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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 Ce1-xMxO2-δ 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 Gd2O3 and CeO2 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 µ-

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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LSGM − magnesium-doped lanthanum gallate 

LSC ‒ lanthanum strontium cobalt oxide 

LSCF − lanthanum strontium cobalt iron oxide 

LSF − lanthanum strontium ferrite 

LT − low temperature 

µi − mobility of the species 

µ-SOFC − micro solid oxide fuel cell 

M − mass of molecule 

M − atomic weight 

N − number of oxygen moles 

NA − Avogadro constant 

ni − number density 

NIR – near infrared 

NMP − N-methylpyrrolidon 

Ω – radial frequency 

OT – operating temperature 

P − resistivity 

pv − vapour pressure 

PVD − physical vapour deposition 

PLD − pulsed laser deposition 

qi − charge 

R − electrical resistance; universal gas constant 

rd − ionic radius of dopant 

rO − ionic radius of oxygen 

Rku − kurtosis, measure of the height randomness and sharpness of a surface 

rVO − oxygen vacancy 

RE − rare earth elements 

RF − radio frequency 

rCe − radius of the cerium ion 

Rq − root mean square roughness, rms 

Rsk − skewness, 

Σ − amplitude of the residual stresses 

σe − electronic conductivity 

σi − ionic conductivity 

σ0 – pre-exponential factor 

S – area of the electrodes 

S – seconds 

S1, S2 − elasticity constants that can be expressed as a function of the Young’s 

modulus 

SBET − specific surface area 

SDC − samarium doped ceria 

SG − sol-gel 

SGDC − ceria co-doped with samarium and gadolinium  

ScSZ − scandia stabilised zirconia 

SE − secondary electrons 

SEM − scanning electron microscopy 

SOFC − 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 

Θ − incident angle 

UV − ultraviolet 

V − Poisson’s ratio 

𝑉0
∙∙ − oxygen vacancy 

X − dopant concentration 

xd – fraction of dopant 

XPS − X-ray photoelectron spectroscopy 

XRD − X-ray diffraction 

Y0 – 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. It is 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 Ionics 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. Artūras Žalga and PhD student Giedrė Gaidamavičienė from the Department 

of Applied Chemistry, Institute of Chemistry of Vilnius University. Dr. Mindaugas 

Andrulevičius performed X-ray photoelectron spectroscopy measurements. The co-

precipitation method and impedance spectroscopy were taught by Dr. Marzena 

Leszczyńska from the Faculty of Physics, Warsaw University of Technology. 

Magnetron sputtering and RBS measurements were done by Dr. Brigita 

Abakevičienė and Jurgita Čyvienė. PhD student Lukas Bastakys prepared the 

simulation of RBS results by using the ‘SIMNRA’ programme. SEM measurements 

were supervised and done by Dr. Tomas Tamulevičius. PhD student Algita 

Stankevičiūtė from the Astronomical Observatory of the University of Warsaw 

helped with the analysis of the electrical properties and writing of the second 

manuscript. Brunauer-Emmett-Teller and ICP measurements were performed by Dr. 

Artūras Žalga 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 Abakevičienė 

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: 
 

     𝐻2 → 2𝐻
+ + 2𝑒−           (2.1) 

 

1

2
𝑂2 + 2𝐻

+ + 2𝑒− → 𝐻2𝑂           (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 

(°C) 

40–80 °C 65–220 °C 150–210 °C 600–700 °C 400–1000 °C 

Charge carrier H+ OH- H+ 𝐶𝑂3
2− O2- 

Cathode 

reaction 

1

2
𝑂2 +

2𝐻+ +
2𝑒− → 𝐻2𝑂
  

𝑂2 + 2𝐻2𝑂
+ 4𝑒−

→ 4𝑂𝐻− 

 

𝑂2 + 4𝐻
+

+ 4𝑒−

→ 𝐻2𝑂 

1

2
𝑂2 + 𝐶𝑂2 +

2𝑒− → 𝐶𝑂3
2−  

1

2
𝑂2 + 2𝑒

− →

𝑂2−  
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Anode 

reaction 

𝐻2 → 2𝐻
+ +

2𝑒−  

2𝐻2
+ 4𝑂𝐻−

→ 4𝐻2𝑂
+ 4𝑒− 

 

2𝐻2 →
4𝐻+ + 4𝑒−

  

𝐻2𝑂 + 𝐶𝑂3
2−

→ 𝐻2𝑂
+ 𝐶𝑂2 + 2𝑒

− 

𝑂2 +𝐻2
→ 𝐻2𝑂 + 2𝑒

− 

Electrolyte  Hydrated 

polymeric ion 

exchange 

membrane  

Potassium 

hydroxide 

in asbestos 

matrix 

Liquid 

phosphoric 

acid in 

silicon 

carbide 

Liquid molten 

carbonate in 

LiAlO2 

Ion conducting 

ceramics 

(yttria-

stabilised 

zirconia, 

gadolinia-

doped ceria 

(GDC), 

lanthanum 

gallate) 

 

Electrodes  Carbon  Transition 

metals  

Carbon  Nickel and 

nickel oxide  

Perovskite, 

cermet 

(perovskite/flu

orite and metal 

cermet) 

 

Fuel  Hydrogen or 

methanol 

 

Hydrogen 

or 

hydrazine  

Hydrogen 

and alcohol  

Hydrogen, 

hydrocarbons 

Hydrogen, 

hydrocarbons 

Oxidant  O2/air O2/air O2/air CO2/O2/air O2/air 

Heat quality  - Very low Low  High High 

Advantages  • Solid 

electrolyte 

reduces 

corrosion and 

electrolyte 

management 

problems 

• Low 

operation 

temperature 

• Quick start-

up 

 

• Fast 

cathodic 

reaction  

• Wide 

range of 

electro-

catalysts  

• Tolerance 

to impurities 

in hydrogen 

• Fuel 

flexibility 

• Low-cost 

catalyst  

• All solid-state 

components 

• Fuel 

flexibility 

• Low-cost 

catalysts  

• No electrolyte 

flooding  

• Highest 

efficiency  

Disadvantages  • Poisoning 

by trace 

contaminants 

in fuel 

• High-cost 

platinum 

catalyst 

• Difficulties 

in thermal 

and water 

management 

 

• High 

purity 

hydrogen 

• Slow 

cathodic 

reaction 

• Corrosive 

nature of 

phosphoric 

acid 

• High-cost 

platinum 

catalyst 

• Corrosive 

electrolyte 

• High 

operating 

temperature 

• Long-term 

reliability of 

materials due 

to high 

temperature 

• High 

operating 

temperature 

• High 

manufacturing 

cost 

• Long-term 

reliability of 

materials due 

to high 

temperature 

Manufacturers Ballard 

Power 

Systems, 

AFC 

Energy, 

UK 

Clear Edge 

Power, USA; 

Toshiba Fuel 

Fuel Cell 

Energy, USA; 

Ishikawajima- 

Bloom Energy 

Corporation, 

USA; 



21 

 

Canada; 

BaxiInnotech, 

Germany; 

SerEnergy, 

Denmark; M-

Field Energy 

Ltd., China 

Cell Power 

Systems, 

Japan 

Harima 

Heavy 

Industries 

(IHI), Japan 

Acumentrics 

Corporation, 

USA; Ceres 

Power, UK; 

Topose Fuel 

Cell, Denmark; 

Hexis AG, 

Germany; LG 

Fuel Cell, 

South Korea; 

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 CO2 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.  
 

 
 

Fig. 2.1. Types of solid oxide fuel cells: (a) tubular, (b) planar. Reproduced from [14] 
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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 O2- 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 (Eq. 2.4) are as follows [29]: 
 

     2𝐻2 + 2𝑂
2− → 2𝐻2𝑂 + 4𝑒

−          (2.3) 
 

𝑂2 + 4𝑒
− → 2𝑂2−            (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 𝑉𝑜
∙∙ by doping the material 

with acceptor cations (Eq. 2.5) and weak defect-defect interaction [10,33–35] 
 

     𝑅𝐸2𝑂3 → 2𝑅𝐸𝐶𝑒
′ + 3𝑂𝑜

× + 𝑉𝑜
∙∙          (2.5) 

 

where RE is the Rare Earth Element, 𝑉𝑜
∙∙ represents the oxygen vacancies, and 𝑂𝑜

× 

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] 

 

Components 

 

Conductivity 

 

Stability 

Compatibility 

(chemical and 

thermal) 

 

 

Electroactivity 

 

Porosity 

Electrolyte  High ionic 

conductivity, 

negligible 

electronic 

conductivity  

Chemical, phase, 

electrical, 

morphological, 

and dimensional 

stability in fuel 

and oxidant 

environments 

(reducing and 

oxidising 

atmospheres) 

No damaging 

chemical 

interactions, 

elemental 

migration or 

interdiffusion 

with adjoining 

components Close 

thermal expansion 

match with 

adjoining 

components 

 

(Not required) Fully 

dense 

Anode High 

electronic 

conductivity 

Chemical, phase, 

electrical, 

morphological, 

and dimensional 

stability in fuel 

No damaging 

chemical 

interactions, 

elemental 

migration or 

Appropriate 

electroactivity 

for hydrogen 

oxidation 

reactions 

Porous 
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environment 

(reducing 

atmosphere) 

interdiffusion with 

adjoining 

components Close 

thermal expansion 

match with 

adjoining 

components 

 

Cathode High electric 

conductivity 

Chemical, phase, 

electrical, 

morphological, 

and dimensional 

stability in 

oxidant 

environment 

(oxidising 

atmosphere) 

No damaging 

chemical 

interactions, 

elemental 

migration or 

interdiffusion with 

adjoining 

components Close 

thermal expansion 

match with 

adjoining 

components 

 

Appropriate 

electroactivity 

for oxygen 

reduction 

reactions 

Porous 

Interconnect High 

electronic 

conductivity 

Negligible 

ionic 

conductivity 

Chemical, phase, 

electrical, 

morphological, 

and dimensional 

stability in fuel 

and oxidant 

environments 

(reducing and 

oxidising 

atmospheres) 

No damaging 

chemical 

interactions, 

elemental 

migration or 

interdiffusion with 

adjoining 

components Close 

thermal expansion 

match with 

adjoining 

components 

(Not required) Fully 

dense 

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]: 
 

   𝐻2 (𝑔) + 𝑂𝑜
×(𝑌𝑆𝑍) = 𝐻2𝑂(𝑔) + 2𝑒

−(𝑁𝑖) + 𝑉𝑜
∙∙(𝑌𝑆𝑍)        (2.6) 

 

The first step is the dissociative adsorption/associative desorption of H2 on the 

Ni surface: 
 

      𝐻2 (𝑔) + 2(𝑁𝑖) = 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) + 𝑂2−(𝑌𝑆𝑍) = (𝑁𝑖) + 𝑂𝐻−(𝑌𝑆𝑍) + 𝑒−(𝑁𝑖)        (2.8) 
 

   𝐻(𝑁𝑖) + 𝑂𝐻−(𝑌𝑆𝑍) = (𝑁𝑖) + 𝐻2𝑂(𝑌𝑆𝑍) + 𝑒
−(𝑁𝑖)        (2.9) 

 

The final steps include adsorption/desorption of H2O on the oxide surface and 

the transfer of oxygen ions between the oxide bulk and the oxide surface: 
 

     𝐻2𝑂(𝑌𝑆𝑍) = 𝐻2𝑂(𝑔) + (𝑌𝑆𝑍)        (2.10) 
 

    𝑂𝑜
×(𝑌𝑆𝑍) + (𝑌𝑆𝑍) = 𝑂2−(𝑌𝑆𝑍) + 𝑉𝑜

∙∙(𝑌𝑆𝑍)       (2.11) 
 

where 𝑒−(𝑁𝑖) is an electron inside Ni, 𝑂𝑜
×(𝑌𝑆𝑍) is lattice oxygen, and 𝑉𝑜

∙∙(𝑌𝑆𝑍) is 

an oxygen vacancy, (YSZ) is an empty portion of the YSZ surface, 𝑂𝐻−(𝑌𝑆𝑍), 
𝑂2−(𝑌𝑆𝑍), and 𝐻2𝑂(𝑌𝑆𝑍) are particles adsorbed on the surface of YSZ.  

The second step of the charge-transfer (Eq. 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: 
 

     𝑗𝐴 = 𝑗𝐴
0
(𝑝𝐻2 𝑝𝐻2

∗⁄ )
1 4⁄
(𝑝𝐻2𝑂)

3 4⁄

(1+𝑝𝐻2 𝑝𝐻2
∗⁄ )

1 2⁄          (2.12) 

 

where 𝑗𝐴 is the exchange current density, 𝑗𝐴
0 is the electrode current density, 𝑝𝐻2 and 

𝑝𝐻2𝑂 are partial pressures of H2 and H2O, respectively. This shows that the 

polarisation of the Ni/YSZ is highly dependent on the composition of the fuel gas 

[8,48]. 

The 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-CeO2 and an electroactive inner Ni/YSZ layer, obtained 

a peak power density of 400 𝑚𝑊 × 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 (LaCrO3, SrTiO3, La1-xSrxVO3, 

Sr2Fe1.5Mo0.5O6-δ, Sr2MgMoO6 -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 (La2NiO4), 

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 × 𝑐𝑚−2 and power density was increased from 135 to 370 

𝑚𝑊 × 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 ~11×10-6 K-1, CTE (YSZ) 10~11×10-6 K-1) 

[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 (La2Zr2O7) 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]. 
 

