
Ba  0.0045(11) 0.25 -0.0245 (8) 1.14(P)
Ce O 0 0.5 0.56(f)
Y 0 0 05 0.56(f)
o1 04809(10) 025 0.0991(42)  0.86(f)

02 0.2633(10) 0.0280 (27)  0.7269(57) 0.86(f)
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Fig. 3.7. Observed (cross), calculated (solid line), and difference (bottom) Rietveld ND profiles
of a dense BCY15 pellet sintered material at 295K captured by a PSD detector. The vertical
markers indicate the positions of the allowed Bragg reflections.

Table 3.2 Refined structural parameters of BaCeo.s5Y0.1503-5 in space group Pnma. Unit cell
parameters (R): a= 6.2089(9), b= 8.8292(6), c= 6.2066(8), volume (A3) = 340.24(25). Quality
criteria (%): Rwp =5.92, RB = 3.66, y2= 1.85. Standard deviation estimates are in parentheses

X y z B, A2
Ba 0.0098(5) 0.25 -0.0028(7)  1.14(5)
Ce 0 0 0.5 0.56(6)



Y 0 0 0.5 0.56(6)
o1 05212(5) 0.25 -0.0792(7) 0.86(6)

02 0.2674(4) 0.0395(7) 0.7249(7)  0.86(6)
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Fig. 3.8. Observed (cross), calculated (solid line), and difference (bottom) Rietveld ND
profiles at 295K. Left: BCY15-based pellet; Right: as-received BCY15 powder without heat
treatment. The vertical marks indicate the positions of the allowed Bragg reflections

3.1.3. Conclusions:

1. Performed neutron and X-ray diffraction experiments show that BCY15-
based materials are anion-deficient perovskites.

2. The neutron-diffraction studies at different temperatures show that the
crystal structure of these materials has orthorhombic symmetry, which does
not depend on porosity and sintering conditions. The oxygen vacancies in
the structure remain randomly distributed at room temperature.

3. The analysis of the obtained results shows that the structure of the different
samples BaCegg5Y0.1503-5 is close to the values of the substituted perovskite
BaCe Y 010295, according to the literature sources in the structural database
ICDD PDF-4. The relationship between the lattice parameters is typical of
O-type perovskite structures, where the rocking of the oxygen octahedra is
the main reason for the deviation from the ideal perovskite structure ABXs.

Prospects for future research. The use of quasi-elastic and inelastic neutron
scattering over a wide temperature range is expected to aid in the understanding
of mixed conduction mechanisms in BaCeggs5Y01503.5 (BCY15) under varying
degrees of oxygen deficiency.

3.2. Innovative Rechargeable Zinc-Air Cells (INOVI)
3.2.1. Determination of the crystal structure of materials with catalytic properties

for oxygen reduction/oxidation processes
The principle of operation of a zinc-air battery is shown in Figure 4.1.
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Fig.4.1 Rechargeable Zn-air battery[4.58]

A zinc-air battery is one possible representative of a metal-air battery such as a battery or fuel
cell that uses the oxidation of a metal with atmospheric oxygen to produce electricity. The main
components are an anode made of pure metals such as lithium or in our case zinc and an air
cathode, which is connected to an air source. Catalysts in the air cathode support the
electrochemical reaction with the oxygen gas. The materials described below have been
structurally investigated by us and used for the electrodes, which are produced by standard
SOFC (cold pressing and sintering) technology, which our IEES colleagues have adapted to
produce a gas diffusion electrode (GDE) for a rechargeable zinc battery and thus improve
mechanical stability and eliminate carbon corrosion during charging. Critical to the
development of efficient and affordable metal oxide catalysts is the oxygen evolution reaction
(OER). Electrocatalysts based on spinel of the CosO4type, involving partial replacement of Co
with cheaper and more environmentally friendly metals, are of interest for the synthesis of
compounds with the composition MCo0204 (M=Mn, Ni, Cu and Zn) due to their increased
conductivity [4.56].

