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ABSTRACT

This dissertation is a systematic study on the formation of nanostructured ceria-
based ceramics for low-temperature solid oxide fuel cells (LT-SOFC) application.
The dissertation is devoted to the improvement of the preparation route of the SOFC
cell components considering the influence of the method of chemical synthesis and
the initial metal oxide materials, the dopant, and its concentration, as well as the
methods of forming thin films and their parameters.

Combustion, co-precipitation, and sol-gel chemical synthesis methods were
used to synthesise Ce1xMxO2-s nanostructured ceramics with different dopants while
varying their concentrations (where M=Sm and Gd; x=0.1, 0.15, 0.2, 0.25, 0.3). The
properties of the formed ceramics have been comprehensively studied, which has
made it possible to identify the synthesis method as well as the dopant with the
required concentration in our pursuit to obtain the materials with the desired
properties.

The obtained ceria-based ceramics were further used as a target material to
form GDC and SDC electrolytes by using the electron-beam evaporation technique.
A deviation of the composition of the formed films from the composition of the
target material, as well as a deviation of the final thickness, was found. According to
the obtained results, the optimal parameters of deposition by the electron beam
technology were proposed and implemented. By changing the sintering conditions,
the most favourable temperature for GDC thin films was determined.

Reactive magnetron sputtering in the DC mode was used to prepare GDC thin
film depositing Gd.0s; and CeO- layer-by-layer. By varying the number of oxide
layers (4, 6, and 12), we found that at least 12 layers are required to obtain a
completely dense GDC structure without layer separation. Additional sintering after
the formation of the films improved their quality.

Due to their chemical stability and high ionic conductivity, ceria-based
ceramics can be used not only as an electrolyte, but also as a diffusion barrier layer
between the cathode and electrolyte in SOFCs. An anode-supported cell (Ni/YSZ)
with GDC as the diffusion barrier-layer was suggested for the low temperature -
SOFC application. The ~700 nm thick GDC was deposited on top of the electrolyte
of Ni/YSZ by using the electron beam evaporation technique. To employ the
electron beam method and GDC as a barrier layer, it is necessary to apply a cathode
material, and further investigations are required.
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A — lattice parameter

AC — alternating current

AFM — atomic force microscopy

ASRg — acceptable area specific resistance

BET — Brunauer Emmett Teller

C — concentration

CB — combustion synthesis

CP — co-precipitation synthesis

CTE — coefficient of thermal expansion

CvD — chemical vapour deposition

C; — concentration of element A in the vapour phase

cs — concentration of element B in the vapour phase

cl — initial concentrations of element A in the target material

ce — initial concentrations of element B in the target material

D — thickness; the spacing between diffracting planes, or an interplanar
distance

din — theoretical density of the solid solution oxide

Dger — average particle size

DC —direct current

DSC — differential scanning calorimetry

DTA — differential thermal analysis

E — Young’s modulus; voltage

Ea — activation energy

Eo —amplitude of the signal

AE}, gp — bulk and grain boundary energies

ER — electrical resistivity

EB-PVD, e-beam  — electron beam physical vapour deposition

EDX, EDS —energy dispersive X-ray analysis

(0] — phase shift

F — Faraday’s constant (96485 Cxmol?)

Fi — evaporation rate of a separate component

Fmax — evaporation rate

FT-IR — Fourier transform infrared spectroscopy

FWHM — full width at half maximum

GDC, CGO — gadolinium doped ceria

GI-XRD — grazing incidence X-ray diffraction

H — distance between electrodes

HT — high temperature

| —current

lo — amplitude of the current

ICP — inductively coupled plasma

ICP-OES — inductively coupled plasma optical emission spectrometry

IR — infrared

IS — impedance spectroscopy

IT — intermediate temperature

ICDD — International Centre for Diffraction Data

J(0y) — oxygen flux
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PVD
PLD

di

Id
lo
Rku

I'vo

RF
Ice

SGDC
ScSZ
SE
SEM
SOFC

— Boltzmann’s constant (0.86x107 eV K™)
— wavelength

— thickness of the electrolyte

— magnesium-doped lanthanum gallate
— lanthanum strontium cobalt oxide

— lanthanum strontium cobalt iron oxide
— lanthanum strontium ferrite

— low temperature

— mobility of the species

— micro solid oxide fuel cell

— mass of molecule

— atomic weight

— number of oxygen moles

— Avogadro constant

— number density

— near infrared

— N-methylpyrrolidon

— radial frequency

— operating temperature

— resistivity

— vapour pressure

— physical vapour deposition

— pulsed laser deposition

— charge

— electrical resistance; universal gas constant
— ionic radius of dopant

— ionic radius of oxygen

— kurtosis, measure of the height randomness and sharpness of a surface

— 0xygen vacancy
— rare earth elements

- radio frequency

— radius of the cerium ion

— root mean square roughness, rms
— skewness,

— amplitude of the residual stresses
— electronic conductivity

— ionic conductivity

— pre-exponential factor

— area of the electrodes

— seconds

— elasticity constants that can be expressed as a function of the Young’s

modulus

— specific surface area

— samarium doped ceria

- sol-gel

— ceria co-doped with samarium and gadolinium
— scandia stabilised zirconia

— secondary electrons

— scanning electron microscopy

— solid oxide fuel cell
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T — temperature

T — the film/wafer thickness; time

TEM — transmission electron microscopy

TGA — thermogravimetric analysis

TG-DSC — thermogravimetric and differential scanning calorimetry
TG-DTA — thermogravimetry—differential thermal analysis
2] —incident angle

uv — ultraviolet

\Y — Poisson’s ratio

Vo — 0Xygen vacancy

X — dopant concentration

Xd — fraction of dopant

XPS — X-ray photoelectron spectroscopy

XRD — X-ray diffraction

Yo — capacitance

YSz — yttria stabilised zirconia
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1. INTRODUCTION

For decades, the innovation and investigation of renewable and mobile energy
sources have been a major focus of research. The rapid development of various
mobile electronic devices, modern cars, smart technologies, various sensors, and
even space satellites requires the increase of the energy production, as well as the
development of batteries and fuel cells.

Due to the insufficient capacity of rechargeable batteries, the use of various
types of fuel cells, which would minimise environmental pollution, have very low
emissions yet high efficiency, could operate across a wide temperature range, and
could withstand chemical and mechanical stress, has significantly increased [1-5].

One of the most frequently studied and used electrochemical energy conversion
devices are solid oxide fuel cells (SOFCs). The attention to SOFCs has been drawn
due to their advantages over other types of fuel cells such as high efficiency (60—
85%), low activation loss, and a large amount of chemical energy conversion to
electric power. SOFCs can operate within a wide temperature range from 400 °C to
1000 °C, depending on the type of the electrolyte. High temperature SOFCs (800-
1000 °C) help to achieve higher efficiency, they are mostly used in stationary
applications. However, high operating temperature (To) results in longer start-up
times, a shorter cell component lifespan, expensive materials, as well as
manufacturing difficulties for external components [5-7]. Therefore, it is important
to reduce the operating temperature. The main issue is to stabilise the nanostructure
of the components over an extended period of time at high To. Reducing the
operating temperatures of SOFCs (< 600 °C) or stabilising the nanostructure are the
main approaches towards obtaining sufficient long-term stability. Low-temperature
SOFCs (LT-SOFCs), operating at 400-650 °C, are denoted by a shorter start-up
time, do not require expensive materials, and can be used in portable devices [8].
One of the important factors for the successful commercialisation of LT-SOFCs is
an electrolyte with high ionic conductivity [9,10]. To develop reliable LT-SOFCs, it
is essential to reduce the cell area resistivity by developing new electrolytes and
improving the electrode performance which is compatible with electrolytes.

Ceria-based ceramics are the most popular candidates for LT-SOFCs
applications because of their high ionic conductivity. Many factors affect the value
of ionic conductivity, such as the crystallite size, morphology, density, grain size,
structure, and thermal expansion of ceria-based ceramics. These parameters can be
controlled by the employed method of chemical synthesis, the type of the dopant and
its concentration, as well as the sintering and annealing conditions. A detailed study
presented in this dissertation suggests the most suitable conditions for the fabrication
of nanostructured ceria-based ceramics with the desired properties.

The thin film formation method and its technological parameters influence the
structural properties and determine the further application of films. Therefore, it is
crucial to investigate the most advantageous ways to improve the qualities of thin
films. The influence of additional heat treatment, which is another approach towards
improving the quality of films, has been investigated, and the optimal conditions for
annealing ceria-based thin films have been determined.
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It is fundamentally difficult to find a material that will have all the desired
properties, including good electrode compatibility, high ionic conductivity, and
stability during operation or in a reducing atmosphere. However, by investigating
the properties of widely used electrolytes such as gadolinium-doped ceria and
samarium-doped ceria from the initial powders and sintering conditions to the
manufacturing methods and the effect of the microstructure on ionic conductivity,
one can find the most suitable approach for their manufacturing.

Research goal

To systematically and comprehensively study the formation of nanostructured
metal oxide ceria-based ceramics for the application of low-temperature solid oxide
fuel cells, while considering the influence of the chemical synthesis method, the
initial metal oxide materials, the type of the dopant and its concentration, various
calcination and annealing temperatures, and the deposition techniques of thin film
formation.

Research tasks

1. To synthesise ceria-based nanostructured ceramics with various dopants and
concentrations by using combustion, co-precipitation (with the same initial
metal nitrates hexahydrates materials), and sol-gel chemical syntheses.

2. To investigate the dependences of the microstructure, surface morphology,
and the electrical properties of the formed nanostructured ceria-based
ceramics on the method of chemical synthesis, the starting metal oxide
materials, and various annealing temperatures.

3. To apply the electron beam evaporation and direct current reactive
magnetron sputtering techniques for the formation of thin films on Si (111)
substrate and multilayer (with 4, 6, and 12 oxide layers) sandwich systems
by varying the technological parameters and applying additional thermal
treatment of thin films.

4. To investigate the elemental composition and morphology of thin films and
the influence of the additional thermal treatment on the formed films.

Scientific novelty

1. Detailed investigation of the influence of a wide range of parameters, such
as methods for the synthesis of nanopowders, the variation of the dopant and
its concentration, thin film formation methods, as well as various sintering
and annealing conditions, on the properties of nanostructured samarium-
doped ceria, gadolinium-doped ceria and samarium-gadolinium-doped ceria
has been performed.

2. The optimal methods and conditions for the formation of ceria-based
ceramics with the desired properties for the application in LT-SOFCs have
been determined.
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The key statements of the doctoral dissertation

1. Combustion and co-precipitation synthesis methods produce ceramic
nanopowders (samarium-doped ceria, gadolinium-doped ceria, and
samarium and gadolinium-doped ceria) which further show the highest total
ionic conductivity values.

2. ltis crucial to determine the proper dopant concentration since its influence
on ionic conductivity is significant: for SDC structures, the best
concentration is up to 20 mol% of samarium, whereas for GDC structures, it
is up to 10 mol% of gadolinium.

3. Co-doping of ceria helps to obtain thermally stable nanopowders of higher
purity, and also substantially increases the ionic conductivity.

4. To obtain the desired concentration of the final films, the concentration of
the target material used for the evaporation when using the electron beam
evaporation technique should be ~28% higher. Layer-by-layer deposition
when using reactive magnetron sputtering requires a higher number of layers
(at least 12 layers of gadolinium and cerium oxides) for their better mixing
and obtaining a homogeneous material.

5. The most suitable annealing temperature for ceria-based thin films is up to
800 °C.

Dissertation structure

The structure of the dissertation is composed to follow the set research tasks. The
main body consists of 5 chapters: introduction, literature review, experimental
technique and methods, results and discussion, and conclusions. The first chapter is
a review of literature discussing LT-SOFC, covering its structure, materials,
methods of formation and the emerging issues. Chapter 3 presents the experimental
techniques and methods employed in this thesis. Chapter 4 presents the obtained
results with the following discussion. The results are divided into 4 parts devoted to
different materials, their characteristics, and applications (SDC, GDC, SGDC, and
the application). Conclusions are presented in the final chapter, which emphasises
the completion of the research objectives. Acknowledgments, a list of references, the
curriculum vitae of the author, and a list of publications and international and
national conferences are presented at the end of the dissertation. The volume of the
dissertation is 166 pages, including 48 figures, 16 tables, 56 numbered equations,
and 315 references.

Contribution of the author

The results and the research presented in the dissertation were carried out at the
Institute of Materials Science of Kaunas University of Technology and during
Erasmus+ internship at the Institute of Solid-State lonics of Warsaw University of
Technology.

The author independently planned all the experiments (calculation and
requirements for the synthesis methods), performed combustion and co-precipitation
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syntheses and thin film formation by the electron beam technique, measured
electrical (impedance spectroscopy), structural and elemental (X-ray diffraction,
Fourier transmission infrared spectroscopy, and Raman spectroscopy), the
morphological (scanning electron microscopy and atomic force microscopy)
properties of the samples, and analysed the obtained data.

Sol-gel synthesis as well as the thermal analysis of the samples were performed
by Dr. Artiiras Zalga and PhD student Giedré Gaidamavi¢iené from the Department
of Applied Chemistry, Institute of Chemistry of Vilnius University. Dr. Mindaugas
Andrulevicius performed X-ray photoelectron spectroscopy measurements. The co-
precipitation method and impedance spectroscopy were taught by Dr. Marzena
Leszczynska from the Faculty of Physics, Warsaw University of Technology.
Magnetron sputtering and RBS measurements were done by Dr. Brigita
Abakevi¢iené and Jurgita Cyviené. PhD student Lukas Bastakys prepared the
simulation of RBS results by using the ‘SIMNRA’ programme. SEM measurements
were supervised and done by Dr. Tomas Tamulevi¢ius. PhD student Algita
helped with the analysis of the electrical properties and writing of the second
manuscript. Brunauer-Emmett-Teller and ICP measurements were performed by Dr.
Artiiras Zalga from the Department of Applied Chemistry, Institute of Chemistry of
Vilnius University. Thin films were prepared with the help and supervision of Dr.
Andrius Vasiliauskas.

The analysis and interpretation of the results were done by the author in
consultation with the scientific supervisor assoc. prof. Dr. Brigita Abakevi¢iené
from Kaunas University of Technology. The scientific results presented in the
dissertation have been published in 3 research papers in journals indexed in
Clarivate Analytics Web of Science with the impact factor and delivered in 14
conference presentations, 9 of which have been presented in person by the
dissertation author herself. The full list of publications and conference abstracts is
given at the end of the dissertation. If the data presented in chapter 4 has been
published in a paper, it is indicated with the letter [A] followed by the number
which coincides with the number in The List of Publications and Conferences
Related to the Dissertation.
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2. LITERATURE REVIEW

2.1 Solid oxide fuel cells

The fast development of technologies used in daily life, the constant evolution
of vehicles and aircraft, overall requiring the increase of the energy production, have
caused various types of environmental problems, such as air and water pollution,
deforestation, global warming, etc. [11, 12]. For the last decades, researchers have
been concentrating on finding sustainable energy production that uses renewable
sources [13]. Compared to fossil fuel combustion and conventional electric energy
generators, fuel cells offer clean and efficient energy, low-pollution technology, fuel
adaptability, and very low emissions They can sustain chemical and mechanical
stresses, ensure long-term stability and high efficiency, and can operate across a
wide range of temperatures [1-5]. Fuel cells are electrochemical devices converting
chemical potential energy from a fuel and oxidant directly into electrical energy [9].
Another electrochemical device is the battery, which has its chemicals stored inside,
which results in a short lifetime. Meanwhile in the case of fuel cells, there is a
constant flow of chemicals into the cell that produces the electricity [14, 15]. The
chemicals which are most commonly used for oxidation-reduction processes
occurring in fuel cells are hydrogen (reductants) and the ambient air (oxidants) [15].
The electrochemical reactions are as follows:

H, > 2H* + 2~ (2.1)

20y + 2H* +2e™ - H,0 (2.2)

There are several types of fuel cells depending on the employed electrolyte
material, which defines the electrochemical reactions in the cell along with the
required catalysts and fuel, and the operation temperature [16]. Depending on the
type of fuel cells they can be used in stationary power generation plants (i.e. solid
oxide fuel cells (SOFCs)), or for small portable applications, for powering vehicles,
mobile applications, and portable electronics (i.e. polymer electrolyte fuel cells
(PEFCs)) [11]. Various types of fuel cells with their requirements, applications,
advantages, and disadvantages are presented in Table 2.1.

Table 2.1. Types of fuel cells. Reproduced from [14]

PEFC AFC PAFC MCFC SOFC
Operating T 40-80 °C 65-220 °C 150-210 °C 600-700 °C 400-1000 °C
cC)
Charge carrier H* OH- H* Co3~ 0%
Cathode 20, + 02 +2H;0 | O3+ 4H™ | 20, +C0,+ | 50, +2¢™ -
reaction 20 + e e 2e” > €03 | 0%

2e” - H,0 2
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Anode H, > 2H* + 2H, 2H, - H,0 + CO% | 02+H,
reaction 2e” +40H~ | 4H' + 4e” - H,0 - H,0 + 2e~
—)4H20 +COZ+26_
+4e”

Electrolyte Hydrated Potassium Liquid Liquid molten | lon conducting
polymeric ion | hydroxide phosphoric carbonate in ceramics
exchange in asbestos | acid in LiAIO2 (yttria-
membrane matrix silicon stabilised

carbide zirconia,
gadolinia-
doped ceria
(GDC),
lanthanum
gallate)

Electrodes Carbon Transition Carbon Nickel and | Perovskite,

metals nickel oxide cermet
(perovskite/flu
orite and metal
cermet)

Fuel Hydrogen or | Hydrogen Hydrogen Hydrogen, Hydrogen,
methanol or and alcohol hydrocarbons | hydrocarbons

hydrazine

Oxidant Oz/air Ozlair Oz/air CO2/Oz/air Ozlair

Heat quality - Very low Low High High

Advantages « Solid * Fast * Tolerance * Fuel * All solid-state
electrolyte cathodic to impurities | flexibility components
reduces reaction in hydrogen » Low-cost * Fuel
corrosion and | * Wide catalyst flexibility
electrolyte range of * Low-cost
management | electro- catalysts
problems catalysts * No electrolyte
* Low flooding
operation * Highest
temperature efficiency
* Quick start-
up

Disadvantages | « Poisoning * High * Slow * Corrosive * High
by trace purity cathodic electrolyte operating
contaminants | hydrogen reaction * High temperature
in fuel * Corrosive operating * High
* High-cost nature of temperature manufacturing
platinum phosphoric * Long-term cost
catalyst acid reliability of * Long-term
« Difficulties * High-cost materials due | reliability of
in thermal platinum to high materials due
and water catalyst temperature to high
management temperature

Manufacturers | Ballard AFC Clear Edge Fuel Cell Bloom Energy

Power Energy, Power, USA; | Energy, USA; | Corporation,
Systems, UK Toshiba Fuel | Ishikawajima- | USA,
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Canada; Cell Power Harima Acumentrics
Baxilnnotech, Systems, Heavy Corporation,
Germany; Japan Industries USA,; Ceres
SerEnergy, (IH1), Japan Power, UK;
Denmark; M- Topose Fuel
Field Energy Cell, Denmark;
Ltd., China Hexis AG,
Germany; LG
Fuel Cell,
South Koreg;
Osaka Gas Ltd.
Japan; Toto
Ltd., Japan

Solid oxide fuel cells (SOFCs) are electrochemical devices converting chemical
energy into electrical energy through a redox reaction with zero or low carbon
emissions [12,17-19]. The main advantages of SOFCs are: exceptionally high
efficiency (from 60% to 85%), low/zero CO, emissions (from 90% to 35%), fuel
flexibility, reduction in the use of fossil fuels, kinetics of fast electrodes in the high-
temperature range, low activation loss, high electrical efficiency, and lack of
corrosion in the structural parts [17,19-25]. Since energy conversion is
electrochemical and does not involve any other intermediate energy conversion
steps, the electrical efficiency of SOFCs is relatively higher than that of similar
mature technologies such as internal combustion engines or generators.

(a)

Interconnection

Electrolyte
Air

electrode

Air flow

Fuel electrode
Solid-state 250 kW module

(b)

Interconnect
Anode
Electrolyte

Cathode

Repeat unit

“ ! Interconnect
S —=sp—Seal

Spacer

Contact paste
Interconnect
Separator plate

Repeat unit

Fig. 2.1. Types of solid oxide fuel cells: (a) tubular, (b) planar. Reproduced from [14]

21



A typical SOFC power system consists of a fuel cell power module, a
hydrocarbon fuel processor, energy conditioning equipment, and a process gas heat
exchanger for temperature control [14,26,27]. The power module of a fuel cell
consists of several cells connected in series and/or physically separated, but
electrically connected with interconnects. Single cell geometries are divided into
tubular and planar (Fig. 2.1) [28]. The power density of a planar cell is
comparatively higher than that of a tubular cell, but a hermetic seal is necessary to
prevent mixing and leakage of a gas [14,26].

The layer-structured cells consist of two porous electrodes (anode/fuel electrode
and cathode/air electrode) with a ceramic electrolyte between them. Oxygen is
reduced to O? ions which are transferred from the cathode through the electrolyte
conducting oxygen ions, and which oxidise the fuel at the anode, thus releasing
electrons to generate electricity [14]. The electrochemical reactions happening in the
anode (Eq. 2.3) and cathode (Eqg. 2.4) are as follows [29]:

2H, +20%~ - 2H,0 + 4e~ (2.3)
0, + 4e~ - 20%" (2.4)

The interconnects provide the electrical connection between the cells as well as
a path for the flow of fuel and air to the electrodes through the integrated gas
channels. In addition, the interconnects help insulate the electrodes from
incompatible gases (the cathode with fuel and the anode with air) [30].

Since the direct conversion of chemical energy to electrical energy does not
suffer from the limitations of the thermodynamic efficiency of the traditional
thermomechanical energy production methods, it is possible to substantially reduce
the size of the entire device to micrometres without affecting the overall efficiency
of the SOFC. Depending on the electrolyte materials, SOFC can operate in a wide
temperature range (400-1000 °C) [14,15,17]. Subsequently, according to the
operating temperature, low-temperature (LT), high-temperature (HT) and
intermediate-temperature (IT) SOFCs are distinguished. HT-SOFCs (> 800 °C) have
the advantage of achieving higher efficiency by converting waste heat into energy,
however, their high operating temperature results in a lower durability of the cell
components, longer start-up times, expensive metallic interconnects and sealants,
and problems in constructing suitable external components [5-7]. Such
disadvantages complicate the commercialisation of HT-SOFCs. Hence, numerous
studies have been carried out with the objective to reduce the operating temperature
[31], [32]. LT-SOFC (400-650 °C) has the potential to be commercialised by using
low cost materials for the structural parts while reducing the size of the heat
exchanger and insulation [8]. Moreover, LT-SOFC requires less start-up time and
offers better thermal cycling resistance. Reducing the operating temperatures of
SOFCs will make it possible to use them in portable devices. Achieving these low
operating temperatures requires the development and revision of new materials,
processing technologies and SOFCs architectures. For the successful
implementation of LT-SOFCs, it is necessary to have a high ionic conductivity
electrolyte, which, in turn, requires a partially occupied sublattice of oxygen ions
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[9,10]. This can be achieved by creating oxygen vacancies V" by doping the material
with acceptor cations (Eq. 2.5) and weak defect-defect interaction [10,33-35]

RE,05 - 2RE}, + 30X + V; (2.5)

where RE is the Rare Earth Element, V, represents the oxygen vacancies, and 0}
indicates an oxygen ion sitting on an oxygen lattice site (o) with the neutral charge
(x). The ionic conductivity depends not only on the dopant but also on its
concentration and the measuring temperature [33]. One of the approaches to
optimise the ionic conductivity is to find the average ionic radius of the dopant that
causes the least distortion of the host lattice [36-38]. Over the years, many studies
have been carried out to find the best trivalent rare-earth (RE) dopant for ceria-based
ceramics, providing the highest ionic conductivity. One of the methods to choose the
RE dopant is according to the application temperature. The total and bulk
conductivity indicates higher ionic conductivity of ceria doped with samarium and
gadolinium compared to other dopants [9,10,35,39-44] Co-doping of ceria with
multiple RE dopants shows an increase in ionic conductivity as compared to single
doped ceria. Therefore, it is important to conduct a detailed study of how the total
concentration of the dopant and the ratio of individual co-dopants affect the ionic
conductivity of ceria-based ceramics.

2.2  Materials for SOFC structural elements

The anode, cathode, electrolyte, and interconnect are the main components of
SOFCs, and each has several functions. For the efficient operation of SOFC, its
components must meet certain requirements (Table 2.2) [16].

Table 2.2. Basic requirements for SOFC components. Reproduced from [16]

Compatibility

Components | Conductivity Stability (chemical and Electroactivity | Porosity

thermal)

Electrolyte High  ionic | Chemical, phase, No damaging (Not required) | Fully
conductivity, | electrical, chemical dense
negligible morphological, interactions,
electronic and dimensional elemental
conductivity | stability in fuel migration or

and oxidant interdiffusion
environments with adjoining
(reducing and components Close
oxidising thermal expansion
atmospheres) match with
adjoining
components

Anode High Chemical, phase, | No damaging Appropriate Porous
electronic electrical, chemical electroactivity
conductivity | morphological, interactions, for hydrogen

and dimensional | elemental oxidation
stability in fuel migration or reactions
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environment interdiffusion with
(reducing adjoining
atmosphere) components Close
thermal expansion
match with
adjoining
components
Cathode High electric | Chemical, phase, | No damaging Appropriate Porous
conductivity | electrical, chemical electroactivity
morphological, interactions, for oxygen
and dimensional | elemental reduction
stability in migration or reactions
oxidant interdiffusion with
environment adjoining
(oxidising components Close
atmosphere) thermal expansion
match with
adjoining
components
Interconnect | High Chemical, phase, | No damaging (Not required) | Fully
electronic electrical, chemical dense
conductivity | morphological, interactions,
Negligible and dimensional | elemental
ionic stability in fuel migration or
conductivity | and oxidant interdiffusion with
environments adjoining
(reducing and components Close
oxidising thermal expansion
atmospheres) match with
adjoining
components
2.2.1 Anode

The most commonly used anodes for LT-SOFC are Ni-cermet anodes. Nickel is
preferred as the anode for SOFC due to its high electrical conductivity, excellent
catalytic activity in the hydrogen oxidation reaction, and stability in a reducing
environment at high temperatures (~500-1000 °C) [15,24]. In order to minimise the
coarsening of metal particles at the operating temperature and to provide a CTE
(Coefficient of Thermal Expansion) for the anode that is reasonably close to the
values of other cell components, a substrate material, such as yttria stabilised
zirconia (YSZ) is used. Another function of YSZ is to improve the adhesion of the
anode to the electrolyte and to increase the active areas of the anode by increasing
the contact areas between Ni and YSZ. Due to the reforming and catalytic activity of
Ni with respect to the oxidation of various fuel components, the high electronic
conductivity of Ni and the ionic conductivity of YSZ to increase the triple-phase
boundaries (TPBs are the intersect point of ionic phase, gas phase, and electronic
phase) along the length, the Ni/YSZ cermet is considered a/the modern anode
material for SOFC [14,45,46].
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While nickel is an electrical conductor, YSZ is an ionic conductor, and fuel
oxidation occurs in TPB. Ni/YSZ anodes for the fuels other than pure hydrogen can
work directly with reformed products through external reforming, or on fuels such as
alcohols or, hydrocarbons, through internal reforming or direct use. The functioning
of Ni/YSZ anodes can be understood by the processes of reaction, adsorption, and
transfer occurring near the TPB of Ni/YSZ, as well as considering the influence of
the microstructure, in particular, the density of the TPB lines inside the anode. Let
us first consider the hydrogen oxidation reaction, which can be divided into several
steps that are believed to occur in/around TPB [47,48]:

Hy gy + 05(YSZ) = Hy0(g) + 2e~(Ni) + V, (YSZ) (2.6)

The first step is the dissociative adsorption/associative desorption of H, on the
Ni surface:

Hy (g + 2(NQ) = 2H(Ni) 2.7)

where H(Ni) is atomic hydrogen adsorbed on Ni, and (Ni) is the free area of the Ni
surface. After the diffusion of the adsorbed hydrogen through TPB onto the YSZ
surface, two successive charge transfer reactions occur:

H(Ni) + 02~ (YSZ) = (Ni) + OH™(YSZ) + e~ (Ni) (2.8)
H(NiQ) + OH™(YSZ) = (Ni) + H,0(YSZ) + e (Ni) (2.9)

The final steps include adsorption/desorption of H>O on the oxide surface and
the transfer of oxygen ions between the oxide bulk and the oxide surface:

H,0(YSZ) = H,0(g) + (YSZ) (2.10)
0X(YSZ) + (YSZ) = 02~ (YSZ) + V; (YSZ) (2.11)

where e~ (Ni) is an electron inside Ni, 0 (YSZ) is lattice oxygen, and V, (YSZ) is
an oxygen vacancy, (YSZ) is an empty portion of the YSZ surface, OH™(YSZ),
0?~(YSZ), and H,0(YSZ) are particles adsorbed on the surface of YSZ.

The second step of the charge-transfer (Eg. 2.9) is assumed to limit the rate so
that the other stages are substantially balanced. An analysis based on Butler—\Volmer
charge transfer kinetics yields the following dependences:

3/4

. .0 (sz/P§2)1/4(PH20)
Ja=]Ja )1/2

(2.12)
(1+p1, /Pir,

where j, is the exchange current density, j§ is the electrode current density, pu, and
Pu,o are partial pressures of H. and H:O, respectively. This shows that the
polarisation of the Ni/YSZ is highly dependent on the composition of the fuel gas
8,48].

: ']I'he development of nano-sized Ni/YSZ anodes is a promising direction for the
production of LT-SOFC. However, the Ni/YSZ anode suffers from some limitations,
such as poor redox stability, carbon deposition, and poisoning with the subsequent
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deactivation of catalytic properties due to the presence of impurities in the gas
phase. Long term stability problems associated with Ni coarsening may arise even at
lower operating temperatures. Among these limitations, poor redox stability is
considered the main disadvantage of the Ni/YSZ anode [14,26,49-51]. The Ni/YSZ
anode may become unstable due to Ni oxidation if the cell is operating in an
extremely high fuel/high current environment, the fuel supply is interrupted, or a
seal leak occurs. Ni oxidation increases the volume of the anode, while volumetric
expansion creates compression in the anode and stretching in the electrolyte. This
can cause cracks in the electrolyte (especially in thin electrolytes) [8]. Several ways
have been suggested to solve the problem of the redox instability of the Ni/YSZ
anode. First, to keep the oxygen partial pressure low enough to prevent anode
oxidation [52]. Another approach is to modify the Ni/YSZ anode by changing its
composition or microstructure [53]. Alternative materials that are resistant to
oxidation-reduction can also be used [54].

The SOFC, consisting of a two-layer anode made of an outer Ni/YSZ support
layer impregnated with Cu-CeO, and an electroactive inner Ni/YSZ layer, obtained
a peak power density of 400 mW x cm™2 at 800 °C [55], which shows that
modifying the anodes can increase the electrochemical performance of SOFC.

Oxides with mixed ionic-electronic conductivity (LaCrOs, SrTiOs, LaixSrkVOs,
SroFe15M00506-5, Sf2MgMoOs -based perovskites) were studied as a potential anode
material [49,56-64]. A suitable dopant for the above mentioned materials can
improve the catalytic activity and conductivity, however, above the critical
concentration, the structure can be destabilised. The performance of these materials
is comparable to that of Ni/YSZ cermet and does not report inhibition of sulphur and
carbon deposits. [58,65]. Alternative anodes also incur several disadvantages, such
as the fact that their electronic conductivity may be insufficient for faster kinetics of
fuel oxidation, and the long-term stability of these materials is questionable [66,67].

2.2.2 Cathode

Strontium-doped lanthanum manganite (LSM), lanthanum nickelate (LazNiOs),
and strontium-doped lanthanum cobaltite ferrite (LSCF) perovskites are commonly
used as potential cathode materials. The main factors when choosing the cathode
material are high electrical conductivity and good electrocatalytic activity. For
SOFC single cells with a minimal contribution to the ohmic resistance of the
components, cathode polarisation is usually the main contribution to the loss of cell
performance [7]. In order to improve cathode performance, infiltration for the
formation of cathode nanostructures can be used [68,69]. By infiltrating yttria-doped
ceria into the LSM/YSZ cathode, the peak power density at 700 °C was increased
from 208 to 519 mW X cm™2 and power density was increased from 135 to 370
mW X cm™2 at 0.7 V [68].