 
 

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 La2NiO4 cathodes, oxygen ions migrate through oxygen vacancies in the 

alternating perovskite LaNiO3 and through interstices in La2O2. The interstitial 

migration contributes to the ionic conductivity of excess oxygen La2NiO4+δ under 

normal operating conditions [81–86]. At 800 °C La2NiO4 reacts with electrolytes 

(YSZ and GDC), thereby forming La4NiO3O10-δ and La3Ni2O7-δ La2NiO4+δ 

dissociates into La2O3 and Ni phases in reduced PO2 [87,88]. Compared to LSCF, 

the surface oxygen exchange coefficient and diffusion coefficient, the specific 

surface resistance is higher for La2NiO4. Limited understanding of the properties of 

La2NiO4 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, La0.6Sr0.4Co0.2Fe0.8O3-δ 

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 (~15×10-6 K-1): 

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, SrZrO3 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 CeO2 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 ~400×10-6 

CO2, ~3% of H2O, and sulphur at the 10-9 level in the form of SO2/SO3/H2S [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)2 or CrO3 vapour (chromium poisoning) from the metal 

interconnect in air also degrades the performance of the cathode [14,96]. CrO2(OH)2 

or CrO3 are reduced to Cr2O3 and randomly deposit at the junction of the electronic, 

ionic conducting, and gas phases. The reaction products of Cr2O3 with the cathode 

are (Cr, Mn)3O4 for LSM and SrCrO4 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 S×cm-1 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 La1-xSrxGa1-yMgyO3 offers a conductivity 

of ~0.14 S×cm-1 [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 ~10-18 Pa PO2 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 bcc γ-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 σtotal 

(S×cm-1) 

T 

(°C) 

Method Reference 

 

Single dopant 

8 YSZ 0.13 1000 Spray drying [110] 

5-10 YSZ 0.034 800 Thin film prepared by 

aerosol-assisted 

MOCVD 

[117] 

9-5 YSZ 0.057 900 Thick film prepared tape 

casts of nanopowders 

[118] 

10 YSZ 4.52×10-6 400 Thick film prepared by 

ALD 

[119] 

15 GDC 4.07×10-2 700 Solid state reaction [120] 
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17 SDC 5.7×10-2 600 Hydrothermal method [121] 

20 SDC 8.8×10-2 800 Oxalate co-precipitation [122] 

20 YDC 3–4×10-2 700 Citric acid-nitrate 

combustion 

[123] 

Ce0.925Mg0.075O1.925 3.11×10-4 700 - [124] 

Sc2O3-ZrO2 (6 mol%) 0.18 1000 The sintered film was 

treated by hot isostatic 

pressing 

[125] 

Sc2O3-ZrO2 (9-11 mol%) 0.28–0.34 1000 Co-precipitation [111] 

Nd0.2Ce0.8O2-δ - 600 Combustion [126] 

(Y2O3)0.08(ZrO2)0.92 1.1×10−3 500 - [127] 

(Sc2O3)0.1(CeO2)0.01(ZrO2)0.89 2.5×10−3 500 - [127] 

Gd0.1Ce0.9O1.95 5.8×10−3  500 - [127] 

Sm0.2Ce0.8O1.9 1.54×10−3 600 Combustion [128] 

 

Co-doped electrolyte system 

Ce0.85Sm0.15O1.925 1.74×10-4 500 - [129] 

Ce0.85Gd0.1Sm0.05O1.9 0.046 700 Citrate-nitrate 

combustion 

[129] 

Ce0.85Gd0.06Sm0.09O1.925 2.68×10-3 500 Citrate-nitrate 

combustion 

[129] 

Ce0.85Gd0.09Sm0.06O1.925 2.49×10-3 500 Citrate-nitrate 

combustion 

[129] 

Ce0.925Mg0.07La0.01O1.925 4.8×10-3 700 Auto combustion [124] 

Ce0.9Mg0.05La0.05O1.92 2.54×10-2 700 Auto combustion [124] 

Ce0.95Al0.025La0.025O1.975 3.04×10-4 500 Auto combustion [130] 

Ce0.84Gd0.15Cu0.01O2-δ 7.81×10-3 600 Polymer precursor 

method 

[131] 

Ce0.825Sm0.0875Gd0.0875O1.9125 2.23 600 A citrate complexation [9] 

Ce0.76La0.08Pr0.08Sm0.08O2-d 0.043 600 Sol-gel auto-combustion 

technique 

[132] 

Ce0.76Pr0.08Sm0.08Gd0.08O2-δ 1.86×10-2 600 Sol-gel auto-combustion 

synthesis 

[133] 

 

Ceria-based materials (Ce1−xMxO2−δ, 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]. CeO2 features a cubic fluorite structure 

with the [Xe] 4f25d06s2 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 CeO2 undergoes partial 

reduction and loses oxygen atoms, which leads to a high concentration of defects: 
 

      𝐶𝑒𝑂2 ↔ 𝐶𝑒𝑂2−𝛿 +
1

2
𝑂2(𝑔)        (2.13) 
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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 Ce3+ (𝐶𝑒4+ → 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]. 
 

      𝑀2𝑂3
𝐶𝑒𝑂2
→  2𝑀𝐶𝑒

/
+ 3𝑂𝑜

𝑥 + 𝑉𝑜
∙∙       (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). 
 

 
 

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 Å), 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 Gd3+ since their ionic radii (1.08 Å (Sm3+) and 1.05 Å (Gd3+)) are close to 

the radius of the Ce4+ ion (0.97 Å), 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% Gd2O3 or Sm2O3. At relatively higher values of oxygen 

partial pressure at higher temperatures (~10-14 Pa PO2 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 CeO2 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.  
 

 
 

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 Gd3+ is the most suitable dopant compared to Sm3+ and Y3+. 

Gd0.1Ce0.9O2-δ had an ionic conductivity of 0.0253 S×cm-1 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 SiO2 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 Gd3+ 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 (CeO2)0.8(LnO1.5)0.2 series where Ln = Sm, Gd, La, Nd, Eu, 

Ho, Y, Yb, and Tm at 800 °C. The ionic conductivity of (CeO2)1-x(SmO1.5)x had the 

highest value among the samples (0.0945 S×cm-1), and La2O3 doped had the lowest 

value (0.0416 S×cm-1). The authors also reported that, when increasing the 

concentration of Sm2O3 (x > 20 mol%), the total conductivity decreases. Eguchi et 

al. [146] also reported the highest ionic conductivity for (CeO2)0.8(SmO1.5)0.2 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 Nd3+ offered 14% higher bulk 
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conductivity than Gd3+ at 550 °C. In their further work [147], the authors 

synthesised 10 mol% of D0.1Ce0.9O2-δ (where D = Gd3+, Sm3+, Nd3+, Lu3+, Yb3+, Er3+, 

Y3+, and Dy3+) by using a conventional solid state reaction method and reported that 

Nd0.1Ce0.9O2-δ had the highest total ionic conductivity and that the bulk conductivity 

at 500 °C is ~17% higher compared to Gd0.1Ce0.9O2-δ. 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 5.8×10−3 S×cm−1 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 Sm02Ce0.8O1.9 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 S×cm-1, while YSZ calcined at 1250 °C for 8 h had a conductivity of 0.112 

S×cm-1. 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 Ce4+ to Ce3+ 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 Ce0.8SmxGdyNdzO1.9 co-doped ceria 

electrolytes with various concentration of the dopants and reported that 

Ce0.8Sm0.1Gd0.1O1.9 showed the highest conductivity in the IT range (300–700 °C). In 

[152], the authors synthesised ceramics by using the citrate method and compared 

the properties of singly doped ceria (Ce0.8Sm0.2O1.9 and Ce1-xGdxO2–0.5x (x = 0.1–0.2)) 

with ceria co-doped with Gd and Sm (Ce1-xGdx-ySmyO2-0.5x (where x = 0.15 or 0.2 

and 0 ≤ y ≤ x)). It was reported that at 700 °C the σtotal of Ce0.85Gd0.15-ySmyO1.925 was 

0.046 S×cm-1, which was higher than the highest values of singly doped ceria 

(0.0316 S×cm-1 for Ce0.85Gd0.15O1.925 and 0.041 S×cm-1 for Ce0.8Sm0.2O1.9)). 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) 

Ce0.825Sm0.0875Gd0.0875O1.9125 has the highest total conductivity among other 

concentrations of the co-doped system and its singly doped compound (2.23 S×cm-1 

at 600 °C) [9]. Similarly, Dikmen [154] reported higher values of conductivity for 

Ce0.8Gd0.1Sm0.1O2-δ compared to Ce0.8Gd0.2O2-δ at 700 °C. Moreover, the author 

compared various metal co-dopants with Gd (Ce0.8Gd0.2-xMxO2-δ, where M is Sm 

with x = 0 to 0.1 and M is La, Nd, and Bi with x = 0.05) and got the highest values 

when co-doping with Sm (σtotal ~6.5×10-2  S×cm-1 at 700 °C with 0.59 eV Ea). 

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 Ce0.8Gd0.2−xPrxO1.90 (where x = 0 to 0.10) by using citric acid-nitrate 

combustion and obtained σtotal of 5.1×10-2  S×cm-1 at 750 °C for Ce0.8Gd0.1Pr0.1O1.9 

and 3.4×10-2  S×cm-1 at 750 °C for Ce0.8Gd0.2Pr0.10O1.9. In [160] Ce0.9−xGd0.1SmxO2−δ 

(where x = 0, 0.05, and 0.10) was synthesised by using the Pechini method; it had 

the highest conductivity of 4.23×10-2  S×cm-1 at 750 °C for Ce0.85Gd0.1Sm0.05O1.925. 

Madhuri et al. [132] investigated the triple-doping of ceria (Ce1-

x(Lax/3Prx/3Smx/3)O2−δ) synthesised by the sol-gel auto-combustion method and 

Ce0.76La0.08Pr0.08Sm0.08O2−δ has the highest σtotal of 0.043 S×cm-1 with Ea of 0.76 eV. 

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 Sm2O3, Gd2O3, and Nd2O3, by using the combustion, 

solid-state, hydrothermal, and co-precipitation synthesis methods. It was shown that 

among other doped-ceria, Nd0.2Ce0.8O2-δ (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 (𝑟𝐺𝑑
3+ < 𝑟𝑆𝑚

3+ < 𝑟𝑁𝑑
3+and 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 SiO2 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 

S×cm-1 at 600 °C) for Sm0.2Ce0.8O1.9 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 Ce0.8Sm0.2O1.9  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 μm and the total ionic 

conductivity of 0.0091 S×cm-1 at 600 °C with the activation energy of 0.94 eV. 

Koettgen and Martin [41] synthesised Ce1−xRExO2−x/2 (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 Ce0.85Sm0.15O1.925 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 μm. The 

authors stated that, at a lower thickness, the electrolyte offers low ohmic resistance 

and good electrochemical characteristics (the ohmic resistance is 0.19 Ω×cm2 at 850 

°C) [166]. 

The state-of-the-art electrolyte for the IT-SOFC, ~10 μm YSZ, at low 

temperatures does not show high ionic conductivity to achieve acceptable area 

specific resistance (ASRel) from the electrolyte [127]: 
 

        𝐴𝑆𝑅𝑒𝑙 = 𝐿 × 𝜎
−1          (2.15) 

 

where σ 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 ASRel.  

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 µm [169–173]), magnetron sputtering (400 nm – 5 

µm, [174–176]), pulsed laser deposition (PLD) (~700 nm, [174,177,178]), screen 

printing (7 µm, [174,176]), dip-coating (mesoporous layers, 100–700 nm [179]), 

spin coating (1 µm [180]), spray pyrolysis (700 nm [174], [181]), electrostatic spray 

(85 nm [182]), and sol-gel infiltrated screen printing (1.5 µm [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 

μm×h-1) [186,187]. Meanwhile, due to the higher sputtering yield, the deposition 

rate when using reactive magnetron sputtering shows a much higher value (2.5 

μm×h-1) [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] 

 

Technique 

Film characteristics Process features 

Microstruc

ture 

Deposition rate or 

thickness 

Cost Characteristics and 

limitations 

Vapour phase 

Thermal spray 

technologies  

 100–500 µ𝑚 × ℎ−1  High deposition rates, 

various compositions 

possible, thick, and 

porous coatings, high 

temperatures necessary 

Electrochemical 

vapour 

deposition 

(EVD) 

Columnar 

structures 

3–50 µ𝑚 × ℎ−1 Expensive 

equipment 

and 

processing 

costs 

High reaction 

temperatures 

necessary, corrosive 

gases 

Chemical 

vapour 

deposition 

(CVD) 

Columnar 

structures 

1–10 µ𝑚 × ℎ−1 Expensive 

equipment 

Various precursor 

materials possible, high 

reaction temperature 

necessary, corrosive 

gases 

Physical vapour 

deposition 

(PVD) (Radio 

frequency and 

magnetron 

sputtering) 

Columnar 

structures 

0.25–2.5 µ𝑚 × ℎ−1 Expensive 

equipment 

Tailor-made films, 

dense and crack-free 

films, low deposition 

temperatures, 

multipurpose 

technique, relatively 

small deposition rate 
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Laser ablation   Expensive 

equipment 

(laser) 