By replacing Co in the octahedral positions with a cation of lower valence, for example with
Ni (Ni%"), an oxygen-deficient structure is created, which is expected to improve the
electrocatalytic characteristics, as the available oxygen vacancies in the spinel structure
influenced them. The oxygen evolution reaction (OER) in zinc-air batteries [4.59] is based on
the oxidation process according to the equation:

40H =02+ 2H0 + 4 ¢

Our studies were performed on powdered samples of substances synthesized at the Institute
of Catalysis of the Bulgarian Academy of Sciences (with index IC) and the company Marion
Technology (with index MT): Coz04_IC; Ni-NiC0204_IC; Co304_MT - Marion Technology
company; NiC0204, LaoeSro.4Caog03-5 (LSCO), Lao.sSro.sCoo2FeosO3 (LSCF),
LaosSro2Mn0O3z.5 (LSM).



3.2.2. Neutron-diffraction measurements

The method of the time of flight of neutrons (TOF) and the method of constant neutron
wavelength, were applied. The spectrometer DN-12, located at the IBR-2 pulse reactor of
JINR-Dubna, which is a spectral source of neutron pulses with a frequency of 5 Hz, and the
G4.1 neutron diffractometer of the Orphee reactor at the Saclay nuclear center near Paris, which
is a spectral source with stationary Maxwellian wavelength distribution of neutrons were used.
The test temperatures for each specimen are shown in Table 4.2. An exception is nickel
cobaltite NiCo0.04, for which a diffractogram was recorded only at 290K.

Table 4.2. Powder samples and temperatures at which measurements were made

Sample Measurement temperatures, [K]
Co0304_IC 23, 25, 30, 35, 40, 45, 50, 60, 100, 125, 200, 290
Co304_MT 25, 30, 35, 40, 45, 50, 60, 100, 200, 300
NiC0204 290
Ni70_ NiC0204 21, 100, 150, 200, 250, 290
LSCF 27, 50, 100, 130, 150, 180, 200, 230, 250, 290
(Lao.6Sro.4Coo.2F€0s03)

LSCO (LaosSro4CansgOsp) | 20, 50, 100, 150, 180, 200, 230, 250, 290
LSM (LaosSro2Mn0Os.p) 22, 100, 230, 250, 270, 300, 315

3.2.3. Results and discussion
Neutron diffractograms of powder samples with the composition C0304_IC, C0304 MT,

NiC0204 and Ni-NiCo,04 are presented in Fig. 4.2, Fig. 4.5 and Fig.4.6.
a) b)
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Fig.4.2 Time-of flight neutronograms for samples of the investigated cobaltites: a) Co304 —IC
b) Cos04 — MT. The diffractograms are shifted vertically to visualize the positions of the Bragg
reflections. At the lowest temperature, regardless of the preparation method, a new peak
(marked with an arrow) is observed in both samples, reflecting the presence of an
antiferromagnetic order of the atomic magnetic moments.
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Fig. 4.5. Time-of- flight neutronograms for the studied nickel cobaltites Ni-NiC0204 samples.
The diffractograms are shifted vertically to visualize the positions of the Bragg reflections.
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Fig. 4.6. Neutron-diffraction profile of a sample with NiCo204 composition at a temperature
of 290K calculated by the Rietveld method, executed with the FullProf Suite.

Similar to the X-ray patterns, the neutron diffractograms also confirmed that the studied
samples are monophase. An exception was the composition Ni70-NiCo020a4, in which the
presence of metallic nickel was manifested. These cobaltites were indexed as spinel structures
and were in a paramagnetic state at room temperature. The diffractograms consisted only of
Bragg peaks at angular positions defined by the spinel structure and a smooth background. The
full profile analysis did not give grounds for deviation from cubic symmetry.