LSM with a concentration of 20 mol% is considered to be the most advanced
cathode material for HT-SOFCs [70]. Since oxygen is adsorbed and desorbed on the
surface, in bulk LSM oxygen also migrates only through the surface, since the
absence of an oxygen vacancy prevents oxygen migration through the bulk (Fig.
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2.2). Thus, the electrochemical reaction happens at the cathode-electrolyte interfaces
[71]. Cathodic displacement promotes the migration of oxygen through oxygen
vacancies in the bulk, and oxygen vacancies, in turn, can be created by increasing
the dopant level of strontium [70,72]. Despite the slow kinetics of oxygen reduction
and low ionic conductivity, the LSM cathode remains appealing due to its
thermochemical stability and a coefficient of thermal expansion (CTE) which
matches YSZ electrolyte (CTE (LSM) is ~11x10° K, CTE (YSZ) 10~11x10° K?)
[70]. The addition of an ionic phase such as YSZ will increase the length of the
TPB, which can improve the kinetics of oxygen reduction and cathode performance
[73,74]. However, LSM, upon contact with YSZ, reacts with the formation of an
insulating phase of lanthanum zirconate (La.Zr,O;) at high temperatures with
changes in the overall microstructure. Thus, the performance of LSM/YSZ
interfaces is fairly often limited to temperatures below 1150 °C [16,69,75-80].
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Fig. 2.2. Path of oxygen migration in cathode where (a) is the surface path for LSM and
LSCF cathodes and (b) is the bulk path for LSCF cathode

In LazNiO4 cathodes, oxygen ions migrate through oxygen vacancies in the
alternating perovskite LaNiOs; and through interstices in La,O,. The interstitial
migration contributes to the ionic conductivity of excess oxygen La;NiO4:s under
normal operating conditions [81-86]. At 800 °C La;NiO, reacts with electrolytes
(YSZ and GDC), thereby forming LasNiO3O10.5 and LasNizOzs LaaNiOasss
dissociates into La;Os; and Ni phases in reduced PO, [87,88]. Compared to LSCF,
the surface oxygen exchange coefficient and diffusion coefficient, the specific
surface resistance is higher for La;NiO.. Limited understanding of the properties of
LaNiO4 makes its investigation and implementation as a SOFC cathode material
difficult [89,90].

LSCF is an oxygen-deficient perovskite with faster oxygen reduction kinetics
and mixed ionic electron conductivity (MIEC), in which oxygen ions migrate
through oxygen vacancies in the bulk of the material (Fig. 2.2) [81]. Oxygen is also
adsorbed and ionised on the surface, and it migrates across the surface like an
electronic conductor. Among the other LSCF compositions, Lag.sSro4C0o2F€0s03-5
has the best bulk stability and corresponds to the thermal expansion of the
electrolyte [51,91,92]. The CTE of LSCF is of a higher value (~15x10° K%):
nevertheless, due to its mixed conducting properties, LSCF shows good catalytic
activity for oxygen reduction at low temperatures. Because of the solid-state reaction
at ~800 °C with the YSZ electrolyte, SrZrOs is formed, which limits the application
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of LSCF for SOFCs [93-96]. To prevent the LSCF cathode from reacting with the
electrolyte at operating temperatures, a barrier layer of CeO, can be used [97,98].
Although the interdiffusion of elements through the LSCF and GDC during the
manufacturing of the device is high enough to segregate oxides at the grain
boundaries and interfaces, which results in reduced cell performance, GDC is still
the preferred electrolyte for LSCF cathodes [93,99-103].

The best characteristics among the above mentioned cathode materials are
shown by LSCF, which features a higher surface exchange coefficient and oxygen
diffusion coefficient, as well as lower polarisation resistance [104].

Along with the solid-state interaction with the electrolyte, the interaction of the
cathode with impurities in air, silicon from the insulating materials and sealants,
chromium vapour from the interconnects, and other impurities affect its performance
[14]. In atmospheric air, the main impurities affecting the cathode are ~400x10®
CO3, ~3% of H.0, and sulphur at the 10° level in the form of SO2/SOs/H,S [14].
Moisture in the air precipitates SrO on the LSM and LSCF surfaces, thus increasing
the ohmic and polarisation resistances, and consequently deteriorating the
performance of the cathode. However, there is no general agreement on the
mechanism of strontium segregation at the cathode. The transport of chromium in
the form of CrO2(OH), or CrOs vapour (chromium poisoning) from the metal
interconnect in air also degrades the performance of the cathode [14,96]. CrO2(OH);
or CrOs are reduced to Cr,O3 and randomly deposit at the junction of the electronic,
ionic conducting, and gas phases. The reaction products of Cr,Os; with the cathode
are (Cr, Mn);04 for LSM and SrCrO, for LSCF. However, the degradation is lower
for the LSCF cathode compared to LSM because the distribution of chromium
deposition across MIEC (e.g., LSCF) cathodes is random, and for LSM and
LSM/YSZ cathodes, chromium deposition blocks the electrochemical reaction [14].

2.2.3 Electrolyte

Among the structural parts of SOFCs, electrolyte plays a decisive role in
improving the overall characteristics and performance of SOFCs [5]. The operating
temperature of SOFC is determined by the material of the solid electrolyte, and ionic
conductivity is an important parameter for lowering the operating temperature [105—
107]. The electrolyte material must have following properties (Table 2.2):

1. High ionic conductivity and negligible electronic conductivity

2. The CTE of the electrolyte should closely match the CTE of the electrode.

3. A very dense structure with a fine grain size. This will reduce the fuel
leakage by avoiding direct reaction between fuel and air (oxygen).

4. Good chemical stability during oxidation and reduction, including
reactions at the electrode/electrolyte interface as well as at the
reagent/electrolyte interfaces.

The best known solid oxide ion conducting electrolytes for SOFCs are the
fluorite-type oxide materials, ones that are zirconia-based or ceria-based, and
perovskites such as lanthanum gallate. At high operating temperatures (800-1000
°C), yttria-stabilised zirconia (YSZ) is the most commonly used electrolyte due to its
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high ionic conductivity and good chemical stability [108,109]. Prabhakaran K. et al.
[110] reported the total ionic conductivity of 0.1 Sxcm™ at 1000 °C for YSZ with 8
mol% yttria. However, due to the high activation energy of the oxide ion transfer,
the ionic conductivity at low temperatures is low. In addition, high To reduces the
lifetime of the cell and requires a longer start-up time. With the YSZ electrolyte,
better conductivity values can be achieved when the size of the dopant is similar to
the size of the host material since the dopant and host cations with different ionic
radii will create defects with a higher charge and strong Coulomb interaction,
leading to a decrease in the total conductivity [9].

Scandia-doped zirconia exhibits higher conductivity values compared to YSZ
(Table 2.3), however, it is difficult to employ due to its high cost, a decrease in
conductivity in the temperature range 700-1000 °C, and the scandium-zirconia
system is complex with a multicomponent assembly phase for most SOFC
compositions [111,112].

Lattice deformation due to polymer transformation leads to elastic deformation
during thermal cycling; therefore, the conductivity and the subsequent application of
SCSZ and YSZ are good only for HT-SOFC (> 800 °C) [14].

Lanthanum-based perovskites can be used to replace fluorite-type electrolytes,
for instance, the optimised composition of LaixSrkGai.yMgyOs offers a conductivity
of ~0.14 Sxcm™ [113]. The disadvantage of using perovskite materials is the phase
purity; at higher sintering temperatures, loss of La is observed, which affects the
interdiffusion properties [114]. In the reduced atmosphere (at ~108 Pa PO, at 1000
°C) there is a presence of the electronic conductivity , which makes it difficult to be
used at higher temperatures. Moreover, at LT, the conductivity values are lower
compared to ceria-based electrolytes [14]. Bismuth-based materials show good
conductivity values (~10-100 times higher than YSZ) but suffer from phase
stabilisation problems; the bee y-phase is observed upon cooling from ~700 °C to
room temperature. Moreover, all bismuth-based oxides are easily reduced in a
reducing atmosphere and become unsuitable for use as an electrolyte [115,116].

Table 2.3. Total ionic conductivity, operating temperature, and preparation methods
for various electrolyte materials for SOFC

Material Ototal T Method Reference
(Sxem?) | (°C)
Single dopant

8YSz 0.13 1000 Spray drying [110]

5-10 YSZ 0.034 800 Thin film prepared by [117]
aerosol-assisted
MOCVD
9-5YSz 0.057 900 Thick film prepared tape [118]
casts of nanopowders
10 YSz 4.52x10% | 400 Thick film prepared by [119]
ALD
15 GDC 4.07x102 | 700 Solid state reaction [120]
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17 SDC 5.7x107? 600 Hydrothermal method [121]
20 SDC 8.8x107? 800 Oxalate co-precipitation [122]
20 YDC 3-4x102 | 700 Citric acid-nitrate [123]
combustion
Ce0.925M00.07501.925 3.11x10* | 700 - [124]
Sc203-Zr0O2 (6 mol%) 0.18 1000 The sintered film was [125]
treated by hot isostatic
pressing
Sc,05-Zr0 (9-11 mol%) 0.28-0.34 | 1000 Co-precipitation [111]
Ndo.2Ceo.802:5 - 600 Combustion [126]
(Y203)0.08(ZrO2)0.92 1.1x1073 500 - [127]
(S¢203)0.1(Ce02)0.01(Zr02)0.89 | 2.5x1073 500 - [127]
Gdo.1Ce0.901.05 5.8x10° | 500 - [127]
Smo.2Ceo.g01.9 1.54x107 | 600 Combustion [128]
Co-doped electrolyte system
Ceg.855M0.1501.925 1.74x10* 500 - [129]
Ceo.85Gd0.1SMo.0501.9 0.046 700 Citrate-nitrate [129]
combustion
Ce.85Gd0.06SM0.0901.925 2.68x10° | 500 Citrate-nitrate [129]
combustion
Ceo.85Gd0.0aSM0.0601.925 2.49x10° | 500 Citrate-nitrate [129]
combustion
Ce.925Mdo.07L.80.0101.925 4.8x10%3 700 Auto combustion [124]
Ceo.sMgo.0sLa0.0s01.92 2.54x10% | 700 Auto combustion [124]
Ceo.95Al0.0251-20.02501.975 3.04x10* | 500 Auto combustion [130]
Ce.84Gdo.15CU0.0102-5 7.81x10% | 600 Polymer precursor [131]
method
Ceo.8255M0.0875Gdo.087501.0125 | 2.23 600 A citrate complexation [9]
Ceo.76La0.0sPro.08SMo.0802-¢ | 0.043 600 Sol-gel auto-combustion [132]
technique
Ce0.76Pr0.0sSM0.0sGdo.0s02-5 | 1.86x102% | 600 Sol-gel auto-combustion [133]
synthesis

Ceria-based materials (Ce;—xMxO:-5, where M is usually Sm, Gd, Dy, Nb, Y, Ti,
and Zn) are among the best materials for electrolytes in the operating temperature

range of 400 °C to 800 °C [115,134,135]. CeO, features a cubic fluorite structure

with the [Xe] 4f?5d°6s? electronic configuration, in which Me ions can exist in the
3+ and 4+ oxidation states [136]. The cubic structure of ceria is stable from room
temperature to 2400 °C (its melting point) and can contain a high rate of point
defects. In the presence of oxygen atmosphere, oxidative charges are unstable, and
therefore stoichiometry depends on the partial pressure of oxygen and temperature
[137,138]. When exposed to a reduced gas atmosphere, pure CeO; undergoes partial
reduction and loses oxygen atoms, which leads to a high concentration of defects:
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The reduction of ceria results in excessive metal defects and if the oxygen
content is removed, then the composition will eventually acquire an overall positive
charge due to the hole formation. Thus, in order to maintain charge neutrality, this
must be compensated for by introducing (for each removed oxide ion), two electrons
bonded to two cerium atoms, which become Ce®* (Ce** — Ce3") [5]. Oxide ion
conductivity occurs when ceria is doped with trivalent or divalent cations, which
results in the formation of oxygen vacancies (Vo) in the crystal system which
increases with an increase in the optimal concentration of the dopant [139].

M;05 — oM/, +30% +Vy (2.14)

Vo is responsible for the conductivity of oxide ions in the crystal system due to
the mechanism of vacancy migration (Fig. 2.3).

o« 6 0O
QD.“ O
\Q ue 1.

Fig. 2.3. (a) Crystal structure and (b) oxygen migration in fluorite ceria (the turquoise circle
is oxygen, the red circle is cerium, and the empty square is a vacant oxygen site. Oxygen
migration towards oxygen vacant sites is indicated with the arrow)

According to [140], the ionic radius of the dopant has an important role in
achieving high ionic conductivity. With an increase in the ionic radius, the ionic
conductivity also increases; however, at the critical ionic radius (r > 1.09 A), the
value of conductivity decreases.

Fig. 2.4 shows the influence of ionic radii of various dopants on the ionic
conductivity of ceria [136]. As it can be seen, the conductivity values are higher for
Sm3* and Gd** since their ionic radii (1.08 A (Sm3*) and 1.05 A (Gd®")) are close to
the radius of the Ce** ion (0.97 A), and the doped system has lower elastic energy.
According to various studies, the maximum conductivity of ceria can be obtained by
doping with 10~20 mol% Gd»Os or Sm,0s. At relatively higher values of oxygen
partial pressure at higher temperatures (~10** Pa PO, at 700 °C), the electronic
conductivity dominates over ionic conductivity. Therefore, even with high
conductivity values, ceria-based electrolytes are not suitable for HT-SOFC, but are
ideal for LT-SOFC by virtue of reducing its To ~650 °C [14].

Although doping creates oxygen vacancies in the CeO. lattice, fluorite
structures admit a certain limit. Above this limit there is an association of defects at
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the dopant level between the vacancy and the dopant cation, which leads to a
decrease in ionic conductivity [141]. Therefore, minimising the association of
defects with the preferred dopant at the optimum level can improve ionic
conductivity. The dopant concentration and the preparation method are some other
important parameters affecting the composition, morphology, and, subsequently, the
conductivity of ceria-based electrolytes.
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Fig. 2.4. The plot of the ionic conductivity vs ionic radius of various dopants in ceria.
Reproduced from [5]

Steele [140] evaluated materials for IT-SOFC electrolytes at To 500 °C and
reported that Gd** is the most suitable dopant compared to Sm** and Y?*'.
Gdo.1Ce0902-5 had an ionic conductivity of 0.0253 Sxcm™ at 600 °C, which was the
highest among all the researched ceria-based samples. This result is comparatively
low, which was explained by the harmful effects of SiO, impurities that are
responsible for high grain boundary resistivities. According to [142-144] in the case
of addition of a dopant, the minimum elastic deformation leads to the maximum
ionic conductivity of fluorites based on the empirical relationship between the lattice
parameter at room temperature and the radius and concentration of the dopant ion.
Moreover, the authors showed that Gd** has the highest ionic conductivity since its
ionic radius is close to the critical value. Yahiro et al. [145] investigated the total
ionic conductivity of the (CeO-)os(LNO15)o2 Series where Ln = Sm, Gd, La, Nd, Eu,
Ho, Y, YDb, and Tm at 800 °C. The ionic conductivity of (Ce0.)14(SmOus)x had the
highest value among the samples (0.0945 Sxcm™), and La,O; doped had the lowest
value (0.0416 Sxcm™). The authors also reported that, when increasing the
concentration of Sm,03 (x > 20 mol%), the total conductivity decreases. Eguchi et
al. [146] also reported the highest ionic conductivity for (CeO2)os(SmOa1s)o2 In
comparison to that of the other RE elements. The authors stated that the change in
the lattice constant depends linearly on the dopant concentration and increases to the
solubility limit. Omar et al. [38] investigated the density functional theory (DFT) of
the interaction energy between a dopant cation and an oxygen vacancy as another
doping strategy. According to it, Sm3 and Nd** offered 14% higher bulk
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conductivity than Gd** at 550 °C. In their further work [147], the authors
synthesised 10 mol% of Do1Ceo.902-5 (Where D = Gd**, Sm®, Nd**, Lu®*, Yb**, Er®,
Y3*, and Dy**) by using a conventional solid state reaction method and reported that
Ndo.1Ce.902-5 had the highest total ionic conductivity and that the bulk conductivity
at 500 °C is ~17% higher compared to Gdo.1Ceos025. Zhang et al. [127] made a
systematic comparison of commercial YSZ, ScSZ, and GDC. The authors showed
that GDC ceramic had more narrow grain size distribution and at low To (500 °C),
had the highest conductivity of 5.8x10* Sxcm™ and the lowest activation energy. It
has been reported that with increasing the dopant concentration, the conductivity of
aliovalent-doped ceria also increases, and, due to the defect association, reaches its
maximum when the dopant concentration is ~10-20 mol% [126,148].

Over the years, various publications on ceria-based electrolytes reported a wide
range of conductivity considering the dopant type and its concentration (M2O3, M =
Sm, Gd, Dy, Nb, Y, etc.; 10-20 mol%). The presented results differ from each other,
and their disagreement is associated with different methods of preparation of
materials, which influenced their properties, such as the microstructure. The
properties of the starting material, the processing of powders, the sintering
conditions, and the microstructure after sintering affect the ionic conductivity.
However, not many publications provide detailed investigation on such properties.
Mori et al. [149] examined the influence of the morphology and reported that the
conductivity of Smg,Ceo 3019 Was higher, and the activation energy was much lower
for sintered powders consisting of round-shaped particle compared to elongated
particles. Chen et al. [150] investigated the impact of the sintering/calcination
conditions and showed that YSZ calcined at 1350 °C for 4 h had a conductivity of
0.105 Sxcm™, while YSZ calcined at 1250 °C for 8 h had a conductivity of 0.112
Sxcm™. These results are explained by the variation of the grain size and the relative
density.

Although the doping of cerium oxide with low-valence REs helps to achieve
high ionic conductivity, the single-doped ceria suffers from some disadvantages.
The main problem is that the reduction of Ce** to Ce®" decreases the oxide-ionic
conductivity, thus increasing the electronic conductivity. This results in low power
output, which affects the overall efficiency of the cell [41]. An approach that can
improve the quality of electrolytes and enhance the conductivity is co-doping of
ceria with more than one dopant.

Ruiz-Morales et al. [151] studied CeosSmxGdyNd,O19 co-doped ceria
electrolytes with various concentration of the dopants and reported that
Ceo0sSmo.1Gdo.101.9 Showed the highest conductivity in the IT range (300700 °C). In
[152], the authors synthesised ceramics by using the citrate method and compared
the properties of singly doped ceria (CeosSmo.201.9 and Ce1.xGdxO2-05x (X = 0.1-0.2))
with ceria co-doped with Gd and Sm (Ce1xGdyxySmyOyz05x (Where x = 0.15 or 0.2
and 0 <y <x)). It was reported that at 700 °C the ototar Of Ceo.85Gdo.15.ySMyO1.925 Was
0.046 Sxcm™, which was higher than the highest values of singly doped ceria
(0.0316 Sxcm™ for CeossGdo1sO1.925 and 0.041 Sxcm™ for CepgSmo201g)). In
addition, for the co-doped system, the activation energy was lower, which was
explained by the suppression of the ordering of oxygen vacancies [153]. Coles-
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Aldridge and Baker [9] carried out a systematic study of ceria-based oxides co-
doped with Gd and Sm for IT-SOFC. The authors synthesised two series of
compositions of the co-doped system and found that in the IT range (550-900 °C)
Ceo.8255M0.0875Gdo.087501.0125 has the highest total conductivity among other
concentrations of the co-doped system and its singly doped compound (2.23 Sxcm™
at 600 °C) [9]. Similarly, Dikmen [154] reported higher values of conductivity for
Ce0.sGdo.1SmMe 1025 compared to CepsGdo202-5 at 700 °C. Moreover, the author
compared various metal co-dopants with Gd (CeosGdo.2-«MxO2-5, Where M is Sm
with x =0t0 0.1 and M is La, Nd, and Bi with x = 0.05) and got the highest values
when co-doping with Sm (ot ~6.5%102 Sxcmat 700 °C with 0.59 eV E,).

2.2.3.1 Methods of chemical synthesis

Despite the variety of different methods of chemical synthesis for the
fabrication of ceria-based materials, priority will be given to simple methods which
allow to obtain finest and pure nanopowders [135,155-158]. Arabaci [159]
synthesised CeosGdo>xPrO1.90 (Where x = 0 to 0.10) by using citric acid-nitrate
combustion and obtained oot Of 5.1x10%2 Sxcm™ at 750 °C for CeosGdo.1Pro101.9
and 3.4x102 Sxcm™at 750 °C for CeosGdo2Pro1001.9. In [160] Ceo9-xGdo1SMxOr-;
(where x = 0, 0.05, and 0.10) was synthesised by using the Pechini method,; it had
the highest conductivity of 4.23x102 Sxcm™ at 750 °C for Ceo.5Gdo1SMo.0501.925.
Madhuri et al. [132] investigated the triple-doping of ceria (Ces-
x(LaxsPrxsSmys)02-5) synthesised by the sol-gel auto-combustion method and
Ceo.76L.20.08Pro.0sSMo.0802-5 has the highest oiotal OF 0.043 Sxcmtwith E, of 0.76 V.

Combustion (CB), co-precipitation (CP), and sol-gel (SG) are some of the
simplest and most popular methods for the formation of complex ceria-based oxides;
they are inexpensive and relatively fast, and help to synthesise nanopowders with a
controlled homogeneous structure [161-164]. Kim et al. [126] synthesised
aliovalent-doped ceria, such as Sm.0s;, Gd,O3, and Nd.Os, by using the combustion,
solid-state, hydrothermal, and co-precipitation synthesis methods. It was shown that
among other doped-ceria, Ndo..CeosO2.5s (NDC) synthesised by combustion had the
highest conductivity at 600 °C and below 550 °C. Moreover, it was shown that the
ionic conductivity in the IT range increases with the increasing lattice parameter, the
dopant ionic radius, and the concentration (134 < ref < rasand 10 mol% < 20
mol%), as well as at a lower annealing temperature. The grain boundary
conductivity of the 20 NDC ceramics obtained by combustion and annealed at 1450
°C for 4 h was several magnitudes higher compared to the ceramics obtained by co-
precipitation and solid-state reaction and annealed at 1650 °C for 10 h. The effect of
the lower annealing temperature was explained by the space charge layers and the
deleterious effect of SiO, impurities, which affect the resistivity of the grain
boundaries. The authors concluded that the use of the combustion synthesis method
and a lower annealing temperature can efficiently decrease the resistivity of the
grain boundary [126]. Tian et al. [128] obtained the highest conductivity (0.0154
Sxcm? at 600 °C) for Smo2CeosO19 Synthesised by combustion and annealed at
1300 °C; a further increase in the annealing temperature decreased the conductivity
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value. Macedo et al. [165] studied the potential use of the sol-gel methods for the
formation of CepsSmo2019 and reported that the nanopowders possess good
sintering ability with an average crystallite size of 12 nm; the obtained ceramics had
a polygonal microstructure with the average grain size of ~15 pm and the total ionic
conductivity of 0.0091 Sxcm™ at 600 °C with the activation energy of 0.94 eV.
Koettgen and Martin [41] synthesised Ce;—xRExO»-v2 (Where RE were Sm (x = 0,
0.025, 0.05, 0.07, 0.075, 0.1, 0.125, 0.15, 0.2, 0.225, and 0.25) and Gd (x = 0.07 and
0.1)) using sol-gel. The authors showed that, with an increasing temperature, the
dopant fraction increased as well, thus leading to the maximum value of
conductivity, and the highest total conductivity was found for Sm-doped ceria.
Moreover, it was reported that the change of the annealing conditions leads to a
scatter of conductivity by an order of magnitude. For instance, the bulk and grain
boundary conductivity values of CeggsSmo15s01.925 at 173 °C that were annealed
between 1111°C to 1514°C for 4 to 55 h were scattered by an order of magnitude.

2.2.3.2 Thin films fabrication methods

In order to improve the performance of the electrolyte and the overall
development of LT-SOFC, it is necessary to lower the operating temperature.
However, when decreasing the temperature, the resistivity of the electrolyte
increases. This problem can be solved by reducing the electrolyte thickness. Yiming
et al. [166] prepared a thin YSZ electrolyte by using novel dry
pressing/heating/quenching/calcining, the obtained thicknesses were 78 um. The
authors stated that, at a lower thickness, the electrolyte offers low ohmic resistance
and good electrochemical characteristics (the ohmic resistance is 0.19 Qxcm? at 850
°C) [166].

The state-of-the-art electrolyte for the IT-SOFC, ~10 um YSZ, at low
temperatures does not show high ionic conductivity to achieve acceptable area
specific resistance (ASR¢j) from the electrolyte [127]:

ASR,; =L x o071 (2.15)

where ¢ is the ionic conductivity, and L is the thickness of the electrolyte. According
to Equation 2.15, reduction of the thickness of the electrolyte will reduce the ASRe,.

It is necessary to choose a method for the formation of thin electrolyte films
that will make it possible to produce films of the required thickness. Over the years,
many methods have been introduced for making films of different thicknesses, and
thin films can be obtained by chemical vapour deposition (CVD) [167,168], physical
vapour deposition (PVD) (1-5 pm [169-173]), magnetron sputtering (400 nm — 5
pm, [174-176]), pulsed laser deposition (PLD) (~700 nm, [174,177,178]), screen
printing (7 pm, [174,176]), dip-coating (mesoporous layers, 100-700 nm [179]),
spin coating (1 pm [180]), spray pyrolysis (700 nm [174], [181]), electrostatic spray
(85 nm [182]), and sol-gel infiltrated screen printing (1.5 pm [183,184]). A
comparison of the methods is given in Table 2.4.

When applying the chemical deposition methods (chemical vapour deposition
(CVD) and electrochemical vapour deposition (EVD)), a solid material is formed by
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a gaseous precursor through an activation process [185]. The advantages of this
method are the control of the chemical composition of the films, which are uniform,
adherent, and pure. However, corrosive gases are present during CVD and EVD, the
reaction temperature is high, and the deposition rate is low [185].

Various sputtering techniques, grouped as physical vapour deposition (PVD),
are some of the most commonly used methods. Radio frequency sputtering (RF) was
widely used to deposit YSZ films; however, the deposition rate is rather low (0.25
umxh?) [186,187]. Meanwhile, due to the higher sputtering yield, the deposition
rate when using reactive magnetron sputtering shows a much higher value (2.5
umxh?) [188,189]. In addition, ion irradiation is involved during magnetron
sputtering, which makes it possible to obtain high density films at low temperatures.
When using magnetron sputtering, structures with specific properties and different
compositions can be formed by changing the sputtering parameters and sputtering
sources [190-192]. Thin electrolyte films can be deposited by vacuum deposition
methods whose, deposition rate is two orders of magnitude higher compared to the
previously mentioned methods [193-195]. Although the use of electron beam
evaporation (EB-PVD) on composite materials makes it challenging to control the
composition of the films, the deposition area is large, the deposition rate is high, and
it also gives better control of the thickness.

Table 2.4. Comparison of the methods for producing thin and dense electrolytes for
SOFC applications. Reproduced from [185]

Film characteristics Process features
Technique Microstruc | Deposition rate or Cost Characteristics and
ture thickness limitations
Vapour phase
Thermal  spray 100-500 um x h~1 High deposition rates,
technologies various compositions
possible, thick, and
porous coatings, high
temperatures necessary
Electrochemical | Columnar 350 ym x b7t Expensive High reaction
vapour structures equipment temperatures
deposition and necessary, corrosive
(EVD) processing gases
costs
Chemical Columnar 1-10 um x h™1 Expensive Various precursor
vapour structures equipment materials possible, high
deposition reaction temperature
(CvD) necessary, corrosive
gases
Physical vapour | Columnar 0.25-2.5 uym x h~1 | Expensive Tailor-made films,
deposition structures equipment dense and crack-free
(PVD) (Radio films, low deposition
frequency and temperatures,
magnetron multipurpose
sputtering) technique, relatively
small deposition rate
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Laser ablation Expensive Intermediate deposition
equipment temperatures, difficult
(laser) upscaling, time-sharing
of laser, relatively
small deposition rate
Spray pyrolysis | Amorphous | 5-60 um x h™? Economical Robust technology,
to upscaling possible,
polycrystall easy control of
ine parameters, corrosive
salts, post-thermal
treatment usually
necessary
Liguid phase
Sol-gel, Liquid | Polycrystall | 0.5-1 um x h~1 Economical Various precursors
precursor route ine for each coating possible, very thin
films, low temperature
sintering, coating and
drying/heating
processes have to be
repeated 5-10 times,
crack formation during
drying, many process
parameters
Solid phase
Tape casting Polycrystall | 25-200 pm x h~1 Robust technology,
ine slightly upscaling possible,
textured crack formation
Slip casting and | Polycrystall | 25-200 ym x h™* | Economical Robust technology,
slurry coating ine crack formation, slow
Tape Polycrystall | 5-200 pm x h~1 Upscaling possible, co-
calendering ine calendering possible
Electrophoretic | Polycrystall | 1-200 pm x h™1 Short formation time,
deposition ine little restriction to
(EPD) shape of substrate,
suitable for mass
production, high
deposition rates,
inhomogeneous
thickness
Transfer Polycrystall | 5-100 pm x h~1 Economical Robust technology,
printing ine rough substrate
surfaces possible,
adhesion on smooth
substrates difficult
Screen printing | Polycrystall | 10-100 ym x k™! | Economical Robust technology,
ine upscaling possible,
crack formation

It is difficult to find a suitable method for the formation of thin films, since
most of them form porous, rather thick, inhomogeneous films and may even require
a high sintering temperature. The sintering temperature of ceria-based films should
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not exceed 1100 °C, since above this point, a solid solution of GDC or SDC with
low conductivity is formed [196-198].

From the relevant research and literature, it is evident that Gd and Sm, as
single-doped or as a co-doped system in ceria-based electrolytes, increase
conductivity to a greater extent compared to the other dopants of rare earth elements.
Therefore, it is necessary to comprehensively and systematically study how dopants
and their concentrations, as well as synthesis methods, affect the ionic conductivity
of ceria-based electrolytes. The results of such study will allow us to understand
how minor changes in the composition affect the parameters that determine the
favourable characteristics of electrolytes for LT-SOFCs. Moreover, a comparison of
two favourable PVVD methods while varying their parameters will help to choose the
best preparation route.
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3. EXPERIMENTAL TECHNIQUES AND METHODS

3.1 Chemical synthesis methods

Ceria-based nanostructured ceramic powders were synthesised by using the
combustion, co-precipitation, and sol-gel chemical synthesis methods. A summary
of the synthesised nanopowders and their stoichiometric equations is presented in
Table 3.1, and the materials used for the synthesis and formation of thin films are

presented in Table 3.2.