Intermediate deposition 

temperatures, difficult 

upscaling, time-sharing 

of laser, relatively 

small deposition rate 

Spray pyrolysis Amorphous 

to 

polycrystall

ine 

5–60 µ𝑚 × ℎ−1 Economical Robust technology, 

upscaling possible, 

easy control of 

parameters, corrosive 

salts, post-thermal 

treatment usually 

necessary 

Liquid phase 

Sol-gel, Liquid 

precursor route 

Polycrystall

ine  

0.5–1 µ𝑚 × ℎ−1 
for each coating 

Economical Various precursors 

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

ine slightly 

textured  

25–200 µ𝑚 × ℎ−1  Robust technology, 

upscaling possible, 

crack formation 

Slip casting and 

slurry coating  

Polycrystall

ine 

25–200 µ𝑚 × ℎ−1 Economical Robust technology, 

crack formation, slow 

Tape 

calendering 

Polycrystall

ine 

5–200 µ𝑚 × ℎ−1  Upscaling possible, co-

calendering possible 

Electrophoretic 

deposition 

(EPD) 

Polycrystall

ine 

1–200 µ𝑚 × ℎ−1  Short formation time, 

little restriction to 

shape of substrate, 

suitable for mass 

production, high 

deposition rates, 

inhomogeneous 

thickness 

Transfer 

printing 

Polycrystall

ine 

5–100 µ𝑚 × ℎ−1 Economical Robust technology, 

rough substrate 

surfaces possible, 

adhesion on smooth 

substrates difficult 

Screen printing Polycrystall

ine 

10–100 µ𝑚 × ℎ−1 Economical Robust technology, 

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 PVD 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 

concentration of dopants 

Chemical formula Notation 

of synthesis 

method 

10 SDC 10 mol% of Sm2O3 Sm0.1Ce0.9O2-δ CB, CP, SG 

20 SDC 20 mol% of Sm2O3 Sm0.2Ce0.8O2-δ CB, CP, SG 

26 SDC 26 mol% of Sm2O3 Sm0.26Ce0.74O2-δ CB, CP, SG 

30 SDC 30 mol% of Sm2O3 Sm0.3Ce0.7O2-δ CB, CP, SG 

10 GDC 10 mol% of Gd2O3 Gd0.1Ce0.9O2-δ CB, CP 

15 GDC 15 mol% of Gd2O3 Gd0.15Ce0.85O2-δ CB, CP 

20 GDC 20 mol% of Gd2O3 Gd0.2Ce0.8O2-δ CB, CP 

25 GDC 25 mol% of Gd2O3 Gd0.25Ce0.75O2-δ CB, CP 

SGDC 0.0875 mol% of each Sm2O3  

and Gd2O3 

Ce0.825Sm0.0875Gd0.0875O2-δ CB, CP 

 

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

The initial synthesis materials were following: 

 

Reagents 

 

Solutions 

Cerium (III) nitrates hexahydrates 

(Ce(NO3)3·6H2O, 99.0%, Fluka) 

Ammonium hydroxide 25% (NH4OH, 

25%, Sigma Aldrich) 

Samarium (III) nitrates hexahydrates 

(Sm(NO3)3·6H2O, 99.9%, Sigma Aldrich) 

Deionised water (H2O) 

Gadolinium (III) nitrates hexahydrates 

(Gd(NO3)3·6H2O, 99.9%, Sigma Aldrich) 

 

Glycine (NH2CH2COOH, ≥ 99.0%, Sigma 

Aldrich) 

Oxalic acid (C2H2O4, ≥99.0%, Sigma Aldrich) 

(L-(+)- Tartaric acid (C4H6O6) (TA) ≥ 99.5%, 

Sigma Aldrich) 

Samarium (III) oxide (Sm2O3, 99.99%, 

AlfaAesar) 

Ammonium cerium (IV) nitrate 

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

Nitric acid (HNO3, 66%, Reachem) 
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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 (C3H6O) (Reachem Slovakia 

s.r.o.) 

Silicon (Si) wafer with 500 µm 

thickness, orientations (100) and (111), 

p-type, single-side polished, (Sigma-

Aldrich); 

≥ 99% N,N-Dimethylformamide (Sigma-Aldrich) Silicon oxide/silicon (SiO2/Si) wafer 

with 1 μm thickness of SiO2 ((100), p-

type, double-side polished, Sigma-

Aldrich); 

Nitrogen (N2) gas (Aga Sia, 96%) 

 

α-Al2O3 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 102−105 nm. 

A significant step for the detection of CB was the synthesis of aluminium 

nitrate hydrate (Al(NO3)3×9H2O) (oxidiser) and urea (CH4N2O) (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 α-

Al2O3 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]:  
  

 2𝐴𝑙(𝑁𝑂3)3 × 9𝐻2𝑂 + 5𝐶𝐻4𝑁2𝑂 = 𝐴𝑙2𝑂3 + 8𝑁2 + 5𝐶𝑂2 + 28𝐻2𝑂        (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 (Al(NO3)3×9H2O), which was present in the reaction (Eq. 

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(SO4)3) 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 

nitrate hydrates: 

Meν(NO3)ν×nH2O  

v is metal valence 

glycine (C2H5NO2) 

  

water (H2O) 

 

sucrose (C12H22O11) 

 

hydrocarbons: 

 

kerosene 

benzene (C6H6) 
glucose (C6H12O6) 

 

citric acid (C6H8O7) 

 

urea (CH4N2O) 

 

Ammonium nitrate 

(NH4NO3) 

 

hydrazine-based fuels: 

 

carbohydrazide (CH6N4O) 

oxalyldihydrazide 

(C2H6N4O2) 

 

alcohols: 

 

ethanol (C2H6O) 

methanol (CH4O) 

furfuryl alcohol 

(C5H6O2) 

2-methoxyethanol 

(C3H8O2) 

 

Nitric acid (HNO3) hexamethylenetetramine 

(C6H12N4) 

 

acetylacetone (C5H8O2) 

 

formaldehyde (CH2O) 

 
 

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 mm3) 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 aqueous 

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]:  
 

𝑀𝑒𝑣(𝑁𝑂3)𝑣 ×𝑚𝐻2𝑂 +
5
9⁄ 𝜑𝑣𝑁𝐻5𝐶2𝑂2 + (

5
4⁄ )𝑣[𝜑 − 1]𝑂2 → 𝑀𝑒𝑂𝑣 2⁄ +

(25 18⁄ × 𝜑𝑣 +𝑚)𝐻2𝑂 + 𝑣 (
5𝜑

18⁄ + 1 2⁄ )𝑁2 + (
10
9⁄ ) × 𝑣𝜑𝐶𝑂2        (3.2) 

 

where, if ϕ = 1, external oxygen is not required for the initial solution to complete 

the fuel oxidation, if ϕ < 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 = ∆𝐻𝑗
0 = ∑ 𝑛𝑗∆𝑓𝐻𝑗

0 −𝑗 ∑ 𝑛𝑖∆𝑓𝐻𝑖
0

𝑖          (3.3) 
 

where ∆𝐻𝑗
0 is the enthalpy of the formation of CB products; i and j indicate the 

reactants and products, respectively; ni and nj are the concentrations of each 

compound; and ∆𝐻𝑓
0 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 (Tad) [200]. Tad can be determined from the 

following equation if assuming no phase transitions:  
 

    𝑄 = ∫ ∑ 𝑛𝑗𝐶𝑝,𝑗𝑑𝑇𝑗
𝑇𝑎𝑑
𝑇0

            (3.4) 
 

where 𝐶𝑝,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 + 𝐵 × 𝑇 + 𝐶𝑇
2           (3.5) 

 

The equation for the calculation of Tad which is frequently used in CB processes 

where the specific heat (Bi and Ci = 0 in Equation (3.5)) can be considered constant 

for each reaction product is as follows:  
 

     𝑇𝑎𝑑 = 𝑇0 + 𝑄 𝑐𝑝̅⁄             (3.6) 
 

where 𝑐𝑝̅ = ∑ 𝑛𝑗𝐴𝑗𝑗  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:  
 

   𝑞+ = 𝑘0Φ(𝜂𝑖)𝑉 exp (−
𝐸𝑎

𝑅𝑇
) = 𝑘0𝑉𝑄𝑒

−𝐸𝑎 𝑅𝑇⁄           (3.7) 
 

where 𝑞+ is the heat evolution rate (or the heat release rate), Ea is the activation 

energy, Q is the heat of the reaction, k0 is the pre-exponential factor, ηi is the degree 

of the reaction conversion for the reagent i, Φ(ηi) 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 Eq. 3.7 and the conditions of Eq. 3.8, Semenov established the 

critical reaction conditions under which thermal explosion takes place: 
 

     𝑇𝑐𝑟 = 𝑇0 +
𝑅𝑇𝑐𝑟

2

𝐸𝑎
≈ 𝑇0 +

𝑅𝑇0
2

𝐸𝑎
                    (3.9) 

 

where Tcr is the critical temperature, R is the universal gas constant, Ea is the 

activation energy, and T0 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

𝑑𝑥
(𝜆

𝑑𝑇

𝑑𝑥
) − 𝑐𝑝𝑈

𝑑𝑇

𝑑𝑥
+ 𝑄𝑊 = 0       (3.10) 

 

with the boundary conditions set at infinity as: 
 

     𝑥 = −∞, 𝑇 = 𝑇0; 𝑥 = +∞, 𝑇 = 𝑇𝑎𝑑         (3.11) 
 

where U is the velocity of the combustion wave, λ is the heat conductivity, c is the 

heat capacity, ρ 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 (Eq. 3.10 and Eq. 3.11) with the 

Arrhenius kinetics (Eq. 3.7) in an approximation of the narrow reaction zone can be 

represented as follows [200]: 
 

    𝑈 ≈
1

𝑐𝑝(𝑇𝐶−𝑇0)
√2𝑄𝜆𝑘0 ∫ 𝑒−𝐸 𝑅𝑇⁄𝑇𝑐

𝑇0
𝑑𝑇        (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 (III) nitrate hexahydrate 

(Sm(NO3)3×6H2O, 99.9%, Sigma-Aldrich), gadolinium (III) nitrate hexahydrate 

(Gd(NO3)3×6H2O, 99.9%, Sigma-Aldrich), and cerium (III) nitrate hexahydrate 

(Ce(NO3)3×6H2O, 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 + 10𝑁𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 → 6𝐶𝑒𝑂2 (𝑠) + 20𝐶𝑂2 (𝑔) + 14𝑁2 (𝑔) +

22𝐻2𝑂 + 3𝐻2 (𝑔)           (3.13) 
 

 6𝑆𝑚(𝑁𝑂3)3 + 10𝑁𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 → 6𝑆𝑚𝑂1.5 (𝑠) + 20𝐶𝑂2 (𝑔) + 14𝑁2 (𝑔) +

25𝐻2𝑂             (3.14) 
 

6𝐺𝑑(𝑁𝑂3)3 + 10𝑁𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 → 6𝐺𝑑𝑂1.5 (𝑠) + 20𝐶𝑂2 (𝑔) + 14𝑁2 (𝑔)  +

 25𝐻2𝑂             (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(𝑎𝑞)

− → 𝐴𝑥𝐵𝑦(𝑠)        (3.16) 
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where +/– is the valence for metal cations and oxidizer ions, s is a solid material, aq 

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)n, where n is the valence of metal 

ions in the solution, can be described as follows: 

 

     𝑀𝑛+ + 𝑛(𝑂𝐻)− → 𝑀(𝑂𝐻)𝑛        (3.17) 
 

Considering that the ionic product of water under ambient pressure at 25 °C is 

10-14 M2 and is as follows, we get: 
 

   −𝑙𝑜𝑔[𝐻+] − log[𝑂𝐻−] = 𝑝𝐻 + 𝑝𝑂𝐻 = 14        (3.18) 
 

The solubility constant (KSP) of M(OH)n is: 
 

     𝐾𝑆𝑃 = [𝑀
𝑛+][𝑂𝐻−]𝑛          (3.19) 

 

    𝐿𝑜𝑔𝐾𝑆𝑃 = 𝑙𝑜𝑔[𝑀
𝑛+] − 14𝑛 − 𝑛𝑙𝑜𝑔[𝐻+]        (3.20) 

 

    𝑙𝑜𝑔[𝑀𝑛+] = −𝑙𝑜𝑔𝐾𝑆𝑃 + 14𝑛 − 𝑛𝑝𝐻        (3.21) 
 

where [Mn+] and [OH-] are the molar concentrations of Mn+ 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 NH4OH 

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, NH4OH 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 NH4OH–NH4HCO3 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 

(C2H2O4, ≥ 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 Büchner 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.  
 

 
 

Fig.3.4. Scheme of sol-gel synthesis of ceria-based ceramic nanopowders 
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Samarium (III) oxide (Sm2O3, 99.99%, AlfaAesar), ammonium cerium (VI) 

nitrate ((NH4)2Ce(NO3)4, 99.99%, Sigma-Aldrich) were used as the starting materials 

and weighed according to the desired stoichiometric ratio. Nitric acid (HNO3, 66%, 

Reachem) and distilled water were used as reagents to reduce the pH of the solutions 

and to improve the solubility of samarium (III) oxide. Tartaric acid (L–(+)– Tartaric 

acid (C4H6O6) (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 (VI) nitrate was dissolved in distilled water at 80 °C. 