LSCF (LaoeSro4Coo2Fe0s03), LSCO (LaosSrosCaosOsp) u LSM
(LaosSro2Mn0Os.n)

The increased interest in researching complex oxides of the type ABO3 perovskites with
composition Lai-xSrxCo1yFeyO3 ( LSCF) (y=0.2, 0.5, 0.8), (0<x<l1) is due to their mixed
electron-ion conductivity to replace the conventionally used LaSrMnO3z (LSM) materials for
SOFC at intermediate temperatures.
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The relationship between the lattice parameters is typical of O-type perovskite structures,
where the rocking of the oxygen octahedra is the main reason for the deviation from the ideal
cubic perovskite structure, giving rise to lower symmetries, such as orthorhombic,
rhombohedral and tetragonal (Fig. 4.8). Glazer [4.49] has developed a methodology for
describing these deviations from the ideal structure.
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Fig. 4.8. Time-of- flight neutronograms for samples of the investigated perovskites: a) LSCO,
b) LSCF and c) LSM. The diffractograms are shifted vertically to visualize the positions of the
Bragg reflections.

The Rietveld analysis of the diffraction patterns at different temperatures revealed
preservation of the rhombohedral symmetry with space group R-3c. This way, the neutron
diffraction studies on the influence of temperature on the crystal structure of
Lao.sSro.4Can.sOs.b, for instance, prove its stability in the studied temperature range and the
applicability of the compound as a potential candidate for the development of bifunctional
catalysts in rechargeable zinc-air batteries.

3.2.3.

Conclusions

1.

Temperature-dependent neutronograms of the compounds LSCF
(Lao,68r0,4C00,2Feo,803), LSCO (Lao,GSro,4Cao,803-b) and LSM
(LaogSro2Mn0O3.) show that the structural symmetry does not changes in
the studied temperature range.

Neutronograms of CozO,_IC and Co30,_MT reveal additional peaks at
23K and 25K resulting from the antiferromagnetic order of the atomic
magnetic moments.

Similar to X-ray diagrams, the neutron diffraction patterns confirm that the
investigated samples are single-phase. An exception is the composition
Ni70-NiCo,0s, in which the presence of metallic nickel is manifested.

Structural characterization of some perovskites as materials for new

carbon-free gas diffusion electrodes
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X-ray diffraction measurements were carried out and analysis of the obtained results was
performed on powder samples of substances with the composition: LaoeSro.4C0o.2FeosOs
(LSCF), Lao.gSro.2Mn0O3z.5 (LSM), Lao.6Sro.4C00s3 ., (LSCO) and LagsCa 05C003 (LCCO), and
the obtained results correspond to the results of neutron data processing. These substances have
the potential for application as gas-diffusion electrodes in zinc-air batteries.

The dissertation describes the structural results regarding electrodes with these compositions
prepared by colleagues from IEES - BAS and tested in working mode electrode, as follows:

- LaogSro2MnO3z.5 (LSM);

- La0.6Sr0.4C00.2Fe0 803 (LSCF);

- LSM with teflonization on one side;

- LSM without teflonization;

- LSCF - initial electrode;

- non-working LSCF electrode;

- worked LSCF electrode;

- (LSM-LSCF) composite.

3.3. Structural characterization of LSM and LSCF perovskites as

materials for novel carbon-free gas diffusion electrodes
The properties of the perovskite oxides Lao.soSro.20Mn0Os.5,(LSM) and Lao.6Sr0.4C00.2F€0.803-s,
(LSCF) are strongly determined by the oxidation state of the constituent cations and their
distribution. A new air electrode design is proposed for the so-called "monolithic” carbon-free
gas diffusion electrode (GDE), which avoids the traditional gas diffusion layer made of carbon
material and thus reduces the corrosion rate. To improve the fundamental understanding of the
material properties related to the recharge process, sensitive techniques such as neutron (ND)
and X-ray (XRD) diffraction combined with scanning electron microscopy (SEM) were
applied. Electrochemical tests were performed, including measurement of volt-ampere
characteristics and charge/discharge tests. The results were compared with the state-of-the-art
carbon GDE, confirming that the investigated catalysts can successfully replace the classical
catalysts containing noble metal and carbon support. The best electrochemical properties are
demonstrated by the LSM-based DHE [4.70, 4.71].
Phase identification was done with Diffracplus EVA software using the International Center
for Diffraction Data (ICDD) PDF-2 database. Neutron diffraction patterns were analyzed by
the Rietveld method using the WIinPLOTR application and the FULLPROF refinement
package by applying profile matching mode followed by full profile refinement of the structural
model.
Scanning electron microscopy (SEM) was used to characterize the changes in the
microstructure of the materials and the influence of teflonization on the working characteristics
of the electrodes.