Table 3.1. Summary of the synthesised ceria-

based nanopowders

Notation The molar Chemical formula Notation

concentration of dopants of synthesis
method

10 SDC 10 mol% of Sm,03 SMo.1Ce0.902-5 CB, CP, SG

20 SDC 20 mol% of Sm,03 SMo.2Ce0.802-5 CB, CP, SG

26 SDC 26 mol% of Sm,03 SMmo.26Ce0.7402-5 CB, CP, SG

30 SDC 30 mol% of Sm,03 Smo.3Cep7025 CB, CP, SG
10 GDC 10 mol% of Gd,O3 Gdo.1Ce0.902-5 CB, CP
15 GDC 15 mol% of Gd,O3 Gdo.15Ce0.8502-5 CB, CP
20 GDC 20 mol% of Gd,03 Gdo.2Ce0.802-5 CB, CP
25 GDC 25 mol% of Gd,0s Gdo.25Ce0.7502-5 CB, CP
SGDC 0.0875 mol% of each Sm,03 | Ceo.g255Mo.0875Gd0.087502-5 CB, CP

and Gd,03

Table 3.2. Materials used for the synthesis and formation of thin films

The initial synthesis materials were following:

Reagents Solutions
Cerium (UD)] nitrates hexahydrates | Ammonium hydroxide 25% (NH4OH,
(Ce(NO3)3-6H20, 99.0%, Fluka) 25%, Sigma Aldrich)
Samarium (un) nitrates hexahydrates | Deionised water (H20)

(Sm(NOs)3-6H20, 99.9%, Sigma Aldrich)

Gadolinium (D) nitrates  hexahydrates
(Gd(NO3)3-6H20, 99.9%, Sigma Aldrich)

Glycine (NH2CH.COOH, > 99.0%,

> Sigma
Aldrich)

Oxalic acid (CoH204, >99.0%, Sigma Aldrich)

(L-(+)- Tartaric acid (CsHsOs) (TA) > 99.5%,
Sigma Aldrich)

Samarium  (II1) oxide (Smy0s;  99.99%,
AlfaAesar)
Ammonium cerium (v) nitrate

((NH4)2Ce(NO3)4, 99.99%, Sigma-Aldrich)

Nitric acid (HNOs, 66%, Reachem)

39




The following substrates and materials for the cleaning of the substrates were used for
the preparation of the thin films:

Materials for the cleaning Substrates
99.8% acetone (C3H¢O) (Reachem Slovakia | Silicon (Si) wafer with 500 pm
5.r.0.) thickness, orientations (100) and (111),
p-type, single-side polished, (Sigma-
Aldrich);

> 99% N,N-Dimethylformamide (Sigma-Aldrich) | Silicon oxide/silicon (SiO./Si) wafer
with 1 um thickness of SiO; ((100), p-
type, double-side polished, Sigma-
Aldrich);

Nitrogen (N2) gas (Aga Sia, 96%) a-Al>O3 substrate (double-side polished,
BK-100-1, Kineshmo, Russia)

3.1.1 Combustion synthesis method

Combustion synthesis (CB) is a complex, self-sustaining exothermic process
that occurs in a homogeneous aqueous or a sol-gel precursor solution. CB is an
inexpensive, relatively fast, and simple method for synthesising various nanoscale
materials such as oxides, sulfides, alloys, and metals, which is why it has become
one of the popular approaches to producing nanomaterials [199,200]. The process
includes several thermally related exothermic reactions that lead to the formation of
ultrafine solid oxides of the corresponding metal and a large amount of gas. CB
begins at room temperature with the thermal decomposition and dehydration of a
homogeneous solution of compounds in the solid state having a complex crystal
structure. A unit crystal cell consists of atoms that function as fuel (H, C) and
oxidising atoms (for example, O) which are separated by distances on the Angstrom
scale [200]. The initial constituents are mixed at the molecular level, and the sizes of
particles of a solid powder are approximately 10>—10° nm.

A significant step for the detection of CB was the synthesis of aluminium
nitrate hydrate (AI(NO3)sx9H,0) (oxidiser) and urea (CHiN2O) (fuel). The
combustion process of a dissolved in a distilled water oxidiser and fuel solution was
observed at approximately 1350 °C and lasted ~3 min. The final product was a-
Al;O3 and a large amount of gas, which leads to a substantial expansion of the solid
product and a swift decrease in temperature. Consequently, the obtained powders are
finely dispersed and porous. The reaction of the process is as follows [200]:

2A1(NO3)5 X 9H,0 + 5CH,N,0 = Al,05 + 8N, + 5C0, + 28H,0  (3.1)

Combustion synthesis is classified by the chemical composition of different
types of components (oxidiser, fuel, and solvent) used for the synthesis. Table 3.2
presents the most commonly used constituents for CB due to their advantages. The
presented oxidisers have a relatively low decomposition temperature and offer good
solubility in water which is one of the most commonly used solvents. For instance,
aluminium nitrate hydrate (AI(NO3)3x9H,0), which was present in the reaction (Eqg.
3.1), decomposes at approximately 130 °C, and its solubility in water is ~64 wt% (at
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room temperature). Meanwhile, aluminium sulfate (Al2(SO.)s) decomposes at 600
°C with ~27 wt% of solubility in water (at room temperature).

The criteria for fuel are a low decomposition temperature (< 400 °C), high
solubility, it should be compatible with the oxidiser, and should not lead to other
residual mass. The presented fuels are a source of hydrogen and carbon, and they
compose complexes with metal ions, which results in  homogeneous mixing of
cations. It should be noted that the fuel should not only provide the system with a
sufficient amount of heat but also should ensure the formation of stable complexes
with metal ions to increase their solubility and prevent the selective precipitation of
metal ions during water removal [200].

Table 3.3. Most commonly used constituents for combustion synthesis

Oxidizer Fuel Solvent
Metal nitrates or metal | glycine (CoHsNOy) water (H20)
nitrate hydrates:
MeY(NOs),xnH,0 sucrose (C12H22011) hydrocarbons:

v is metal valence

glucose (CsH1206) kerosene
benzene (CgHs)

citric acid (C¢HsO7)

urea (CH4N20)

Ammonium nitrate hydrazine-based fuels: alcohols:

(NH4NOs)
carbohydrazide (CHsN4O) ethanol (C2HsO)
oxalyldihydrazide methanol (CH40)
(C2HsN40O2) furfuryl alcohol

(CsHe02)

Nitric acid (HNO3) hexamethylenetetramine Zéml_e;tgoxyethanol
(CeH12Ng) (CaHgO2)
acetylacetone (CsHgO>) formaldehyde (CH20)

There are various types of combustion synthesis methods that are classified by
the nature of the process and the state of the initial precursors [201]. According to
the first classification, there are two types of the process, deflagration (subsonic
reaction) and detonation (supersonic wave). In the course of the deflagration
method, various mechanisms of mass transfer and heat conduction initiate the
reaction from the burning part to the subsequent layers of the reactants. Meanwhile,
the detonation process works like a supersonic wave, which heats the explosive, thus
initiating the chemical reactions with the release of energy [201]. The synthesis of
ceria-based materials is performed by using the deflagration mode; thus, we will
continue to discuss this type of method [17,202-205]. There are two modes in the
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deflagration combustion method: self-propagating high-temperature synthesis (SHS)
and thermal explosion (or volume) [200,201]. In the SHS mode the combustion
wave which self-propagates along the reactive mixture is initiated by the locally
preheated volume (=1 mm?®) within the reactive solution or gel [200,201]. In the
thermal explosion mode, the entire reactive mixture is heated uniformly to its
boiling point, which results in the formation of the desired material [200,201]. The
reaction and the cooling time of the process is one of the main parameters that
influence the microstructure of the materials which, in both modes, are in the range
of milliseconds. Tmax Of the synthesis is in the range of 1500 K to 4000 K and is
limited by the thermodynamics of the system.

The second classification of CB is based on the initial state of the starting
material which are the gas phase, gasless system, solution combustion, and solid-gas
[201]. For the synthesis of a ceria-based ceramics solution, combustion synthesis is
employed, which is a self-sustained chemical reaction occurring in an agqueous
homogeneous solution of an oxidiser and fuel [17,200,201,205]. The chemical
reaction of the solution CB where glycine is used as fuel and Me is any metal
nitrates is as follows [200]:

Me?(NOs), X mH,0 + 5/q guNHsC,0; + (5/4)vlp — 110, - MeOy), +
5
(25/18 X Qv + m)HZO + v( (‘0/18 + 1/2) N, + (10/9) X vpCO0, (3.2)

where, if ¢ = 1, external oxygen is not required for the initial solution to complete
the fuel oxidation, if ¢ <1 (or > 1), it requires fuel-lean (or fuel-rich) conditions.

Among the variety of the heating methods of the reactive solution, the simplest
and the most popular one is the use a hot plate. The initial solution is placed into a
glass or ceramic beaker and heated on at hot plate where the temperature is usually
around 300 to 400 °C. The mixture is constantly stirred during the processes that
include heating, evaporation, gel formation and decomposition, self-ignition,
combustion, and the formation of the final product.

The variety of CB methods for synthesising nanoscale materials is broad, and
new directions in chemistry and technology are regularly created. Materials
synthesised with CB offer a wide range of applications in different fields, such as
fuel cells, batteries, supercapacitors, solar cells, heterogeneous catalysts, optical
materials, semiconductors, nanoceramics, and thin films [41,161,206-210].

In order to understand the principle of combustion synthesis, it is important to
know its fundamentals that include the thermodynamics and kinetics of the process
as well as the mechanisms of the reactions.

3.1.1.1  Thermodynamics of combustion synthesis

Thermodynamics helps to calculate the maximum temperature of the reaction
and the composition of the resulting equilibrium products. These calculations should
be carried out under adiabatic conditions, where the heat transfer between the system
and the environment should be neglected. Since the system is isolated, i.e., any
exchange with the environment is excluded, the amount of the matter during the
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synthesis and the total energy of the system remains constant. By using
thermodynamic calculations of the initial temperature for the synthesis and gas
pressure, it is possible to control the microstructure and phase composition of the
desired material. In addition, such calculations make it possible to set the conditions
for the synthesis of the material with the same phase composition but a larger or
smaller amount of gas phase products and different maximum temperatures. The
microstructure of the material depends on the amount of the gas phase products;
generally, materials with a high specific surface area and a smaller particle size are
obtained during the synthesis with a high amount of gas phase products and at a low
temperature.

CB is a self-sustained exothermic redox reaction where the driving force is the
intention of the system to reduce its Gibbs free energy (G) by converting the
chemical potential into heat [200]. The heat of the reaction (Q) is the amount of the
heat released during the synthesis, and it can be found by the following equation:

Q = AHY = ¥;n;AeHY — ¥y AcHY (33)

where AHJQ is the enthalpy of the formation of CB products; i and j indicate the
reactants and products, respectively; ni and n; are the concentrations of each
compound; and AH}’ is the standard enthalpy of the material.

Considering that the system is in adiabatic conditions, all the energy is used to
increase the temperature of the reaction mixture to a/the maximum value defined as
the adiabatic combustion temperature (Taq) [200]. Tas can be determined from the
following equation if assuming no phase transitions:

Tq
Q = fTo dZ] nij'de (34)

where C, ;j(T) is the specific heat of the product j as a function of temperature.
Equation 3.4 assumes no phase transitions, such as decomposition or melting, where
the transition enthalpies need to be accounted for [200]. The temperature
dependence of the specific heats of compounds and substances can be found in
handbooks [211] and usually are presented in the form of polynomials [200]:

Cp=A+BXT+CT? (3.5)

The equation for the calculation of Tag which is frequently used in CB processes
where the specific heat (Bi and C; = 0 in Equation (3.5)) can be considered constant
for each reaction product is as follows:

Taa =To+ Q/& (3.6)

where ¢, = ¥ ;n;4; is the average specific heat capacity at room temperature. Such

a rough estimation can be used only if the dependence of the heat capacities of the
product on the temperature is not significant.
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3.1.1.2  Kinetics of combustion synthesis

The formation of a material with the desired properties is controlled by the
characteristic temperature and time of the synthesis which is highly dependent on
the rate of the reaction moving towards equilibrium. This parameter can be
described by the kinetics of the synthesis.

As the deflagration combustion method has two modes - thermal explosion (or
volume) and self-propagating high-temperature synthesis (SHS) — there are two
approaches to calculate the parameters of the reaction. Semenov developed the
theory [212,213] for the thermal explosion mode where the heat release rate can be
described by the Arrhenius law:

4+ = ko®()V exp (— 22) = koVQe~Fa/FT 3.7)
where g, is the heat evolution rate (or the heat release rate), Ea is the activation
energy, Q is the heat of the reaction, ko is the pre-exponential factor, #i is the degree
of the reaction conversion for the reagent i, @(#;) is a function of the degree of
conversion, R is the universal gas constant, V is the volume, and T is the
temperature.

Thermal ignition is realised if the heat evolution resulting from the chemical
reaction prevails over the heat removal, and heat evolution accelerates with the
temperature higher than heat removal [214]:

q+ = q-; dq./dT = dq_/dT (3.8)

where q. is the heat evolution rate (or the heat release rate), q_ is the rate of heat
removal from the system (or the heat exchange), and T is the temperature.

By applying Eqg. 3.7 and the conditions of Eq. 3.8, Semenov established the
critical reaction conditions under which thermal explosion takes place:
RTZ RTZ

L~ Ty +— (3.9)

Eq

TCT = TO +

where T is the critical temperature, R is the universal gas constant, E, is the
activation energy, and To is the ambient temperature. The self-propagating mode is
not as widely used as the thermal explosion mode, although it is more controllable.
During the self-propagating combustion reaction, the heating-reaction zone
exchanges energy and matter with the environment, and internal chemical energy is
released and converted into heat. A temperature profile of CB is shown in Fig. 3.1
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Fig. 3.1. Scheme of the thermal structure of the wave during combustion synthesis [215]

A stationary combustion wave along the reactive media can be determined
using the quasi-homogeneous approximation:

d (,dT dr _
L(A) - U +ow =0 (3.10)

with the boundary conditions set at infinity as:
x=—00, T=Tyx =40, T =Ty (3.11)

where U is the velocity of the combustion wave, 1 is the heat conductivity, c is the
heat capacity, p is the density of the reaction media, Q is the heat of the reaction, and
the boundary conditions which were set [200]

In order to control the combustion wave propagation characteristics, it is
important to know the activation energy and the pre-exponential function of the
reaction. An analytical solution of the problem (Eg. 3.10 and Eg. 3.11) with the
Arrhenius kinetics (Eg. 3.7) in an approximation of the narrow reaction zone can be
represented as follows [200]:

. 1
cp(Tc—To)

JZQAkO fgj e~E/RT T (3.12)

Optimisation of the temperature-time history of the reaction helps to obtain a
material with the desired properties and to control its nanostructure; therefore, it is
important to know the kinetics of the synthesis in both modes.

3.1.1.3 Mechanism of combustion synthesis

Combustion synthesis route using samarium (I1I) nitrate hexahydrate
(SM(NO3)sx6H,0, 99.9%, Sigma-Aldrich), gadolinium (1I1) nitrate hexahydrate
(Gd(NO3)sx6H,0, 99.9%, Sigma-Aldrich), and cerium (Ill) nitrate hexahydrate
(Ce(NO3)3x6H,0, 99.0%, Fluka) as the source of metal cations and glycine
(NH2CH2COOH, > 99.0%, Sigma-Aldrich) as fuel were applied to prepare ceria-
based nanopowders. The scheme of the synthesis is shown in Fig.3.2.
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Fig.3.2. Scheme of combustion synthesis of ceria-based ceramic nanopowders

Metal nitrates and fuel were dissolved separately in ~15-20 ml of distilled
water, according to their stoichiometric equations. An aqueous mixture of all the
reagents was placed on a magnetic stirrer and heated from 90 °C to 150 °C for 1
hour, resulting in the formation of a gel. The resulting gel solution was heated from
200 °C to 350 °C for ~15 minutes until the combustion process began.

The chemical reactions of the obtained oxides from nitrates with glycine as a
fuel under the condition of complete combustion of the redox mixture [216] are as
follows:

6Ce(NO3)3 + LONH,CH,COOH — 6Ce0, (5) + 20C0, () + 14N, gy +
22H,0 + 3H, (4 (3.13)

6SM(N0O3)s + 10NH,CH,COOH — 65m0y 5 (5) + 20C0, (5) + 14N, (o) +
25H,0 (3.14)

6Gd(NO3)3 + 1ONH,CH,COOH — 6Gd0; 5 5) + 20C0, (5) + 14N, () +
25H,0 (3.15)

3.1.2  Co-precipitation synthesis method

Co-precipitation (CP) is a simple and low-temperature synthesis method which
produces a large number of fine, homogeneous particles. Subjected to a strong
supersaturation, the products formed during the synthesis are insoluble. The
supersaturation conditions cause precipitation, which can be described by the
following reaction:

XAY(aq) + YBX@q) = AXBY(s) (3.16)
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where +/- is the valence for metal cations and oxidizer ions, s is a solid material, ag
is the liquid component, A and B are the initial molecules, AB is the final product,
and x and y are free atoms and radicals.

During the CP reaction, the processes of nucleation, growth, coarsening, and/or
agglomeration are simultaneously involved [217]. Inclusion, adsorption, and
occlusion are the three main mechanisms for the co-precipitation synthesis method.
If the charge of the impurity and its ionic radius is similar to the carrier, we observe
crystallographic defects. This mechanism is called inclusion and occurs when an
impurity occupies a lattice site in the crystal structure of the carrier. After the
impurity has been adsorbed to the surface of the precipitate (adsorption), it gets
physically trapped inside the crystal (occlusion).

By using CP, it is possible to synthesise metals by the reduction from non-
aqueous solutions, decomposition of organometallic precursors, and electrochemical
reduction, oxides obtained from non-aqueous and aqueous solutions. In order to
perform CP synthesis and to obtain the material with the desired properties, it is
important to understand the precipitation behaviour of the precursor and the effect of
the precipitation agent.

The precipitation of metal hydroxide M(OH),, where n is the valence of metal
ions in the solution, can be described as follows:

M™ +n(0OH)™ - M(OH),, (3.17)

Considering that the ionic product of water under ambient pressure at 25 °C is
10* M? and is as follows, we get:

—log[H*] — log[OH™] = pH + pOH = 14 (3.18)
The solubility constant (Ksp) of M(OH), is:
Ksp = [M™][OHT]" (3.19)
LogKgp = log[M™*] — 14n — nlog[H*] (3.20)
log[M™] = —logKgp + 14n — npH (3.22)

where [M™] and [OH"] are the molar concentrations of M"™" and OH", respectively.
The solubility constant logKsp can be found from the compilation of solubility data
on oxides, hydroxides, and hydroxide salts [218].

In order to achieve better homogeneity, the pH of the solution, which is related
to the target products, must be kept constant. Changes in pH during the synthesis can
affect the uniformity of the particle size and the composition homogeneity. The
choice of the pH value is determined by the precipitant used for the synthesis, and it
is desirable to ensure that the solution is not alkaline (basic). In the case of using
oxalic acid and NH4OH as a complex precipitant, the optimal pH is ~6.5; however,
in order to neutralise the solution of oxalic acid, a double molar amount of NH,OH
is required [219].

The precipitant exerts great influence on the physical and chemical properties
of the final product. The most commonly used precipitants for the formation of
nanocrystalline  powders are diethylamine (DEA), formic acid, urea,
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hexamethylenetetramine, ammonium carbonate, NH.OH or hydrazine hydrate, and
oxalic acid. By applying the alkoxide process where hydrated metal nitrates are used
as precursors, and organic solvents are used as precipitants, nanocrystalline powders
with weak agglomeration, high reactivity, and high sintering activity are usually
synthesised [219-221]. For the synthesis of weakly agglomerated nanocrystalline
powders, diethylamine shows the advantages of using it as a precipitant in
comparison with ammonium hydroxide. Diethylamine shows a strong tendency to
gain protons from hydroxide complexes and has an important role in the formation
of hydrogen bonds with hydrated water of the metal salts [219,222]. The buffer-
solution method (with the NH;OH-NH4,HCOj3 system as the precipitant) can be used
for the synthesis of various kinds of oxides [219,223]. Compared to the synthesis of
single-phase materials, the synthesis of composite materials is a complex process in
which the sequence of the addition of precipitants and their concentration must be
carefully considered. The concentration of the precipitant affects the completeness
of precipitation, the composition of the precursor, and the morphology [224].
Another parameter that influences the morphology is the reaction temperature. At
room temperature, the obtained powders, together with fine and spherical particles,
can contain many coarse rod-band structured particles [224]. Pellets pressed from
such uncrushed powders are denoted by relatively low density. At higher
temperatures (40-60 °C), the formation of such structures with hard aggregates is
suppressed [224].

3.1.2.1 Mechanism of co-precipitation synthesis

The same metal cations as those for CB synthesis were used as the precursors
for the co-precipitation synthesis to form ceria-based nanopowders. Oxalic acid
(CoH204, > 99.0%, Sigma-Aldrich) and ammonium hydroxide (NH4OH, 25%,
Sigma-Aldrich) were used as precipitating agents, and the solvent was distilled
water. The scheme of the synthesis is shown in Fig. 3.3.

The stoichiometric amount of the precursors and precipitants was dissolved in
distilled water separately. The pH ratio of the solution was adjusted to ~8-9 by
slowly adding ammonium hydroxide. The solution of the dissolved precursors was
added dropwise to the oxalic acid solution under vigorous stirring by using a
magnetic stirrer at 50 °C. The co-precipitates were filtered by vacuum filtration
while using a Biichner funnel and dried overnight at room temperature.
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Fig.3.3. Scheme of co-precipitation synthesis of ceria-based ceramic nanopowders

3.1.3  Sol-gel synthesis method

Sol-gel (SG) synthesis is one of the widely used methods for producing
nanoparticles, starting with molecular precursors that form an oxide network through
inorganic polymerisation reactions [219,225,226]. The complex process includes the
preparation of a sol (a colloidal solution of particles), gelation, and removal of the
solvent (transition to a solid material) [225]. During the synthesis, the colloidal
solution acts as a precursor for an integrated network of discrete particles (gel). By
changing the ratio of the precursors (usually, metal alkoxides) in the solution, the
composition of the product can be reproduced. The sol-gel method enables the
synthesis of powders with high phase purity, high surface activity, good
compositional homogeneity on the molecular level, and uniform nanostructures at
low temperatures. Due to these advantages, it is applicable for the preparation of
composite nanopowders, oxide nanoparticles, metal oxides, as well as ceramic
materials that can be used as an electrolyte, an interlayer, or a cathode for SOFCs
[204,225,227-229]. Despite its advantages, the process is very sensitive to such
synthesis parameters as the chemical composition, the nature of the solvent, the
reactant concentration, the temperature, and pH [219]. In turn, these parameters
affect the properties of the final product. The morphology and crystallographic
symmetry of the resulting powders are highly dependent on the chemical procedure.

Complexing agents (the complexant) can play a decisive role in homogeneous
solution condensation in the SG process. The electronegativity of the ligands affects
the complexation between the metal ions and the complexing agents [219]. If the
electronegativity of the complexant is less than the electronegativity of the ligand,
electrons are transferred from the complexant to the precursor. The negative charge
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of the complexant decreases, and the covalent metal ion bond increases. If the
complexant is more electronegative than the ligand, electrons are attracted to the
complexant from the precursor. This, in turn, increases the negative charge of the
complexing agents, thus making the bond more ionic and making it difficult to bond
with the metal cations [219,230,231].

SG is an inorganic polymerisation reaction of metal alkoxides, and in the case
of non-silicate tetravalent alkoxides, the condensation rate of the complexing agents
must be reduced in order to prevent hydroxide precipitation [219,230]. These
alkoxides must be kept in dry atmosphere as they are quite sensitive to moisture.
Inorganic acids, carboxylic acids, b-diketones, or other complexing ligands can be
used as modifiers to control the reactivity.

Since the sol-gel is based on hydrolysis and condensation processes, the
gelation time decreases with an increase in the molar ratio of the water content in the
synthesis. Thus, the gelation time can be controlled by the amount of water being
used [230-232]. More water leads to faster gelation, but the gel under these
conditions will become inhomogeneous. A lower ratio results in fewer impurities
and better homogeneity in the final powders [229,233].

Catalysts can be used to control the rate of hydrolysis and condensation during
SG synthesis; however, depending on the type of the catalyst, the rate of gel
formation and its structure can be altered. In order to ensure gel homogeneity, the
kinetics of hydrolysis and condensation reactions must be low [233,234].

3.1.3.1 Mechanism of sol-gel synthesis

The synthesis of ceria-based ceramics was prepared by aqueous sol-gel (SG)
synthesis while using tartaric acid as a chelating agent, which reacts as a ligand at
the molecular level with the reaction mixture both during dissolution in water and
during the formation of the sol-gel.

Concentrated HNOs
CaHsOs ( SUEes
Stirring Stirring at Stirring
at 80°C 80-90 °C at 95 °C
— Gl >
Dlssolu‘non of
{NHa)2Ce{NOs)a
Ce Sme2 /2
After drying
at 120 °C
C Reactivegel

Fig.3.4. Scheme of sol-gel synthesis of ceria-based ceramic nanopowders
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Samarium (I11) oxide (Sm.Os, 99.99%, AlfaAesar), ammonium cerium (VI)
nitrate ((NH4)2Ce(NOs)4, 99.99%, Sigma-Aldrich) were used as the starting materials
and weighed according to the desired stoichiometric ratio. Nitric acid (HNOs, 66%,
Reachem) and distilled water were used as reagents to reduce the pH of the solutions
and to improve the solubility of samarium (I11) oxide. Tartaric acid (L—(+)— Tartaric
acid (C4HsOs) (TA) > 99.5%, Sigma-Aldrich) was applied to increase the solubility
due to the coordination of the starting compounds in the reaction mixture, especially
during the changes in pH and evaporation before the formation of sol-gel.

First, ammonium cerium (V1) nitrate was dissolved in distilled water at 80 °C.
The dissolution process can be written as follows:

4(NHy),Ce(NO3)g (s) + 4H,0y > 8NH, + (aq) + 24N0; — (aq) +
4Ce, + (aq) (3.22)

After several minutes of stirring and evaporating in an open beaker, the
reduction of Ce** ions to Ce®** was completed by the addition of tartaric acid. The
oxidation-reduction reaction between the cerium (IV) ion and tartaric acid is as
follows:

4C€4 + (aq) + C4H606(aq) + ZHZO(I) d 4C€3 + (aq) + 4‘6‘02(9) +
4H + (aq) (3.23)

This oxidation-reduction process (see Eg. 3.23) was confirmed both by
observing the release of a large amount of CO; gas and by the colour change of the
solution from orange to colourless. Then, after continuous stirring at approximately
80-90 °C, samarium (I11) oxide and concentrated nitric acid were added to the
beaker. A clear solution was obtained, which was then concentrated by rapidly
evaporating the reaction mixture at 95 °C. In the following stage, a yellow
transparent sol was formed after almost 95% of the water had evaporated under
continuous stirring. After drying in an oven at 120 °C for several hours in air, fine-
grained pale yellow gel powders were obtained.

3.1.4 Formation of ceramic pellets

Ceria-based nanostructured ceramic powders synthesised by CB, CP, and SG
were calcined at various temperatures (200, 400, 600, 800, 900, 1000, 1100, 1200
°C) for 5h in air. Ceramic pellets of a diameter of 10 mm were formed from the
ground and calcined at 800 °C synthesised powders by using a uniaxial press at 4
MPa and annealed at 1200 °C for 2 h in air. Subsequently, the pellets were used as
the target material for the formation of thin films.

3.2  Thin film formation methods

3.2.1  Electron beam evaporation

SDC and GDC ceramics were used as a target material for the formation of thin
films on various substrates (for details, see Subchapter 3.1.1) by using a UVN-71P3
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electron beam evaporation system (e-beam). The basic principle of the e-beam
technique is presented in Fig. 3.5.
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Fig. 3.5. Schematic principle of electron beam evaporation

The evaporation process was carried out at a pressure of 0.7 Pa with an
evaporation rate of ~2 nm/s. The substrate was heated with infrared lamp heaters in
a vacuum chamber and the temperature of the substrate was constant (200 °C). The
distance between the substrate and the e-gun (power 10 kW) was 250 mm. All the
main parameters of the process are presented in Table 3.4.

Table 3.4. Parameters of electron beam evaporation process

Pressure in the chamber 10° Pa

Deposition pressure 0.7 Pa

Electron gun power 10 kKW

Maximum emission current 500 mA

Deflection of electrons 180°

Diameter of the electron beam 5mm

Temperature of the substrate 200 °C

Growth rate ~2 nm/s

Distance between the e-gun and the substrate | 250 mm

Thickness monitoring quartz crystal deposition controller
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The thickness of the formed thin films varied from ~100 nm to ~1 pm and was
controlled with a quartz crystal deposition controller.

3.2.2  Magnetron sputtering

Reactive magnetron sputtering in the direct current mode (Kurt J. Lesker
company) which was integrated with a Leybold Heraeus-A-700-QE vacuum system
was used to deposit Gd>O3 and CeO, thin films multilayer systems with 4, 6, and 12
layers (denoted as GDC4, GDC6, GDC12) on Si (111) substrates. The deposition
was layer-by-layer in the reactive O2/Ar gas mixture environment by using CeO. and
Gd,0s targets. The base pressure was 2x10* Pa, and the sputtering gas pressure in
the chamber during the deposition was 0.065 Pa. The distance between the target
and the substrate was 16 cm. The substrate was heated to 150 °C with infrared lamp
heaters in the vacuum. All the main parameters of the process are presented in Table
3.5.

Table 3.5. Parameters of magnetron sputtering process

Base pressure 2x10* Pa

Sputtering gas O/Ar gas mixture

Sputtering gas pressure 0.065 Pa

Targets CeO, and Gd203

Temperature of the substrate 150 °C

Distance between the target and the substrate 16 cm

Voltage 510 V

Current 04A

Growth rate monitoring quartz  crystal  deposition
controller

In order to study the effect of only the number of layers on the inter-mixing
process, all the films were deposited with an expected thickness of ~600-700 nm.
The deposition rate was determined considering the desired concentration of CeO,
(90 mol%) and Gd,Os3 (10 mol%). Subsequently, deposited thin film multilayer
systems were annealed at 700 °C for 1 h in air.
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Fig. 3.6. Schematic principle of magnetron sputtering deposition

3.3 Analytical techniques

Table 3.6. Summary of analysis, characterisation tools, and their applications to

study particular properties or applications

Methods Characterisation Techniques Obtained Information and
parameters
Thermal analysis Differential scanning calorimetry | Amorphous content and
(DSC) polymorphism
Thermal gravimetric analysis (TGA) | Kinetic,  physical,  and

chemical properties

Differential Thermal Analysis (DTA)

Phase transitions,
crystallisation temperatures

Structural analysis

X-ray diffraction (XRD)

Crystallinity, structure type,
and crystallite size

X-ray photon spectroscopy (XPS)

Chemical surface analysis,
binding energy, and
uniformity of composition

Raman spectroscopy

Bonding structure

Surface analysis

Brunauer-Emmett-Teller (BET)

Surface area and pore size
distribution

Elemental analysis

Energy dispersive X-ray (EDX)

Chemical composition and

purity
Inductively coupled plasma optical | Elemental-chemical
emission spectrometry (ICP—OES) composition

Fourier transmission infrared

Identification of functional
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spectroscopy (FT-IR) groups and chemical
bonding
Size and Scanning electron microscopy (SEM) | Topology, size, morphology,
morphology crystallographic  structure,
analysis and composition
Transmission electron microscopy | Topology, size, morphology,
(TEM) and crystallographic
structure
Atomic force microscopy (AFM) Size, morphology, surface
roughness, and texture
Electrical properties | Electrochemical impedance | Electrical properties
analysis spectroscopy (IS)

3.3.1 Thermogravimetric analysis

Thermal analysis is a group of methods studying the change of the properties of
at material with the change in temperature and time under an atmosphere of air or
another gas. There are several methods depending on the measured properties.
Thermogravimetric analysis (TGA) is an analytical technique investigating the
change in the weight of a substance as a function of time or temperature. TGA
allows studying various thermal events such as absorption, adsorption, desorption,
phase transition, vaporisation, sublimation, decomposition, chemisorption,
oxidation, and reduction [235]. The TGA equipment consists of a very sensitive
scale measuring the weight changes, which is positioned above at programmable
furnace [235,236].

Differential Scanning Calorimetry (DSC) is a method measuring the energy
(absorbed or released) in materials as a function of time and temperature which
provides information about changes in the heat capacity and endothermic or
exothermic processes. DSC operates isothermally in a given atmosphere, with a
constant rate of the temperature change. The temperature of the material changes
due to several events, such as the melting point, the degradation temperature, phase
transitions, the loss of solvent, and the crystallisation temperature [236].

Differential Thermal Analysis (DTA) measures the temperature difference
between a sample and a reference as the temperature increases. DTA, similarly to
DSC, determines thermal events such as phase transitions, crystallisation
temperatures, and melting points which result in temperature changes, but, unlike
DSC, it does not quantify the amount of energy [236].