The dissolution process can be written as follows: 
 

4(𝑁𝐻4)2𝐶𝑒(𝑁𝑂3)6 (𝑠) + 4𝐻2𝑂(𝑙) → 8𝑁𝐻4 + (𝑎𝑞)  +  24𝑁𝑂3 − (𝑎𝑞) +

4𝐶𝑒4 + (𝑎𝑞)             (3.22) 
 

After several minutes of stirring and evaporating in an open beaker, the 

reduction of Ce4+ ions to Ce3+ was completed by the addition of tartaric acid. The 

oxidation-reduction reaction between the cerium (IV) ion and tartaric acid is as 

follows: 
 

4𝐶𝑒4 + (𝑎𝑞) + 𝐶4𝐻6𝑂6(𝑎𝑞) + 2𝐻2𝑂(𝑙) → 4𝐶𝑒3 + (𝑎𝑞)  + 4𝐶𝑂2(𝑔) +

4𝐻 + (𝑎𝑞)            (3.23) 
 

This oxidation-reduction process (see Eq. 3.23) was confirmed both by 

observing the release of a large amount of CO2 gas and by the colour change of the 

solution from orange to colourless. Then, after continuous stirring at approximately 

80–90 °C, samarium (III) 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. 
 

 
 

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 10-5 Pa 

Deposition pressure 0.7 Pa 

Electron gun power 10 kW 

Maximum emission current 500 mA 

Deflection of electrons 180° 

Diameter of the electron beam  5 mm 

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 µm 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 Gd2O3 and CeO2 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 CeO2 and 

Gd2O3 targets. The base pressure was 2×10-4 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 2×10-4 Pa 

Sputtering gas O2/Ar gas mixture 

Sputtering gas pressure 0.065 Pa 

Targets CeO2 and Gd2O3 

Temperature of the substrate 150 °C 

Distance between the target and the substrate 16 cm 

Voltage 510 V 

Current 0.4 A 

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 CeO2 

(90 mol%) and Gd2O3 (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 

(DSC) 

Amorphous content and 

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 

emission spectrometry (ICP‒OES) 

Elemental-chemical 

composition 

Fourier transmission infrared Identification of functional 
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spectroscopy (FT‒IR) groups and chemical 

bonding 

Size and 

morphology 

analysis 

Scanning electron microscopy (SEM) Topology, size, morphology, 

crystallographic structure, 

and composition 

Transmission electron microscopy 

(TEM) 

Topology, size, morphology, 

and crystallographic 

structure 

Atomic force microscopy (AFM) Size, morphology, surface 

roughness, and texture 

Electrical properties 

analysis  

Electrochemical impedance 

spectroscopy (IS) 

Electrical properties 

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]. 
 

 
 

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 𝑠𝑖𝑛𝜃 = 𝑛𝜆          (3.24) 
 

where λ is the wavelength of the X-ray beam, θ 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 Kα1 (λ = 

0.154 nm) radiation source and parallel beam focusing geometry with a 60 mm 

Göbel mirror. The peak intensities were measured in the 20–90°, coupled 2θ–θ 

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: 
 

       𝑑 =
𝐾𝜆

𝛽 𝑐𝑜𝑠𝜃
          (3.25) 

 

where d is the crystallite size, λ is the X-ray wavelength, θ is the diffraction angle, β 

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: 
 

 𝑎 =
√ℎ2+𝑘2+𝑙2

2 𝑠𝑖𝑛𝜃
          (3.26) 

 

where h, k, l 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 N2, 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]: 
 

𝐷𝐵𝐸𝑇 =
6×103

𝑑𝑡ℎ𝑆𝐵𝐸𝑇
,           (3.27) 

 

where DBET (nm) is the average particle size, SBET (m2/g) is the specific surface area, 

and dth is the theoretical density of the solid solution oxide (g/cm3) calculated 

according to the following Equation 3.28: 
 

𝑑𝑡ℎ =
4[(1−𝑥)𝑀𝐶𝑒+𝑥𝑀𝐺𝑑+(2−𝑥/2)𝑀𝑂]

𝑎3𝑁𝐴
       (3.28) 

 

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 μA. The images were analysed with the ‘ImageJ2x’ 

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). 
 

 
 

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-1 with a 

resolution of 1 cm-1. 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. 
 

 
 

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: 
 

      𝐼𝑡 = 𝐼0𝑠𝑖𝑛(𝜔𝑡 + 𝜙)         (3.29) 
 

where I0 is the amplitude of the current, ω is the angular frequency (𝜔 = 2𝜋𝑓), ϕ is 

the initial phase, and t is time. The current response to the potential will be a 

sinusoid shifted in phase 𝜋 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: 
 

     𝑍 =
𝐸𝑡

𝐼𝑡
=

𝐸0sin (𝜔𝑡)

𝐼0 sin(𝜔𝑡+𝜙)
= 𝑍0

sin(𝜔𝑡)

sin(𝜔𝑡+𝜙)
       (3.30) 

 

where Et and It are the potential and current values at the time, E0 and I0 are the 

amplitudes of the potential and the current. The complex impedance can be 

expressed by applying Euler’s formula:  
 

  𝑍(𝑖𝜃) = 𝑍0𝑒
𝑖𝜃 = 𝑍0𝑐𝑜𝑠𝜃 − 𝑖𝑍0𝑠𝑖𝑛𝜃 = 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) 
−𝑖

𝜔𝐶
. Subsequently, 

with |𝑍| = 𝐸𝑡 𝐼𝑡⁄  and 𝑡𝑎𝑛𝜙 = 𝑍′′/𝑍′, impedance can be represented by the 

following Expression 3.32: 
 

      |𝑍| = 𝑍′ + 𝑗𝜔𝑍′′          (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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Fig. 3.10. (a) Schematic diagram of the complex impedance plot of ionic conductivity of 

bulk and grain boundary with an equivalent circuit, (b) the pellet configuration used for 

measurements 

Therefore, constant phase element (CPE) can be used instead of at capacitor. 

The impedance of CPE is expressed as follows [254–256]: 
 

      𝑍𝐶𝑃𝐸 =
1

(𝑗𝜔)𝛼𝑌0
          (3.33) 

 

where Y0 is the capacitance (C), α is the fitting parameter with values between 0 and 

1 (α = 1 for the ideal capacitor). For the 𝑅 ∥ 𝑌0 circuit, the impedance is as follows 

[254–256]: 
 

   𝑍 =
𝑅(1+𝑅𝑌0𝜔

𝛼𝐶𝛼)

1+𝑅2𝑌0
2𝜔2𝛼+2𝑅𝑌0𝜔

𝛼𝑐𝛼
− 𝑖

𝑅2𝑌0𝜔
𝛼𝑆𝛼

1+𝑅2𝑌0
2𝜔2𝛼+2𝑅𝑌0𝜔

𝛼𝑐𝛼
       (3.34) 

 

where 𝑐𝛼 = cos (
𝜋𝛼

2
), and 𝑠𝛼 = sin (

𝜋𝛼

2
). 

The resistance values Rb (bulk), Rgb (grain boundary), and Re (electrode) can be 

obtained from the intercept of the semicircles with Zreal (from the fitted IS spectra). 

When knowing these values, the ionic conductivity can be obtained as follows: 
 

       𝜎 =
ℎ

𝑅𝑆
          (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: 
 

      𝜎𝑡𝑜𝑡𝑎𝑙 = 𝜎0exp (−
Δ𝐸𝑎

𝑘𝑇
)        (3.36) 

 

where 𝜎0 is the pre-exponential factor, ∆𝐸𝑎 is the activation energy, k is the 

Boltzmann’s constant (0.86×10-4 eV K-1). By measuring the conductivity value at 

different temperatures and plotting logσ against 1000/T, we obtain the Arrhenius 



63 

 

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 × 5 × 2 

mm3) 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 − 𝜙𝑠          (3.37) 
 

where KE is the kinetic energy of electrons, BE is the binding energy between 

electrons and the nucleus, ϕs 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 

(AlKα radiation, hν = 1486.6 eV). For the spectra acquisitions, the x-ray spot size 

was 0.3 mm, the base pressure in the analytical chamber was 2×10-7 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 μm × 

12 μm field of view. From the obtained AFM surface topography images, the 
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roughness parameters (Rq, Rsk, Zmean, and Rku) 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]: 
 

    ∆𝑣̅(𝑐𝑚−1) = (
1

𝜆0(𝑛𝑚)
−

1

𝜆1(𝑛𝑚)
) ×

(107𝑛𝑚)

(𝑐𝑚)
           (3.39) 

 

where ∆𝑣̅ is the Raman shift expressed in the wavenumber (cm-1), 𝜆0 is the 

excitation wavelength, and 𝜆1is 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-1 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-1. 
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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 (Ce1-xSmxO2-δ, 

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, Ce1-xGdxO2-δ, (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 (Ce0.825Gd0.0875Sm0.0875O2-δ) 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–O, 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 Ce0.8Sm0.2O2-δ 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 to 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. 
 

 
 

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 [A1, 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 CO2. 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 Ce0.8Sm0.2O2-δ 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 Ce0.8Sm0.2O2-δ 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 Ce1-xSmxO2-δ, , 

approximately coincides with the theoretical value. A summary of the elemental 

analysis results was published in [A1, 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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Fig. 4.2. XRD patterns of SDC nanopowders uncalcined, calcined at 800 °C and 1200 °C 

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. 
 



70 

 

 
 

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 [A1, 204] 

The morphological and structural properties of Ce0.8Sm0.2O2-δ 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 Sm2O3 and CeO2 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-1 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-1 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-1 (Fig. 4.5 (a)) and 

1060 cm-1 (Fig. 4.5 (b)) also indicate the existence of the carbonate species, while 

intense peaks below 770 cm-1 appear due to the stretching modes of Ce-O and Sm–O 

[274]. 
 

 
 

Fig. 4.5. FT‒IR spectra of (a) CeO2 and (b) Sm2O3 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−1 which can be assigned to the O–H 

stretching mode of physically adsorbed water [273]. Due to the adsorption of 

linearly coordinated CO2 molecules on the surface, a minor band in the range of 

2300–2400 cm−1 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−1 [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−1, 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−1 which is associated with the metal-oxygen bond and corresponds to the phonon 

mode of CeO2 [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, e) 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 [A1, 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 μm (CB) and 2 μm 

(SG) and without any cracks and/or gaps (Fig. 4.7 (a, e)). 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 μm (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]. 
 

 
 

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 [A1, 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; 1st arc), in the intermediate frequency range is the response 

from the ionic migration in the grain boundary (GB; 2nd arc) and, in the low 

frequency range is the response of the electrode (E; 3rd 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 (a)). 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, c)). 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 = 𝑅23 − 𝑅12  ,           (4.1) 
 

where 𝑅12 = 𝑅𝑔 is the grain interior resistance, 𝑅23 = 𝑅𝑡 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 3.04×10-2 S×cm-1 at 800 °C, which is higher than the 

pellets synthesised by co-precipitation (2.35×10-2 S×cm-1) and sol-gel (2.65×10-2 

S×cm-1). 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 0.82×10-2 S×cm-1 and 

1.1×10-2 S×cm-1, 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 σtotal value of 0.082 S×cm-1 at 800 °C for the SDC pellet using 

the glycine-nitrate process. Wen et al. [286] reported a σtotal value of 2.24×10-2 

S×cm-1 at 800 °C for the 20 SDC synthesised by co-precipitation. Wattanathana et 

al. [284] obtained 1.86×10-2 S×cm-1 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 (2.06×10-2 S×cm-1 at 600 °C). The 

authors state that, due to the formation of the amorphous Sm2O3 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 ΔEa (eV) Total conductivity (10-2) (S×cm-1) 

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 1.1 3.04 

30 SDC-CB 1.11 0.97 0.031 0.59 1.47 

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 1.1 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. 
 

 
 

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 CeO2 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, c, e) 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 

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 
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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-1 (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 F2g peak of 

the symmetric breathing mode of the oxygen ion (O2-) 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 

 

Sample 

Desired thickness (nm) 

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 Rq 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 Rq 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. 

2. 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. 

3. 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. 

4. 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 μm. Meanwhile, 20 SDC-CP and 20 SDC-SG are denoted by a 

more porous nature with the average grain sizes being 0.5 μm and 2 μm, 

respectively. 

5. According to the impedance spectroscopy measurement, the maximum value of 

the total ionic conductivity at all temperatures (the highest value is 3.04×10−2 

S×cm−1 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. 

6. 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 CeO2 ceramics is effectively suppressed by doping with both Sm3+ and Gd3+; 

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 Eq. 

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 Å) is larger than the ionic radius of Gd+3 (1.053 Å) [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. 
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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-1) and the O–H 

stretching mode (in the range between 2500–3800 cm−1) are more intense for SDC 

nanopowders at all temperatures than for GDC. 
 

 
 

Fig. 4.16. FT‒IR spectra of 10 GDC synthesised by (a) combustion and (b) co-precipitation 

The peaks corresponding to the adsorption of CO2 molecules on the surface of 

the powders (2300–2400 cm-1), 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 CeO2 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. 
 

 
 

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 µm (10 GDC-CP) and 0.307 µm (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 Ce0.93Sm0.07O1.965, 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 σtotal 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 

[287], a similar break in the slopes is observed as in the SDC ceramics.  
 