3.3.1. Results and discussion
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Fig. 4.9. Neutron diffraction profile of a sample with composition Lao.sSro.4Coo.2Feo O3 at
290K (d)

Figures 4.12(a) and 4.12(b) show the X-ray diffraction patterns of powder samples with the
composition LageSro4Coo.2Fe0s03-5,(LSCF) and LaosoSro20MnOz-5,(LSM) respectively.
Profile modeling within the rhombohedral space group R-3c reproduces the room temperature
diffractograms of both compositions well. Although visually very different, the neutron
diffraction patterns in Fig. 4.9(d) and 4.11(d) reveal no difference in the crystallographic
symmetry of the particular samples and are also indexed in rhombohedral space group R-3c.
Here, the presence of oxygen vacancies in these structures is identified by the parameter 9, a
deviation from the oxygen stoichiometry.

Fig. 4.11. Neutron diffraction profile of a sample with composition LSM (Lao.sSro.2MnQOz.)
270K(d
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Fig. 4.12. Rietveld modeled XRD profiles of initial powder samples at 295K for
a) Lao.6Sr0.4Coo.2Fep.s03.5 and b) Lao.soSro.20MnO3.s

Table 4.5(a). Refined structural parameters from microstructural analysis (XRD) of the
LSCF initial sample at room temperature

150

12(GOF) 3.35 X(sx) y(sy) z(sz) B occ. Mu
(sB) | (socc) It
a=b[A] 5.50411 | La | 0.00000 0.00000 0.25000 0.000 | 0.081(1) 6
c [A]; 13.37052
a=p 90 Sr | 0.00000 0.00000 0.25000 0.000 | 0.094(1) 6
y 120

V[A3] 350.795 | Co | 0.00000 0.00000 0.00000 0.000 | 0.033 6

Bragg R- 2.83 Fe | 0.00000 0.00000 0.00000 0.000 | 0.133 6
factor

Rf-factor 3.51 O | 0.54562 0.00000 0.25000 0.000 | 0.500 18

97
Space group | R-3c- Average apparent size and standard deviation (anisotropy):
trigonal 174.89(0.16)
Average maximum strain and standard deviation (anisotropy):
6.3942( 0.0062)

Table 4.5(b). Specified structural parameters from microstructural analysis of LSM initial
sample (XRD) at room temperature

v2(GOF) 3.29 X(sx) y(sy) | z(sz) | B(sB) | occ.(socc) | Mult
a=b[A] 5.50766 | La 0.00000 | 0.0000 | 0.2500 | 0.000 | 0.117(1) 6
c [Al; 13.34944
a=p 90 Sr 0.00000 | 0.0000 | 0.2500 | 0.000 | 0.050(1) 6
v 120
V[A3] 350.694 | Mn 0.00000 | 0.0000 | 0.2500 | 0.000 0.167 6
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Bragg R- 3.22 O | 0.54707(98) | 0.0000 | 0.2500 | 0.000 0.500 18
factor
Rf-factor 3.73 Average apparent size and standard deviation (anisotropy):
Space R-3c - 163.02(0.18)
group trigonal | Average maximum strain and standard deviation (anisotropy):
2.3542(0.0031)

The most important step in the preparation of monolithic GDEs is to ensure the necessary
hydrophobicity on one side (top side) of the sintered samples. An aqueous emulsion of PTFE
(Sigma Aldrich, 60 wt.% dispersion in H>O) was used to obtain the necessary teflonization.
The impregnation procedure went through the following optimization steps (Table 4.6, Fig.
4.17)

Table 4.6. Number of optimization cycles performed for the successful impregnation of
monolithic GDEs

PTFE Method for impregnation 10 ppc Isopropyl Heating
emulsion, alcohol (IPA) addition | Temperature, °C/
ml Time, min
1 |0.1ml Dropped no 330 °C /10 min
2 10.2ml Dropped yes 330°C /10 min
3 102ml Buchner vacuum-assisted no 330°C /20 min
4 [0.1ml Dropped no 320 ©C /30 min
5 [01ml Biichner vacuum-assisted yes 320 ©C /30 min