A simultaneous thermal analyser (STA) 6000 PerkinElmer, combining
DSC/DTA and TGA, was used to examine thermal decomposition processes of
ceria-based nanopowders. Uncalcined, dried powders of 5-10 mg were heated from
30 to 950 °C at a heating rate of 20 °C/min under an atmosphere of air with a gas
flow of 20 ml/min. Measurements were performed in alumina ceramic crucibles.
The analysis of an empty crucible was made before every measurement in order to
eliminate the crucible background.
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3.3.2  X-ray diffraction analysis

X-ray diffraction (XRD) is a powerful analytical technique used to characterise
crystalline materials at the atomic scale which provides information on the preferred
crystal orientations, phases, structure, average grain size, crystallinity, crystal
defects, and deformation. A monochromatic beam of X-rays is scattered from each
set of lattice planes at specific angles forming XRD peaks. The intensities of the
peaks are determined by the position of the atoms in the lattice planes [237].

m

X-ray source Crystal

Incident 0% — ]
X-ray beam \

Diffracted X-rays

-
A
=)
ST
\

-7 Incident X-ray  Diffracted X-ray

in phase

Bragg Planes

- =

\‘(:‘j' sinB

Fig. 3.7. Scheme of X-Ray diffraction

The principle of XRD is that it sends out X-rays passing through the sample,
reflecting off the atoms in the structure and changing the direction of the beam at the
diffraction angle. Some diffracted beams cancel each other out, while constructive
interference occurs when the beams are of the same wavelength. The diffraction
angle can be used to determine the difference between atomic planes by using
Bragg’s law

2d sinf = ni (3.24)

where 1 is the wavelength of the X-ray beam, @ is the diffraction angle, d is the
distance between atomic planes (d-spacing), and n is an integer. Diffraction peaks
are generated due to constructive wave interference, and their conversion to d-
spacing helps to determine the composition or the crystalline structure of the
material [238-240].
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The crystal structure of synthesised ceria-based nanopowders was investigated
by using a D8 Discover (Bruker AXS GmbH) diffractometer with a Cu Kas (1 =
0.154 nm) radiation source and parallel beam focusing geometry with a 60 mm
Gobel mirror. The peak intensities were measured in the 20-90°, coupled 26-6
scans, over the range of 5-135° with a 0.02°step size, and a 0.2 s timespan per step.
The measurements of thin films (the grazing incidence) were performed over the 0-
5° scanning range with a 0.0025° step size, and 0.1 s timespan per step while using
the grazing incident angle. The X-ray generator used the voltage and current of 40
kV and 40 mA, respectively. Phase identification was performed by comparing the
obtained XRD patterns with the powder diffraction file database of the International
Centre for Diffraction Data (ICDD). DIFFRAC.EVA software was used to process
the obtained diffractograms. Considering that in all cases single-phase compounds
were obtained, the Rietveld refinement using X pert HighScore Plus software was
performed to calculate the crystallite sizes and the lattice parameters. The crystallite
sizes can be calculated by using the Scherer equation:

_ K&
- f cosO

(3.25)

where d is the crystallite size, 1 is the X-ray wavelength, @ is the diffraction angle, S
is the line broadening at half the maximum intensity (FWHM), K is a shape factor,
and 1.00 constant value was employed [241,242]. The crystalline lattice parameters
can be calculated with the following Equation 3.26:
2 2 2
q = DTk (3.26)

2 sinf

where h, k, I are the indices of the crystallographic plane.

3.3.3  Brunauer-Emmett-Teller method

The Brunauer-Emmett-Teller (BET) surface analysis technique is used for the
characterisation of the specific surface area of nanoscale materials. Its principle is
based on the physical adsorption of a gas molecule on a solid surface. BET is a
quick, relatively simple, and accurate method and its theory applies to systems of
multilayer adsorption. Probing gases, which do not chemically react with the
material’s surfaces are used as adsorbates to quantify the specific surface area.
Standard BET usually works at 77 K, the boiling temperature of Ny, as nitrogen is
the most commonly used gaseous adsorbate. Further probing adsorbates including
argon, carbon dioxide, and water, are also utilised, although less commonly; they
allow the measurement of a surface area at different temperatures and measurement
scales [243-245].

A Brunauer-Emmett-Teller (BET) surface area analyser (Sorptometer KELVIN
1042) was used to determine the bulk surface area of synthesised powders calcined
at 900 °C. The quantities of the specific surface area determined through BET may
depend on the adsorbate molecule and its adsorption cross-section, as the specific
surface area is a scale-dependent property, with no single true value of the specific
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surface area being definable [243,244]. The BET surface area and the equivalent
particle size can be calculated by the following equation [246]:

6x103

D = 27
BET ™ 4unSper’ (3.27)
where Dger (nm) is the average particle size, Sger (M?/g) is the specific surface area,
and dy is the theoretical density of the solid solution oxide (g/cm?®) calculated
according to the following Equation 3.28:

_ 4[(1—X)MC3+XMGd+(2—x/2)M0]

dep, = (3.28)

a3NA

where x is the dopant concentration, Na is the Avogadro constant, M is the atomic
weight, and a is the lattice constant of the solid solution.

3.3.4 Scanning electron microscopy energy dispersive X-ray spectroscopy

Scanning Electron Microscopy (SEM) provides information about the
microstructure, morphology, and homogeneity of a sample by scanning the surface
with a focused high-energy electron beam. Electrons penetrate the surface during
elastic or inelastic interactions between the beam and the sample, which results in
the emission of electrons and photons. The signals from the emitted particles are
collected with an appropriate detector, and the intensity of the detected signals is
combined with the position of the beam to produce a high resolution image
[247,248]. Signals from a secondary electron provide information about the surface
features of the sample down to nanometres [249]. Signals from backscattered
electrons provide information about the topography, atomic composition,
magnetism, and crystallinity of the sample [250,251].

Energy-dispersive X-ray spectroscopy (EDX) can be used to analyse the
chemical composition or elemental analysis of a material; it allows detecting
elements with the atomic number from 4 to 92. The X-ray spectrum gives
information about the atomic structure of the elements and is formed during inelastic
collisions of an electron beam and an electron in an inner shell of atoms [252,253].

The microstructure and the elemental composition of ceria-based ceramics
annealed at 1200 °C and thin films were investigated with scanning electron
microscope Quanta 200 FEG (FEI) equipped with energy dispersive X-ray
spectrometer Bruker XFlah 4030. The measurements were carried out in a high
vacuum (< 6e — 4 Pa) with an accelerating voltage of 30 kV, a resolution of 1.2 nm,
an emission current of 160 pA. The images were analysed with the ‘7mageJ2x’
program, and the chemical concentrations were calculated into atomic percentages.

3.3.5 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscope technique similar to
SEM, except that an electron beam is transmitted through the sample to form an
image. When electrons interact with the sample, they diffract from the lattice planes
in the crystalline phase of the materials or undergo coherent scattering, thus
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providing phase identification [236]. Transmission electron microscopy (TEM)
images were taken with a Tecnai G2 F20 X-TWIN (FEI, Netherlands, 2011) with a
200 kV Schottky type field emission electron source.

3.3.6  Inductively coupled plasma optical emission spectrometry

Inductively coupled plasma optical emission spectrometry (ICP—OES) is an
elemental analysis technique that helps to identify the atomic composition of a
sample. ICP-OES consists of the sample introduction system, plasma (the excitation
source), a spectrometer, and a detector. Data are collected from the emission spectra
of atoms and ions excited in an inductively coupled plasma. The data give
information about the concentrations of the compound. The spectrometer detaches
the element-specific wavelengths of light and focuses the resolved light on the
detector [245].

In order to determine the elemental compositions of ceramic nanopowders, at
solution of 100 mg of the samples dissolved in concentrated sulphuric acid was
analysed with an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-
OES, Vista-Pro, Varian).
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Fig. 3.8. Example of the ICP-OES setup

3.3.7  Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) spectroscopy helps to determine various
functional groups and the chemical bonding of nanoparticles by obtaining an
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infrared spectrum of the emission or absorption of a gas, a liquid or a solid. An FT—
IR spectrometer collects spectral data over a wide range which can bring the
qualitative investigation of various types of organic and inorganic samples [243].

The principle of work is that various molecules in a sample, depending on their
three-dimensional orientation and chemical structure, will absorb a different portion
of the infrared light. In this manner, the chemical bond will vibrate in different ways,
depending on its nature. The position of the bands from the recorded spectrum
provides the information related to the strength and nature of the bonds, the
functional groups, molecular structures, and interactions.

Infrared spectroscopy enables to detect the rotational and vibrational modes of
the molecular bonds; therefore, it facilitates the identification of the functional
groups in the sample. Since all the syntheses produced SDC powders, Diffusive
Reflectance Infrared Fourier Transformed spectroscopy (FT-IRs) was used for the
analysis of the pure sample. The chemical composition and functional groups were
identified with Kubelka—Munk transformation in Fourier transform infrared (FT-IR)
spectroscopy, where the spectral recording area was from 400 to 4000 cm™ with a
resolution of 1 cm™®. A Vertex 70 FT-IR spectrometer (Bruker Optik GmbH),
equipped with EasiDiff high quality diffuse reflectance equipment (PIKE
Technologies) with the fixed 30° angle of incidence (3/16” sampling area mask),
was used in this experiment.
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Fig. 3.9. Schematic diagram of a Michelson interferometer for FT-IR

3.3.8  Electrochemical impedance spectroscopy

The electrical properties of ceria-based ceramics were investigated by
employing AC impedance spectroscopy (IS) while using a completely automated
system, involving Solartron 1255 and an in-house current-voltage amplifier based
on an LM7171 voltage feedback amplifier and an OPA604 FET-input operation
amplifier. A complex impedance plot, based on the simultaneous measurement of
resistance (R) and capacitance (C) of a cell over at wide frequency range, helps to
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determine the electrical properties (such as the bulk, grain boundary, and electrode
response) and to investigate the nature of the mobile charge carriers.
Electrochemical impedance is usually carried out by applying a small alternating
signal (AC) potential to a system (an electrochemical cell) and measuring the AC
current through the cell [254,255]. The response to the sinusoidal potential
excitation, which is applied to the electrochemical device, is an alternating current
signal. The current signal can be analysed as a sum of sinusoidal functions and can
be expressed as the following equation:

I; = Iysin(wt + ¢) (3.29)

where lo is the amplitude of the current, w is the angular frequency (w = 2xf), ¢ is
the initial phase, and t is time. The current response to the potential will be a
sinusoid shifted in phase /2, but within the same frequency range. This occurs in a
pseudo-linear system, for which the AC excitation voltage should be less that the
thermal Ea and is typically set to be less than 10 mV.

When applying Ohm’s law, impedance can be expressed as follows:
Er _  Epsin (wt) sin(wt)

Z= Iy - Iy sin(wt+¢) -0 sin(wt+¢)

(3.30)

where E; and I, are the potential and current values at the time, Eo; and |y are the
amplitudes of the potential and the current. The complex impedance can be
expressed by applying Euler’s formula:

7(i0) = Zye'® = ZycosO — iZysin@ = Z' +iZ" (3.31)

where Z'is the real impedance corresponding to R (resistance), iZ'’ is the imaginary
impedance corresponding to the resistance of the C (capacitor) ;—é Subsequently,

with |Z| = E./I, and tan¢ = Z"/Z', impedance can be represented by the
following Expression 3.32:

1Z| = Z' + jwZ" (3.32)

Plotting the values of Z’ and —Z'’ on the coordinate axes yields a Nyquist plot
[256], which reveals the information about the processes occurring in the material
(Fig. 3.10). A typical complex impedance plot of ionic conductivity of the bulk and
grain boundary is represented in Fig.3.10.

The frequency increases from right to left. Together with plotting Z" and —Z"/,
IS results are usually investigated by applying the equivalent circuit. Generally, the
equivalent circuit has two series of in-parallel connected R and C elements (R || C),
representing the bulk and grain boundary (an example is plotted in Fig. 3.10).
However, in real cases, the semicircles from the impedance spectra deviate from the
ideal model and cannot be fitted with such capacitance elements.
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Therefore, constant phase element (CPE) can be used instead of at capacitor.
The impedance of CPE is expressed as follows [254-256]:

1
(Jw)*Y,
where Y is the capacitance (C), a is the fitting parameter with values between 0 and

1 (a = 1 for the ideal capacitor). For the R || Y, circuit, the impedance is as follows
[254-256]:

Zepp = (3.33)

R(1+RY,w%Cy) _i R*Yyw*S, (3.34)

T 1+R2Y2w2%+2RYyw%¢, 1+R2Yp2 w2%+2RYyw%¢,

where ¢, = cos (nz—a), and s, = sin (%).
The resistance values Ry (bulk), Ry (grain boundary), and R. (electrode) can be

obtained from the intercept of the semicircles with Z.. (from the fitted IS spectra).
When knowing these values, the ionic conductivity can be obtained as follows:

h

0= (3.35)

where h is the distance between the electrodes which should be parallel and

congruent (so that to avoid uneven electrical potential distribution), and S is the area
of the electrodes.

For ionic conduction in solid state materials, the activation energy can be

obtained from the Arrhenius Equation 3.36:

AE,
Ototal = 0p€Xp (— ®T (3-36)

where o, is the pre-exponential factor, AE, is the activation energy, k is the
Boltzmann’s constant (0.86x10* eV K™1). By measuring the conductivity value at
different temperatures and plotting logo against 1000/T, we obtain the Arrhenius
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plot. By using Eq. 3.36 and the Arrhenius plot, the conductivity and activation
energy for the bulk and grain boundary can be calculated as well.

The ionic conductivity of SDC and GDC ceramics was measured within the 1
Hz to 1 MHz frequency range over at temperature range from 200 °C to 800 °C with
20 °C increments. Samples for the impedance spectroscopy measurements were cut
from annealed ceramic pellets (1200 °C for 2 hours) as rectangular blocks (5 x 5 x 2
mm?) by using a diamond saw. Platinum electrodes were sputtered by cathodic
discharge on polished surfaces for 30 minutes (for each side) in the range of
electrical current (15-35 mA). For standard measurements, the impedance spectra
were recorded over two cycles of the heating and cooling run at stabilised
temperatures. The impedance at each frequency was measured repeatedly until
reaching consistency (2% tolerance in FT-IR) was achieved or a maximum number
of 25 repeats had been reached [257]. The obtained complex impedance plots were
analysed by using the Z-view software, which is based on the equivalent circuit
method.

3.3.9  X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative technique based on
the photoemission effect that can be used to determine the elemental composition of
the surface of a material as well as the binding state of the elements. XPS is an ultra-
high vacuum technique which typically probes down to 10 nm [258,259]. Surface
analysis using elemental sensitivity factors can be performed with 5% relative
accuracy and a detection limit of ~0.1% atomic concentration. When X-rays interact
with the electrons of the atoms on the surface of the sample, the atoms are
photoionized and photoelectrons are emitted. Along with photoionisation, two more
processes occur, specifically, X-ray fluorescence and the Auger effect. The ejected
electrons and the kinetic energy are measured with an energy analyser. The kinetic
energy of the ejected electrons is related to the binding energy of electrons with the
following Equation 3.37:

BE = hv — KE — ¢, (3.37)

where KE is the kinetic energy of electrons, BE is the binding energy between
electrons and the nucleus, ¢s is the release function of the spectrometer, which is
eliminated during the calibration of the spectrometer. By counting the ejected
electrons within the kinetic energy range, a peak in the photoelectron spectrum is
recorded, which gives information about the element and its chemical state, as well
as the number of the detected elements.

The surface of ceria-based thin films was analysed without surface cleaning on
a Thermo Scientific ESCALAB 250Xi spectrometer with monochromatised X-rays
(AlKo radiation, #v = 1486.6 eV). For the spectra acquisitions, the x-ray spot size
was 0.3 mm, the base pressure in the analytical chamber was 2x107 Pa, and the
transmission energy was 40 eV. The atomic concentrations were calculated by using
the ESCALAB 250Xi Avantage software and the energy scale was calibrated
according to the position of the Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 peaks.
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3.3.10 Atomic force microscopy

Atomic force microscopy (AFM) is a high resolution scanning probe
microscopy for the quantitative and qualitative analysis of various properties such as
the morphology, surface roughness, texture, and size at a sub-nanometer-scale
resolution [243,260]. The principle of AFM operation is to scan the sample surface
with a sharp tip at the end of a flexible cantilever. During the scanning process, the
cantilever is deflected when the tip touches the surface. The deflection is caused by
the attractive or repulsive forces between the tip and the sample and is usually
measured by reflecting a laser beam off the back of the cantilever into a split
photodiode detector [261]. There are three operating modes: contact, non-contact,
and tapping. In the contact mode of operation, the constant force of the interactions
for the tip and the sample is utilised by maintaining a constant tip deflection. The
constant force is determined by Hooke ‘s law:

F=—kx (3.38)

where F is the force, k is the elastic constant, x is the cantilever deflection, and the
constant forces are usually in the range between 0.01 to 1.0 N/m. Although the
contact mode has higher chances to deform the sample surface, it allows achieving
atomic resolution and has the fastest scanning time.

In the non-contact mode, the cantilever fluctuates above its resonance
frequency, which decreases as the tip approaches the surface. This mode applies less
force on the sample, which increases the lifetime of the tip. However, compared to
other modes of operation, it usually does not provide very good resolution [261].

During the scanning in the tapping mode, the cantilever oscillates on the surface
at its resonance frequency (~300 kHz). When the tip reaches the sample surface the
electrostatic force increases and the amplitude of the oscillation decreases. The
amplitude of the oscillation is detected by using the laser deflection method, and it
provides information about the surface and the type of the scanned material.
Although scanning requires a longer time, the tapping mode avoids damage to the
surface of the scanning material. Moreover, it eliminates the lateral shear forces
which are present in the contact scanning mode [261].

AFM offers a wide range of applications and may be used in various areas as it
can operate in many different environments and at ambient temperatures. It can be
used to investigate various samples, such as nanoparticles, polymers,
semiconductors, biotechnology, and cells. The most common application is
morphological studies seeking to understand the topography of a sample [243,261—
263].

The morphology, topography, and surface roughness of GDC and SDC thin
films on various substrates were analysed by using an NT-206 (Microtestmachines
Co.) atomic force microscope and the SPM-data processing software
SurfaceXplorer. The measurement was performed at room temperature in air. A
silicon cantilever with a tip curvature radius of 10 nm, a spring constant of 3N/m,
and a cone angle of 20° was operating in the contact scanning mode with a 12 ym x
12 pum field of view. From the obtained AFM surface topography images, the

64



roughness parameters (Rq, Rsk, Zmean, and Ry) and surface morphologies of ceria-
based electrolyte thin films were investigated.

3.3.11 Raman spectroscopy

Raman spectroscopy is based on the inelastic scattering of photons (the Raman
scattering effect) with elemental vibrational excitations in the material. The position
and the shape of the bands are determined by the chemical composition and the
crystalline structure of the measured samples [264]. When light is scattered by a
molecule, the photon’s oscillating electromagnetic field induces polarisation of the
molecular electron cloud, thus causing the molecule to enter a higher energy state,
with the photon’s energy being transferred to the [265,266]. This can be viewed as
the formation of a very short-lived complex between the molecule and the photon,
which is commonly called the virtual state of the molecule which is unstable and the
photon is almost immediately re-emitted as scattered light [265,266]. In the vast
majority of cases of scattering, the energy of the molecule does not change after the
interaction with the photon; and the energy — and hence the wavelength - of the
scattered photon is equal to the energy of the incident photon. This is called the
elastic or Rayleigh scattering [264—266].

Raman shifts are usually in wavenumbers and inversely proportional to length,
since this value is directly related to energy. [264—-266]. The spectral wavelength and
the shift wavenumbers in the Raman spectrum can be converted by the following
formula [264-266]:

(3.39)

A7(em™) = (= ) Qo’nm)

Ao(nm) Ay (nm) (cm)

where A¥ is the Raman shift expressed in the wavenumber (cm?), A, is the
excitation wavelength, and A, is the Raman spectrum wavelength.

For the characterisation of the bonding structure of SDC and GDC thin films on
the Si (100) substrate, a Renishaw inVia Raman spectrometer equipped with a 532
nm wavelength and 45 mW power excitation laser was used. The measurements
were performed within the 100-800 cm™ spectral range with an exposure time of 10
s and 1% of the laser power. The background was subtracted from the obtained
Raman spectra and was fitted with Lorentzian- shape lines in the spectral range of
440-490 cm™.
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4. RESULTS AND DISCUSSION

In order to understand which chemical synthesis method is more beneficial for
the preparation of ceria-based ceramics and which concentration of the doping
component is better, samarium-doped ceria (SDC) nanopowders (CeixSmyOq.s,
where x = 0.1, 0.2, and 0.3) were synthesised by using the glycine-nitrate precursor
combustion, oxalate precursor co-precipitation, and tartrate gel precursor sol-gel
chemical synthesis methods. The synthesised materials were investigated by using
various analytical techniques, and the results are presented in Subchapter 4.1.

To analyse the properties of gadolinium-doped ceria (GDC) ceramics and
compare them with SDC, Ce1xGdxO2.5, (where x = 0.1, 0.15, and 0.2) was
synthesised by the glycine-nitrate precursor combustion and oxalate precursor co-
precipitation chemical synthesis methods. Further, GDC thin films were formed by
using the e-beam (for details, see Subchapter 3.2.1) and reactive magnetron
sputtering (for details, see Subchapter 3.2.2) techniques. The influence of various
parameters, such as the formation method, additional heat treatment of the films and
the concentration of the target material, on the obtained GDC thin films were
analysed, and the obtained results are presented in Subchapter 4.2.

In order to test the influence of co-doping on the total ionic conductivity values,
ceria was co-doped with Sm and Gd (Ceo s25Gdo.0875SMo.087502-5) by using the CB and
CP synthesis methods. The obtained results are presented in Subchapter 4.3.

The calcination and annealing conditions were the same for all synthesised
materials.

4.1 Samarium-doped ceria

4.1.1 Characterisation of SDC nanopowders

Thermal analysis was used for a detailed investigation of the thermal
decomposition behaviour of Sm—-Ce-0O, Gd-Ce-O (Section 4.2.1), and Sm-Gd-Ce-
O (Section 4.3.1) precursors and the crystallisation of the final ceramics. During the
thermal treatment, similar processes of the decomposition of the organometallic
precursors synthesised by various synthesis methods are observed. However, the
results obtained for the crystallisation of the final double oxides differ significantly.
This effect is more likely associated with the energy released in the form of heat
during the combustion of the carbon-oxygen residue in the precursor powders,
which significantly affects the initial crystallisation of the CeqsSmg202.s compound.
Thermal analysis was performed for all the concentrations of SDC nanopowders;
however, the obtained results differ in the synthesis method, regardless of its
concentration. Thus, TGA-DTG-DTA of 20 SDC synthesised by CB, CP, and SG
methods are presented.

The thermal decomposition of 20 SDC synthesised by the combustion method
is relatively simple. It consists of at least three mass changes. A special
characteristic for the combustion synthesis reveals the general mass change that
consists of only 3.5% and which was estimated in the range of temperature from
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26.85 °C t0 896.85 °C (Fig. 4.1 (a)). Given the initial composition of the glycine gel
precursor, such a small amount of organic matter found after the synthesis procedure
is a good result. Nevertheless, judging by the TG curve, this volatile fraction is
relatively stable, and further heat treatment only slightly affects its decomposition
and combustion. The first significant mass change is directly related to the
evaporation of water molecules from the burnt precursor, and it starts at room
temperature. This process ends at 248.03 °C and gives a trend to the further
decomposition of the gel-residue. The following exothermic event overlaps at about
312.84 °C with the crystallisation of the final compound and continues until the end
of the heating of the sample. According to the DTG curve, the crystallisation of the
double oxide begins at about 171.42 °C and reaches its peak at 622.05 °C. This
temperature range is especially important because of the maximum influence on the
crystallisation of the ceramic material and the growth of crystallites.
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Fig. 4.1. Combined TG-DTG-DSC curves of 20 SDC synthesised by (a) combustion (CB),
(b) co-precipitation (CP), and (c) sol-gel (SG) syntheses. Published in [Al, 204]

The decomposition behaviour of the corresponding initial compounds of 20
SDC synthesised by co-precipitation is typical for metal oxalate hydrates (Fig. 4.1
(b)) [267]. In the first step of the heat treatment, water molecules evaporate in the
range of temperature from 51.43 °C to 108.10 °C. This endothermic effect can be
seen in the DSC curve, with its enthalpy of 284.054 J/g and a peak position at 84.79
°C. Thereafter, the decomposition of the corresponding metal oxalates begins at
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163.21 °C, which is confirmed by a well-defined endothermic peak on the DTA
curve. The final step of the decomposition of the oxalate precursor occurs at a
temperature between 337.42 °C to 368.05 °C. The exothermic effect on the DTA
curve shows the decomposition of the formed metal carbonates into the more stable
compounds such as CO and CO.. A further mass change, starting at 377.29 °C, is
only 1.34% without any additional clearly pronounced decomposition effects. Such
a result predicts a smooth crystallisation process of the final double oxide when
increasing the heating temperature [268].

Completely different results of thermal decomposition were observed for 20
SDC synthesised by the sol-gel method when using a tartrate gel precursor (Fig. 4.1
(c)). In this case, the mass change (34.79%) of the gel is characteristic of the
decomposition of tartaric acid from 29.85 °C to 311.79 °C [257]. A further increase
in the temperature leads to the decomposition of metal tartrates formed during the
gelation process, and this process ends at about 391.94 °C. Right after that, the
crystallisation of CeosSmo20..; double oxide begins. As with CP, after the main
decomposition of the gel precursor, a further increase in the heating temperature
from 391.94 °C to 699.85 °C leads to only a small mass change equal to 0.87%.

Summarising the results of the thermal analysis, for all the synthesis methods,
the decomposition of the corresponding precursors is different up to 896.85 °C. This
assumes the possible uneven growth of crystallites and different crystallisation
mechanisms in each case for CeosSmg2025 ceramics at somewhat higher
temperatures.

The elemental analysis of the synthesised powders, evaluated by ICP-OES and
EDX, showed that the value of the Sm concentration in CeixSmyOss,
approximately coincides with the theoretical value. A summary of the elemental
analysis results was published in [Al, 204].

Fig. 4.2. illustrates the XRD patterns of SDC powders without heating and
calcined at 800 °C and 1200 °C for 5 h for each of the three routes of synthesis.
From the obtained results, SDC, regardless of the synthesis path, is denoted by a
phase-pure cubic fluorite structure with the Fm-3m space group (JCPDS No: 75-
0158).
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synthesised by (a) combustion, (b) co-precipitation, (c) sol-gel

In SDC synthesised by CB (111), (200), (220) and (311) diffraction peaks were
mostly visible in all the temperature ranges. However, additional diffraction peaks
were observed in uncalcined SDC-CP powders. These peaks can be associated with
residues of oxalic acid [267] since the detected diffraction peaks are similar to pure
oxalic acid [269]. An amorphous phase similar to GDC synthesised by the Pechini
method [270] was observed in uncalcined SDC-SG powders. In all the synthesis
methods, with an increase in the calcination temperature, the intensity of the
diffraction peaks increases, becomes narrow and sharp, which leads to an increase in
crystallinity. The calculated crystallite sizes and lattice parameters of the synthesised
nanopowders are shown in Fig. 4.3.

69



100 w5436
’O\\ /’D\Y-Q&r‘ —
—e o B0 - O",‘B“O’,f@:’u'_sns 13
c St ! o < D
~— E‘::--, I”’A_-AI/ _%
R 60 2 o £
- & ST r54s0 B
= ° , g -®-CBD o
‘é’ e i --m--CP_D|[542.7 &
O 20 s --0--CB_a 5

o --A--SG_a
5 X5 --0--CP_a|[542.4

200 400 600 800 1000 1200
Temperature (°C)

Fig. 4.3. Plot of the crystallite size (D) and lattice parameter (a) vs. calcination temperatures
for 20 SDC nanopowders synthesised by various synthesis techniques

As it can be seen from the results obtained from combustion synthesis, the
growth of crystallites is strongly accelerated by the temperature and their cooling
rate, especially in the range from 126.85 °C to 426.85 °C. This tendency of
crystallite growth is strongly influenced by the decomposition of volatile
compounds, as shown in the DSC curve (Fig. 4.1 (a)). This exothermic effect slows
down the crystallisation process and also destroys the formed crystallites, especially
at temperatures above 526.85 °C. Lastly, after the primary exothermic
decomposition of volatile compounds, a further increase in the heating temperature
determines the usual growth of crystallites across the entire investigated range.
Moreover, in the temperature range from 726.85 °C to 826.85 °C, almost the same
increase in the crystallite growth is observed in all three cases of synthesis. At higher
temperatures, the growth of crystallites occurred faster for CP synthesis;
nevertheless, their size distribution varied over a wider range than in the other cases.
According to Fig. 4.3, the crystallisation mechanism and the crystallite growth rate
are highly dependent on the synthesis route (especially at lower temperatures). With
an increase in temperature, the differences in the growth of crystallites tend to
disappear; however, their size distribution remains uneven.
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Fig. 4.4. SEM and TEM images of 20 SDC nanopowders calcined at 800 °C, where (a and b)

combustion, (c and d) co-precipitation, (e and f) sol-gel syntheses were performed,
respectively. The TEM results were published in [Al, 204]

The morphological and structural properties of CeosSmo2025 nanopowders
synthesised by different methods and calcined at 800 °C for 5 h were analysed by
scanning and transmission electron microscopy (Fig. 4.4). The microstructure of
SDC nanopowders consists of uniform particles of a small size. The TEM image of
SDC-CB shows porous hermetically assembled nanocrystallites with the average
grain size of 90 nm. This can be explained by the fact that radical ignition forms
inhomogeneous particles during combustion synthesis [271]. Meanwhile, SDC-CP
and SDC-SG are more homogeneous with an average grain size of 36 nm (SDC-
CP), whereas it was difficult to determine the grain size for SDC-SG. The SEM
image of SDC-CB shows a spongy structure of a low density, while the structure of
CP and SG powders is denser with the presence of fragments and protrusions.

The FT-IR spectra of Sm,03 and CeO, powders synthesised by the combustion
method and calcined at 800 °C are shown in Fig. 4.5. Broad bands in the range of
2500-3800 cm™ are related to the O-H stretching vibration mode and can be
attributed either to the water adsorbed on the surface of compounds or to the (Ce or
Sm)-OH groups [272,273]. The peaks appearing between 1200 and 1700 cm™ can
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be attributed to carbonate species formed on coordinatively unsaturated oxide
surfaces, mainly to bicarbonate-like and monodentate carbonate species with O—C—
O stretching frequencies [274,275]. Minor peaks around 1050 cm™ (Fig. 4.5 (a)) and
1060 cm™ (Fig. 4.5 (b)) also indicate the existence of the carbonate species, while
intense peaks below 770 cm™ appear due to the stretching modes of Ce-O and Sm-O
[274].
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Fig. 4.5. FT-IR spectra of (a) CeO,and (b) Sm»O3 powders synthesised by the combustion
method and calcined at 800°C

The FT-IR spectra of 10 SDC, 20 SDC and 30 SDC can be characterised by the
same major features regardless of the synthesis method and concentration, thus only
the spectra of 20 SDC synthesised by the CB, CP, and SG methods and calcined at
various temperatures are presented (Fig. 4.6). In all the spectra, a broad band was
observed in range between 2500-3800 cm™' which can be assigned to the O-H
stretching mode of physically adsorbed water [273]. Due to the adsorption of
linearly coordinated CO, molecules on the surface, a minor band in the range of
2300-2400 cm™! is visible in several spectral lines. Due to the use of organic
compounds in all the synthesis methods, the traces of carbonate and bicarbonate are
inevitable in the range between 1000-1600 cm™' [274]. SDC-CP has the lowest
amount of these residues. Nevertheless, at 200 °C, the nanopowders produced by CP
and SG exhibit an intense peak at about 1700 cm™!, which is associated with
functional groups containing carbonyl [276].
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Fig. 4.6. FT-IR spectra of 20 SDC synthesised by (a) combustion, (b) co-precipitation, and
(c) sol-gel

In addition, with an increase in the calcination temperature, the intensities of all
the bands mentioned above decrease; therefore, the concentrations of the
corresponding bonds and the functional groups containing these bonds decrease as
well. In all the three spectra, after the final heating, the O—H bond band is virtually
absent, which indicates the physical desorption of all water. However, traces of
organic residues can still be found after the final calcination, especially in SDC-CB
and SDC-SG. Similar results were provided by Mokkelbost et al. [272] who, after
heating the samples at 1000 °C for 12 h, found traces of organic compounds.

The most important feature of these spectra is a broad intense band below 770
cm! which is associated with the metal-oxygen bond and corresponds to the phonon
mode of CeO; [274,277]. This peak increases with an increase in the calcination
temperature. This, together with a decrease in the intensities of the residual bond,
indicates that the purity of the powders increases with an increase in the calcination
temperature.

4.1.2  Characterisation of SDC ceramic pellets

The microstructure of the synthesised pellets, their grain size and distribution,
as well as homogeneity affect the ionic conductivity of the material [271,278]. For
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example, the grain boundary resistance can increase due to the increased porosity
and the low sintering properties of the material [279]. SEM images of the surface
and the cross-section of 20 SDC ceramic pellets annealed at 1200 °C for 2 h are
shown in Fig. 4.7.