89 

 

 
 

Fig. 4.19. Arrhenius plot of total conductivity for GDC synthesised by combustion and co-

precipitation 

The activation energies (ΔEa) 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 ΔEa (eV) Total conductivity (10-2) (S×cm-1) 

LT HT 400 °C 600 °C 800 °C 

10 GDC-CP 0.85 0.67 0.07 1.1 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 

ΔEa 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 1.1×10-2 S×cm-1 and 1×10-2 S×cm-1, 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 Gd0.1Ce0.9O1.95 synthesised by a sol-gel 

(σtotal=0.011 S×cm-1 at 600 °C). Faruk Öksüzömer et al. [294] investigated 

Gd0.1Ce0.9O1.95 and Gd0.2Ce0.8O1.9 synthesised by the polyol process and obtained a 

higher conductivity of 0.0211 S×cm-1 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 CexGd1–xO2–x/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 

Gd2O3 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]. 

Notation 

Gd content 

in thin film 

from ICP‒

OES (r.u) 

Gd 

content in 

thin film 

from XPS 

(r.u) 

Molar 

content of 

Gd2O3 in 

thin film 

(mol%) 

Decrease of 

the molar 

content of 

Gd2O3 in thin 

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]: 
 

     𝐹𝑚𝑎𝑥 = 0.058𝑝𝑣√
𝑀

𝑇
            (4.2) 

 

where Fmax is the evaporation rate in (𝑔 𝑐𝑚2 − 𝑠⁄ ), pv 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. 
 

 
 

 
 

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 (Rku) 

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. 
 

 
 

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 Rz (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 Rq 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-1 for all the GDC thin films. Films of pure CeO2, annealed at 600 °C, have a 

main peak at around 475 cm-1 which is ascribed to the symmetric breathing mode of 

oxygen atoms around CeO2 (F2g symmetric vibration), and films of pure Gd2O3, 

annealed at 600 °C, show a peak at ~360–370 cm-1, corresponding to the F2g 
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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 Gd2O3 decomposes into the CeO2 structure by partly 

substituting Ce4+ ions with Gd+3, which leads to a shift of the F2g symmetry. The 

resulting GDC peak at 463 cm-1 can be associated with the symmetric vibration of 

Ce–O with a shift of ~12 cm-1 towards a lower wavenumber. Moreover, the peaks of 

as-evaporated 20-GDC and annealed at a lower temperature slightly shifted from 

463 cm-1 to 461 cm-1 since these films are denoted by a higher concentration of 

Gd2O3 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-1 for 10-GDC, 20.2 cm-1 for 15-GDC, and 

28.4 cm-1 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-1 of a layered CeO2 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.  
 

 
 

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 techniques 
 

To compare the quality of thin films obtained by using different deposition 

methods, Gd2O3 and CeO2 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 CeO2 and Gd2O3 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 CeO2 and 

Gd2O3 and the process of their mixing are important for modifying the cerium 

dioxide lattice.  
 

 
 

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 Å) 

than GDC-6 (11.4 nm and 5.394 Å) and GDC-4 (11.2 nm and 5.393 Å). This 

tendency is associated with the larger radius of the Gd3+dopant (0.097 nm) compared 

to Ce4+ (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-1, whiles the GDC-12 peak 

shifted to 462.9 cm-1 (Fig. 4.23 (b)). Similarly, as in GDC-CP (Fig. 4.20), the results 

shows that the obtained peak corresponds to F2g 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+3 ions [299,301,308,309]. Moreover, we 

observe a slight broadening of the peaks (17.2 cm-1  to 18.8 cm-1). 
 

 
 

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.  
 

 
 

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 

Gd2O3 and CeO2. The high-energy edge of the gadolinium signal at 1.52 MeV 

corresponds to backscattering from the Gd2O3 layer on the surface, and the energy 

edge of cerium at 1.33 MeV corresponds to the CeO2 layer and the second interface 

with the Gd2O3 layer. The 1.28 MeV energy edge refers to the boundary between the 

second Gd2O3 layer and the second CeO2 layer, and 1.12 MeV refers to the 

scattering from the CeO2 and Si interface. The RBS results of GDC-4 showed that 

diffusion between the individual layers of CeO2 and Gd2O3 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 CeO2 and Gd2O3 layers at the Si interface, but only 

slight diffusion was manifested near the boundary region between the CeO2-Gd2O3 

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 Gd2O3, while the 

peak at 1.50–1.42 MeV is related to the first layer of CeO2. 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 CeO2-Gd2O3 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 Å) is larger than the ionic radius of Gd+3 (1.19 Å). 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, Ea increased, and the 

total ionic conductivity decreased. Thus, 10 GDC-CP and 10 GDC-CB ceramics 

have the highest σtotal at all temperatures (e.g., 1.1×10-2 S×cm-1 at 600 °C (10 

GDC-CP) and 1×10-2 S×cm-1 at 600 °C (10 GDC-CB)) and the lowest Ea (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 Gd2O3–CeO2 

(GDC-12), the layer boundaries tend to disappear, and the Raman band shifts to 

lower frequencies, thus indicating that after annealing, Gd3+ ions begin to 

dissolve in the ceria lattice and partially replace Ce4+ ions. In addition, the 

results of the diffusion of Ce and Gd in multilayered Gd2O3–CeO2 systems 

showed that at least 12 layers are required to form single-phase gadolinia-doped 

ceria films. 
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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. 
 

 
 

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-

CB 

SGDC-

CP 

10 GDC-

CB 

10 GDC-

CP 

10 SDC-

CB 

10 SDC-

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 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 35.8 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 Sm3+ (1.079 Å), Gd3+ (1.053 Å), and Ce4+ (0.97 Å) 

[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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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 

correspond to the synthesis method in use (Fig. 4.30). The purity of the synthesised 

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 CeO2 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.  
 

 
 

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, e) 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 µm and 0.832 µm), 

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 ΔEa (eV) Total conductivity (S×cm-1) 

LT HT 400 °C 500 °C 600 °C 

SGDC-CP 0.79 0.65 0.85×10-2 8.5×10-2 5.4×10-2 

SGDC-CB 0.81 0.76 0.39×10-2 5.2×10-2 2.2×10-2 
 

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 

σtotal are 5.4×10-2 and 2.2×10-2 S×cm-1 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 σtotal of 0.046 S×cm-1 for Ce0.85Gd0.15-

ySmyO1.92 at 700 °C. Dikmen [154] reported σtotal of 6.5×10-2  S×cm-1 at 700 °C with 

0.59 eV Ea. for Ce0.8Gd0.1Sm0.1O2-δ. However, Coles-Aldridge and Baker [9] showed 

higher values of 2.23 S×cm-1 at 600 °C for Ce0.825Sm0.0875Gd0.0875O1.9125, 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 Sm2O3 and Gd2O3, 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 5.4×10-2 

S×cm-1 (SGDC-CP) and 2.2×10-2 S×cm-1 (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, La1-xSrxMnO3-δ (LSM), La0.6Sr0.4FeO3-δ (LSF), 

La0.6Sr0.4CoO3-δ (LSC), La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF)) contain strontium and, during 

annealing, they react chemically with the electrolyte (for example, with the YSZ 

electrolyte SrZrO3 and La2Zr2O7) 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. 
 

 
 

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 µm). 

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. 
 

 
 

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 µ-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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5. CONCLUSIONS 

 
1. From the investigation of ceria-based nanostructured ceramics, it was found that 

combustion synthesised Sm0.2Ce0.8O2-δ (20 SDC-CB) nanopowders and annealed 

at 1200 °C exhibited the highest ionic conductivity of 1.1×10-2 S×cm-1 at 600 °C, 

whereas 20 SDC synthesised by co-precipitation and sol-gel syntheses showed 

0.92×10-2 S×cm-1 and 0.95×10-2 S×cm-1, respectively.  

2. 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+3 > 

Gd+3).  

3. Gd0.1Ce0.9O2-δ (10 GDC) ceramics showed higher total ionic conductivity of 

1.1×10-2 S×cm-1 at 600 °C for 10 GDC-CP and 1×10-2 S×cm-1 at 600 °C for 10 

GDC-CB. 

4. 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 Sm2O3 in SDC is 20 

mol% and, for Gd2O3 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.  

5. SGDC showed smaller values of the crystallite sizes compared to singly doped 

ceria due to the lower concentration of Gd2O3 and Sm2O3 (i.e., 542.37 pm and 

22.13 nm for SGDC-CB). The co-doping ceria, with mixed Sm2O3 and Gd2O3 

(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 5.4×10-2 S×cm-1 and 2.2×10-2 S×cm-1 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. 

6. 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. 

7. 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 

 

ĮVADAS 
 

Daugelį dešimtmečių į atsinaujinančiųjų ir mobiliųjų energijos šaltinių naujoves 

ir tyrimus buvo sutelktas pagrindinis mokslinių tyrimų dėmesys. Sparčiai įvairių 

mobiliųjų elektroninių prietaisų, modernių automobilių, išmaniųjų technologijų, 

įvairių jutiklių, net kosminių palydovų plėtrai būtina reikalauja didinti energijos 

gamybą, plėtoti baterijų ir kuro elementų tyrimus. 

Dėl nepakankamos įkraunamų baterijų talpos žymiai išaugo įvairių tipų kuro 

elementų naudojimas, kuris sumažina aplinkos taršą, turi labai mažą emisiją ir didelį 

efektyvumą, gali veikti skirtingame darbinių temperatūrų intervale, atlaikyti cheminį 

ir mechaninį poveikius [1,3–5,3,10]. 

Vienas iš dažniausiai tiriamų ir naudojamų elektrocheminių energijos 

konvertavimo įrenginių yra kietojo oksido kuro elementai (KOKE). KOKE 

išskirtinis dėmesys buvo suteiktas dėl jų pranašumų prieš kitų tipų kuro elementus, 

dėl didelio efektyvumo (60–85 %), didelio cheminės energijos kiekio pavertimo 

elektros energija. KOKE gali veikti plačiame temperatūrų diapazone nuo 400 °C iki 

1000 °C, esant skirtingiems elektrolitų tipams. Dažniausiai naudojami aukštoje 

temperatūroje (800–1000 °C) veikiantys KOKE. Tačiau aukšta darbinė temperatūra 

lemia ilgesnį kuro elemento darbinį paleidimo laiką, trumpesnį elementų 

komponentų eksploatacijos laiką, brangias medžiagas, taip pat išorinių komponentų 

formavimo sunkumus [5–7]. Todėl svarbu sumažinti kuro elementų darbinę 

temperatūrą. KOKE darbinės temperatūros sumažinimas (< 600 °C) arba jų 

nanostruktūrinių komponentų parinkimas leistų pasiekti pakankamą ilgalaikį kuro 

elementų stabilumą. Žematemperatūriniai KOKE (LT-KOKE), kurie veikia 400–650 

°C temperatūroje, turi trumpesnį darbinį paleidimo laiką, jiems nebūtinos brangios 

medžiagos, jie gali būti naudojami nešiojamuosiuose įrenginiuose [32]. Vienas iš 

svarbių veiksnių sėkmingam LT-KOKE komercializavimui yra didelio joninio 

laidumo elektrolitas [9,10]. 

Plonų sluoksnių formavimo procesai ir jų technologiniai parametrai turi įtakos 

sluoksnių konstrukcinėms savybėms ir tolimesniam jų panaudojimui. Todėl labai 

svarbu parinkti ir ištirti įvairius technologinius procesus, kuriuos pasitelkus būtų 

suformuoti ploni sluoksniai ir pagerintos plonų sluoksnių fizikinės savybės. Labai 

sunku rasti medžiagą, kuri turėtų visas norimas savybes, įskaitant gerą elektrodų 

suderinamumą, didelį joninį laidumą ir stabilumą eksploatacijos metu arba 

redukuojančioje atmosferoje. Tačiau ištyrus plačiai naudojamų elektrolitų, tokių 

kaip gadolinio oksidu legiruoto cerio oksido ir samario oksidu legiruoto cerio 

oksido, savybes nuo pradinių nanomiltelių ir terminio apdirbimo sąlygų iki plonų 

sluoksnių formavimo ir jų mikrostruktūros poveikio joniniam laidumui, galima rasti 

tinkamiausią nanomiltelių gamybos būdą. 

Cerio oksido pagrindu stabilizuota pagaminta keramika, pasižymintidideliu 

joniniu laidumu, yra viena iš populiarių medžiagų, naudojamų LT-KOKE. Daugelis 

veiksnių gali turėti įtakos medžiagos joniniam laidumui, pavyzdžiui, keramikų 

priemaišinių metalo oksidų koncentracija, kristalitų dydis, morfologija, tankis, 
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grūdelių dydis, struktūra ir terminis plėtimasis. Šiuos parametrus galima valdyti, 

pritaikant cheminės sintezės metodą, legiruojančios medžiagos tipą ir koncentraciją, 

taip pat sintezės iškaitinimo ir atkaitinimo sąlygas. Išsamus šioje disertacijoje 

pateiktas mokslinis tyrimas siūlo tinkamiausias technologines sąlygas 

nanostruktūrinėms cerio oksido keramikoms, su atitinkamais LT-KOKE keliamais 

reikalavimais, gauti. 

 

Tyrimo tikslas 
 

Atsižvelgiant į cheminės sintezės metodus, pradinių metalo oksidų medžiagų 

koncentracijas, įvairių keramikų sintezės iškaitinimo ir plonų sluoksnių atkaitinimo 

temperatūras, plonų sluoksnių formavimo vakuuminius garinimo metodus, parinkti 

ir sistemingai bei išsamiai ištirti nanostruktūrinėmis metalo oksidų priemaišomis 

legiruoto cerio oksido keramikas, naudojamas žematemperatūriuose kietojo oksido 

kuro elementuose. 