The role of Teflonization and the structural effects of electrode degradation after a number of
charge-discharge cycles are presented in Figures 4.13, 4.14 and 4.15
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Fig. 4.13. Rietveld modeled XRD profiles of LSM electrode before work at 295K a) without
Teflon; and b) with Teflon.
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Fig. 4.15. Rietveld modeled XRD profiles at room temperature from microstructural analysis
of LSCF-LSM composite: a) before operation, b) after operation

Table 4.7. Refined structural parameters from (XRD) at room temperature of LSCF-LSM
composite before work

Phasel LSCF

x2 4.47 x(sX) y(sy) z(sz) B(sB) | occ.(soc | Mult
c)
a=b[A] 551842 | La 0.00000 0.0000 | 0.25000 | 0.000 | 0.099(7) 6
c [A]; 13.36416 0
Space o= 90 Sr 0.00000 0.0000 | 0.25000 | 0.000 | 0.076(7) 6
group: y 120 0
R-3c
i V[A3] 352454 | Co 0.00000 0.0000 | 0.00000 | 0.000 0.033 6
rigonal 0
Bragg R- 4.19 Fe 0.00000 0.0000 | 0.00000 | 0.000 0.133 6
factor 0
Rf-factor 3.74 O | 0.54844(28 | 0.0000 | 0.25000 | 0.000 0.500 18
9) 0
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Phase2 LSM

Space
group:
R-3c
trigonal

x2 4.47 La 0.00000 | 0.0000 | 0.25000 | 0.000 | 0.125(3) 6
0

a=b[A] 5.52397 | Sr 0.00000 | 0.0000 | 0.25000 | 0.000 | 0.041(3) 6
c [Al; 13.37333 0

o= 90 Mn [ 0.00000 | 0.0000 | 0.00000 [ 0.000 0.167 6
120 0

V[A3] 353.406 O | 0.54621(15 | 0.0000 | 0.25000 | 0.000 0.500 18
0) 0

Bragg R-factor: 3.71 Rf-factor: 3.27

Table 4.8. Refined structural parameters from (XRD) at room temperature of LSCF-LSM
composite after working

Phasel LSCF
Y2 14.9 X(sx) y(sy) 7(sz) B(sB | occ.(socc | Mul
) ) t
a=b[A | 5.50908 | La 0.00000 0.0000 | 0.2500 | 0.000 | 0.143(15) | 6
] 13.3664 0 0
Space | c[A]; 9
group | o= 90 Sr 0.00000 0.0000 | 0.2500 | 0.000 | 0.032(15) | 6
: y 120 0 0
R-3c V[A3] 351.323 | Co 0.00000 0.0000 | 0.0000 | 0.000 0.033 6
0 0
Bragg 5.63 Fe 0.00000 0.0000 | 0.0000 | 0.000 0.133 6
R- 0 0
factor
Rf- |3.90 O | 0.51925(1619 | 0.0000 | 0.2500 | 0.000 0.500 18
factor ) 0 0
Phase2 LSM
x2 14.9 La 0.00000 0.0000 | 0.2500 | 0.000 | 0.095(6) 6
0 0
a=b[A | 5.51802 | Sr 0.00000 0.0000 | 0.2500 | 0.000 | 0.072(6) 6
Space ] 13.3830 0 0
group | c[A]; 2
: o= 90 M 0.00000 0.0000 | 0.0000 | 0.000 0.167 6
R-3c y 120 n 0 0
V[A3] 352.899 | O | 0.55332(266) | 0.0000 | 0.2500 | 0.000 | 0.5000 18
0 0
Bragg R-factor: 6.92 Rf-factor: 4.46

Scanning electron microscopy (Fig. 4.17 and 4.18) of LSM and LSCF electrodes with and

without teflonization, working and comparing such initial, was performed.
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(a) (b) (©)

Fig. 4.17. SEM micrographs (magnification 15000X) of an LSM sample after optimization of
steps 1(a) and 5(b) according to Table 4.12 and comparison with a non-teflonized side of the
sample at 10000X magnification (c) showing a very good relationship between particles and
porosity, required for air cathodes.