Fig. 4.7. SEM images of the surface (a, c, €) and cross-section (b, d, f) of 20 SDC pellets
pressed from (a and b) combustion (CB), (c and d) co-precipitation (CP), (e and f) sol-gel
(SG) synthesised nanopowders. Published in [Al, 204]

The surface of 20 SDC-CB and 20 SDC-SG consists of heterogeneous, and
unequal in size, spherical grains with an average grain size of 2.1 ym (CB) and 2 um
(SG) and without any cracks and/or gaps (Fig. 4.7 (a, €)). Whereas the surface of 20
SDC-CP is denoted by several small gaps, and it consists of relatively smaller grains
with an average grain size of 0.5 um (Fig. 4.7 (c)). From the cross-section view, we
can observe that the structure of 20 SDC-CB is dense and has low porosity (Fig. 4.7
(b)); meanwhile, 20 SDC-CP and 20 SDC-SG exhibit a more porous nature (Fig. 4.7
(d, f)), which might be the result of the insufficient sintering of the samples.
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However, compared to 20 SDC-CP, 20 SDC-SG have a denser structure with fewer
pores [152].
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Fig. 4.8. Complex impedance plots at (a) 280 °C, (b) 400 °C, (c) 600 °C, and (d) 800 °C of
20 SDC ceramic pellets synthesised by combustion, co-precipitation, and sol-gel syntheses.
Insert in (a) is an equivalent circuit, where CPE is the constant phase element, R is the
resistance for the grain (G), grain boundary (GB), and electrode (E), respectively. Published
in [Al, 204]

The results of impedance spectroscopy (which helps to separate grain, grain
boundary, and the total ionic conductivities [280,281]) show that all the SDC
ceramic pellets, regardless of the synthesis method and concentration of samarium,
have different Nyquist plots (complex impedance plots) at various temperature and
frequency ranges typical of the SOFC electrolyte (Fig. 4.8.). The resulting arc
(semicircle) at the high frequency range is the response from the oxygen ion
relaxation in grain (G; 1% arc), in the intermediate frequency range is the response
from the ionic migration in the grain boundary (GB; 2™ arc) and, in the low
frequency range is the response of the electrode (E; 3" arc) [152,280,282,283]. The
frequency increases from right to left, and every arc can be presented as an
equivalent circuit of a parallel-connected resistor (R) and a constant phase element
(CPE) corresponding to the grain (G), grain boundary (GB), or electrode (E) [281].
An example of a circuit is shown in (Fig. 4.8 (2)). All three well-defined arcs were
observed at 280 °C (Fig. 4.8 (a)), but the grain resistance disappeared as the
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temperature increased to 400 °C and 600 °C (Fig. 4.8 (b, ¢)). The disappearance of
the grain and the grain boundary arcs is associated with a shorter polarisation time at
a higher temperature than from the electrode [282,284].

At 800 °C (Fig. 4.8 (d)), we observe a splitting of the semicircle corresponding
to the electrode response, which can be caused by two separate physical-
electrochemical processes occurring in the electrode. This is due to the strong
polarisation of the electrodes [280], as well as the formation of an additional
diffusion barrier layer between the electrolyte and the Pt electrode during the
movement of oxygen ions [283]. As it can be seen, when the temperature increases,
the resistance decreases, which leads to an increase in conductivity. According to
[280] and the results presented in Fig. 4.8., the grain boundary resistance is
calculated with the following Equation 4.1:

Rgb = Ry3 —Ryy , (4.1)

where R, = Ry is the grain interior resistance, R,; = R; is the total electrolyte
resistance. The oxygen ion conductivity in SDC can be calculated by using Eq. 3.34.

From the obtained results, the highest total conductivity value at all
temperatures was calculated for 20 SDC synthesised by the combustion synthesis,
and it has a maximum value of 3.04x102 Sxcm at 800 °C, which is higher than the
pellets synthesised by co-precipitation (2.35%102 Sxcm™?) and sol-gel (2.65x107
Sxcm™). The values of the total ionic conductivity and activation energy of all SDC
pellets at various temperatures are shown in Table 4.1. At lower temperatures (400
°C and 600 °C), the total conductivity of 20 SDC-CB is 0.82x10? Sxcm™ and
1.1x102 Sxcm?, respectively. Similarly, Kim et al. [271] reported the highest total
ionic conductivity for combustion-synthesised samples, and Peng et al. [285] also
obtained a maximum o Value of 0.082 Sxcm™ at 800 °C for the SDC pellet using
the glycine-nitrate process. Wen et al. [286] reported a ot Value of 2.24x10%
Sxcm™ at 800 °C for the 20 SDC synthesised by co-precipitation. Wattanathana et
al. [284] obtained 1.86x102 Sxcm™ at 600 °C for 20 SDC synthesised by the
thermal decomposition of metal organic complexes; however, the maximum
conductivity value was obtained for 15 SDC (2.06x102 Sxcm™ at 600 °C). The
authors state that, due to the formation of the amorphous Sm;O3 phase, an increase
in the doping concentration leads to a lower value of conductivity.

Table 4.1. Total conductivity and activation energy results of SDC ceramic pellets
synthesised by combustion, co-precipitation, and sol-gel

Sample AEa (eV) Total conductivity (10?) (Sxcm™)
LT HT 400 °C 600 °C 800 °C
10 SDC-CB 0.81 0.61 0.67 0.71 2.06
20 SDC-CB 0.88 0.77 0.82 11 3.04
30 SDC-CB 1.11 0.97 0.031 0.59 147
10 SDC-CP 0.84 0.7 0.67 0.79 2.18
20 SDC-CP 0.95 0.8 0.78 0.92 2.35
30 SDC-CP 1.14 0.98 0.038 0.47 1.82
10 SDC-SG 0.92 0.71 0.34 0.7 2.16
20 SDC-SG 0.89 0.78 0.58 0.95 2.65
30 SDC-SG 11 0.99 0.078 0.54 1.67
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The temperature dependence of ionic conductivity obeys the Arrhenius law (Eq.
3.34), and its plot is shown in Fig. 4.9. However, a break in the slope, resulting in
two different temperature ranges (low (LT) and high (HT) temperature ranges), can
be observed.
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Fig. 4.9. Arrhenius plot of the total conductivity of SDC synthesised by combustion, co-
precipitation, and sol-gel syntheses

The presence of the different temperature ranges can be explained by redox
reactions occurring in the CeO; lattice, or by the thermodynamics of the defect
species and their interactions [287,288]. In the low-temperature range, the
concentration of the charge carrying defects is determined by its thermodynamic
equilibrium and the Coulomb interaction [287]. As the temperature increases,
different conduction mechanisms cause a change in the activation energy [147]. In
the high-temperature range, the association enthalpy is absent and only migration
enthalpy is present, which results in a lower activation energy. The lowest activation
energies in both the low-temperature (LT) and high-temperature (HT) ranges were
obtained for SDC ceramics synthesised by the combustion method (Table 4.1).

4.1.3 Characteristics of SDC thin films

To investigate the possibility of using the electron beam evaporation technique,
26 SDC ceramic pellets were used as a target material for the formation of thin
ceria-based films. The aim was to obtain thin films of certain thicknesses, such as
100, 200, 400, 600, 800 nm, and to investigate the kinetics of the growth of thin
films.
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Fig. 4.10. XRD patterns (a, ¢, ) and Raman spectra (b, d, f) of 26-SDC thin films on the Si
substrate with different thicknesses synthesised by (a, b) combustion, (c, d) co-precipitation,
and (e, f) sol-gel methods

2

Fig. 4.10 (a, c, e) shows the XRD results of the films on the Si substrate.
Despite the thickness of the films and the synthesis method, all the observed peaks
correspond to the fluorite structure. The intensity of the peaks varies with the
thickness and the maximum crystallite size was calculated at 800 nm for all films
(73.4 nm, 74.2 nm, and 86.7 nm for 26-SDC-CB, 26-SDC-CP, and 26-SDC-SG,
respectively). Compared to other films, 26-SDC-CP exhibits additional peaks of
crystallographic orientation (200), the intensity of which decreases with the
increasing thickness and disappears at 800 nm. 26-SDC-SG 100 nm has an intense

78



peak of the (311) orientation, which could be a response from the Si substrate.
Similarly to XRD results, 800 nm films have the highest peak intensity in the Raman
spectra at 460-461 cm™ (Fig. 4.10 (b, d, f)). Due to the symmetrical stretching of the
Ce-O vibrational unit in 8-fold coordination, this peak is attributed to the F.4 peak of
the symmetric breathing mode of the oxygen ion (O%) around cations [289]. When
increasing the thickness, the intensity of the peak increases and it becomes sharper,
which shows better crystallinity.

The actual thicknesses of the obtained films were estimated from the results of
the scanning electron microscope and did not correspond to the desired values of the
thickness (Table 4.2). It is extremely important to control the evaporation
conditions. During the evaporation of 26-SDC films, we observed an uneven current
flow and the fact that the quartz resonator showed an incorrect value of the
thickness. 26-SDC-CB has the largest thickness deviation if compared to CP and
SG. The reason for the deviation of the thickness from the expected one could be
associated with the flow of the evaporation material which could consist of a single
atom and of clusters. The evaporation of a solid solution is a complex process in
which many factors can affect the thickness of the resulting film; moreover, this can
change its chemical composition. The technical parameters of electron beam
technology, such as the power of the electron gun, the substrate temperature, the
deposition rate, and the evaporation time, affect the structure, the growth pattern,
and the crystallinity of the films. Difficulty can arise when individual components
go through the same processing conditions. High vacuum conditions result in a
higher evaporation rate.

Table 4.2. SEM estimated SDC thin film thicknesses

Desired thickness (hm)
Sample 100 | 200 | 400 | 600 | 800
Thickness from SEM analysis (nm)
26-SDC-CB 95 548 1801 1020 1850
26-SDC-CP 105 333 475 2041 1548
26-SDC-SG 75 356 602 887 1676

Fig. 4.11 shows the SEM and AFM results of 26-SDC-CB, and it can be seen
that the obtained SDC films are uniform, dense with no defects and have a rather
rough surface. The highest surface roughness (the root mean square, Rq) value of 4.7
nm was calculated for 600 nm, and the lowest values were 2.8 nm for both 100 and
400 nm, respectively. The value of Ry depends on the deposition time at different
powers of the electron beam gun [290]. In [290], it is reported that with an increase
in the deposition time to 5 s at the initial evaporation stage and a lower e-beam gun
power (< 0.66 kW), the surface roughness increases. After 5 s, it begins to decrease,
and, after reaching 10 s, it increases again. At a higher gun power, the maximum
value of Ry is observed at earlier times (< 5 s). At a later evaporation stage, the
roughness of the films increases linearly, which is faster at medium e-beam gun
powers [290]. An increase in the e-beam gun power results in an increase in the
temperature of the substrate, and, subsequently, in an increase in the flux and kinetic
energy of the evaporated particles [194,290].
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Fig. 4.11. SEM and 3D AFM images of 26-SDC-CB thin films on Si substrate with different
thicknesses, where (a, b) 100 nm, (c, d) 200 nm, (e, f) 400 nm, (g, h) 600 nm, (i, j) 800 nm
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4.1.4 Summary of the experimental results of SDC

The choice of the chemical synthesis method and its conditions, as well as the

starting materials, affects the microstructural as well as electrical properties, and the
thermal expansion of ceria-based ceramics. The presented results of the study of
samarium-doped ceria ceramics can help to understand and choose a method for
synthesising nanopowders with the best and most desired properties. The following
conclusions were drawn from the investigation of SDC with various concentration
synthesised by CB, CP, and SG:

1.

According to thermal analysis, the decomposition of SDC does not differ in its
concentration and corresponds to the decomposition behaviour of the precursor
used for the synthesis. For each type of synthesis, the crystallisation mechanism
and decomposition are different up to 896.85 °C, while the uneven growth of
crystallites is possible. Moreover, SDC synthesised by CP and SG becomes
thermally stable at about 700 °C, while SDC-CB is quite stable at lower
temperatures, and further heat treatment has little effect on its mass change and
decomposition.

Based on XRD results, compared to SDC-CB, a much higher temperature is
necessary to obtain a single phase compound for SDC synthesised by co-
precipitation and sol-gel. Moreover, the XRD analysis showed that different
synthesis method has different growth of crystallites. For example, at 400 °C,
the crystallite size for 20 SDC-CB is 40.80 nm, for 20 SDC-CP, it is 5.19 nm,
and for 20 SDC-SG, it is 5.75 nm. At 800 °C, the crystallite size for 20 SDC-
CB is 39.50 nm, for 20 SDC-CP, it is 42.46 nm, and for 20 SDC-SG, it is 32.57
nm.

According to the FT-IR spectra, with an increase in the calcination
temperature, the purity of SDC nanopowders increases, since the peak of the
metal-oxygen bond increases, and the peak of the residual bond decreases.
However, after the final calcination, residues of organic compounds may still be
observed in SDC-CB and SDC-SG.

SEM and TEM results have shown that the microstructure of SDC
nanopowders consists of homogeneous particles of a small size (~36-90 nm).
The SEM images of SDC ceramics showed no impurities or any other defects.
The microstructure of 20 SDC-CB is denser with low porosity, and the average
grain size is 2.1 pm. Meanwhile, 20 SDC-CP and 20 SDC-SG are denoted by a
more porous nature with the average grain sizes being 0.5 um and 2 pm,
respectively.

According to the impedance spectroscopy measurement, the maximum value of
the total ionic conductivity at all temperatures (the highest value is 3.04x107
Sxcm™! at 800 °C) with the lowest activation energy in both temperature ranges
(LT and HT) was obtained for 20 SDC-CB which also had better morphological
properties compared to the other ceramics.

The synthesised SDCs were used as a target material to form thin films by using
the electron beam evaporation technique. According to the SEM results, we
observe deviation in the thicknesses. To obtain the desired thickness, the values
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on the quartz crystal deposition controller should be about half as much, hence it
will take less time to evaporate.

7. Summarising the obtained experimental results, ceramics synthesised by the
combustion method showed the best properties. With regard to concentration,
the conductivity increases with an increasing SDC concentration and reaches its
maximum at 20 mol%. A further increase leads to a drop in the conductivity
value. Thus, for the preparation of gadolinium-doped ceria, Gd concentrations
were chosen up to 20 mol%, such as 10, 15, and 20 mol%. Combustion and
coprecipitation were chosen as the synthesis methods since these methods are
cheaper and easier to implement, and the materials offer superior properties if
compared to sol-gel.

4.2  Gadolinium-doped ceria

4.2.1  Characterisation of GDC nanopowders

The thermal decomposition process reveals and characterises the individual
characteristics of each sample prepared according to a specific synthesis method.
The starting intermediate of the combustion synthesis (Fig. 4.12 (a)) shows that the
decrease in the sample mass is more or less gradual, with the exception of the ranges
between 30-150 °C and 250-350 °C. The first significant increase in the mass
change of about 0.2-0.25% is related to the evaporation of moisture that was
absorbed by the sample prior to the measurement. This process is confirmed by the
DTA curve, which shows a clearly pronounced endothermic peak at the investigated
stage. A further increase in the temperature leads to slow partial evaporation of the
organic residue in the ceramic sample. The broad endothermic band on the DTA
curve from 190 °C to 450 °C can be attributed to this process. This means that at this
temperature stage, the release of a gaseous residue of hydrated carbon, which was
formed during the combustion of the glycine nitrate precursor, is observed. The
elongated endothermic behaviour of the DTA curve and the relatively wide
temperature range confirm this conclusion. A small and broad exothermic peak in
the temperature range from 360 °C to 500 °C suggests that this evaporation process
competes with the partial oxidation of organic residue to carbon monoxide. The final
mass change is approximately 0.25-0.5% of the total 0.45-0.75% and reflects the
final purification of the ceramic phase from organic side phases. The broad
endothermic band on the DTA curve from 450 °C to 800 °C corresponds to the onset
of crystallisation of the final ceramic compound. It is also of interest to note that the
increase in the sample mass, which begins at about 730-750 °C, is associated with
the absorption of oxygen atoms from the air. This process is confirmed by a small
endothermic peak in the DTA curve which is observed in the temperature range
from 870 °C to 890 °C.
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Fig. 4.12. Combined TGA-DTG-DTA curves of 10 GDC synthesised by (a) combustion
(CB) and (b) co-precipitation (CP) syntheses. Figure (b) was published in [A3, 315]

In contrast to the CB synthesis, the mass change for sample precursors obtained
during the co-precipitation (Fig. 4.12 (b)) method is significantly larger. The
decomposition of the co-precipitation precursor is associated with the decomposition
behaviour of hydrated oxalic acid. In the temperature range from 30 °C to 100 °C,
the evaporation of water molecules with a mass change of about 12-13% was
observed, which is confirmed by a strong endothermic peak on the DTA curve. A
further increase in the temperature to 190 °C with a bright endothermic effect on the
DTA curve is associated with the melting and partial decomposition of oxalic acid
with the mass change in the sample of about 4-5%. The last mass change in the
range from 310 °C to 370 °C is due to the final decomposition of the initial metal
oxalate precursor. Approximately 38% of the mass change and the strong
exothermic peak on the DTA curve can be attributed to the release of carbon dioxide
whose formation is facilitated by the redox properties of ceria. In addition, as well as
with CB, there is also a slight increase in the mass (0.16%) above 800 °C. This
effect reflects an endothermic peak on the DTA curve within the temperature range
from 850 °C to 950 °C. As we can see from the obtained results, the final tendency
of the crystallisation of mixed oxide at elevated temperatures depends only on the
sizes of crystallites, which were formed at approximately 400 °C. Moreover, the
thermal decomposition of volatile organic impurities and the crystallisation of the
double oxide are more dependent on the CP precursor than in the case of CB.

The X-ray diffraction patterns of GDC nanopowders calcined at various
temperatures are presented in Fig. 4.13.
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Fig. 4.13. XRD patterns of 10 GDC nanopowders synthesised by (a) combustion and (b) co-
precipitation calcined at various temperatures

The obtained results show that GDC nanopowders feature a cubic fluorite
crystalline lattice with an Fm-3m space group and the dominating (111)
crystallographic plane. As in SDC-CP, we can observe additional peaks in GDC-CP
corresponding to the remnants of oxalic acid. The cubic structure of 10 GDC-CB
begins to form from uncalcined nanopowders, while for GDC-CP, it requires a
higher calcination temperature (400 °C). Li et al. [246] found that the grain growth
of CeO. ceramics is effectively suppressed by doping with both Sm®*" and Gd**;
however, the crystallite size increases with an increase in the calcination
temperature. The calcination of ceramics depends on the diffusion processes
combining individual powder grains into one cohesive material. Thus, with an
increase in the calcination temperature, the intensity of the well-defined diffraction
peaks increases, and the broadening decreases, which indicates an increase in
crystallinity. The temperature dependence of the calculated crystallite sizes (see Eqg.
3.24) and the lattice parameters (see Eq. 3.25) of the synthesised nanopowders are
plotted in Fig. 4.1. As it can be seen, the tendency of the crystallite growth is similar
to that in the case of SDC-CB and SDC-CP. However, the crystallite sizes and the
lattice parameters of GDC nanopowders are smaller than those of SDC, since the
ionic radius of Sm*3 (1.079 A) is larger than the ionic radius of Gd*3(1.053 A) [291].
The lattice parameter of 10 GDC-CB decreases between the calcination
temperatures from 600 °C to 1000 °C, and at higher temperatures, the lattice growth
stabilises. Such results can be associated with an insufficient calcination temperature
and incomplete formation of oxides. In the case of 10 GDC-CP, the lattice parameter
gradually increases with an increase in the calcination temperature.
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Fig. 4.14. Plot of the crystallite size (D) and lattice parameter (a) vs. calcination
temperatures for 10 GDC nanopowders

The ICP-OES and SEM/EDS results of elemental analysis showed that the
chemical composition of the obtained materials is controlled by the composition of
the solution for synthesis. Moreover, the compaction of nanopowders during the
calcination process can affect the properties of the ceramics.

Based on the morphological properties obtained by SEM, 10 GDC-CB (Fig.
4.15 (a)) shows a foamed structure similar to 20 SDC-CB (Fig. 4.4 (a)) which is
typical of powders obtained by combustion synthesis. However, the TEM results
show that the average size of nanoparticles is 24 nm, which is ~4 times smaller than
20 SDC-CB. In the case of 10 GDC-CP, the nanopowders are a coarse rod-ribbon
microstructure typical of powders formed by CP, with an average size of
nanoparticles of 23 nm (Fig. 4.15 (c)). Similar results for CP and CB were obtained
by Zha et al. [292] who stated that, after further processing, the foamed structured
powders can be used for the formation of an electrode. The TEM results of both
ceramic nanopowders showed that they consist of small particles and are denoted by
porous nature. Similar results were obtained for all GDC concentrations.

(b)
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Fig. 4.15. SEM and TEM images of 10 GDC nanopowders synthesised by (a and b)
combustion and (c and d) co-precipitation synthesis methods and calcined at 800 °C

The obtained FT-IR spectra of all GDC (CB and CP) show the same major
peaks with the same tendency as SDC (Fig. 4.16). However, compared to SDC, the
GDC peaks are less intense even at low temperatures, which indicates better purity
of the powders. For example, the intensities of the peaks corresponding to traces of
carbonate and bicarbonate (in the range between 1000-1600 cm™?) and the O-H
stretching mode (in the range between 2500-3800 cm™!) are more intense for SDC
nanopowders at all temperatures than for GDC.
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Fig. 4.16. FT-IR spectra of 10 GDC synthesised by (a) combustion and (b) co-precipitation

The peaks corresponding to the adsorption of CO, molecules on the surface of
the powders (2300-2400 cm™), which are visible in several SDC spectra, are absent
in GDC; moreover, after the final calcination, the intensity corresponding to organic
residues is almost gone. The CeO, band increases with the increasing calcination
temperature, and the absence of other peaks at higher temperatures confirms the
purity of GDC nanopowders.

4.2.2  Characterisation of GDC ceramic pellets

The microstructure of the ceramic pellets and its sintering quality are important
factors for the analysis of ionic conductivity. Burcu et al. [279] found that grain
boundary resistances increase due to the low sintering capacity and increased
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porosity in SDC electrolytes. The sintering capacity depends on the sintering time
and temperature, the diffusion coefficient of atoms and the particle size. When
powders are calcined, individual grains grow together, which helps to reduce the
porosity of ceramics from 30-50% to merely a few percent. For the SEM
measurement, pellets were broken in half, and, due to the roughness of the surface
after the fracture, the sides were polished, cleaned with ethanol, and thermally
etched at 1100 °C for 1 h. Fig. 4.17 presents a SEM image of the surface of GDC
pellets annealed at 1200 °C for 5 h.

B

Fig. 4.17. Surface view of 10 GDC synthesised by (a) CP and (b) CB annealed at 1200 °C.
Figure (a) was published in [A3, 315]

As it can be seen, GDC pellets consist of grains of various sizes with an
average grain size of 0.32 um (10 GDC-CP) and 0.307 um (10 GDC-CB). The
distribution of grains is uneven yet dense, without porosity, defects, and cracks.

The obtained complex impedance plots of GDC ceramics at various
temperature and frequency ranges are presented in Fig. 4.18. It can be seen that with
an increase in the concentration of Gd in GDC, the total resistance of the pellets also
increases. Thus, 20 GDC have the highest value of the total resistance resulting in
the lowest ionic conductivity at all temperature ranges, while the lowest resistance
and the highest conductivity were obtained for 10 GDC. With an increasing
temperature, we observe a decrease in resistance; therefore, conductivity increases.
Koettgen et al. [41] compared the values of the bulk and the grain boundary
conductivity GDC and SDC of various concentrations synthesised by the sol-gel
method, and the highest bulk conductivity was found for Ceg3sSmo 0701965, Which
led to the maximum total conductivity. The authors reported the same tendency
when the conductivity increased with an increase in the dopant to a certain value and
subsequently decreased with a further increase in the dopant fraction [41]. As in
SDC ceramics (see Subchapter 4.1.2), the highest oiotal Was obtained for 20 SDC-CB,
and the values of all the synthesised SDCs increased until x = 0.2 and decreased at
0.3.
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Fig. 4.18. Complex impedance plots of (a), (b) GDC-CP; (c), (d) GDC-CB; and (e), (f) 10
GDC synthesised by combustion and co-precipitation at 400 °C and 600 °C

The Arrhenius plot with the temperature dependences of the total ionic
conductivities is shown in Fig. 4.19, where, due to redox reactions in the ceria lattice
[2871], a similar break in the slopes is observed as in the SDC ceramics.
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Fig. 4.19. Arrhenius plot of total conductivity for GDC synthesised by combustion and co-
precipitation

The activation energies (4E.) determined from the Arrhenius plots and the total
ionic conductivity at 600 °C are shown in Table 4.3.

Table 4.3. Values of the activation energy at low (LT) and high (HT) temperature
ranges and the total conductivity of GDC ceramic pellets. Results of the GDC-CP
were published in [A3, 315]

Sample AEa (eV) Total conductivity (10?) (Sxcm™)
LT HT 400 °C 600 °C 800 °C

10 GDC-CP 0.85 0.67 0.07 11 5.9
15 GDC-CP 0.95 0.80 0.03 1 6.3
20 GDC-CP 0.99 0.85 0.01 0.5 1.8
10 GDC-CB 0.85 0.72 0.06 1 6
15 GDC-CB 0.92 0.84 0.02 0.8 5.5
20 GDC-CB 0.96 0.86 0.01 0.3 1.7

From the results shown in Fig. 4.19 and Table 4.3, we can observe a decrease in
AE, in the high-temperature range of all the concentrations of GDC. As in the case
of SDC, this decrease is due to the absence of the association enthalpy at HT [272].
With an increase in the molar concentration of GDC, the activation energy increases
and the total conductivity decreases, as well as the bulk and grain boundary
conductivity. Thus, at 600 °C, 10 GDC-CP and 10 GDC-CB have the highest total
ionic conductivity of 1.1x102 Sxcm™? and 1x102 Sxcm?, respectively. The
activation energy at LT is 0.85 eV for both 10 GDC-CP and 10 GDC-CB; however,
at HT, 10 GDC-CP has a lower value (0.65 eV) than 10 GDC-CB (0.72 eV). Fuentes
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and Baker [293] obtained the same results for Gdo.1Ceo.9O1.95 Synthesised by a sol-gel
(00=0.011 Sxcm? at 600 °C). Faruk Okstizomer et al. [294] investigated
Gdo.1Ce0.901.95 and Gdo2Ceos01.9 Synthesised by the polyol process and obtained a
higher conductivity of 0.0211 Sxcm™ at 800 °C with low activation energies for 10
GDC.

4.2.3 Characterisation of GDC thin films

4.2.3.1 GDC thin films obtained by the electron beam evaporation technique

The synthesised CexGdi1xO2 2 pellets were evaporated on various substrates by
using the e-beam technique. To investigate the effect of additional thermal treatment
on the properties of thin GDC films, they were annealed at several temperatures
(600, 700, 800, and 900 °C) for 1 h. The results of the chemical composition of
Gd»03 in GDC thin films are summarised in Table 4.4.

Table 4.4. Chemical composition of evaporated GDC thin films obtained from XPS
and ICP-OES measurements. Results of the GDC-CP were published in [A3, 315].

Gd content Gd . Molar Decrease of
_ in thin film coqteqt in content_of the molar
Notation from ICP— thin film Gc_JzO_s in conte_nt of_
OES (r.u) from XPS thin film Gngs in thin
(r.u) (mol%) film (%)
10-GDC-CP 0.13 0.13 6.90 31.0
15-GDC-CP 0.21 0.20 11.3 24.7
20-GDC-CP 0.27 0.26 14.4 28.0
10-GDC-CB 0.13 0.13 7.10 29.0
15-GDC-CB 0.21 0.20 11.4 24.0
20-GDC-CB 0.26 0.26 14 30.0

The results show that the chemical composition of GDC thin films is, on
average, 28% lower than that of the target material used in the e-beam process
(Table 4.4). As we can see, thin films evaporated from 15 GDC ceramics provide the
formation of a 10-GDC thin film, the target of which (10 GDC ceramic pellet) has
the highest ionic conductivity value [295]. The evaporation of at solid solution is a
complex process and there are many factors which may influence the change in the
chemical composition of thin films [296]. The difficulty arises when individual
components denoted by different evaporation temperatures and evaporation rates, go
through the same process conditions. The following equation can be used to
determine the evaporation rate [295,296]:

M
Fpax = 0.058p, \E

where Fmax is the evaporation rate in (g/cm? — s), py is the vapour pressure, M is the
molecular mass, and T is the temperature. High vacuum conditions result in higher
evaporation rates. Different elements evaporate at different evaporation rates during
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the process; for example, metals evaporate as a function of the temperature and the
vacuum level. Thus, the chemical composition of the resulting condensed material
may differ from the target material used for the evaporation.

= (ﬁm)

As-evaporated -

-

200 nm 200 nm

200 nm 200 nm

Fig. 4.20. Photo, SEM, and 3D AFM images of (a) 10-GDC and (b) 15-GDC thin films as-
evaporated (left) and annealed at 800 °C (right). Published in [A3, 315]
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The morphology and the surface roughness of GDC thin films are presented in
Fig. 4.20. According to the SEM results, the annealing of the films insignificantly
affected their morphology; the thickness varied slightly depending on the annealing
temperature but was ~800 nm. As it can be seen, GDC-CP films are dense, and they
contain nanoscale grains. However, the roughness changes with the increasing
annealing temperature; the surfaces of the films are spiky (roughness kurtosis (Riu)
above 3 nm) and relatively rough. The results of the roughness parameters calculated
from AFM images are shown in Figure 4.21 and summarised in Table 4.4.
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Fig. 4.21. Surface roughness parameters calculated from the AFM images of GDC-CP thin

films as-evapourated and after additional thermal treatment at 600 °C, 700 °C, 800 °C, 900

°C for 1 h where Rq (the empty figures) is the root mean square and R; (the filled figures) is
the average height

The root mean square values (Rq) of 10-GDC-CP fluctuate with the annealing
temperature and have their maximum value at 600 °C (18.08 nm), while the lowest
value of 11.32 nm is delivered by the as-evaporated film. Overall, a different
tendency of Ry was observed for 15-GDC-CP and 20-GDC-CP, values of which
increase with the increasing annealing temperature, thus reaching a maximum point
of 15.29 nm (15-GDC-CP) and 13.74 nm (20-GDC-CP) at 800 °C. The average
roughness (Ra) values show the same trend as Rq for all the GDC-CP thin films (Fig.
4.19). When increasing the annealing temperature, the mobility of atoms increases,
thus causing agglomeration of the particles and an increase in the particle size,
which leads to an increase in roughness [297,298].

The obtained results of Raman spectroscopy (Fig. 4.22) showed a major peak at
463 cm* for all the GDC thin films. Films of pure CeO,, annealed at 600 °C, have a
main peak at around 475 cm™ which is ascribed to the symmetric breathing mode of
oxygen atoms around CeO (Fzg symmetric vibration), and films of pure Gd.0Os,
annealed at 600 °C, show a peak at ~360-370 cm?, corresponding to the Fy
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symmetric vibration of Gd-O [299,300]. However, in the obtained GDC thin films
(Fig. 4.22), the vibration mode of Gd-O is absent, which indicates the formation of a
single phase. According to Prasada et al. [301], the formation of a single cubic phase
of GDC occurs when Gd:0O; decomposes into the CeO structure by partly
substituting Ce** ions with Gd*3, which leads to a shift of the Foq symmetry. The
resulting GDC peak at 463 cm™ can be associated with the symmetric vibration of
Ce-O with a shift of ~12 cm™ towards a lower wavenumber. Moreover, the peaks of
as-evaporated 20-GDC and annealed at a lower temperature slightly shifted from
463 cm™ to 461 cm™ since these films are denoted by a higher concentration of
Gd,0O3 compared to 10-GDC and 15-GDC. The intensity of the peaks of all GDC
increases with the increasing annealing temperature, which can be associated with
the crystallinity improvement of the films and a decrease of the grain boundary
phase volume [302-304]. Furthermore, the peaks become broader with the
increasing doping concentration (17.8 cm for 10-GDC, 20.2 cm™ for 15-GDC, and
28.4 cm™ for 20-GDC), which might be due to a decrease in the grain size [302].
Similar results were obtained by Zarkov et al. [302] who obtained a peak at 464.5
cm? of a layered CeO: film after annealing at 700 °C. The authors investigated the
properties of GDC thin films on Si and Si/YSZ substrates by chemical solution
deposition.
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Fig. 4.22. Raman spectra of (a) 10-GDC-CP, (b) 15-GDC-CP, and (c) 20-GDC-CP thin films
unheated and annealed at several temperatures. Published in [A3, 315]
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The peak intensity of the 10-GDC-CP and 20-GDC-CP films increases with the
increasing temperature, thus reaching a maximum at 800 °C, and the value further
decreases upon annealing at 900 °C. While 15-GDC-CP has its maximum at 900 °C.
Such results can be associated with a gradual growth of the crystal size, as well as
simultaneous enhancement of the defects in the thin film and the growth of other
crystalline phases [305]. At higher temperatures, these growths are more intense;
therefore, the optimal annealing temperature for GDC thin films was found to be up
to 800 °C, since at this temperature the overall crystallinity and roughness of the
films are improved.