 

Tyrimo uždaviniai 
 

1. Susintetinti cerio oksido stabilizuotas keramikas, įterpiant skirtingos 

koncentracijos Gd ir Sm metalų oksidų priemaišas, taikant degimo, nusodinimo 

iš tirpalų cheminius sintezės metodus su tomis pačiomis pirminėmis sintezei 

reikalingomis medžiagomis ir zolių-gelių cheminį sintezės metodą. 

2. Ištirti cheminių sintezės metodų, priemaišinių Gd ir Sm metalo oksidų, skirtingų 

sintezių iškaitinimo temperatūrų pasirinkimo įtaką susintetintų nanostruktūrinių 

cerio oksido pagrindu keramikų mikrostruktūros, paviršiaus morfologijos ir 

elektrinėms savybėms. 

3. Pritaikyti vakuuminio garinimo elektronų spinduliu ir nuolatinės srovės 

reaktyvųjį magnetroninio dulkinimo procesus plonų sluoksnių ir 

daugiasluoksnių (4, 6 ir 12 sluoksnių) struktūrų ant Si pagrindo formavimui, 

parenkant technologinius procesų parametrus ir taikant papildomą terminį dangų 

atkaitinimą. 

4. Ištirti plonų sluoksnių struktūrines, morfologines ir elektrines savybes. 

 

Mokslinis naujumas 
 

1. Pateiktas išsamus tyrimas, kaip nanomiltelių sintezių, taikant įvairius cheminių 

sintezių metodus, legiruojančių medžiagų ir jų koncentracijų, plonų sluoksnių 

formavimo skirtingų metodų, skirtingų nanomiltelių iškaitinimo ir plonų 

sluoksnių atkaitinimo temperatūrų pasirinkimas turi įtakos nanostruktūrinių 

metalo oksidų priemaišomis legiruoto cerio oksido pagrindo keramikų 

fizikinėms savybėms. 

2. Pasiūlyti cheminių sintezių ir plonų sluoksnių formavimo metodai bei 

technologinės sąlygos keramikoms su atitinkamais LT-KOKE keliamais 

reikalavimais gauti. 
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Ginamieji teiginiai 
 

1. Degimo ir nusodinimo iš tirpalų cheminių sintezių 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 pasižymi dideliu joniniu laidumu. 

2. Metalų oksidų koncentracija lemia legiruoto cerio oksido pagrindu keramikų 

elektrines savybes–joninį laidumą: SDC nanomilteliams tinkama samario 

koncentracija 20 mol %, o GDC nanomilteliams–gadolinio koncentracija 10 

mol %. 

3. Garinimo elektronų spinduliu ir nuolatinės srovės reaktyviojo magnetroninio 

dulkinimo procesai yra tinkami formuoti iki 800 nm storio plonius sluoksnius. 

Tačiau, reikia atkreipti dėmesį į technologinius procesų parametrus ir pirminių 

medžiagų-taikinių koncentracijų parinkimą, nes suformuotuose plonuose 

sluoksniuose pakinta cheminė sudėtis. Darbe nustatytos tipinės nanomiltelių ir 

plonų sluoksnių cheminės sudėtys. 

4. Papildomas terminis plonų dangų atkaitinimas pagerina fizikines plonų 

sluoksnių savybes. Darbe pasiūlytos tipinės atkaitinimo temperatūros. 

 

Disertacijos struktūra 
 

Disertaciją sudaro 5 pagrindiniai skyriai: įvadas, literatūros apžvalga, darbo 

metodologija, rezultatai ir aptarimas bei išvados. Pirmas skyrius yra LT-SOFC 

literatūros apžvalga, apimanti jo struktūrą, medžiagas, formavimo būdus ir 

iškylančias problemas. 3 skyriuje pateikiamos medžiagos, eksperimentinė įranga ir 

analitiniai tyrimo metodai, taikomi šioje disertacijoje. 4 skyriuje pristatoma gautų 

rezultatų analizė ir diskusija. Rezultatai suskirstyti į 4 dalis, skirtas skirtingoms 

medžiagoms, jų charakteristikoms ir pritaikymui (SDC, GDC, SGDC ir 

pritaikymui). Išvados formuluojamos paskutiniame skyriuje, kuriame pabrėžiamas 

tyrimo tikslų įgyvendinimas. Disertacijos pabaigoje yra padėka, literatūros sąrašas, 

autorės gyvenimo aprašymas, publikacijų ir tarptautinių bei nacionalinių 

konferencijų sąrašas. Disertacijos apimtis – 166 puslapia, iš jų 48 paveikslai, 16 

lentelių, 56 sunumeruotos lygtys ir 315 literatūros šaltinių. 

 

Autorės asmeninis indėlis 
 

Dauguma rezultatų buvo gauti Kauno technologijos universiteto Medžiagų 

mokslo institute ir stažuojantis pagal Erasmus+ programą Varšuvos technologijos 

universitete. 

Autorė savarankiškai suplanavo eksperimentus, atliko cheminių sintezių 

eksperimentus, vykdė technologinius procesus ir daugelį analitinių matavimų (XRD, 

Ramano spektroskopijos, SEM, AFM, EIS). 

Zolių-gelių sintezę ir termogravimetrinę analizę bei BET matavimus atliko 

Vilniaus universiteto mokslininkai Dr. Artūras Žalga ir Dr. Giedrė Gaidamavičienė. 

Dr. Mindaugas Andrulevičius atliko rentgeno spindulių fotoelekroninės 

spektroskopijos matavimus. Nusodinimo iš tirpalų cheminės sintezės ir impedanso 
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spektroskopijos matavimų metodikos patirtimi pasidalij Dr. Marzena Leszczyńska iš 

Varšuvos technologijos universiteto. Magnetroninio nusodinimo procesas ir 

Rezerfordo atbulinės sklaidos (RBS) tyrimai buvo atlikti Dr. Jurgitos Čyvienės ir 

Dr. Brigitos Abakevičienės, RBS rezultatų modeliavimas – doktoranto Luko 

Bastakio. Disertantė atliko SEM matavimus, prižiūrint Dr. Tomui Tamulevičiui. 

Doktorantė Algita Stankevičiūtė iš Varšuvos universiteto prisidėjo ruošiant antrąjį 

straipsnį bei impedanso spektroskopijos rezultatų analizę. Disertantė atliko 

plonasluoksnių dangų garinimą elektronų spinduliu prižiūrint Dr. Andriui 

Vasiliauskui. Rezultatų interpretacija buvo atlikta konsultuojantis su disertacijos 

vadove Dr. Brigita Abakevičiene. Kiti publikacijų bendraautoriai prisidėjo idėjomis 

ir patarimais rengiant mokslines publikacijas. 

 

Darbo aprobavimas 
 

Disertacijoje pateikti rezultatai, publikuoti mokslo žurnaluose, įtrauktuose į 

„Clarivate Analytics Web of Science“ pagrindinį sąrašą (3 publikacijos), 1 

publikacija konferencijų darbuose ir pristatyta tarptautinėse konferencijose (14 

konferencijų), 9–iose konferencijose disertantė rezultatus pristatė pati. 

 

LITERATŪROS APŽVALGA 

 

Literatūros apžvalgoje aptariami įvairūs kuro elementai, jų medžiagos, 

privalumai ir trūkumai, kietojo oksido kuro elemento (KOKE) veikimo principas, 

pagrindinės medžiagos naudojamos KOKE elektroduose [16], išsamiai aprašomi 

elekrodų (anodo [14,45,46], elektrolito, katodo [68,69]) medžiagose vykstantys 

cheminiai procesai, darbinės temperatūros [105–107]. Taip pat pateikiamos 

elektrolito medžiagų joninio laidžio vertės [110,111,125,127,129–132,271,311,117–

124], elektrolito medžiagų cheminės sintezės metodai [135,155–158,161,162,164], 

plonų sluoksnių formavimo ypatumai [166,167,176,179–183,312–314,168–175]. 

Joninis keramikų laidumas priklauso ne tik nuo priemaišinėmis metalų oksidų 

medžiagomis legiruoto cerio oksido keramikų, bet ir nuo priemaišų koncentracijos 

bei elektrinių savybių matavimo temperatūros [65]. Vienas iš būdų pagerinti 

keramikų joninį laidumą surasti legiruojančias medžiagas su tokiu metalų jonų 

spinduliu, kuris sukeltų mažiausius kristalinės gardelės iškraipymus [36–38]. Šiuo 

metu plačiausiai žinomos, pasižyminčios joniniu laidumu kietojo oksido medžiagos-

cirkonio oksido ir cerio oksido pagrindu stabilizuotos keramikos, turinčios  fluorito 

tipo gardelę. Esant didelei darbinei elektrodų temperatūrai (800–1000 °C) itrio 

oksidu stabilizuotas cirkonio oksidas (YSZ) yra dažniausiai naudojama keraminė 

medžiaga, kuri pasižymi dideliu joniniu laidumu ir geromis cheminėmis savybėmis 

[33,34]. O štai cerio oksido pagrindu stabilizuotos keramikos (Ce1−xMxO2−δ, čia M – 

Sm, Gd, Dy, Nb, Y, Ti ir Zn) yra vienos iš perspektyviausių medžiagų, naudojamų 

žematemperatūriniuose kietojo oksido kuro elementuose, kurių darbinė temperatūra 

siekia nuo 400 °C iki 700 °C [115,134,135]. Ypatingai gadolinio ir samario metalų 

oksidų priemaišomis legiruotas cerio oksidas pasižymi dideliu joniniu laidumu [9, 

10, 44, 29, 35, 38–43]. 
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Priemaišų koncentracija, įvairių cheminių sintezės metodų taikymas 

nanostruktūrinėms keramikoms gauti turi įtakos galutinės struktūros morfologinėms, 

struktūrinėms ir elektrinėms savybėms [36,48–51]. Pastaruoju metu taip pat 

siekiama parinkti tokios cheminės sudėties keramikas, kad būtų galima sumažinti 

darbines kietojo oksido kuro elementų temparatūras. Sintezės produktų iškaitinimo 

temperatūra taip pat turi didelę įtaką elektrinėms savybėms. Parinkę, 

pavyzdžiui,1100 °C sintezės produktų iškaitinimo temperatūrą gadolinio oksidu 

legiruoto cerio oksido keramikoms, galime tikėtis mažesnio joninio laidumo [47, 48, 

60–62, 51–55, 57–59]. 

Taip pat sudėtinga surastį patį tinkamiausią plonų sluoksnių formavimo 

metodą, kuris leistų kontroliuoti plonų sluoksnių storius kelių dešimčių ar šimtų 

nanometrų lygmenyje. Vienas iš tinkamiausių fizikinio nusodinimo metodų–

vakuuminis garinimas elektronų spinduliu, kurį pasitelkus galima suformuoti ypač 

plonus sluoksnius. Tačiau, reikia labai kruopščiai parinkti pirminių medžiagų-

taikinių medžiagos cheminę sudėtį, kad suformuotas reikalingostorio plonas 

sluoksnis išlaikytų norimą metalų oksidų priemaišų koncentraciją. Todėl šiame 

darbe atliekamas sisteminis keraminių medžiagų tyrimas, taikant skirtingus 

cheminių sintezių metodus, parenkant sintezės iškaitinimo, keramikų atkaitinimo 

temperatūras. 

 

MEDŽIAGOS, EKSPERIMENTINĖ ĮRANGA IR TYRIMŲ METODIKA 

 

Cheminių sintezių metodai 
 

Norint suprasti koks cheminės sintezės metodas yra tinkamiausias sintetinant 

cerio oksido stabilizuotas Gd ir Sm oksidų keramikas bei kurios metalų priemaišų 

koncentracijos komponentė yra tinkamiausia naudoti galutiniam produktui gauti, 

buvo susintetinti samario oksidu legiruoto cerio oksido (SDC) Ce1-xSmxO2-δ (čia x = 

0,1; 0,2; 0,26; 0,3) nanomilteliai, taikant tris skirtingus cheminės sintezės metodus: 

degimo (CB), nusodinimo iš tirpalų (CP) ir zolių-gelių (SG). Gadolinio oksidu 

legiruoto cerio oksido (GDC) Ce1-xGdxO2-δ, (čia x = 0,1; 0,15; 0,2; 0,25) 

nanomilteliai buvo susintetinti degimo (CB), nusodinimo iš tirpalų (CP) cheminės 

sintezės metodais ir jų fizikinės bei cheminės savybės buvo palygintos su SDC 

nanomiltelių susintetintų tais pačiais metodais, savybėmis. Norint nustatyti metalų 

priemaišų koncentracijos įtaką joniniam laidumui buvo susintetinti Sm ir Gd 

oksidais legiruoto cerio oksido (SGDC) Ce1-2xSmxGdxO2-x, čia x = 0,0875) 

nanomilteliai. Sintezės iškaitinimo ir supresuotų tablečių atkaitinimo sąlygos 

(temperatūra, laikas, aplinka) buvo išlaikyti vienodi visoms keraminėms 

struktūroms, susintetintoms cheminių sintezių metodais. Parinkus tinkamas metalų 

priemaišų koncentracijas bei paruošus pradinius taikinius, vakuuminio garinimo 

elektronų spinduliu ir magnetroninio nusodinimo metodais buvo paruoštos plonos 

dangos.  