208, X5,000 | 5pm 08 32 SEI 20kV  X5,000  Spm 08 32 SEI 20kV  X10,000 {pm u‘G{w

20kV  X10,000 1pm 08 32 SEI

Fig. 4.18. SEM micrographs of LSCF: a) teflonized side of non-working electrode-5000X; b)
teflonized side of a working electrode - magnification 5000X, c) non-teflonized side of a
working electrode - magnification 10000X, d) only Teflon particles - magnification 10000X

3.3.2. Conclusions:

1. The presence of oxygen vacancies in both parent perovskite-like compounds
appears optimal for mixed electron-ion conductivity (MIEC) properties.
The texture, grain bonding, and porosity are suitable for work as cathode
materials.

2. A decrease in the volume of the trigonal unit cell and a pronounced
monolithic structure were observed in the working LSCF-electrode. After
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the teflonization, the two phases formed are autonomous, and the
agglomerate of powder particles compromises the structure of the electrode
and worsens its performance.

4. In the LSM-electrode, teflonized on one side, after a number of charge-
discharge cycles, a network of Teflon fibers is formed, which surround the
particles, stabilize the microstructure, the unit cell practically remains
unchanged, and the preserved porosity ensures oxygen transport in the
battery, which explains its better electrochemical performance and
mechanical stability compared to the LSCF-electrode.

The results confirm the importance of choosing materials and their combination
with appropriate production technology. They show the potential for a promising
direction in the developing secondary Zn-air batteries and expanding their
application field.

3.4. Structural characterization of LSCO and LCCO perovskites as

materials for carbon-free gas diffusion electrodes
Calcium-substituted compounds are stable in terms of thermal expansion, while strontium-
substituted compounds possess metallic conductivity in the entire investigated range (for
x>0.3). Substituted mixed-valence phases La;—xSrxCoOs-; have attracted attention as cathodes
in solid oxide fuel cells [4.74,4.75] because they exhibit colossal magnetoresistance [4.76,4.77]
and because they provide epitaxial electrodes for ferroelectrics [4.78]

3.4.1. Results and discussion

Structural characteristics of the studied materials

The X-ray diffraction profiles shown in Figures 4.19 and 4.20 of powder samples and working
electrodes with the composition LCCO(Lao.sCao.4C003) and LSCO (LaosSro.4Co0s. 5) with
10% PTFE, as well as a working electrode (a mixture of LCCO, LSCO and 10% PTFE) and
are accordingly well indexed using the rhombohedral perovskite structure, which is
characterized by an oxygen non-stoichiometry ¢ on which both their electrical transport and
magnetic properties depend.
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(@), LSCO (b) with 10% Teflon emulsion and a mixture of them (c)
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In the following figures, Fig. 4.21 — Fig. 4.24, the results of the analysis by scanning electron
microscopy of the starting powders and processed electrodes LCCO, LSCO (with 10% Teflon
emulsion) are presented.

v Fig. 4.21. SEM micrographs of LCCO powder
sample at 1000X magnification

Fig. 4.22. SEM micrographs of LSCO powder sample
& at 1000X magnification

®8 Fig. 4.23. SEM micrographs of LCCO electrode
| (10% PTFE) after work at magnification: 1000X
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1 Fig. 4.24. SEM micrographs of LSCO electrode
(10% PTFE) after work at 1000X magnification

3.4.2. Conclusions:

- Similar to the already discussed electrode materials (LSM and LSCF), the
crystal structures of LCCO and LSCO have the same orthorhombic
symmetry group, which does not change during the electrode preparation
and testing.

- Under the same preparation conditions of the electrodes, those using LSCO
show a much better microstructure — they are porous to allow electrolyte and
oxygen to pass, but at the same time dense enough, facilitating charge
transfer. Although a small fraction of the B-substituted cation (in this case,
Sr) leaves the crystal lattice during operation, no parasitic phases are
recorded. The overall quantitative decrease is due to a change in the degree
of deformation in the rhombohedral structure of the perovskite lattice, which
leads to an increase in the number of defects and hence, in the active oxygen
vacancies.