4.2.3.2  GDC thin films obtained by magnetron sputtering technigques

To compare the quality of thin films obtained by using different deposition
methods, Gd,O; and CeO, were deposited by layer-by-layer deposition using
magnetron sputtering. During the magnetron sputtering, with increasing the number
of the layers, the thickness of deposited single CeO, and Gd,Os layers decreased,
and the total thickness of each annealed GDC-4, GDC-6, GDC-12 multilayer system
was in the range of 550-850 nm. The multilayer system of the thin films of CeO, and
Gd,03 and the process of their mixing are important for modifying the cerium
dioxide lattice.
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Fig.4.23. Results of (a) XRD patterns (b) and Raman spectra of gadolinia-ceria multilayered
films. Published in [A2, 302]

From the XRD results (Fig. 4.23 (a)), we observe a cubic structure of the films,
where the intensity of the peaks increases with the number of layers. Subsequently,
GDC-12 has a higher crystallite size and lattice parameter (14.6 nm and 5.401 A)
than GDC-6 (11.4 nm and 5.394 A) and GDC-4 (11.2 nm and 5.393 A). This
tendency is associated with the larger radius of the Gd**dopant (0.097 nm) compared
to Ce*" (0.090 nm) [306,307]. The Raman spectra of GDC-4 and GDC-6 thin films
annealed at 700 °C showed a main peak at 464.1 cm™, whiles the GDC-12 peak
shifted to 462.9 cm™ (Fig. 4.23 (b)). Similarly, as in GDC-CP (Fig. 4.20), the results
shows that the obtained peak corresponds to F,y symmetry and confirms the
formation of a single cubic fluorite phase which is indicated by the occupation of the
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interstitial spaces in the ceria lattice by Gd*® ions [299,301,308,309]. Moreover, we
observe a slight broadening of the peaks (17.2 cm™ to 18.8 cm™).

500 nm 500 nm “. 500 nm

Fig.4.24. SEM images of the cross-section of (a) GDC-4, (b) GDC-6, and (c) GDC-12.
Published in [A2, 302]

The cross-section view showed that GDC films have a dense columnar structure
and a thickness of ~700 nm (GDC-4), ~550 nm (GDC-6), and ~850 nm (GDC-12).
In spite of the annealing, layer boundaries were still observed for GDC-4 and GDC-
6, which indicates insufficient mixing between the layers.
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Fig.4.25. Experimental and simulated RBS spectra of (a) GDC-4, (b) GDC-6, and (c) GDC-
12. Published in [A2, 302]
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Rutherford Backscattering Spectroscopy (RBS) was applied for the element
depth profiling of Gd and Ce so that to verify if the layer boundaries observed in
SEM are present in annealed gadolinia-ceria films. Good agreement was obtained
between the experimentally achieved data and the simulated data (by using SIMNRA
v7.02 software) (Fig. 4. 25). Each deposited layer can be defined in 4 layers of
Gd,03 and CeO,. The high-energy edge of the gadolinium signal at 1.52 MeV
corresponds to backscattering from the Gd,O; layer on the surface, and the energy
edge of cerium at 1.33 MeV corresponds to the CeO; layer and the second interface
with the Gd,Os layer. The 1.28 MeV energy edge refers to the boundary between the
second Gd;Os layer and the second CeO; layer, and 1.12 MeV refers to the
scattering from the CeO, and Si interface. The RBS results of GDC-4 showed that
diffusion between the individual layers of CeO. and Gd:O3 is at the initial stage, and
diffusion happens only within a very narrow region of the interface. The RBS results
of GDC-6 showed that its annealing caused partial formation of the gadolinia-doped
ceria phase. A broad peak in the energy range from 1 MeV to 1.20 MeV corresponds
to the diffusion between the CeO. and Gd:O3 layers at the Si interface, but only
slight diffusion was manifested near the boundary region between the CeO»-Gd,03
layers on the film surface. The RBS of GDC-12 showed a sharp peak in the energy
range from 1.54 MeV to 1.50 MeV, related to the first layer of Gd.Os, while the
peak at 1.50-1.42 MeV is related to the first layer of CeO.. These separations are
caused by incomplete mixing of the top layer; however, other layers are fully mixed
as can be seen from the broad peak at the energy range from 1.42 MeV to 0.76 MeV.
According to the obtained results, the main parameter affecting the formation of
GDC thin films is the total thickness of the CeO,-Gd.Os layers, and at least 12 layers
are needed to form a single-phase gadolinia-doped ceria.

4.2.4  Summary of the experimental results of GDC

Since the formation method and the technological parameters affect the quality

(the structural properties) and subsequently the application of the films, GDC thin
films were deposited while using different approaches by two PVD methods.
Gadolinium-doped ceria ceramics synthesised by CP were used as a target material
for the formation of GDC thin films by the electron beam evaporation, and thin
gadolinia and ceria multilayer systems were deposited layer-by-layer while using the
reactive magnetron sputtering technique. The effect of additional heat treatment was
investigated and the optimal annealing temperature for GDC thin films was
determined. The following conclusions were made:

1. From the investigation of GDC nanopowders, we observed the same tendency of
decomposition and crystallisation as in SDC, which corresponded to the
synthesis methods. However, the XRD results showed that the lattice parameters
and the crystallite sizes of GDC are smaller than SDC, since the ionic radius of
Sm*3 (1.22 A) is larger than the ionic radius of Gd*3(1.19 A). These results were
further confirmed by TEM. Furthermore, based on the FT-IR results, GDC
powders showed better purity
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2. When increasing the molar concentration of the material, E, increased, and the
total ionic conductivity decreased. Thus, 10 GDC-CP and 10 GDC-CB ceramics
have the highest o at all temperatures (e.g., 1.1x10? Sxcm™ at 600 °C (10
GDC-CP) and 1x102 Sxcm™ at 600 °C (10 GDC-CB)) and the lowest E (0.85
eV (LT) and 0.67 eV (HT)). Moreover, we found that at lower temperatures
(400 °C) SDC ceramics have higher values of the total ionic conductivity, at
intermediate temperatures (600 °C) both SDC and GDC show nearly the same
conductivity values, and at higher temperatures (800 °C) GDC has higher
values.

3. The chemical analysis of the GDC thin films evaporated by using the electron
beam technique showed a ~28% deviation of the resulting thin films from the
concentration of the target material used for evaporation. The evaporation of a
material containing various elements is a complex process since different
elements require different evaporation conditions. Therefore, when the
individual elements are subjected to the same conditions, deviation of the
stoichiometry of the resulting thin films may occur. According to the
experimental results, for the evaporation of thin films with the desired
concentration, the target material must have a higher concentration (in our case,
~28% higher).

4. The additional heat treatment after the evaporation can improve the structure,
crystallinity, density, morphology, and the general properties of the obtained
films. However, it is important to determine the optimal heating temperature and
time for the material undergoing the process. The annealing of GDC thin films
at various temperatures for 1 h caused a fluctuation of the thickness (~800 nm)
depending on the temperature, but insignificantly affected their morphology.
According to the results of Raman spectroscopy and AFM, crystallinity and
roughness improve with the increasing temperature, reaching the best values at
800 °C. Thus, for GDC thin films, thus the optimal annealing temperature is up
to 800 °C.

5. GDC thin films deposited by reactive magnetron sputtering had a multilayer
columnar structure with a thickness of ~550-850 nm. With fewer layers (GDC-4
and GDC-6), layer boundaries were observed despite annealing, which indicates
insufficient mixing between the layers. However, with 12 layers of Gd,0s—CeO-
(GDC-12), the layer boundaries tend to disappear, and the Raman band shifts to
lower frequencies, thus indicating that after annealing, Gd®*" ions begin to
dissolve in the ceria lattice and partially replace Ce*" ions. In addition, the
results of the diffusion of Ce and Gd in multilayered Gd,Os—CeO; systems
showed that at least 12 layers are required to form single-phase gadolinia-doped
ceria films.

97



4.3  Samarium-gadolinium-doped ceria

4.3.1 Characterisation of SGDC nanopowders

The thermal decomposition and crystallisation behaviour of samarium-
gadolinium-doped-ceria (SGDC) nanopowders corresponds to the decomposition of
the precursors used for the synthesis (Fig. 4.26) showing the same tendency as
singly doped ceria nanopowders. As we can see, SGDC-CB is more in coincidence
with GDC-CB compared to SDC-CB. However, the total mass change of SGDC-CB
is about 0.21-0.44% (from 30 °C to 700 °C), which is less than the mass change of
SDC-CB (3.5%, Fig.4.1 (a)) and GDC-CB (0.45-0.75%, Fig.4.12 (a)). No visible
differences in the decomposition and crystallisation for SGDC-CP nanopowders in
comparison with singly doped ceria were observed; the total mass change is ~55%,
as in the case of SDC-CP and GDC-CP. These results show that co-doping during
CB synthesis helps to obtain more thermally stable materials with a lower organic
matter content compared to singly doped ceria.
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Fig. 4.26. Combined TGA-DTG-DTA curves of SGDC synthesised by (a) combustion (CB)
and (b) co-precipitation (CP) syntheses.

The XRD results of co-doped ceria nanopowders confirmed a fluorite-type
cubic structure (Fig. 4.27). The tendency of crystallite growth as a function of
temperature is the same as for SDC and GDC, regardless of the synthesis method.
Residual oxalic acid remains on SGDC-CP until it has reached 400 °C.
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Fig. 4.27. XRD patterns of SGDC nanopowders synthesised by (a) combustion and (b) co-
precipitation calcined at various temperatures

However, unlike SGDC, the diffraction peaks of singly doped ceria are more
intense and sharper, which indicates higher crystallinity values (Table 4.5). The
calculated crystallite sizes and lattice parameters of SGDC nanopowders as a
function of temperature are plotted in Fig. 4.28. The average lattice parameters are
541.66 pm (10 GDC-CB), 541.38 pm (10 GDC-CP), 543.41 pm (10 SDC-CB),
543.33 pm (10 SDC-CP), 542.37 pm (SGDC-CB), and 548.7 pm (SGDC-CP).

Table 4.5. Calculated values of the crystallite size (nm) for synthesised ceria-based
nanopowders at various temperatures

T(°C) | SGDC- SGDC- | 10GDC- | 10GDC- | 10 SDC- | 10 SDC-

CB CP CB CP CB CP
Raw 21.02 - - - - -
200 20.68 - 24.54 - 16.85 -
400 21.89 9.79 25.89 4.53 19.11 4.62
600 21.79 8.84 23.87 9.56 24.73 10.19
800 20.3 20.86 26.77 23.74 28.09 2741

900 22.67 23.38 - - - -
1000 24.65 25.13 35.66 44.06 36.81 45.74
1200 24.02 25.74 35.8 47.97 44.22 48.1

The differences in the lattice parameter and crystallite size are explained by the
difference in the ionic radii of Sm® (1.079 A), Gd** (1.053 A), and Ce** (0.97 A)
[291]. For ceria doped with one dopant, we observe a gradual replacement of the Ce
lattice by a larger ion of the dopant Sm or Gd, and when doped with Sm, the lattice
parameter and the crystallite size are the greatest. In the case of co-doped ceria, Gd
is replaced by a Sm dopant ion. However, the smaller value of the crystallite size in
comparison with SDC and GDC can be explained by the lower concentration of Gd
and Sm in SGDC [9]. At lower temperatures (Fig. 4.28), a sharp decrease in the
lattice parameter is observed for both SGDC-CB and SGDC-CP, which can be
associated with the incomplete formation of oxides.
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correspond to the synthesis method in use (Fig. 4.30). The purity of the synthesised

40 545

- - ® SGDC-CB_ D
-0 5 --m-- SGDC-CP_D —_
— " o7\ |[-O-SGDC-CBa|s44 §
£ 301 " | -O--SGDC-CP a =
© N u o
N e . g ¥ e 1543 <

(] — @--8- /-\F\' R B i :5: R i B
@ 00 %8 B-p-0 g
(=U b-. ", O----- 0*7542 (o
2 0 Deg 3
2 10 - o 2
O u 1541 T
|

0 T T T T T T 540
0 200 400 600 800 1000 1200

Temperature (°C )

Fig. 4.28. Plot of the crystallite size (D) and lattice parameter (a) vs. calcination
temperatures for SGDC nanopowders

From the SEM images, we observe compaction of the powders with an increase
in the calcination temperature. The structure and morphology of nanopowders

SGDC nanopowders is confirmed by the obtained FT-IR spectra (Fig. 4.29). As it
can be seen, at higher temperatures, organic residues are completely absent and only
an intense CeO; band can be observed, especially for the samples synthesised by
combustion. In addition, the peaks of SGDC-CB, as-synthesised and calcined at low
temperatures, are less intense than SDC and GDC, which shows better purity.

—
)
M —

Kubelka-Munk function (a.u.)

- —-800
—— 1200

1310 em™

1

—_
(=3
p—

1600 cm’'

3420 ém”!

1540 cm”!
050 cm

Kubelka-Munk function (a.u.)

---200
- - -800
—— 1200

stoem’ |

1050 cm™

3500

T T T T
3000 2500 2000 1500

Wavenumbers (cm™)

T T
2500 2000

Wavenumbers (cm™)

T T
1060 500 3500 3000

T
1500

1000

500

Fig. 4.29. FT-IR spectra of SGDC nanopowders synthesised by (a) combustion and (b) co-
precipitation calcined at various temperatures
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Fig. 4.30. SEM images of SGDC nanopowders synthesised by (a, c, €) combustion and (b, d,
f) co-precipitation as-synthesised (a, b) and calcined at 900 °C (c, f) and 1100 °C (e, f)

4.3.2 Characterisation of SGDC ceramic pellets

SEM results of SGDC pellets show a microstructure similar to singly doped
pellets: a dense structure with grains of an irregular size (1.21 um and 0.832 um),
without defects and cracks (Fig. 4.31). The surface view of the pellets shows that the
samples synthesised by CP are more uniformly formed, while CB is composed of
small individual grains pressed together.
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Fig. 4.31. SEM images of SGDC pellets synthesised by (a) combustion and (b) co-
precipitation methods and annealed at 1200 °C

It can be seen from the impedance spectroscopy that the resistance of SGDC-
CP pellets is several values of magnitude lower than that of ceramics synthesised by
CB (Fig. 4.32 (a, b, and c)). For both SGDCs, the grain boundary conductivity was
much higher compared to the bulk conductivity. However, pellets synthesised by co-
precipitation showed higher values of the total conductivity at all temperatures,
especially within the IT and LT ranges (Table 4.6).

Table 4.6. The activation energy at low (LT) and high (HT) temperature ranges and
the total ionic conductivity of SGDC ceramics

Sample AEa (V) Total conductivity (Sxcm™)
LT HT 400 °C 500 °C 600 °C
SGDC-CP 0.79 0.65 0.85x107? 8.5x107 5.4x107
SGDC-CB 0.81 0.76 0.39x107 5.2x107 2.2x107

The Arrhenius plots of the total conductivity of the co-doped system versus the
highest values of the singly doped ceria (20 SDC-CB and 10 GDC-CP) are
presented in Fig. 4.32 (d). Co-doping of ceria helped to lower the activation energy
in both temperature ranges and significantly increased the conductivity values, so
otoral are 5.4x102 and 2.2x10? Sxcm™* at 600 °C for SGDC-CP and SGDC-CB,
respectively.
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Fig. 4.32. Complex impedance plots of SGDC ceramics at (a) 400, (b) 500, and (c) 600 °C.
Arrhenius plots (d) of total conductivity of ceria-based ceramics

Wang and co-authors [152] reported the oita 0f 0.046 Sxcm™ for CeossGdo.1s-
vSm, 0162 at 700 °C. Dikmen [154] reported oiotal Of 6.5x102 Sxcmat 700 °C with
0.59 eV E.. for CepsGdo1Smp10.-5. However, Coles-Aldridge and Baker [9] showed
higher values of 2.23 Sxcm™ at 600 °C for Ceos2sSMo.0s75Gdo0s7501.0125, Such
disagreement between the results is due to the different preparation methods and
conditions, starting materials and sintering conditions. The obtained results are in
good agreement with the literature and confirm that co-doping ceria with multiple
dopants was beneficial compared to the singly-doped parent materials.

4.3.3 Summary of the experimental results of SGDC

Following a new approach of doping ceria with more than one dopant, which
increases the conductivity values, samarium-gadolinium-doped ceria was
synthesised by the combustion and co-precipitation methods. The following
conclusions were made:

1. From the investigation of SGDC nanopowders, we observed the same tendency
of crystallisation and decomposition as in singly doped ceria, which
corresponded to the applied synthesis method. However, due to the lower
concentration of Sm;0; and Gd:0s;, smaller values of the crystallite sizes
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compared to singly doped ceria were obtained for SGDC (i.e., 22.13 nm and
542.37 pm for SGDC-CB).

2. Moreover, the results of TGA and FT-IR showed that SGDC is more thermally
stable and pure even at a lower calcination temperature (400 °C).

3. Co-doping of ceria with samarium and gadolinium significantly increased the
total ionic conductivity of ceramics, which is indicated by the values of 5.4x10?
Sxcm? (SGDC-CP) and 2.2x102 Sxcm™ (SGDC-CB) at 600 °C.

4.4 Application of ceria-based ceramics as a diffusion barrier layer

With a decrease in the operating temperature of SOFC, the degradation rate can
be reduced, and the lifetime of the cells can be increased. In the state-of-art cells the
limitation occurs due to the overpotential of the cathode. The most popular cathode
materials (for example, LaixSrkMnOss (LSM), LageSrosFeOss (LSF),
La0.6Sr0.4C003.5 (LSC), LagsSro.4Coo2Fe0 5035 (LSCF)) contain strontium and, during
annealing, they react chemically with the electrolyte (for example, with the YSZ
electrolyte SrZrOz; and La,Zr,0;) which leads to a loss of power. Therefore, to
improve the performance of the cell, an intermediate layer (a diffusion barrier-layer)
is required between the cathode and the electrolyte. To prevent the diffusion of
cations, the barrier-layer must be gastight, homogeneous, chemically stable, dense,
and thin. An example of the interaction between the cathode, the barrier layer, and
the electrolyte interfaces without and with a GDC barrier layer of a thickness of 400
and 800 nm is shown in Fig. 4.33.

Initial state Sintered & operated Electrochemical reaction
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SrZrO, SrZrO,
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Fig. 4.33. Schematic model of the interaction between the cathode-barrier-electrolyte
interfaces (a) without and with (b) 400 nm, (c) 800 nm thick GDC barrier layer. Reproduced
from [196]

From the schematic model presented in [196], the diffusion of Sr from LSF and
Zr from YSZ begins after the sintering process at high temperatures. To reduce the
diffusion, the thickness of the barrier layer is suggested to be sufficient to cover the
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surface and block the diffusion, but not to introduce any additional ohmic resistance
(between 400 nm and 1 pm).

Since samarium-doped ceria and gadolinium-doped ceria do not react with most
cathode materials, they can be used not only as an electrolyte material, but also as a
barrier layer.

To investigate the possibility of using GDC as a diffusion barrier-layer between
YSZ and the LSCF cathode, dense 26 GDC-CP (~700 nm) was successfully
deposited on a porous anode supported cell with a YSZ electrolyte layer on the
surface by using the e-beam technique. The diameter of the disk-shaped sample was
~25 mm.

(a) (b)

20 pm

Fig. 4.34. Image of the (a) front side, (b) back side, and (c) SEM cross-sectional view of the
YSZ-GDC on a porous metal substrate. The GDC barrier-layer is deposited on the smooth
side (a)

The next step is to determine the electrochemical properties of the formed
samples. After analysing the properties of the already formed layers, the cathode
will be deposited on top of the GDC barrier layer. The suggested anode-supported
cell is ideal for u-SOFCs, which are designed to work at a low temperature. It will
help to speed up the start-up time and open up new application opportunities.
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CONCLUSIONS

. From the investigation of ceria-based nanostructured ceramics, it was found that
combustion synthesised Smg.Ceos0-.5 (20 SDC-CB) nanopowders and annealed
at 1200 °C exhibited the highest ionic conductivity of 1.1x102 Sxcm™ at 600 °C,
whereas 20 SDC synthesised by co-precipitation and sol-gel syntheses showed
0.92x102 Sxcm™ and 0.95x102 Sxcm™, respectively.

. GDC nanopowders have smaller values of the lattice parameter and the crystallite
size (i.e., 541.66 pm and 26.67 nm for 10 GDC-CB) than SDC (i.e., 543.41 pm
and 27.27 nm for 10 SDC-CB) due to the differences in the ionic radii (Sm* >
Gd*).

. Gdo1Ceo9025 (10 GDC) ceramics showed higher total ionic conductivity of
1.1x102 Sxcm™ at 600 °C for 10 GDC-CP and 1x102 Sxcm™ at 600 °C for 10
GDC-CB.

. The suggested technological parameters lead to the production of ceramics with
desired properties. To obtain nanopowders, the coprecipitation method was
chosen, since the synthesised ceramics have a high ionic conductivity and, in
comparison with the combustion method, does not require high temperatures,
which makes them safer. The best dopant concentration of Sm,0; in SDC is 20
mol% and, for Gd.O; in GDC, it is 10 mol%. The sintering temperatures for
nanopowders should not be below 800 °C and the annealing temperature of
ceramics should be 1200 °C.

. SGDC showed smaller values of the crystallite sizes compared to singly doped
ceria due to the lower concentration of Gd.O; and Sm;0s (i.e., 542.37 pm and
22.13 nm for SGDC-CB). The co-doping ceria, with mixed Sm,0O3; and Gd,O3
(synthesised by combustion and co-precipitation) compared to the singly-doped
parent materials, increase the total ionic conductivity of ceramics, while
indicating the values of 5.4x102 Sxcm™ and 2.2x102 Sxcm™ at 600 °C for
SGDC-CP and SGDC-CB, respectively. Moreover, SGDC is more pure and
thermally stable even at a calcination temperature of 400 °C.

. With regards to the deposited ceria-based ceramic thin films with the desired
concentration obtained when using the electron beam evaporation technique, the
target materials must have a higher concentration (~28% higher). The SEM
results of the films obtained by electron beam evaporation, revealed a very dense
and uniform structure, which is ideal for the electrolyte or the interlayer materials
for SOFC.

. In the case of layer-by-layer deposition while using the direct current magnetron
sputtering technique, not less than 12 sandwich layers of gadolinia-ceria are
required to form homogeneous single-phase ~850 nm thick GDC films.
Furthermore, the additional annealing of GDC films improved the crystallinity
and density of the films, ultimately reaching the best values at 800 °C. Whilst, at
900 °C we observe the dissolution of ceria on the surface with the formation of
small clusters.
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Recommendations

The electrical properties of ceria-based films must be tested to fully understand
the dependence on the thin film formation methods, the annealing conditions, the
choice of the dopant and its concentration. The developed technological route should
be used to prepare the electrolyte and/or a diffusion-barrier layer in a full cell with
porous electrodes for SOFC in order to check for any changes in the cell
performance.
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SANTRAUKA

IVADAS

Daugelj desimtmeciy j atsinaujinanciyjy ir mobiliyjy energijos Saltiniy naujoves
ir tyrimus buvo sutelktas pagrindinis moksliniy tyrimy démesys. Sparciai jvairiy
mobiliyjy elektroniniy prietaisy, moderniy automobiliy, iSmaniyjy technologijy,
jvairiy jutikliy, net kosminiy palydovy plétrai biitina reikalauja didinti energijos
gamyba, plétoti baterijy ir kuro elementy tyrimus.

Dél nepakankamos jkraunamy baterijy talpos Zymiai iSaugo jvairiy tipy kuro
elementy naudojimas, kuris sumazina aplinkos tarsa, turi labai maza emisija ir didelj
efektyvuma, gali veikti skirtingame darbiniy temperatiiry intervale, atlaikyti cheminj
ir mechaninj poveikius [1,3-5,3,10].

Vienas i§ dazniausiai tirlamy ir naudojamy elektrocheminiy energijos
konvertavimo jrenginiy yra kietojo oksido kuro elementai (KOKE). KOKE
i8skirtinis démesys buvo suteiktas dél jy pranasumy pries kity tipy kuro elementus,
del didelio efektyvumo (60-85 %), didelio cheminés energijos kiekio pavertimo
elektros energija. KOKE gali veikti placiame temperatiiry diapazone nuo 400 °C iki
1000 °C, esant skirtingiems elektrolity tipams. Dazniausiai naudojami aukstoje
temperattroje (800—1000 °C) veikiantys KOKE. Taciau auksta darbiné temperatiira
lemia ilgesnj kuro elemento darbinj paleidimo laikg, trumpesnj elementy
komponenty eksploatacijos laikg, brangias medZiagas, taip pat iSoriniy komponenty
formavimo sunkumus [5-7]. Todél svarbu sumazinti kuro elementy darbine
temperatira. KOKE darbinés temperatiros sumazinimas (< 600 °C) arba jy
nanostrukttriniy komponenty parinkimas leisty pasiekti pakankamg ilgalaikj kuro
elementy stabiluma. Zematemperatiiriniai KOKE (LT-KOKE), kurie veikia 400-650
°C temperatiiroje, turi trumpesnj darbinj paleidimo laika, jiems nebiitinos brangios
medziagos, jie gali buti naudojami ne$iojamuosiuose jrenginiuose [32]. Vienas i$
svarbiy veiksniy sékmingam LT-KOKE komercializavimui yra didelio joninio
laidumo elektrolitas [9,10].

Plony sluoksniy formavimo procesai ir jy technologiniai parametrai turi jtakos
sluoksniy konstrukcinéms savybéms ir tolimesniam jy panaudojimui. Todél labai
svarbu parinkti ir istirti jvairius technologinius procesus, kKuriuos pasitelkus bty
suformuoti ploni sluoksniai ir pagerintos plony sluoksniy fizikinés savybés. Labali
sunku rasti medziaga, kuri turéty visas norimas savybes, jskaitant gerg elektrody
suderinamumg, didelj joninj laidumg ir stabilumg eksploatacijos metu arba
redukuojancioje atmosferoje. Taciau iStyrus placiai naudojamy elektrolity, tokiy
kaip gadolinio oksidu legiruoto cerio oksido ir samario oksidu legiruoto cerio
oksido, savybes nuo pradiniy nanomilteliy ir terminio apdirbimo sglygy iki plony
sluoksniy formavimo ir jy mikrostruktiiros poveikio joniniam laidumui, galima rasti
tinkamiausig nanomilteliy gamybos biida.

Cerio oksido pagrindu stabilizuota pagaminta keramika, pasizymintidideliu
joniniu laidumu, yra viena i$ populiariy medziagy, naudojamy LT-KOKE. Daugelis
veiksniy gali turéti jtakos medziagos joniniam laidumui, pavyzdziui, keramiky
priemaiSiniy metalo oksidy koncentracija, kristality dydis, morfologija, tankis,
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griideliy dydis, struktiira ir terminis plétimasis. Siuos parametrus galima valdyti,
pritaikant cheminés sintezé€s metoda, legiruojancios medziagos tipg ir koncentracija,
taip pat sintezés iSkaitinimo ir atkaitinimo salygas. ISsamus S$ioje disertacijoje
pateiktas mokslinis  tyrimas sitilo tinkamiausias technologines salygas
nanostruktirinéms cerio oksido keramikoms, su atitinkamais LT-KOKE keliamais
reikalavimais, gauti.

Tyrimo tikslas

Atsizvelgiant | cheminés sintezés metodus, pradiniy metalo oksidy medziagy
koncentracijas, jvairiy keramiky sintezés iskaitinimo ir plony sluoksniy atkaitinimo
temperatiiras, plony sluoksniy formavimo vakuuminius garinimo metodus, parinkti
ir sistemingai bei iSsamiai iStirti nanostruktiirinémis metalo oksidy priemaiSomis
legiruoto cerio oksido keramikas, naudojamas zematemperatiiriuose kietojo oksido
kuro elementuose.

Tyrimo uzdaviniai

1. Susintetinti cerio oksido stabilizuotas keramikas, jterpiant skirtingos
koncentracijos Gd ir Sm metaly oksidy priemaisas, taikant degimo, nusodinimo
i§ tirpaly cheminius sintezés metodus su tomis paciomis pirminémis sintezei
reikalingomis medziagomis ir zoliy-geliy cheminj sintezés metoda.

2. Istirti cheminiy sintezés metody, priemaiSiniy Gd ir Sm metalo oksidy, skirtingy
sinteziy iSkaitinimo temperatiiry pasirinkimo jtaka susintetinty nanostruktiiriniy
cerio oksido pagrindu keramiky mikrostruktiiros, pavirSiaus morfologijos ir
elektrinéms savybéms.

3. Pritaikyti vakuuminio garinimo elektrony spinduliu ir nuolatinés srovés
reaktyvyji magnetroninio  dulkinimo procesus plony sluoksniy ir
daugiasluoksniy (4, 6 ir 12 sluoksniy) struktiry ant Si pagrindo formavimui,
parenkant technologinius procesy parametrus ir taikant papildoma terminj dangy
atkaitinima.

4. Istirti plony sluoksniy strukttirines, morfologines ir elektrines savybes.

Mokslinis naujumas

1. Pateiktas i§samus tyrimas, kaip nanomilteliy sinteziy, taikant jvairius cheminiy
sinteziy metodus, legiruojanciy medziagy ir jy koncentracijy, plony sluoksniy
formavimo skirtingy metody, skirtingy nanomilteliy iskaitinimo ir plony
sluoksniy atkaitinimo temperatiiry pasirinkimas turi jtakos nanostruktiriniy
metalo oksidy priemaiSomis legiruoto cerio oksido pagrindo keramiky
fizikinéms savybéms.

2. Pasilllyti cheminiy sinteziy ir plony sluoksniy formavimo metodai bei
technologinés sglygos keramikoms su atitinkamais LT-KOKE keliamais
reikalavimais gauti.
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Ginamieji teiginiai

1. Degimo ir nusodinimo i§ tirpaly cheminiy sinteziy metodai yra tinkami
sintetinti keraminius (samario oksidu legiruoto cerio oksido (SDC), gadolinio
oksidu legiruoto cerio oksido (GDC) bei samario ir gadolinio oksidais legiruoto
cerio oksido (SGDC) nanomiltelius, kurie pasizymi dideliu joniniu laidumu.

2. Metaly oksidy koncentracija lemia legiruoto cerio oksido pagrindu keramiky
elektrines savybes—joninj laiduma: SDC nanomilteliams tinkama samario
koncentracija 20 mol %, o GDC nanomilteliams—gadolinio koncentracija 10
mol %.

3. Garinimo elektrony spinduliu ir nuolatinés srovés reaktyviojo magnetroninio
dulkinimo procesai yra tinkami formuoti iki 800 nm storio plonius sluoksnius.
Taciau, reikia atkreipti démesj j technologinius procesy parametrus ir pirminiy
medziagy-taikiniy koncentracijy parinkimg, nes suformuotuose plonuose
sluoksniuose pakinta cheminé sudétis. Darbe nustatytos tipinés nanomilteliy ir
plony sluoksniy cheminés sudétys.

4. Papildomas terminis plony dangy atkaitinimas pagerina fizikines plony
sluoksniy savybes. Darbe pasiiilytos tipinés atkaitinimo temperatiiros.

Disertacijos struktiira

Disertacijag sudaro 5 pagrindiniai skyriai: jvadas, literatiros apzvalga, darbo
metodologija, rezultatai ir aptarimas bei i§vados. Pirmas skyrius yra LT-SOFC
literatiros apzvalga, apimanti jo struktiira, medziagas, formavimo budus ir
iSkylancias problemas. 3 skyriuje pateikiamos medziagos, eksperimentiné jranga ir
analitiniai tyrimo metodai, taikomi Sioje disertacijoje. 4 skyriuje pristatoma gauty
rezultaty analizé ir diskusija. Rezultatai suskirstyti | 4 dalis, skirtas skirtingoms
medziagoms, jy charakteristikoms ir pritaikymui (SDC, GDC, SGDC ir
pritaikymui). I§vados formuluojamos paskutiniame skyriuje, kuriame pabréziamas
tyrimo tiksly jgyvendinimas. Disertacijos pabaigoje yra padéka, literatiros sarasas,
autorés gyvenimo aprasSymas, publikacijy ir tarptautiniy bei nacionaliniy
konferencijy sgrasas. Disertacijos apimtis — 166 puslapia, i$ jy 48 paveikslai, 16
lenteliy, 56 sunumeruotos lygtys ir 315 literattros Saltiniy.