Darbe naudojamų keraminių miltelių sąrašas, kuriame nurodyta miltelių 

cheminės sintezės metodų žymenys, priemaišų molinė koncentracija ir cheminė 

formulė, pateiktas 3.1 lentelėje.  
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3.1 lentelė. Darbe naudojamų keraminių miltelių sąrašas, (čia CB – degimo, CP – 

nusodinimo iš tirpalų, SG – zolių-gelių sintezių metodai) 

Žymuo Cheminė formulė Priemaišų molinė 

koncentracija 

Cheminės sintezės 

metodų žymenys 

10 SDC Sm0,1Ce0,9O2-δ 10 mol % Sm CB, CP, SG 

20 SDC Sm0,2Ce0,8O2-δ 20 mol %  Sm CB, CP, SG 

26 SDC Sm0,26Ce0,74O2-δ 26 mol %  Sm CB, CP, SG 

30 SDC Sm0,3Ce0,7O2-δ 30 mol %  Sm CB, CP, SG 

10 GDC Gd0,1Ce0,9O2-δ 10 mol %  Gd CB, CP 

15 GDC Gd0,15Ce0,85O2-δ 15 mol % Gd CB, CP 

20 GDC Gd0,2Ce0,8O2-δ 20 mol %  Gd CB, CP 

25 GDC Gd0,25Ce0,75O2-δ 25 mol %  Gd CB, CP 

SGDC Ce0,825Sm0,0875Gd0,0875O2-δ 0,0875 mol % Sm 

ir Gd 

CB, CP 

 

Cheminiai reagentai ir tirpalai, naudoti cheminių sintezių metu:  

• cerio (III) nitrato heksahidratas (Ce(NO3)3×6H2O, 99,0 %, Fluka);  

• samario (III) nitrato heksahidratas (Sm(NO3)3×6H2O, 99,9 %, Sigma Aldrich); 

• gadolinio (III) nitrato heksahidratas (Gd(NO3)3×6H2O, 99,9 %, Sigma Aldrich);  

• glycinas (NH2CH2COOH, ≥ 99,0 %, Sigma Aldrich);  

• oksalo rūgštis (C2H2O4, ≥ 99,0 %, Sigma Aldrich); 

• amonio hidroksidas 25% (NH4OH, 25 %, Sigma Aldrich); 

• L–(+)– vyno rūgštis (C4H6O6) (TA) ≥ 99,5 %, Sigma Aldrich);  

• samario (III) oksidas (Sm2O3, 99,99 %, AlfaAesar);  

• amonio cerio (IV) nitratas ((NH4)2Ce(NO3)4, 99,99 %, Sigma-Aldrich);  

• azoto rūgštis (HNO3, 66 %, Reachem); 

• distiliuotas vanduo (H2O). 

Medžiagos panaudotos plonų dangų garinimui fizikiniais nusodinimo iš 

garų fazės metodais:  

• acetonas 99,8 % (C3H6O) (Reachem Slovakia s.r.o.);  

• N,N–dimetilformamidas ≥ 99 % (Sigma-Aldrich);  

• azoto (N2) dujos (Aga Sia, 96 %). 

Disertacijos metu naudoti pagrindai: 500 µm storio komercinis silicis (Si) 

(dvipusio poliravimo 4 colių skersmens plokštelės, (100) ir (111) kristalografinių 

orientacijų, p tipo (Sigma-Aldrich)). 

Cerio oksido stabilizuoti metalų oksidų nanomilteliai, susintetinti skirtingomis 

cheminėmis sintezėmis, buvo iškaitinti 200; 400; 600; 800; 900; 1000; 1100; 1200 

°C temperatūrose 5 val. oro aplinkoje. Keraminės 10 mm skersmens tabletės iš 

susintetintų ir iškaitintų 800 °C temperatūroje buvo supresuotos 4 MPa slėgiu ir 

atkaitintos 1200 °C temperatūroje 2 val. oro aplinkoje. 
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Plonų dangų formavimo metodai 

Vakuuminis garinimas elektronų spinduliu 
 

SDC ir GDC supresuotos tabletės buvo naudojamos kaip taikiniai formuojant 

plonasluoksnes dangas ant skirtingų padėklų taikant vakuuminio garinimo elektronų 

spinduliu metodą. Sluoksnių storis kito nuo ~100 nm iki ~1 µm ir buvo 

kontroliuojamas kvarcinio jutiklio garinimo proceso metu. Garinimo proceso 

technologiniai parametrai pateikti 3.2 lentelėje.  
 

3.2 lentelė. Vakuuminio garinimo elektronų spinduliu technologiniai parametrai  

Vakuumo slėgis 10-5 Pa 

Garinimo slėgis 0,7 Pa 

Elektronų spindulio galia 10 kW 

Maksimali srovė 500 mA 

Elektronų spindulio atsilenkimo kampas 180° 

Elektronų spindulio skersmuo  5 mm 

Pagrindo temperatūra 200 °C 

Augimo greitis ~2 nm/s 

Atstumas tarp elektronų spindulio ir pagrindo 250 mm 

Dangų storio fiksavimas Kvarcinis jutiklis 

Nuolatinės srovės reaktyvusis magnetroninis dulkinimas 
 

CeO2 ir G2O3 plonos dangos buvo formuojamos nuolatinės srovės reaktyviuoju 

magnetroniniu dulkinimu reaktyvioje O2/Ar dujų aplinkoje “Leybold Heraeus-A-

700-QE” vakuuminėje sistemoje ant Si (111) pagrindo. Plonų sluoksnių 

nusodinimas buvo atliekamas naudojant grynus Ce (99,99 %) ir Gd (99,99 %) 

taikinius toje pačioje kameroje. Cerio oksido, stabilizuoto gadolinio oksidu (GDC), 

danga buvo nusodinama „sumuštinio“ principu, t. y. pirmiausia ant Si (111) padėklo 

nusodinamas Cex1Oy1 sluoksnis, po to Gdx2Oy2, išlaikant 90 % Cex1Oy1 ir 10 % 

Gdx2Oy2 santykį. Buvo suformuotos 4, 6 ir 12 Gd ir Ce oksidų sluoksniai (toliau 

tekste žymima GDC4, GDC6, GDC12). Visų suformuotų dangų galutinis storis 

buvo ≈600–700 nm. Suformuoti ploni sluoksniai buvo atkaitinti 700 °C 

temperatūroje 1 val. Plonų dangų magnetroninio dulkinimo technologiniai 

parametrai pateikti 3.3 lentelėje. 
 

3.3 lentelė. Magnetroninio dulkinimo parametrai 

Vakuumo slėgis 2×10-4 Pa 

Garinimo dujos O2/Ar dujų mišinys 

Garinimo dujų slėgis 0,065 Pa 

Takiniai Ce (grynumas 99,99 %) ir Gd (grynumas 99,99 %) 

Pagrindo temperatūra 150 °C 

Atstumas tarp taikinio ir pagrindo  16 cm 

Įtampa 510 V 

Srovė 0,4 A 

Dangų storio fiksavimas Kvarcinis jutiklis 
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Analitiniai tyrimo metodai 
 

Toliau, 3.4 lentelėje, pateikiami darbe taikyti analitiniai tyrimo metodai ir 

naudota aparatūra. 
 

3.4 lentelė. Analitinių tyrimo  metodų ir tyrimų metu naudotos aparatūros santrauka 

Metodai Tyrimo metodai 

 

Naudota aparatūra 

Terminė analizė Diferencinė skenuojamoji 

kalorimetrija (DSC) 

6000 PerkinElmer kartu su DSC/DTA 

ir TGA 

Termogravimetrinė analizė 

(TGA) 

Diferencinė terminė analizė 

(DTA) 

Struktūrinė 

analizė 

Rentgeno spindulių difrakcija 

(XRD) 

D8 Discover (Bruker AXS GmbH) 

difraktometras 

Rentgeno spindulių 

fotoelektroninė 

spektroskopija (XPS) 

Thermo Scientific ESCALAB 250Xi 

Ramano spektroskopija Renishaw inVia Raman spektrometras 

Paviršiaus ploto 

tyrimai 

Brunauer-Emmett-Teller 

tyrimas (BET) 

KELVIN 1042 sorptometras 

Elementinės 

sudėties analizė 

 

Elektroninė dispersinė 

mikroskopija (EDX) 

Quanta 200 FEG (FEI) kartu su 

rentgeno spindulių spektrometru 

Bruker XFlah 4030 

Induktyviai aktyvinta plazma 

optinės emisijos 

spektroskopija (ICP‒OES) 

ICP‒OES, Vista-Pro, Varian 

Infraraudonųjų spindulių 

Furjė transformacijos 

spektroskopija 

 (FT‒IR) 

Vertex 70 FT‒IR spektrometras (Bruker 

Optik GmbH) 

Topografijos ir 

morfologijos 

analizė 

Skenuojamoji elektroninė 

mikroskopija (SEM) 

Quanta 200 FEG (FEI) kartu su 

rentgeno spindulių spektrometru 

Bruker XFlah 4030 

Skvarbioji elektroninė 

mikroskopija (TEM) 

Tecnai G2 F20 X-TWIN (FEI, 

Nyderlandai, 2011) 

Atominių jėgų mikroskopija 

(AFM) 

NT-206 (Microtestmachines Co.) 

Elektrinių 

savybių analizė 

Elektrocheminio impedanso 

spektroskopija (EIS) 

Solartron 1255 automatinė sistema 

susrovės-įtampos maitinimo bloku 

LM7171; Alpha-AK analizatorius 

(Novocontrol Technologies) kartu su 

aukštatemperatūne (1200 °C) krosnimi 

 

REZULTATAI IR JŲ APTARIMAS 

 

Šiame skyriuje pateikti samario oksidu legiruoto cerio oksido, gadolinio oksidu 

legiruoto cerio oksido ir samario bei gadolinio oksidais legiruoto cerio oksido 

nanomiltelių, susintetintų skirtingais sintezių metodais, keramikų ir suformuotų 
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vakuuminio garinimo elektronų spinduliu bei magnetroniniu garinimu plonų dangų 

tyrimų eksperimentiniai rezultatai. 

 

Samario oksidu legiruotas cerio oksidas 

Samario oksidu legiruoto cerio oksido (SDC) nanomiltelių sintezė ir tyrimai 
 

Samariu stabilizuoto cerio oksido taikytos skirtingos cheminės sintezės, leido 

pasirinkti atitinkamus sintezės procesų parametrus bei gauti susintetintus 

nanomiltelius su atitinkamomis fizikinėmis savybėmis.  

Remiantis termogravimetrinės analizės rezultatais, degimo sintezės metodu 

(CB) susintetintų 20S DC miltelių terminis cheminių junginių išskaidymas  susideda 

iš trijų sintezės produkto masės pokyčių. 20 SDC miltelių gautų nusodinimo būdu, 

cheminės reakcijos sutampa su oksalatų hidratų reakcijomis. 20 SDC miltelių gautų 

zolių-gelių metodu, cheminių junginių išskaidymas parodė, kad sintezės produktų 

masė sumažėja 34,79 %, o tai būdinga cheminėms reakcijoms su vyno rūgštimi 

esant 29,85 °C ir 311,73 °C temperatūrų intervalui [89]. Tolesnis temperatūros 

kėlimas sąlygoja vyno rūgšties junginių skilimą ir susidariusio gelio junginių 

procesą, kuris baigiasi ties ~391,94 °C temperatūra. Po to prasideda dvigubo oksido 

reakcija ir Ce0,8Sm0,2O2-δ junginio kristalizacija. Kaip ir CP atveju, gelinio 

prekursoriaus išskaidymas ir temperatūros kėlimas nuo 391,94 °C iki 699,85 °C 

sąlygoja nedidelį sintezės produkto masės pokytį iki 0,87 %. Kiekvienos sintezės 

metu, kristalizacijos ir išskaidymo procesas, esant žemesnei nei 896,85 °C 

temperatūrai, yra skirtingas. Be to, SDC miltelių sintezė, taikant nusodinimo iš 

tirpalų (CP) ir zolių-gelių (SG) sintezių metodus, tampa stabili 700 °C 

temperatūroje, o taikant degimo sintezės metodą (CB) sintezė išlieka stabili ir 

žemose temperatūrose. 

Susintetintų Ce1-xSmxO2-δ miltelių Sm kiekis junginyje, remiantis ICP‒OES ir 

EDX tyrimais, sutampa su teoriniais skaičiavimais. Rezultatai apie elementinės 

sudėties tyrimus paskelbti [A1]. 