Electrochemical tests performed by IEEC colleagues on both types of oxides
show greater stability of LaosSrosCo0Os.s. It is reported in the literature that Sr-
substitution in the structure of LaCoO3; promotes the agglomeration process.
However, it does not lead to deterioration of gas diffusion, as usually happens
with catalysts of this kind, but favors the formation of defects (vacancies) and
increased mobility of oxygen ions, which has a positive effect on the
electrochemical characteristics of the electrode.

3.5. Substituted bismuth manganates of mixed valence
The notable feature distinguishing bismuth-based manganites from RE-manganites (RE is a

rare-earth cation) with a similar perovskite-like structure is the much higher charge-ordering
(CO) TCO temperature.
Initial neutronograms were taken with the PSD diffractometer (A = 1.0577 A or A = 1.0612 A,
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4.5° <20 < 113.6° by 260, 0.10° step) at RT. The samples were sealed in a gaseous helium
environment in a thin-walled (0.07 mm) vanadium container with a diameter of 5 mm and a
height of 50 mm. 3T2 measurements (A = 2.551 A) were with the same samples in a cry-oven
at 292K and 10K in the angular range 6°<20<125.6° at a step of 0.05°.

The experiments were carried out in the heating mode after the temperature of the samples was
lowered in a zero magnetic field to 10K, respectively 1.5K.

The data were analyzed by the Rietveld method using the FullProf program package [5.1] with
the neutron scattering amplitudes and magnetic atomic form factors compiled there.

We introduced abbreviated designations of samples as follows:

Bio.2sNdo.25SrosMnO3 = BNSMO,  Big2sNdo.25CagsMnO3 = BNCMO
3.5.1. Results and discussion

Magnetic measurements

Magnetic measurements of the compositions Bio.2sRo.25(Ca,Sr)osMnOs (R = Nd) were carried
out in the temperature range 77K<T<1000K

91 BNsSMO -

m T decrease .
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Fig. 5.1 The course of the inverse magnetic susceptibility as a function of temperature for the
BNSMO compound shows that up to a temperature of 434 K, the system has a ferromagnetic
behavior upon cooling
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Fig. 5.2 An alternative interpretation of the temperature behavior of the reverse
magnetization, which is a sign of long-range antiferromagnetic ordering at a temperature of
438K as the system cools

In the above temperature range (Fig. 5.1, Fig. 5.2), a clear ferromagnetic response is given by
BNSMO at TC = (287 = 5) K. For BNCMO, a break appears in the temperature course of the
magnetization induced in a magnetic field 6 = 6(H, T) near T = 100K, which may be a sign of
the onset of long-range AFM order. In the oxide, a hump appears in the thermomagnetic curves
o = o(T) in the paramagnetic region. It is considered one of the main macroscopic
manifestations of OO and the accompanying structural transition from the high-temperature
phase with high (often orthorhombic) symmetry to the modulated low-temperature
superstructure with lower (often monoclinic) symmetry. The BNCMO sample does not exhibit
a dielectric-metal transition but remains semiconducting up to 77K. In a magnetic field up to
10 kOe, the specific resistance p of the samples does not change noticeably.
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3.5.2. Structural deformations at room temperature
The strontium bismuth manganite system Bio 2sRe€0.25 Sros MNO3 (Re = Nd)

The diffractograms presented in Fig. 5.4 show that BNSMO at RT exhibits signs of phase
separation.