Autorés asmeninis indélis

Dauguma rezultaty buvo gauti Kauno technologijos universiteto Medziagy
mokslo institute ir stazuojantis pagal Erasmus+ programg VarSuvos technologijos
universitete.

Autoré savarankiskai suplanavo eksperimentus, atliko cheminiy sinteziy
eksperimentus, vykdé technologinius procesus ir daugelj analitiniy matavimy (XRD,
Ramano spektroskopijos, SEM, AFM, EIS).

Zoliy-geliy sintez¢ ir termogravimetring analiz¢ bei BET matavimus atliko
Vilniaus universiteto mokslininkai Dr. Artiiras Zalga ir Dr. Giedré Gaidamavigiené.
Dr. Mindaugas Andrulevi¢ius atliko rentgeno spinduliy fotoelekroninés
spektroskopijos matavimus. Nusodinimo i§ tirpaly cheminés sintezés ir impedanso
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spektroskopijos matavimy metodikos patirtimi pasidalij Dr. Marzena Leszczynska i$
VarSuvos technologijos universiteto. Magnetroninio nusodinimo procesas ir
Rezerfordo atbulinés sklaidos (RBS) tyrimai buvo atlikti Dr. Jurgitos Cyvienés ir
Dr. Brigitos Abakevi¢ienés, RBS rezultaty modeliavimas — doktoranto Luko
Doktoranté¢ Algita Stankeviciiité i§ VarSuvos universiteto prisidéjo ruoSiant antraji
straipsnj bei impedanso spektroskopijos rezultaty analizg. Disertanté¢ atliko
plonasluoksniy dangy garinimg elektrony spinduliu prizitrint Dr. Andriui
Vasiliauskui. Rezultaty interpretacija buvo atlikta konsultuojantis su disertacijos
vadove Dr. Brigita Abakeviciene. Kiti publikacijy bendraautoriai prisidéjo idéjomis
ir patarimais rengiant mokslines publikacijas.

Darbo aprobavimas

Disertacijoje pateikti rezultatai, publikuoti mokslo Zurnaluose, jtrauktuose i
,Clarivate Analytics Web of Science” pagrindinj sarasa (3 publikacijos), 1
publikacija konferencijy darbuose ir pristatyta tarptautinése konferencijose (14
konferencijy), 9-iose konferencijose disertanté rezultatus pristaté pati.

LITERATUROS APZVALGA

Literatiros apzvalgoje aptariami jvairts kuro elementai, jy medZiagos,
privalumai ir trikumai, kietojo oksido kuro elemento (KOKE) veikimo principas,
pagrindinés medziagos naudojamos KOKE elektroduose [16], iSsamiai aprasomi
elekrody (anodo [14,45,46], elektrolito, katodo [68,69]) medZiagose vykstantys
cheminiai procesai, darbinés temperatiros [105-107]. Taip pat pateikiamos
elektrolito medziagy joninio laidzio vertés [110,111,125,127,129-132,271,311,117—
124], elektrolito medZiagy cheminés sintezés metodai [135,155-158,161,162,164],
plony sluoksniy formavimo ypatumai [166,167,176,179-183,312-314,168-175].

Joninis keramiky laidumas priklauso ne tik nuo priemais§inémis metaly oksidy
medziagomis legiruoto cerio oksido keramiky, bet ir nuo priemaisy koncentracijos
bei elektriniy savybiy matavimo temperatiros [65]. Vienas i§ budy pagerinti
keramiky joninj laidumg surasti legiruojancias medziagas su tokiu metaly jony
spinduliu, kuris sukelty maZiausius kristalinés gardelés iskraipymus [36-38]. Siuo
metu placiausiai Zinomos, pasizymincios joniniu laidumu kietojo oksido medZziagos-
cirkonio oksido ir cerio oksido pagrindu stabilizuotos keramikos, turincios fluorito
tipo gardele. Esant didelei darbinei elektrody temperatarai (800-1000 °C) itrio
oksidu stabilizuotas cirkonio oksidas (YSZ) yra dazniausiai naudojama keraminé
medziaga, kuri pasizymi dideliu joniniu laidumu ir geromis cheminémis savybémis
[33,34]. O stai cerio oksido pagrindu stabilizuotos keramikos (Ce;—xMxO:-s, ¢ia M —
Sm, Gd, Dy, Nb, Y, Ti ir Zn) yra vienos i§ perspektyviausiy medziagy, naudojamy
zematemperatiiriniuose kietojo oksido kuro elementuose, kuriy darbin¢ temperattira
siekia nuo 400 °C iki 700 °C [115,134,135]. Ypatingai gadolinio ir samario metaly
oksidy priemaiSomis legiruotas cerio oksidas pasizymi dideliu joniniu laidumu [9,
10, 44, 29, 35, 38-43].
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PriemaiSy koncentracija, jvairiy cheminiy sintezés metody taikymas
nanostrukttrinéms keramikoms gauti turi jtakos galutinés struktiiros morfologinéms,
struktiirinéms ir elektrinéms savybéms [36,48-51]. Pastaruoju metu taip pat
siekiama parinkti tokios cheminés sudéties keramikas, kad buty galima sumazinti
darbines kietojo oksido kuro elementy temparatiiras. Sintezés produkty iskaitinimo
temperatira taip pat turi didele jtaka elektrinéms savybéms. Parinke,
pavyzdziui, 1100 °C sintezés produkty iskaitinimo temperatiira gadolinio oksidu
legiruoto cerio oksido keramikoms, galime tikétis mazesnio joninio laidumo [47, 48,
60-62, 51-55, 57-59].

Taip pat sudétinga surast] patj tinkamiausia plony sluoksniy formavimo
metoda, kuris leisty kontroliuoti plony sluoksniy storius keliy deSim¢iy ar Simty
nanometry lygmenyje. Vienas i§ tinkamiausiy fizikinio nusodinimo metody—
vakuuminis garinimas elektrony spinduliu, kurj pasitelkus galima suformuoti ypaé
plonus sluoksnius. Taciau, reikia labai kruopsciai parinkti pirminiy medziagy-
taikiniy medziagos cheming sudétj, kad suformuotas reikalingostorio plonas
sluoksnis i$laikyty norimg metaly oksidy priemaiSy koncentracija. Todél Siame
darbe atlickamas sisteminis keraminiy medziagy tyrimas, taikant skirtingus
cheminiy sinteziy metodus, parenkant sintezés iSkaitinimo, keramiky atkaitinimo
temperaturas.

MEDZIAGOS, EKSPERIMENTINE JRANGA IR TYRIMU METODIKA

Cheminiy sinteziy metodai

Norint suprasti koks cheminés sintezés metodas yra tinkamiausias sintetinant
cerio oksido stabilizuotas Gd ir Sm oksidy keramikas bei kurios metaly priemaisy
koncentracijos komponenté yra tinkamiausia naudoti galutiniam produktui gauti,
buvo susintetinti samario oksidu legiruoto cerio oksido (SDC) Ce1xSmxOys (Cia X =
0,1; 0,2; 0,26; 0,3) nanomilteliai, taikant tris skirtingus cheminés sintezés metodus:
degimo (CB), nusodinimo i§ tirpaly (CP) ir zoliy-geliy (SG). Gadolinio oksidu
legiruoto cerio oksido (GDC) Ce;xGdxO.s (¢ia x = 0,1; 0,15; 0,2; 0,25)
nanomilteliai buvo susintetinti degimo (CB), nusodinimo i$ tirpaly (CP) cheminés
sintezés metodais ir jy fizikinés bei cheminés savybés buvo palygintos su SDC
nanomilteliy susintetinty tais paciais metodais, savybémis. Norint nustatyti metaly
priemaiSy koncentracijos jtaka joniniam laidumui buvo susintetinti Sm ir Gd
oksidais legiruoto cerio oksido (SGDC) CeixSmyGdxO2x, ¢ia X = 0,0875)
nanomilteliai. Sintezés iSkaitinimo ir supresuoty tableCiy atkaitinimo salygos
(temperatiira, laikas, aplinka) buvo iSlaikyti vienodi visoms keraminéms
struktiiroms, susintetintoms cheminiy sinteziy metodais. Parinkus tinkamas metaly
priemaiSy koncentracijas bei paruoSus pradinius taikinius, vakuuminio garinimo
elektrony spinduliu ir magnetroninio nusodinimo metodais buvo paruostos plonos
dangos.

Darbe naudojamy keraminiy milteliy sgrasas, kuriame nurodyta milteliy
cheminés sintezés metody zymenys, priemaiSy moliné koncentracija ir cheminé
formulé, pateiktas 3.1 lenteléje.
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3.1 lentelé. Darbe naudojamy keraminiy milteliy sarasas, (¢ia CB — degimo, CP —
nusodinimo i tirpaly, SG — zoliy-geliy sinteziy metodai)

Zymuo Cheminé formulé PriemaiS$y moliné Cheminés sintezés

koncentracija metody Zymenys
10 SDC Smo,1C80‘902.5 10 mol % Sm CB, CP, SG
20 SDC Smo,zCEU‘soz.g, 20 mol % Sm CB, CP, SG
26 SDC Smovzeceo,mOz.B 26 mol % Sm CB, CP, SG
30 SDC Smo,3C80‘702.5 30 mol % Sm CB, CP, SG
10 GDC Gdo1Ce0,00.5 10 mol % Gd CB, CP
15 GDC Gdo,15Ceo,3502.5 15 mol % Gd CB, CP
20 GDC Gdo‘zceoBOz.(s 20 mol % Gd CB, CP
25 GDC GdoyzsCEo]st.g 25 mol % Gd CB, CP
SGDC Ceo,8255M0,0875G 0 087502-5 0,0875 mol % Sm CB, CP

ir Gd

Cheminiai reagentai ir tirpalai, naudoti cheminiy sinteziy metu:
cerio (I11) nitrato heksahidratas (Ce(NO3)3x6H,0, 99,0 %, Fluka);
samario (l11) nitrato heksahidratas (Sm(NOs)3x6H,0, 99,9 %, Sigma Aldrich);
gadolinio (I11) nitrato heksahidratas (Gd(NO3);x6H-0, 99,9 %, Sigma Aldrich);
glycinas (NH.CH.COOH, > 99,0 %, Sigma Aldrich);
oksalo ragstis (C2H204, > 99,0 %, Sigma Aldrich);
amonio hidroksidas 25% (NH4OH, 25 %, Sigma Aldrich);
L—(+)— vyno ragstis (C4HsOs) (TA) > 99,5 %, Sigma Aldrich);
samario (l11) oksidas (Sm20s, 99,99 %, AlfaAesar);
amonio cerio (IV) nitratas ((NH4)2Ce(NOs)4, 99,99 %, Sigma-Aldrich);
azoto rugstis (HNOs, 66 %, Reachem);
distiliuotas vanduo (H.0).

MedZiagos panaudotos plony dangy garinimui fizikiniais nusodinimo i$
gary fazés metodais:
e acetonas 99,8 % (C3HsO) (Reachem Slovakia s.r.0.);
e N,N-dimetilformamidas > 99 % (Sigma-Aldrich);
o azoto (N) dujos (Aga Sia, 96 %).

Disertacijos metu naudoti pagrindai: 500 um storio komercinis silicis (Si)
(dvipusio poliravimo 4 coliy skersmens plokstelés, (100) ir (111) kristalografiniy
orientacijy, p tipo (Sigma-Aldrich)).

Cerio oksido stabilizuoti metaly oksidy nanomilteliai, susintetinti skirtingomis
cheminémis sintezémis, buvo iskaitinti 200; 400; 600; 800; 900; 1000; 1100; 1200
°C temperatiirose 5 val. oro aplinkoje. Keraminés 10 mm skersmens tabletés i§
susintetinty ir iSkaitinty 800 °C temperatiiroje buvo supresuotos 4 MPa slégiu ir
atkaitintos 1200 °C temperatiiroje 2 val. oro aplinkoje.
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Plony dangy formavimo metodai

Vakuuminis garinimas elektrony spinduliu

SDC ir GDC supresuotos tabletés buvo naudojamos kaip taikiniai formuojant
plonasluoksnes dangas ant skirtingy padékly taikant vakuuminio garinimo elektrony
spinduliu metoda. Sluoksniy storis kito nuo ~100 nm iki ~1 pm ir buvo
kontroliuojamas kvarcinio jutiklio garinimo proceso metu. Garinimo proceso
technologiniai parametrai pateikti 3.2 lenteléje.

3.2 lentelé. Vakuuminio garinimo elektrony spinduliu technologiniai parametrai

Vakuumo slégis 105 Pa
Garinimo slégis 0,7 Pa

Elektrony spindulio galia 10 kw
Maksimali srové 500 mA
Elektrony spindulio atsilenkimo kampas 180°

Elektrony spindulio skersmuo 5mm

Pagrindo temperatiira 200 °C

Augimo greitis ~2 nm/s
Atstumas tarp elektrony spindulio ir pagrindo | 250 mm

Dangy storio fiksavimas Kvarcinis jutiklis

Nuolatinés srovés reaktyvusis magnetroninis dulkinimas

CeOy ir G203 plonos dangos buvo formuojamos nuolatinés srovés reaktyviuoju
magnetroniniu dulkinimu reaktyvioje Ox/Ar dujy aplinkoje “Leybold Heraeus-A-
700-QE” vakuuminéje sistemoje ant Si (111) pagrindo. Plony sluoksniy
nusodinimas buvo atliekamas naudojant grynus Ce (99,99 %) ir Gd (99,99 %)
taikinius toje pacioje kameroje. Cerio oksido, stabilizuoto gadolinio oksidu (GDC),
danga buvo nusodinama ,,sumustinio principu, t. y. pirmiausia ant Si (111) padéklo
nusodinamas CexOy: sluoksnis, po to GdyOy,, iSlaikant 90 % CexiOy1 ir 10 %
Gdx0y, santykj. Buvo suformuotos 4, 6 ir 12 Gd ir Ce oksidy sluoksniai (toliau
tekste zymima GDC4, GDC6, GDCI12). Visy suformuoty dangy galutinis storis
buvo =~600-700 nm. Suformuoti ploni sluoksniai buvo atkaitinti 700 °C
temperatiroje 1 val. Plony dangy magnetroninio dulkinimo technologiniai
parametrai pateikti 3.3 lenteléje.

3.3 lentelé. Magnetroninio dulkinimo parametrai

Vakuumo slégis 2x10* Pa

Garinimo dujos O2/Ar dujy misinys

Garinimo dujy slégis 0,065 Pa

Takiniai Ce (grynumas 99,99 %) ir Gd (grynumas 99,99 %)
Pagrindo temperatiira 150 °C

Atstumas tarp taikinio ir pagrindo 16 cm

Itampa 510V

Srové 0,4 A

Dangy storio fiksavimas Kvarcinis jutiklis
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Analitiniai tyrimo metodai

Toliau, 3.4 lenteléje, pateikiami darbe taikyti analitiniai tyrimo metodai ir
naudota aparatiira.

3.4 lentelé. Analitiniy tyrimo metody ir tyrimy metu naudotos aparatiiros santrauka

Metodai

Tyrimo metodai

Naudota aparatiira

Terminé analizé

Diferenciné skenuojamoji
kalorimetrija (DSC)

Termogravimetriné analizé
(TGA)

Diferenciné terminé analizé
(DTA)

6000 PerkinElmer kartu su DSC/DTA
ir TGA

Struktairiné
analizé

Rentgeno spinduliy difrakcija
(XRD)

D8 Discover (Bruker AXS GmbH)
difraktometras

Rentgeno spinduliy
fotoelektroniné
spektroskopija (XPS)

Thermo Scientific ESCALAB 250Xi

Ramano spektroskopija

Renishaw inVia Raman spektrometras

Pavirsiaus ploto
tyrimai

Brunauer-Emmett-Teller
tyrimas (BET)

KELVIN 1042 sorptometras

Elementinés
sudéties analizé

Elektroniné dispersiné
mikroskopija (EDX)

Quanta 200 FEG (FEI) kartu su
rentgeno spinduliy spektrometru
Bruker XFlah 4030

Induktyviai aktyvinta plazma
optinés emisijos
spektroskopija (ICP-OES)

ICP-OES, Vista-Pro, Varian

Infraraudonyjy spinduliy
Furjé transformacijos
spektroskopija
(FT-IR)

Vertex 70 FT-IR spektrometras (Bruker
Optik GmbH)

Topografijos ir
morfologijos

Skenuojamoji elektroniné
mikroskopija (SEM)

Quanta 200 FEG (FEI) kartu su
rentgeno spinduliy spektrometru

analizé Bruker XFlah 4030
Skvarbioji elektroniné Tecnai G2 F20 X-TWIN (FEl,

mikroskopija (TEM) Nyderlandai, 2011)

Atominiy jégy mikroskopija | NT-206 (Microtestmachines Co.)
(AFM)

Elektriniy Elektrocheminio impedanso | Solartron 1255 automatiné sistema
savybiy analizé spektroskopija (EIS) susrovés-jtampos  maitinimo  bloku
LM7171;  Alpha-AK  analizatorius

(Novocontrol Technologies) kartu su
aukstatemperatiine (1200 °C) krosnimi

REZULTATAI IR JU APTARIMAS
Siame skyriuje pateikti samario oksidu legiruoto cerio oksido, gadolinio oksidu

legiruoto cerio oksido ir samario bei gadolinio oksidais legiruoto cerio oksido
nanomilteliy, susintetinty skirtingais sinteziy metodais, keramiky ir suformuoty
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vakuuminio garinimo elektrony spinduliu bei magnetroniniu garinimu plony dangy
tyrimy eksperimentiniai rezultatai.

Samario oksidu legiruotas cerio oksidas

Samario oksidu legiruoto cerio oksido (SDC) nanomilteliy sintezé ir tyrimai

Samariu stabilizuoto cerio oksido taikytos skirtingos cheminés sintezés, leido
pasirinkti atitinkamus sintezés procesy parametrus bei gauti susintetintus
nanomiltelius su atitinkamomis fizikinémis savybémis.

Remiantis termogravimetrinés analizés rezultataiS, degimo sintezés metodu
(CB) susintetinty 20S DC milteliy terminis cheminiy junginiy iSskaidymas susideda
i§ trijy sintezés produkto masés pokyciy. 20 SDC milteliy gauty nusodinimo biidu,
cheminés reakcijos sutampa su oksalaty hidraty reakcijomis. 20 SDC milteliy gauty
zoliy-geliy metodu, cheminiy junginiy iSskaidymas parodé, kad sintezés produkty
masé sumazéja 34,79 %, 0 tai buidinga cheminéms reakcijoms su vyno rigstimi
esant 29,85 °C ir 311,73 °C temperatiiry intervalui [89]. Tolesnis temperatiiros
kélimas salygoja vyno rugsties junginiy skilimg ir susidariusio gelio junginiy
procesg, kuris baigiasi ties ~391,94 °C temperattra. Po to prasideda dvigubo oksido
reakcija ir CegsSmo2025 junginio kristalizacija. Kaip ir CP atveju, gelinio
prekursoriaus i$skaidymas ir temperatiiros kélimas nuo 391,94 °C iki 699,85 °C
salygoja nedidelj sintezés produkto masés pokyti iki 0,87 %. Kiekvienos sintezés
metu, Kristalizacijos ir iSskaidymo procesas, esant Zemesnei nei 896,85 °C
temperatdrai, yra skirtingas. Be to, SDC milteliy sintez¢, taikant nusodinimo i$
tirpaly (CP) ir zoliy-geliy (SG) sinteziy metodus, tampa stabili 700 °C
temperatiiroje, 0 taikant degimo sintezés metoda (CB) sintezé iSlieka stabili ir
Zemose temperatlrose.

Susintetinty Ce1.xSMxO2.5 milteliy Sm kiekis junginyje, remiantis ICP—OES ir
EDX tyrimais, sutampa su teoriniais skaiCiavimais. Rezultatai apie elementinés
sudéties tyrimus paskelbti [A1].

SDC susintetinty trimis skirtingais cheminiy sinteziy metodais nanomilteliy,
i8kaitinty 800 °C ir 1200 °C temperatirose 5 val. rentgeno strukturinés analizés
tyrimo (XRD) rezultatai pateikiami 4.1 paveiksle. Nepriklausomai nuo pasirinkto
sintezés metodo, visi SDC nanomilteliai pasizymi gryna kubine, Fm-3m tipo fluorito
tipo struktiira (JCPDS Nr. 75-0158). SDC-CB bandiniy matomos (111), (200), (220)
ir (311) kristalografiniy orientacijy smailés, esant visoms milteliy atkaitinimo
temperatiroms. Rentgeno struktiirinés analizés tyrimy rezultatuose SDC-CP
neatkaitinty milteliy buvo pastebétos papildomos smailés, kurios galéjo atsirasti del
prekursoriaus—oksalo riigsties naudojimo [87,90].
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4.1 pav. SDC nanomilteliy susintetinty a) degimo, b) nusodinimo i$ tirpaly, c) zoliy-geliy
sintezés metodais bei iSkaitinty 800 °C ir 1200 °C temperatiirose, rentgenogramos; d) 20
SDC nanomilteliy, susintetinty skirtingais cheminiy sinteziy metodais (CP — nusodinimo i3
tirpaly, CB — degimo, SG — zoliy-geliy) kristality dydzio, D, ir gardelés parametro, a,
priklausomybé nuo nanomilteliy iskaitinimo temperatiiry

Nepriklausomai nuo pasirinkto sintezés metodo, didinant nanomilteliy
iSkaitinimo temperatiirg, smailiy intensyvumas didéja, o pusplotis mazéja, tai
reiSkia, kad didé¢ja medziagos kristaliSkumas. Apskaiciuoti kristality dydziai ir
gardelés parametrai pateikiami 4.1 (d) paveiksle. Kaip galime matyti i§ XRD
rezultaty pritaikius SDC sintezei degimo sintezés metoda, kristality augimo greitis
sparciai didéja pagal atkaitinimo temperatiira, bei ausinimo greitj ypa¢ esant 126,85
°C—426,85 °C temperatiiros intervalui. Po pirminio egzoterminio junginiy skilimo,
toliau didinant temperatiirg, nusistovi jprastas kristality augimo greitis. Toliau
didinant nanomilteliy iSkaitinimo temperatiira kristality dydZziai sumaZzéja.
Remdamiesi XRD tyrimais galime teigti, kad SDC-CB nanomilteliy sintezei reikia
didesnés iSkaitinimo temperatiros, kad gautume vienfazj junginj lyginant
nanomiltelius gautus kitais SDC-CP ir SDC-SG sintezés budais.

4.2 paveiksle pateikiami CeqgSmo 2025 nanomilteliy SEM ir TEM vaizdal,
kurie buvo gauti skirtingais sintezés metodais, iSkaitinant nanomiltelius 800 °C
temperatiiroje 5 val. I§ gauty TEM vaizdy buvo nustatyta, kad SDC nanomilteliy
mikrostruktiira sudaryta i§ ~36—90 nm dydzio griideliy.
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20 SDC-CB SEM

1cm

20 SDC-CP

1cm

20 SDC-SG

1cm y 3
4.2 pav. 20 SDC nanomilteliy, susintetinty CB — degimo, CP — nusodinimo i$ tirpaly, SG —
zoliy-geliy sinteziy metodais ir iSkaitinty 800 °C temperatiiroje, SEM ir TEM vaizdai

IS SEM nuotrauky (4.2 pav.) galime teigti, kad susintetinty CB metodu
nanomilteliy struktiira yra porétos ,.kempinés* pavidalo, taikant CP ir SG sinteziy
metodus, susidaro netaisiklingos formos aglomeratai, padengti mazesnio dyZio
dalelémis.

Remdamiesi skirtingy koncentracijy 10 SDC, 20 SDC ir 30 SDC nanomilteliy
FT-IR spektrais, matome, kad esminiy skirtumy spektruose nebuvo pastebéta
taikant skirtingus cheminiy sinteziy metodus. Todél darbe pateikiami tik 20 SDC
koncentracijos nanomilteliy FT-IR spektrai, esant skirtingiems cheminiy sinteziy
metodams (4.3 pav.). Visuose spektruose buvo pastebéta smailé ties 2500-3800 cm-
1 kurig salygoja O—H grupé, atsirandanti dél vandens adsorbcijos i$ aplinkos [93].
Taip pat stebima ir CO, molekuliy adsorbcija ant pavirSiaus, dél Sios priezasties
keliuose spektruose matomos smailés 2300-2400 cm? intervale. Dél organiniy
junginiy susidarymo sintezés metu Zemose temperatiirose, matomos anglies junginiy
smailés (1000-1600 cm? intervale) [94].
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4.3 pav. FT-IR spektrai 20 SDC milteliy susintetinty a) degimo, b) nusodinimo is tirpaly, c)
zoliy—geliy sintezés metodais

SDC-CP milteliai turi maziausig anglies junginiy kiekj. Taciau milteliai
iSdziovinti 200 °C temperatiiroje CP ir SG biidu, turi smaile ties 1700 cm™, kuri yra
budinga karbonilo funkcinéms grupéms [96]. Buvo gauta, kad didinant iSkaitinimo
temperatiira SDC nanomilteliy grynumas didéja (iSgarinami organiniai junginiai, bei
formuojasi stabilais oksidai). Taciau ir esant auk$¢iausiai atkaitinimo temperatiirai
(1200 °C), SDC-CB ir SDC-SG susintetintuose milteliuose FT-IR spektruose
stebima smailé yra Zemiau 770 cm', tai badinga metaly oksidams [94, 97]. Sios
smailés intensyvumas didéja, didinant nanomilteliy iSkaitinimo temperatiirg.
Kadangi CeO; junginiy kreivés intensyvumas didéja, o kity junginiy smailiy
intensyvumai mazéja, galime teigti, kad didéja medziagos grynumas (formuojasi
SDC).

Samario oksidu legiruoto cerio oksido (SDC) keramiky tyrimai

SDC tableciy, kurios buvo atkaitintos 1200 °C temperatiiroje 2 val.,, SEM
nuotraukos pateikiamos 4.4 paveiksle. Kaip matome i§ pavirSiaus topografijos
vaizdy, table€iy, suformuoty naudojant 20 SDC-CB miltelius, griideliy dydis yra
~2,1 um ir pasizymi tankesne struktiira nei tabletés, suformuotos i§ 20 SDC-CP ir 20
SDC-SG milteliy, kuriy grideliy dydziai atitinkamai yra ~0,5 um ir ~2,0 um.
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4.4 pav. 20 SDC supresuoty keramiky, susintetinty (a ir b) degimo, (¢ ir d) nusodinimo i§
tirpaly, (e ir f) zoliy-geliy sinteziy metodais, SEM pavirSiaus topografijos (a, ¢, e) ir
skerspjtivio (b, d, f) vaizdai

IS kompleksinés varzos spektroskopijos tyrimy matome, kad visy SDC tableciy,
nepriklausomai nuo taikyty cheminiy sintezés metody ir Sm koncentracijos, turi
skirtingas Nykvisto kreives. I§ gauty rezultaty matome, kad geriausias savitojo
laidZio rezultatas, gautas 600 °C temperatiroje, yra: 20 SDC-CB keramiky 1,1x107?
Sxcm?, 20 SDC-CP keramiky 0,92x102 Sxecm™ ir 20 SDC-SG 0,95%102 Sxcm™?,
visy SDC skirtingy koncentracijy ir cheminiy sinteziy aktyvacijos energijos ir
savitojo laidzio rezultatai pateikti 4.1 lenteléje.
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4.1 lentelé. Skirtingy koncentracijy SDC keramiky, susintetinty CB — degimo, CP —
nusodinimo i§ tirpaly, SG — zoliy-geliy sinteziy metodais, aktyvacijos energijos,
AE,, ir joninio laidzio, o, rezultatai

Bandiniy AEs, eV o, 102 Sxcm?
Zymuo LT HT 400 °C | 600 °C | 800 °C
10 SDC-CB 0,81 0,61 0,67 0,71 2,06
20 SDC-CB 0,88 0,77 0,82 1,10 3,04
30 SDC-CB 1,11 0,97 0,03 0,59 1,47
10 SDC-CP 0,84 0,70 0,67 0,79 2,18
20 SDC-CP 0,95 0,80 0,78 0,92 2,35
30 SDC-CP 1,14 0,98 0,04 0,47 1,82
10 SDC-SG 0,92 0,71 0,34 0,70 2,16
20 SDC-SG 0,89 0,78 0,58 0,95 2,65
30 SDC-SG 1,10 0,99 0,08 0,54 1,67

Joninio laidzio priklausomybé nuo atvirkstinés temperatiiros kinta pagal
Arenijaus désnj, rezultatai pateikti 4.5 paveiksle. I§ grafiko matome, kad galime
i§skirti auksty (HT) ir zemy (LT) temperatiiry sritis. Tai galima biity paaiskinti,
remiantis CeO; vykstanc¢iomis reakcijomis gardeléje bei defekty saveika [103, 104].
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4.5 pav. SDC keramiky, susintetinty CB — degimo, CP — nusodinimo i$ tirpaly, SG — zoliy-
geliy sinteziy metodais, Arenijaus grafikai. Punktyrine linija atskirtos HT — auksty
temperatiiry, LT — Zemy temperatiiry sritys

Zemiausios keramiky aktyvacijos energijos gautos tiek auksty, tiek Zemy
temperatiiry intervaluose naudojant SDC-CB sintezés metodu susintetintus miltelius.
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Samario oksidu legiruoto cerio oksido (SDC) plony dangy formavimas ir tyrimai

Plonasluoksniy dangy formavimui buvo naudojamos 26 SDC koncentracijos
supresuotos 10 mm skersmens tabletés—taikiniai. Plonasluoksnés dangos buvo
formuojamos garinant nanomiltelius bei naudojant vakuuming garinimo elektrony
spindulio sistemg. Garinimo proceso metu buvo siekiama suformuoti plonasluoksnes
dangas, kuriy storis siekty 100 nm, 200 nm, 400 nm, 600 nm ir 800 nm. Suformuoty
dangy ant Si pagrindo rentgeno strukttirinés analizés rezultatai pateikiami 4.6 pav.
Visy gauty bandiniy, nepriklausomai nuo sintezés metodo ar dangos storio, XRD
analizés tyrimai parodé, kad gautos smailés atitinka fluorito tipo struktiirg. Kinta tik
smailiy intensyvumas, kuris priklauso nuo dangos storio. Kristality dydziai esant
800 nm dangos storiui buvo gauti 73,4 nm, 74,2 nm ir 86,7 nm atitinkamai 26-SDC-
CB, 26-SDC-CP ir 26-SDC-SG dangoms. Lygindami tarpusavyje plonasluoksniy
keramiky rentgenogramas matome, kad keramiky, suformuoty naudojant 26-SDC-
CP pradinius miltelius, rentgenograma turi papildoma (200) smailg ir smailés
intensyvumas mazéja, didéjant dangos storiui, 0 visai iSnyksta esant 800 nm dangos
storiui. IS 26-SDC-SG rentgenogramos matome, kad (311) orientacijos smailés
intensyvumas yra didelis, esant 100 nm dangos storiui.
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4.6 pav. 26-SDC plony dangy, suformuoty i§ pradiniy milteliy, susintetinty (a, b) degimo, (c,
d) nusodinimo iS tirpaly, (e, f) zoliy—geliy sinteziy metodais ant Si padéklo, rentgenogramos
(a, c, e) ir Ramano spektrai (b, d, f)
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Remiantis Ramano spektroskopijos tyrimais, intensyviausios smailés (460—461
cm?) esant 800 nm dangos storiui 4.6(c), 4.6(d), 4.6(e) paveiksluose. Ramano
spektroskopijos tyrimai, kaip ir rentgeno struktiirinés analizés tyrimai patvirtina, kad
didéjant dangos storiui, smailiy intensyvumas didéja, 0 tai parodo didéjantj dangos
kristaliSkuma.

4.2 lentelé. SDC plony dangy storio rezultatai

Bandiniy Planuotas garinimo proceso metu dangy storis, nm
Zymuo 100 | 200 | 400 | 600 | 800
Dangy storis i§ SEM tyrimy, nm
26-SDC-CB 95 548 1801 1020 1850
26-SDC-CP 105 333 475 2041 1548
26-SDC-SG 75 356 602 887 1676

Atsirandantys storio nuokrypiai gali buti salygoti iSgarintos medziagos i$
taikinio srauto, kadangi srauta gali sudaryti tiek atomai, tiek atomy klasteriai.
Nevienaly¢io junginio garinimas yra sudétingas procesas, kadangi gautos dangos
storis ir cheminé sudétis priklauso nuo daugelio parametry. Jtaka dangos storiui ir
jos struktiirai gali daryti elektrony spindulio galia, padéklo temperatiira, nusodinimo
greitis, garinimo laikas, taip pat garinamos sudétinés medziagos.

IS SEM ir AFM rezultaty matome, kad suformuotos dangos pasizymi tankia
strukttra, taciau jy pavirsius Siurkstus (4.7pav.).
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4.7 pav. Skirtingy storiy (a, b) 100 nm, (c, d) 200 nm, (e, f) 400 nm, (g, h) 600 nm, (i, j) 800
nm 26-SDC-CB plony dangy ant Si pagrindo SEM ir 3D AFM vaizdai

Didziausiu pavirSiaus SiurkStumu (Rq) pasizymi keramikos suformuotos i$
milteliy 26-SDC-CB, kuriy sluoksnio storis buvo 600 nm. Didziausias $iurk§tumas
buvo 4,7 nm, o maziausias 2,8 nm bandiniy, kuriy storis 100 nm ir 400 nm.
Pavirsiaus SiurkStumas priklauso nuo nusodinimo laiko, esant skirtingoms elektrony
spindulio galioms [107]. Didinant elektrony spindulio galia, did¢ja padéklo
temperatiira, garinamo srauto energija ir daleliy kinetiné energija [81, 107].

Apibendrinant gautus eksperimentinius rezultatus, geriausiomis savybémis
pasizyméjo dangos, suformuotos garinant SDC-CB miltelius. Deguonies jony
laidumas priklauso nuo Sm,Os priemai8y koncentracijos ir pasiekia didZiausig verte
esant 20 mol %.
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Taigi tolesniuose eksperimentuose sintetinant GDC miltelius buvo pasirinkti
degimo ir nusodinimo i$ tirpaly sintezés metodai, dél savo pirminiy medziagy kainos
ir paties paprastesnio sinteziy proceso.

Gadolinio oksidu legiruotas cerio oksidas

Gadolinio oksidu legiruoto cerio oksido (GDC) nanomilteliy sintezé ir tyrimai

Tiriant GDC nanomiltelius, gautus skirtingy cheminiy sinteziy metodais, buvo
pastebétos tos pacios skilimo produkty ir kristalizacijos tendencijos, kaip ir
sintetinant SDC nanomiltelius. Rentgeno strukttrinés analizés tyrimai parodé, kad
GDC milteliy kristalinés gardelés konstantos ir kristality dydis yra mazesni lyginant
su SDC milteliais. Tai galéjo sglygoti skirtingas priemaiy jony spindulys Sm*3
(1,079 A), Gd*3 (1,053 A) [108].
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4.8 pav. Kristality dydzio (D) ir gardelés parametro (a) priklausomybé nuo iskaitinimo
temperatiiry 10 GDC nanomilteliams, suformuotiems CP — nusodinimo i tirpaly ir CB —
degimo sinteziy metodais

Cheminiy sinteziy (CP ir CB) metu iskaitinimo temperatiiros jtaka gardelés
konstantai ir kristality dydziui pateikta 4.8 paveiksle. Kaip matome 10 GDC-CB
milteliy kristalinés gardelés konstanta mazéja 600—1000 °C temperattiry intervale ir
didesnése temperatiirose (daugiau nei 1000 °C) gardelés konstanta stabilizuojasi
(nebekinta). Gardelés konstantos pokycius galime sieti su nepakankama iskaitinimo
temperattra ir nepilnu oksidy susidarymu. Esant 10 GDC-CP milteliams, gardelés
konstanta didéja, didinant iSkaitinimo temperattira.

Visy susintetinty GDC nanomilteliy FT-IR tyrimai rodo tas pacias
dominuojancias smailes, kaip ir SDC milteliy (4.9 pav.). Ta¢iau GDC smailiy
intensyvumas yra mazesnis lyginant su SDC smailémis, net ir Zemesnése iskaitinimo
temperatirose, O tai leidzia spresti apie didesnj milteliy grynuma. Po paskutinio
iSkaitinimo organiniy liekany kiekis Zymiai sumazéjo, tg patvirtina ir FT-IR smailés.
Matome, kad CeO; smailiy intensyvumas didéja, didinant i$kaitinimo temperatiirg, o
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kity smailiy iSnykimas/intensyvumo sumaz¢jimas patvirtina didesnj GDC milteliy
grynuma.
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4.9 pav. FT-IR spektrai 10 GDC milteliy susintetinty a) degimo, b) nusodinimo i$ tirpaly
sintezés metodais

Gadolinio oksidu legiruoto cerio oksido (GDC) keramiky tyrimai

GDC tableciy, atkaitinty 1200 °C temperatiroje 5 val., SEM tyrimai parodé
(4.10 pav.), kad vidutinis grudeliy dydis yra 0,32 um (10 GDC-CP) ir 0,31 pm (10
GDC-CB). Kaip matome, grideliy dydis yra panasus, ta¢iau grudeliai yra netolygiai
pasiskirste table¢iy presavimo metu.

Arenijaus grafikas, joninio laidZio priklausomybé nuo atvirkstinés temperatiiros
pateikiami 4.11 paveiksle. Kaip ir SDC atveju, galime isskirti aukstos (HT) ir Zemos
(LT) temperatiiros intervala. Aktyvacijos energijos vertés (4F,) ir laidumo vertés,

esant skirtingoms temperatiroms, gautos i§ Arenijaus grafiko, pateikiamos 4.3
lenteléje.

4.10 pav. 10 GDC supresuoty keramiky, atkaitinty 1200 °C temperatiiroje, susintetinty (a)
nusodinimo i$ tirpaly ir (b) degimo sinteziy metodais, SEM pavirSiaus topografijos vaizdai
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4.11 pav. Skirtingos koncentracijos GDC keramiky, susintetinty CB —deginimo, CP —
nusodinimo i$ tirpaly sinteziy metodais, Arenijaus grafikai

4.3 lentelé. Skirtingy koncentracijy DGC keramiky, susintetinty CB — degimo, CP —
nusodinimo i§ tirpaly sinteziy metodais, aktyvacijos energijos, 4Ea, ir joninio
laidzio, o, rezultatai

Bandiniy AEa, eV o x10?, Sxcm™?

Zymuo LT HT 400 °C 600 °C 800 °C
10 GDC-CP 0,85 0,67 0,07 1,10 5,9
15 GDC-CP 0,95 0,80 0,03 0,94 5,8
20 GDC-CP 0,99 0,85 0,01 0,68 1,6
10 GDC-CB 0,85 0,72 0,06 1,00 6,0
15 GDC-CB 0,92 0,84 0,02 0,80 55
20 GDC-CB 0,96 0,86 0,01 0,67 1,7

IS gauty rezultaty galime teigti, kad didéjant Gd20Os molinei koncentracijai
aktyvacijos energija didéja, o bendras joninis laidumas mazéja. Taigi matome, kad
geriausias joninis laidumas esant 600 °C temperatiirai buvo nustatytas tablecCiy,
kurios pagamintos i§ 10 GDC-CP (1,1x102 Sxcm?) ir 10 GDC-CB (1x10% Sxcm’
1) nanomilteliy. Atitinkamai aktyvacijos energijos Zemyjy temperatiry diapazone
0,85 eV abiejy medziagy, o auks$tyjy temperatiiry diapazone 0,65 eV 10 GDC-CP ir
0,72 eV 10 GDC-CB.
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Gadolinio oksidu legiruoto cerio oksido (GDC) plony dangy formavimas ir
tyrimai

GDC plony dangy formavimas vakuuminio garinimu elektrony spinduliy metodu

Ploni sluoksniai buvo suformuoti garinant elektronu spinduliu tabletes
pagamintas i§ CexGdi_xO2_x» milteliy. Suformuoti GDC sluoksniai buvo papildomai
atkaitinti 600 °C, 700 °C, 800 °C ir 900 °C temperatiirose 1 val. oro aplinkoje. Plony
sluoksniy cheminés sudéties rezultatai pateikiami 4.4 lenteléje.

4.4 lentelé. GDC plony sluoksniy, suformuoty i$ pradiniy milteliy, susintetinty CP ir
CB cheminémis sintezémis, sudéties tyrimai

Nustatytas Nustatytas Gd203
Gd kiekis Gd kiekis Gd203 molinis molinio
Bandiniy GDC GDC kiekis dangose kiekio
Zymuo keramikoje i§ | keramikoje (mol %) sumazéjimas
ICP-OES i§ XPS (%)
tyrimy tyrimy
10-GDC-CP 0,133 0,131 6,9 31,0
15-GDC-CP 0,212 0,199 11,3 24,7
20-GDC-CP 0,265 0,261 14,4 28,0
10-GDC-CB 0,135 0,132 7,1 29,0
15-GDC-CB 0,213 0,201 11,4 24,0
20-GDC-CB 0,264 0,260 14,0 30,0
08 112 go ¢ 224
0

(a)
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4.12 pav. SEM, 3D AFM vaizdai ir foto nuotraukos: (a) 10-GDC ir (b) 15-GDC plony
sluoksniy suformuoty garinimo elektrony spinduliu proceso metu (kairéje) ir atkaitinty 800
°C temperatiiroje (deSingje)

I§ gauty rezultaty matome, kad Gd,Os koncentracija plonuose sluoksniuose apie
28 % mazesné, lyginant su pradine tableiy medziagos koncentracija. Garinant 15
GDC milteliy taikinj, formuojami 10 GDC ploni sluoksniai, o 10 GDC pasizZymi
geriausiu joniniu laidziu (4.11 pav.) [109]. GDC plony sluoksniy pavirSiaus
morfologijos ir Siurk$tumo tyrimai, AFM tyrimai pateikiami 4.12 paveiksle.
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Remdamiesi SEM tyrimais matome, kad plony sluoksniy atkaitinimas daro jtaka
pavirSiaus morfologijai ir dangos storiui. Suformuoti GSC-CP sluoksniai pasizymi
tankia nano struktira. Be to, pavirSiaus Siurk$tumas kinta pagal atkaitinimo
temperatiira ir didéjant temperattrai formuojasi struktiira su smailiomis iskiliomis
pavir§inémis struktiiromis (Rk), kuriy aukstis siekia apie 3 nm.

Plonasluoksniy  keramiky pavirSiaus morfologijos SiurkStumo  vertés
pateikiamos 4.13 pav. 10GDC-CP keramiky pavirSiaus Siurk§tumo (Rq) vertés yra
didziausios 18,08 nm, kai atkaitinimo temperattira 600 °C, o maziausios vertés 11,32
nm gaunamo tik suformuoty sluoksniy.
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4.13 pav. GDC-CP plony suoksniy, suformuoty garinant elektrony spindulio metodu ir
papildomai atkaitinus prie 600 °C, 700 °C, 800 °C, 900 °C temperatiirose 1 val., pavir§iaus
morfologiniai §iurk§tumo parametrai gauti AFM tyrimo metu. Cia Rq (tusios geometrinés

figliros) — vidutinis kvadratinis $iukStumas, R; (pilnavidurés geometrinés figros) — vidutinis
aukstis

15 GDC-CP ir 20 GDC-CP keramiky pavirSiaus vidutinio kvadratinio
SiurkStumo (Rq) vertés didéja, didinant atkaitinimo temperatarg. 15 GDC-CP ir 20
GDC-CP keramiky didziausia pavirSiaus SiurkStumo verté yra 15,29 nm ir 13,74 nm
atitinkamai, esant 800 °C atkaitinimo temperattirai. Vidutinés Siurk$tumo vertés (Ra)
kinta taip pat kaip ir keramiky pavirSiaus vidutinio kvadratinio Siurk$tumo (Rg)
vertés visoms GDC-CP plonasluoksnéms keramikoms.

GDC plony dangy formavimas nuolatinés srovés reaktyviojo magnetroninio
dulkinimo metodu

metodais, buvo suformuoti sluoksniai taikant nuolatinés srovés reaktyviojo
magnetroninio dulkinimo metoda, garinant sluoksnj po sluoksnio Gd;Os ir CeO;
oksidus. Magnetroninio dulkinimo buidu, siekiant iSlaikyti vienodg galutinj dangos
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storj, didinant sluoksniy skai¢iy, buvo mazinami gadolinio ir samario oksidy
sluoksniy storiai.

IS rentgeno struktiirinés analizés tyrimy matome, kad visi sluoksniai pasizymi
kubine struktiira ir smailiy intensyvumas did¢ja, didinant Gd ir Ce oksidy sluoksniy
skaiCiy. Be to didziausius kristalitus (14,6 nm) ir didziausig kristaling gardelg (5,401
A) turégjo GDC-12 bandinys (12 Gd ir Ce oksidy sluoksniy), lyginant su GDC-6
(11,4 nm bei 5,394 A) ir GDC-4 (11,2 nm bei 5,393 A). Ramano spektroskopijos
tyrimai parodé, kad GDC-6 ir GDC-4 bandiniy atkaitinty 700 °C temperatiiroje,
atveju dominuoja 464,1 cm™ smailé, 0 GDC-12 bandinio dominuojanti smailé
pasislenka j 462,9 cm™ ir tai atitinka Foq simetrijg, bei patvirtina, kad gaunamas
vienfazis kubinis fluorito tipo junginys. Be to, stebimas nedidelis smailiy
iSplatéjimas nuo 17,2 cm® iki 18,8 cm™.
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4.14 pav. Skerspjuavio (a) GDC-4, (b) GDC-6 ir (¢) GDC-12 plony sluoksniy SEM vaizdai.
Eksperimentiniai ir modeliuoti GDC-4, GDC-6 ir GDC-12 plony sluoksniy RBS spektry
rezultatai publikuoti [A2]

SEM plony sluoksniy skerspjuvio nuotraukos (4.14 pav.) parodé, kad GDC
keramikos auga formuodamos tankias kolonijinés struktiiros dangas ir dangy storiai
buvo: GDC-4 (~700 nm), GDC-6 (~550 nm) ir GDC-12 (~850 nm). Net ir po
atkaitinimo GDC-4 ir GDC-6 keramikose matomos sluoksniy ribos, tai parodo
nepakankamg sluoksniy susimaiSyma.

Modeliavimo (buvo naudojamas SIMNRA v7.02 programinis paketas) ir
eksperimentiniai Rezerfordo atbulinés sklaidos (RBS) rezultatai (4.14 pav.)
tarpusavyje koreliuoja. Kiekvienas nusodintas sluoksnis gali buti suskirstytas j
keturis Gd2Os ir CeO. sluoksnius. RBS rezultatai parodé, kad GDC-4 bandinio
pradinis persimai§ymas tarp GdOs ir CeO, sluoksniy vyksta tik plony sluoksniy
pavirsiuje. GDC-6 bandinio RBS tyrimai parodé, kad bandiniy atkaitinimo metu
formuojasi tik daliné cerio oksido stabilizuota gadoliniu fazé. Plati smailé¢ 1-1,20
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MeV energijy intervale rodo apie vykstancia difuzijag CeO: ir Gd203 sluoksniuose,
kurie yra Si (padéklo) pavirsiuje ir tik nedidelé difuzija stebima tarp CeO>—Gd203
sluoksniy keramikos pavirSiuje. GDC-12 bandinio RBS tyrimai GDC-12 bandinio
parodé, kad smailés ties 1,50-1,42 MeV parodo Gd,O3 pirma sluoksnj, o smailés
ties 1,54-1,50 MeV parodo CeO, pirmajj sluoksnj. Sios smailés atsiranda, dél
nevisisko virSutiniy (pavir§iniy) sluoksniy susimai§ymo, taciau kiti (gilesni)
sluoksniai visiSkai susimaiSe, ta parodo ir RBS tyrimai (atitinka 1,42-0,76 MeV
energijas). IS gauty rezultaty galime teigti, kad CeO>—-Gd,0s sluoksniy pradinis
storis magnetroninio dulkinimo metu turi jtakos vienaly¢io GDC junginio
formavimuisi dulkinimo proceso metu. Taip pat, reikalinga formuoti nemaziau kaip
12 Gd ir Ce oksidy sluoksniy, kad galétume gauti vienalytj (vienfazj) junginj.

Cerio oksido stabilizavimas

Anks¢iau aprasyti SDC bei GDC tyrimai ir eksperimenty rezultatai, iskélé
klausima, kaip pasikeisty fizikinés ir cheminés savybés galutinio produkto (SGDC),
jeigu samario ir gadolinio oksidais legiruotuméme cerio oksida. Taikant degimo
(CB) ir nusodinimo 1i§ tirpaly (CP) sinteziy metodus, buvo susintetinti
Ceo,8255Mo,0875Gdo,087502-5 Nnanomilteliai bei atlikti eksperimentiniai tyrimai.

Terminis iSskaidymas ir kristalizacija daro jtaka cerio oksidui, stabilizuotam
samario ir gadolinio oksidu (SGDC). Kristalizacijos procesas atitinka cerio oksido
stabilizavima atskirai samario oksidu ir gadolinio oksidu. Taciau SGDC-CB
reakcijos yra artimesnés GDC-CB reakcijomis nei su SDC-CB. Formuojant SGDC
miltelius, bendras masés pokytis buvo 0,21-0,44 %, lyginant su SDC-CB (3,5 %) ir
GDC-CB (0,45-0,75 %) susintetintas milteliais buvo Zymiai maZesnis. Nebuvo
pastebéta jokiy sintezés pokyciy formuojant SGDC-CP miltelius, bendras masés
pokytis buvo ~55 %, kaip ir taikant SDC-CP ir GDC-CP sinteziy metodus. Sie
rezultatai rodo, kad jterpiant priemaisas (stabilizuojant) CB sintezés metu gaunami
termiskai stabilesni junginiai su mazesniu organiniy priemaisy kiekiu.

Apskaiciuota SGDC nanomilteliy kristality dydzio priklausomybé nuo CB ir
CP sinteziy iskaitinimo temperattiros pateikiama 4.5 lenteléje.

4.5 lentelé. Susintetinty CB—degimo ir CP—nusodinimo i$ tirpaly sinteziy metodais
SGCD nanomilteliy kristality dydzio (nm) rezultaty priklausomybé nuo milteliy
i8kaitinimo temperattiros

T,°C SGDC- SGDC- 10 GDC- | 10 GDC- 10SDC- | 10 SDC-
CB CP CB CP CB CP

200 20,68 - 24,54 — 16,85 -
400 21,89 9,79 25,89 4,53 19,11 4,62
600 21,79 8,84 23,87 9,56 24,73 10,19
800 20,30 20,86 26,77 23,74 28,09 27,41
900 22,67 23,38 - — — —
1000 24,65 25,13 35,66 44,06 36,81 45,74
1200 24,02 25,74 35,80 47,97 44,22 48,10

Skirtingi gardelés konstanty dydziai gali biiti paaiskinami, skirtingai jony
dydziais Sm® (1,079 A), Gd** (1,053 A) ir Ce* (0,97 A) [108]. Cerio oksida
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stabilizuojant Sm,03 arba Gd,Os oksidu (vienu i§ jy), didziausi kristalitai gaunami
stabilizuojant cerio oksidg Sm»QOs. Stabilizuojant abiem oksidais (Sm20s ir Gd.0s)
Gd jonas pakeic¢ia Sm jong ir gaunamas mazesnis kristality dydis, lyginant su SDC ir
GDC,; tai gali buti paaiskinama susidarius mazesnei Gd ir Sm koncentracijai [9].
Esant mazesnei iskaitinimo temperatiirai, stebimas kristalinés gardelés sumazéjimas
SGDC-CB ir SGDC-CP atvejais, tai gali bati susij¢ su nepilnu oksido susidarymu
(4.15 pav.).
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4.15 pav. Kiristality dydzio (D) ir gardelés parametro (&) priklausomybé nuo SGDC
nanomilteliy, susintetinty CB — degimo ir CP — nusodinimo i tirpaly sinteziy metodais,
iSkaitinimo temperatiiros

Susintetinty SGDC milteliy grynuma patvirtina ir FT-IR tyrimai, pateikti 4.16
paveiksle. Esant auksStesnei nanomilteliy iSkaitinimo temperatiirai, organiniy
junginiy smailiy visiskai nesimato ir stebima tik intensyvi CO, smailé ypac¢ CB
sintezés atveju. Be to, matome, kad susintetinty ir atkaitinty Zemoje temperatiiroje,
SGDC-CB bandiniy FT-IR smailiy intensyvumas mazesnis; tai patvirtina, kad gauti
milteliai yra grynesni.

(a)
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4.16 pav. SGDC nanomilteliy, susintetinty (a) degimo ir (b) nusodinimo i$ tirpaly iSkaitinty
jvairiose (200 °C, 800 °C, 1200 °C) temperatirose, FT-IR spektrai

131



Is SEM tyrimy matome, kad didinant atkaitinimo temperatirg, gaunami
tankesni sluoksniai. Gauty nanomilteliy strukttra ir morfologija priklauso nuo
pasirinko sintezés metodo.

SGDC keramiky tyrimai

Tableciy, suformuoty is susintetinty CB ir CP sinteziy metodais SGDC milteliy,
SEM tyrimai parod¢, kad pavirSiaus struktiira sutampa su CeQO> stabilizuotu vienu i$
oksidy (Gd ar Sm). Tableciy pavirSiuje formuojasi tanki struktiira, sudaryta i$
nevienodo dydziy griideliy (0,832—1,21 um). PavirSiuje néra matomy defekty ar
itrukimy (4.17 pav.). Kaip matome i§ SEM pavirSiaus tyrimy, CP sintezés metu
gauti milteliai pasizymi gridétumu, o CB atveju stebimas griudeliy susispaudimas,
susijungimas.

4.17 pav. SGDC tableciy, suformuoty i$ susintetinty (a) CB ir (b) CP sinteziy metodais ir
i8kaitinty 1200 °C temperatiiroje SGDC nanomilteliy, SEM vaizdai

4.18 paveiksle pateikiamos SGDC table¢iy bendro laidumo Arenijaus kreivés,
kurios lyginamos su geriausiu laidumu pasizymin¢iomis 20 SDC-CB ir 10 GDC-CP
tabletémis. CeO; stabilizuojant Gd.Osz ir Sm,Os leidZia sumazinti aktyvacijos
energija HT ir LT temperatiiry intervaluose, taip pat padidina joninj laiduma. Joninio
laidzio gautos vertés yra 0,054 Sxcm™ (SGDC-CP) ir 0,022 Sxcm™ (SGDC-CB)
600 °C temperatiiroje.
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4.18 pav. SGDC, GDC, SDC keramiky Arenijaus grafikai

4.6 lentelé. Skirtingy koncentracijy SGDC keramiky, susintetinty CB — degimo, CP
— nusodinimo i§ tirpaly sinteziy metodais, aktyvacijos energijos, 4Ea, ir joninio
laidZio, o, rezultatai

Bandiniy AEs, eV g, Sxcm?

Zymuo LT | HT 400 °C 500 °C 600 °C
SGDC-CP | 0,79 | 0,65 | 0,85x102 | 8,5x107? 0,054
SGDC-CB | 0,81 | 0,76 | 0,39x102 | 5,2x107? 0,022

Wang ir kt. nustaté CeogsGdo15ySmyO1¢2 keramiky 0,046 Sxcm™ joninj laidj
prie 700 °C temperatiiroje [44]. Dikmen'as nustaté CeogGdo,1SmMo 1025 keramiky

6,5%x10% Sxcm? joninj laidj ir 0,59 eV aktyvacijos energija prie 700 °C
temperatiroje  [45]. Taip pat, Aldridge ir Baker gavo, kad
C90,825Smoyog75Gdoyog7501,9125 keramikq joninis laidis 2,23 chm'l 600 °C

temperatiroje [9]. Skirtingos joninio laidumo vertés gaunamos dél skirtingy
keramikos paruosimo bei atkaitinimo budy. Misy darbe gauty joninio laidZio
rezultaty vertés gerai sutampa su kity autoriy darbais, ir i§ gauty rezultaty matome,
kad CeO. stabilizavimas Gd.O3 ir Sm203 kartu pasizymi geresnémis savybémis nei
stabilizuojant vienu i$ jy.

Legiruoty cerio oksidu keramiky kaip difuzinio (barjerinio) sluoksnio taikymas

Apzvelgus moksling literatiirg pastebéta, kad formuojant kietojo oksido kuro
elementus didziausia problema atsiranda dél per didelio prie§jtampio katodo dalyje.
DaZnai formuojant katodus yra naudojamas stroncis, kuris atkaitinimo metu (esant
aukstai temperattirai) chemiSkai reaguoja su elektrolitu, tokiy reakcijy metu susidaro
parazitiniai junginiai, kurie mazina kuro elemento galia. Norint to i§vengti tarp
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katodo ir elektrolito reikalingas difuzinis (barjerinis) sluoksnis. Difuzinis (barjerinis)
sluoksnis turi bati vienalytis, chemiSkai stabilus, tankus ir plonas, kad i§vengtume
katijony difuzijos j elektrolita. Elektrocheminés reakcijos tarp difuzinio sluoksnio ir
katodo schematiskai pavaizduotos 4.19 paveiksle.

Siekiant iSvengti katodo atomy difuzijos j elektrolita difuzijos, (difuzinis)
barjerinis sluoksnis turi padengti visa elektrolito pavirSiy (storis gali kisti nuo 400
nm iki 1 pm) ir neturéti papildomos varzos. Kadangi CeO,, stabilizuotas Gd.Os ir
Sm,03, nereaguoja su daugeliu katodiniy medziagy tai ji galima naudoti ne tik kaip
elektrolita, bet ir kaip difuzinj (barjerinj) sluoksnj. Kad difuzinis sluoksnis
pasizyméty norimomis savybémis, labai svarbus sluoksnio formavimo biidas.

Norint istirti, ar GDC tinka kaip difuzinis (barjerinis) sluoksnis tarp YSZ
elektrolito ir LSCF katodo, buvo suformuotas 26GDC-CP (~700 nm) difuzinis
sluoksnis ant Ni/YSZ sistemos, naudojant elektrony spindulio garinimo sistema.
Ni/YSZ sistema buvo disko formos, jos skersmuo ~25 mm (4.20 pav.).

Pradinis etapas Sintezés ir veikimo etapas DNl s
LSF+Zi
S1zr0, S:210,
YSZ YSZ . YSZ
2 LSF LSF | A
- - 3
CGO g9, e
YSZ YSZ . D
O,
CGO CGO o
YSZ YSZ .

4.19 pav. Difuzinio sluoksnio ir katodo modelio schema: (a) be GDC (CGO) difuzinio
sluoksnio ir su (b) 400 nm, (c) 800 nm storio GDC (CGO) difuziniu sluoksniu [83]

(a) (b) I

5 mm

(c)

5 mm . 20 pm

4.20 pav. Poréto anodo-elektrolito-barjerinio sluoksnio kuro elemento fotonuotraukos (a)
virSutiné dalis, (b) apatiné dalis. GDC ploni sluoksniai suformuoti ant virSutinés elemento
dalies (a), (c) SEM skerspjuvio vaizdas
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Tolimesni tyrimai bus skirti nustatyti difuzinio sluoksnio elektrocheminéms
savybéms ir, iSrinkus geriausius laidumo rezultatus, katodas bus suformuotas ant
GDC difuzinio sluoksnio. Sitokia anodiné sistema puikiai tinka p-SOFCs, kurios
veikia Zemose darbinése temperatiirose.

ISVADOS

1. [Ivairiy priemai$iniy metalo oksidy koncentracijy (10-30 mol %) SDC, GDC ir
SGDC nanostruktiirinés sudéties keramikos buvo susintetintos naudojant
degimo, nusodinimo i§ tirpaly ir zoliy-geliy chemines sintezes. Nustatyta, kad
supresuotus ir atkaitintus 1200 °C temperatiiroje susintetintus nanomiltelius
galima naudoti kaip taikinius, formuojant plonus sluoksnius vakuuminiu
garinimu elektrony spinduliu.

2. Parinkus cheminés sintezés metoda, galima suformuoti cerio pagrindo
keramikas, legiruotas priemaiSomis, kurios pasizymi fluorito tipo nanostruktiira
ir didesniu joniniu laidumu. Taikant degimo (CB) sintezg¢ SDC keramiky (20
SDC) joninis laidumas 600 °C temperatiiroje buvo 1,1x102 Sxcm™, lyginant su
nusodinimo i$ tirpaly sinteze (CP) ir zoliy-geliy (SG) sinteze gautomis joninio
laidumo vertémis 0,92x102 Sxcm™, 0,95x102 Sxcm™?, atitinkamai.

3. GDC nanomilteliai pasizymi mazesne kristaline gardele ir kristality dydziu
(541,66 pm ir 26,67 nm 10 GDC-CB), lyginant su SDC nanomilteliais (543,41
pm ir 27,27 nm 10 SDC-CB), dél mazesnio metaly priemaisy jono spindulio
(Sm* > Gd*).

4. SGDC nanomilteliai, susintetinti degimo ir nusodinimo i§ tirpaly sinteziy
metodais, turéjo mazesne kristaling gardele ir kristality dydzius (542,37 pm ir
22,13 nm SGDC-CB), lyginant su GDC ir SDC nanomilteliais, dél maZesnés
stabilizuojan¢iy Sm ir Gd priemaiSy koncentracijos (Ceog25SMo,0875Gdo,087502-3,
¢ia x = 0,0875). GDC keramikos su 10 mol% Gd,O; koncentracija, susintetintos
nusodinimo i§ tirpaly sinteze (CP), pasizyméjo 600 °C temperatiiroje didesniu
joniniu laidumu 1,1x102 Sxcm™, lyginant su degimo sinteze (CB) gauta GDC
keramika 1x102 Sxcm™.

5. Atlikus sisteminius tyrimus nustatyta, kad tikslinga taikyti cheminés sintezés
metodg, nusodinimo i§ tirpaly sintez¢ (CP), su atitinkamais technologiniais
parametrais (pH verté, proceso temperatira ir kt.), pradinémis cheminémis
medziagomis (metaly nitratas heksahidratas), pradinio produkto iSdeginimo
temperatiira (800 °C), keramiky atkaitinimo temperattra (1200 °C), kuri leidZia
suformuoti stabilizuotas cerio oksido pagrindu nanostrukttrines keramikas
(CerxMxO2-5).

6. Nustatyta, kad miSriomis priemaiSomis ir SmyOs, ir Gd-Os legiruotas cerio
oksidas (SGDC), taikant degimo (CB) ir nusodinimo i§ tirpaly (CP) sintezes
padidina 600 °C temperatiiroje joninj laidumg 0,054 Sxcm™ (SGDC-CP) ir
0,022 Sxcm™ (SGDC-CB). Taip pat SGDC islieka termigkai stabilus prie 400
°C i8deginimo temperatiiroje.

7. Norint suformuoti plonus sluoksnius, naudojant garinimg elektrony spinduliu,
taikiniy medziagy cheminé sudétis (koncentracija) turi biti apie 28 % didesné.
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Cheminiy sinteziy pritaikymas norimos koncentracijos pradiniy medziagy
sintezei yra vienas i§ budy, leidzian¢iy kontroliuoti cheming pirminiy medziagy
sudétj.

8. Formuojant plonus sluoksnius, sluoksnis po sluoksnio, naudojant magnetroning
dulkinimo sistema, reikia ne maziau kaip 12 (CeO; ir Gd.O3) sluoksniy ~850 nm
storio GDC keramikai gauti. Papildomas plony sluoksniy atkaitinimas 800 °C
temperatiiroje, pagerina struktiry tankuma ir kristaliSkumg. Kaitinant plonus
sluoksnius 900 °C ir aukstesnése (t.y. virSijus Ce lydymosi temperatiirg)
temperatiirose, sluoksnio pavirSiuje pradeda kauptis Ce sankaupos—klasteriai.

Rekomendacijos

Norint visiS8kai suprasti, kokig jtaka cheminés sintezés metodas, atkaitinimo
temperatira, metaly oksidy priemaisy skirtingos koncentracijos turi plony sluoksniy
savybéms, bitina atlikti plony sluoksniy elektriniy savybiy matavimus.
Elektrocheminio impedanso spektrokopijos (EIS) tyrimams reikia tam tikros
geometrinés konstrukcijos plony sluoksniy ir darbiniy elektrody paruosimo.
Mokslinio tyrimo metu gautiems ploniems sluoksniams, kuriy storis vyrauja nuo
100 nm iki 900 nm, reikalinga iSskirtiné EIS jranga joniniam laidumui matuoti. Po
atlikty sisteminiy tyrimy su SDC, GDC, SGDC keramikomis bus t¢siami darbai su
plonais sluoksniais, kurie bus naudojami kaip difuzinis (barjerinis) sluoksnis tarp
anodo ir katodo Kietojo oksido kuro elementuose.
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