Bi0.25Nd0.258r0.5Mn0O3, Imma(74), RT, 1.0691 AA Bi0.25Nd0.255r0.5Mn03, RT, P2l/m+Puma
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Fig. 5.4 Full profile analysis of the diffractograms with PSD (A=1.0691 A) at 300K of
Bio.25sNdo.25Sro.sMnOs. The vertical markers show the positions of the Bragg reflections indexed
in the corresponding group, which is reflected in the legend

The calcium bismuth manganite system Big2sReg25Ca0sMnO3; (Re = Nd)

Full-profile analysis of room-temperature neutron diffractograms for each Bi-Ca composition we
investigated yielded results with acceptable indicators of the quality of the solutions for a single-
phase substance with a structure described within the orthorhombic space group of Pnma
symmetry. The agreement between the observed and modeled within Pnma symmetry diffraction
pattern for BNCMO is illustrated in Figure 5.5. The first thing to notice is that unlike the majority
of substituted RE manganite systems as described in the literature [1.1, 1.5, 5.5], the bismuth
compositions are characterized by low lattice degeneracy in the sense that the orthorhombic lattice
parameters are distinguished significant.

Bi0.25Nd0.25Ca0.5Mn03, Pnma, RT
1100
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Fig. 5.5 Full profile analysis of the diffractogram of Bio 25Ndo.2sCaosMnOs, recorded for 14 h
with the neutron diffractometer 3T2 at 300K. The indexing of the diffractogram is in the Pnma
space group. The experimental (dots), calculated (solid line) and difference (bottom) profiles
are shown.
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3.5.3. CONCLUSIONS:
Neutron diffraction and X-ray diffraction experiments and magnetic

measurements were carried out to clarify the influence of the degree of
substitution of diamagnetic Bi** with rare-earth magnetic Nd** ions on the
structural and magnetic properties of polycrystalline Big2sNdo 25SrosMnO3
(BNSMO) and Big 2sNdo25Ca o sMnO3; (BNCMO). Both substances were found

to:

Belong to the family of mixed-valent manganites, for which the diversity of

electrical and magnetic properties is explained using the double exchange

(DE) interaction theory, the Jahn-Teller effect, the polaron theory and phase

separation;

Represent examples of implementation of the structural concept of
spontaneous phase separation. We relate the structural response of the
Bio2sNdo 25X0sMnO3 (X = Sr, Ca) systems to the charge and spin ordering in
these systems to the reduced amount of Bi®*, which, in addition to its specific
contribution to itinerant eq electrons, leads to a modified average size of the
cations in the A-site <ra> and size mismatch between the cations occupying
the A-site (size dispersion, 6°);

At a temperature of 4.2 K, the magnetic structure is antiferromagnetic
(AFM) of CE-type (charge, orbital and spin arrangement) and the real CE-
AFM structure is far from the ideal CO-OO state of charge and orbital
arrangement.

MAIN CONTRIBUTIONS OF THE DISSERTATION

1. Neutron diffraction results were obtained for the structure of powdery, layered and
porous materials based on the composition BaCeo.g5Y0.1503-5 (BCY15), which are
components in a new monolithic SOFC design. Regardless of the preparation
technique associated with the preferred porosity, the crystal structure assumes
orthorhombic symmetry and a statistical distribution of oxygen vacancies. Best
results for full profile matching of experimental diffractograms and modeled
diffractograms for “powder”, “dense” and “porous” material yield structural
models in space group Pnma.

2. Neutron-diffraction studies were conducted on the influence of temperature on the
crystal structure of spinels with the composition C0z04_IC(MT), NiC0204, Ni-
NiC0204 and perovskites Laos Sro4Co0o2F€0.8035, LaoeSrosCaosOs -5 and
Lao.sSro.2Mn0Os.5, which prove the stability of their structural symmetry in the studied
temperature range 20K + 300K and their applicability for the development of

27



bifunctional catalysts in an innovative carbon-free gas-diffusion electrode in
rechargeable zinc-air batteries.

3. It was established that, while maintaining a constant electron concentration in the
Bio.2sNdo.25(Sr,Ca)osMnO3 manganites, the change in the effective size of the cation
in the A-node in the starting BiosCaos and Bio.sSros manganites leads to substantial
structural changes that support the importance of the lone electron pair of the Bi3+
cation. The ground magnetic state of the studied compositions was determined to be
antiferromagnetic of the CE type (orbital, charge, and magnetic ordering). However,
the real antiferromagnetic arrangement differs strongly from the perfect charge and
orbital CO/OO arrangement.
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