SDC susintetintų trimis skirtingais cheminių sintezių metodais nanomiltelių, 

iškaitintų 800 °C ir 1200 °C temperatūrose 5 val. rentgeno struktūrinės analizės 

tyrimo (XRD) rezultatai pateikiami 4.1 paveiksle. Nepriklausomai nuo pasirinkto 

sintezės metodo, visi SDC nanomilteliai pasižymi gryna kubine, Fm-3m tipo fluorito 

tipo struktūra (JCPDS Nr. 75-0158). SDC-CB bandinių matomos (111), (200), (220) 

ir (311) kristalografinių orientacijų smailės, esant visoms miltelių atkaitinimo 

temperatūroms. Rentgeno struktūrinės analizės tyrimų rezultatuose SDC-CP 

neatkaitintų miltelių buvo pastebėtos papildomos smailės, kurios galėjo atsirasti dėl 

prekursoriaus–oksalo rūgšties naudojimo [87,90].  
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4.1 pav. SDC nanomiltelių susintetintų a) degimo, b) nusodinimo iš tirpalų, c) zolių-gelių 

sintezės metodais bei iškaitintų 800 °C ir 1200 °C temperatūrose, rentgenogramos; d) 20 

SDC nanomiltelių, susintetintų skirtingais cheminių sintezių metodais (CP – nusodinimo iš 

tirpalų, CB – degimo, SG – zolių-gelių) kristalitų dydžio, D, ir gardelės parametro, a, 

priklausomybė nuo nanomiltelių iškaitinimo temperatūrų 

Nepriklausomai nuo pasirinkto sintezės metodo, didinant nanomiltelių 

iškaitinimo temperatūrą, smailių intensyvumas didėja, o pusplotis mažėja, tai 

reiškia, kad didėja medžiagos kristališkumas. Apskaičiuoti kristalitų dydžiai ir 

gardelės parametrai pateikiami 4.1 (d) paveiksle. Kaip galime matyti iš XRD 

rezultatų pritaikius SDC sintezei degimo sintezės metodą, kristalitų augimo greitis 

sparčiai didėja pagal atkaitinimo temperatūrą, bei aušinimo greitį ypač esant 126,85 

°C–426,85 °C temperatūros intervalui. Po pirminio egzoterminio junginių skilimo, 

toliau didinant temperatūrą, nusistovi įprastas kristalitų augimo greitis. Toliau 

didinant nanomiltelių iškaitinimo temperatūrą kristalitų dydžiai sumažėja. 

Remdamiesi XRD tyrimais galime teigti, kad SDC-CB nanomiltelių sintezei reikia 

didesnės iškaitinimo temperatūros, kad gautume vienfazį junginį lyginant 

nanomiltelius gautus kitais SDC-CP ir SDC-SG sintezės būdais.  

4.2 paveiksle pateikiami Ce0,8Sm0,2O2-δ nanomiltelių SEM ir TEM vaizdai, 

kurie buvo gauti skirtingais sintezės metodais, iškaitinant nanomiltelius 800 °C 

temperatūroje 5 val. Iš gautų TEM vaizdų buvo nustatyta, kad SDC nanomiltelių 

mikrostruktūra sudaryta iš ~36–90 nm dydžio grūdelių.  
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4.2 pav. 20 SDC nanomiltelių, susintetintų CB – degimo, CP – nusodinimo iš tirpalų, SG – 

zolių-gelių sintezių metodais ir iškaitintų 800 °C temperatūroje, SEM ir TEM vaizdai 

Iš SEM nuotraukų (4.2 pav.) galime teigti, kad susintetintų CB metodu 

nanomiltelių struktūra yra porėtos „kempinės“ pavidalo, taikant CP ir SG sintezių 

metodus, susidaro netaisiklingos formos aglomeratai, padengti mažesnio dyžio 

dalelėmis. 

Remdamiesi skirtingų koncentracijų 10 SDC, 20 SDC ir 30 SDC nanomiltelių 

FT‒IR spektrais, matome, kad esminių skirtumų spektruose nebuvo pastebėta 

taikant skirtingus cheminių sintezių metodus. Todėl darbe pateikiami tik 20 SDC 

koncentracijos nanomiltelių FT‒IR spektrai, esant skirtingiems cheminių sintezių 

metodams (4.3 pav.). Visuose spektruose buvo pastebėta smailė ties 2500–3800 cm-

1, kurią sąlygoja O–H grupė, atsirandanti dėl vandens adsorbcijos iš aplinkos [93]. 

Taip pat stebima ir CO2 molekulių adsorbcija ant paviršiaus, dėl šios priežasties 

keliuose spektruose matomos smailės 2300–2400 cm-1 intervale. Dėl organinių 

junginių susidarymo sintezės metu žemose temperatūrose, matomos anglies junginių 

smailės (1000–1600 cm-1 intervale) [94]. 
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4.3 pav. FT‒IR spektrai 20 SDC miltelių susintetintų a) degimo, b) nusodinimo iš tirpalų, c) 

zolių–gelių sintezės metodais  

SDC-CP milteliai turi mažiausią anglies junginių kiekį. Tačiau milteliai 

išdžiovinti 200 °C temperatūroje CP ir SG būdu, turi smailę ties 1700 cm-1, kuri yra 

būdinga karbonilo funkcinėms grupėms [96]. Buvo gauta, kad didinant iškaitinimo 

temperatūrą SDC nanomiltelių grynumas didėja (išgarinami organiniai junginiai, bei 

formuojasi stabilūs oksidai). Tačiau ir esant aukščiausiai atkaitinimo temperatūrai 

(1200 °C), SDC-CB ir SDC-SG susintetintuose milteliuose FT‒IR spektruose 

stebima smailė yra žemiau 770 cm−1, tai būdinga metalų oksidams [94, 97]. Šios 

smailės intensyvumas didėja, didinant nanomiltelių iškaitinimo temperatūrą. 

Kadangi CeO2 junginių kreivės intensyvumas didėja, o kitų junginių smailių 

intensyvumai mažėja, galime teigti, kad didėja medžiagos grynumas (formuojasi 

SDC). 

Samario oksidu legiruoto cerio oksido (SDC) keramikų tyrimai 
 

SDC tablečių, kurios buvo atkaitintos 1200 °C temperatūroje 2 val., SEM 

nuotraukos pateikiamos 4.4 paveiksle. Kaip matome iš paviršiaus topografijos 

vaizdų, tablečių, suformuotų naudojant 20 SDC-CB miltelius, grūdelių dydis yra 

~2,1 μm ir pasižymi tankesne struktūra nei tabletės, suformuotos iš 20 SDC-CP ir 20 

SDC-SG miltelių, kurių grūdelių dydžiai atitinkamai yra ~0,5 μm ir ~2,0 μm. 
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4.4 pav. 20 SDC supresuotų keramikų, susintetintų (a ir b) degimo, (c ir d) nusodinimo iš 

tirpalų, (e ir f) zolių-gelių sintezių metodais, SEM paviršiaus topografijos (a, c, e) ir 

skerspjūvio (b, d, f) vaizdai 

Iš kompleksinės varžos spektroskopijos tyrimų matome, kad visų SDC tablečių, 

nepriklausomai nuo taikytų cheminių sintezės metodų ir Sm koncentracijos, turi 

skirtingas Nykvisto kreives. Iš gautų rezultatų matome, kad geriausias savitojo 

laidžio rezultatas, gautas 600 °C temperatūroje, yra: 20 SDC-CB keramikų 1,1×10-2 

S×cm-1, 20 SDC-CP keramikų 0,92×10-2 S×cm-1 ir 20 SDC-SG 0,95×10-2 S×cm-1, 

visų SDC skirtingų koncentracijų ir cheminių sintezių aktyvacijos energijos ir 

savitojo laidžio rezultatai pateikti 4.1 lentelėje. 
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4.1 lentelė. Skirtingų koncentracijų SDC keramikų, susintetintų CB – degimo, CP – 

nusodinimo iš tirpalų, SG – zolių-gelių sintezių metodais, aktyvacijos energijos, 

ΔEa, ir joninio laidžio, , rezultatai  

Bandinių 

žymuo 

ΔEa, eV  , 10-2 S×cm-1 

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 laidžio priklausomybė nuo atvirkštinės temperatūros kinta pagal 

Arenijaus dėsnį, rezultatai pateikti 4.5 paveiksle. Iš grafiko matome, kad galime 

išskirti aukštų (HT) ir žemų (LT) temperatūrų sritis. Tai galima būtų paaiškinti, 

remiantis CeO2 vykstančiomis reakcijomis gardelėje bei defektų sąveika [103, 104]. 
 

 
 

4.5 pav. SDC keramikų, susintetintų CB – degimo, CP – nusodinimo iš tirpalų, SG – zolių-

gelių sintezių metodais, Arenijaus grafikai. Punktyrine linija atskirtos HT – aukštų 

temperatūrų, LT – žemų temperatūrų sritys 

Žemiausios keramikų aktyvacijos energijos gautos tiek aukštų, tiek žemų 

temperatūrų intervaluose naudojant SDC-CB sintezės metodu susintetintus miltelius. 
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Samario oksidu legiruoto cerio oksido (SDC) plonų dangų formavimas ir tyrimai 
 

Plonasluoksnių dangų formavimui buvo naudojamos 26 SDC koncentracijos 

supresuotos 10 mm skersmens tabletės–taikiniai. Plonasluoksnės dangos buvo 

formuojamos garinant nanomiltelius bei naudojant vakuuminę garinimo elektronų 

spindulio sistemą. Garinimo proceso metu buvo siekiama suformuoti plonasluoksnes 

dangas, kurių storis siektų 100 nm, 200 nm, 400 nm, 600 nm ir 800 nm. Suformuotų 

dangų ant Si pagrindo rentgeno struktūrinės analizės rezultatai pateikiami 4.6 pav. 

Visų gautų bandinių, nepriklausomai nuo sintezės metodo ar dangos storio, XRD 

analizės tyrimai parodė, kad gautos smailės atitinka fluorito tipo struktūrą. Kinta tik 

smailių intensyvumas, kuris priklauso nuo dangos storio. Kristalitų dydžiai 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 plonasluoksnių 

keramikų rentgenogramas matome, kad keramikų, suformuotų naudojant 26-SDC-

CP pradinius miltelius, rentgenograma turi papildomą (200) smailę ir smailės 

intensyvumas mažėja, didėjant dangos storiui, o visai išnyksta esant 800 nm dangos 

storiui. Iš 26-SDC-SG rentgenogramos matome, kad (311) orientacijos smailės 

intensyvumas yra didelis, esant 100 nm dangos storiui. 
 

 

4.6 pav. 26-SDC plonų dangų, suformuotų iš pradinių miltelių, susintetintų (a, b) degimo, (c, 

d) nusodinimo iš tirpalų, (e, f) zolių–gelių sintezių metodais ant Si padėklo, rentgenogramos 

(a, c, e) ir Ramano spektrai (b, d, f) 
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Remiantis Ramano spektroskopijos tyrimais, intensyviausios smailės (460–461 

cm-1) esant 800 nm dangos storiui 4.6(c), 4.6(d), 4.6(e) paveiksluose. Ramano 

spektroskopijos tyrimai, kaip ir rentgeno struktūrinės analizės tyrimai patvirtina, kad 

didėjant dangos storiui, smailių intensyvumas didėja, o tai parodo didėjantį dangos 

kristališkumą. 
 

4.2 lentelė. SDC plonų dangų storio rezultatai 

Bandinių 

žymuo 

Planuotas garinimo proceso metu dangų storis, nm 

100 200 400 600 800 

Dangų storis iš SEM tyrimų, 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 būti sąlygoti išgarintos medžiagos iš 

taikinio srauto, kadangi srautą gali sudaryti tiek atomai, tiek atomų klasteriai. 

Nevienalyčio junginio garinimas yra sudėtingas procesas, kadangi gautos dangos 

storis ir cheminė sudėtis priklauso nuo daugelio parametrų. Įtaką dangos storiui ir 

jos struktūrai gali daryti elektronų spindulio galia, padėklo temperatūra, nusodinimo 

greitis, garinimo laikas, taip pat garinamos sudėtinės medžiagos. 

Iš SEM ir AFM rezultatų matome, kad suformuotos dangos pasižymi tankia 

struktūra, tačiau jų paviršius šiurkštus (4.7pav.). 
 

 
 

4.7 pav. Skirtingų storių (a, b) 100 nm, (c, d) 200 nm, (e, f) 400 nm, (g, h) 600 nm, (i, j) 800 

nm 26-SDC-CB plonų dangų ant Si pagrindo SEM ir 3D AFM vaizdai 

Didžiausiu paviršiaus šiurkštumu (Rq) pasižymi keramikos suformuotos iš 

miltelių 26-SDC-CB, kurių sluoksnio storis buvo 600 nm. Didžiausias šiurkštumas 

buvo 4,7 nm, o mažiausias 2,8 nm bandinių, kurių storis 100 nm ir 400 nm. 

Paviršiaus šiurkštumas priklauso nuo nusodinimo laiko, esant skirtingoms elektronų 

spindulio galioms [107]. Didinant elektronų spindulio galią, didėja padėklo 

temperatūra, garinamo srauto energija ir dalelių kinetinė energija [81, 107].  

Apibendrinant gautus eksperimentinius rezultatus, geriausiomis savybėmis 

pasižymėjo dangos, suformuotos garinant SDC-CB miltelius. Deguonies jonų 

laidumas priklauso nuo Sm2O3 priemaišų koncentracijos ir pasiekia didžiausią vertę 

esant 20 mol %.  
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Taigi tolesniuose eksperimentuose sintetinant GDC miltelius buvo pasirinkti 

degimo ir nusodinimo iš tirpalų sintezės metodai, dėl savo pirminių medžiagų kainos 

ir paties paprastesnio sintezių proceso. 

 

Gadolinio oksidu legiruotas cerio oksidas 

Gadolinio oksidu legiruoto cerio oksido (GDC) nanomiltelių sintezė ir tyrimai 
 

Tiriant GDC nanomiltelius, gautus skirtingų cheminių sintezių metodais, buvo 

pastebėtos tos pačios skilimo produktų ir kristalizacijos tendencijos, kaip ir 

sintetinant SDC nanomiltelius. Rentgeno struktūrinės analizės tyrimai parodė, kad 

GDC miltelių kristalinės gardelės konstantos ir kristalitų dydis yra mažesni lyginant 

su SDC milteliais. Tai galėjo sąlygoti skirtingas priemaišų jonų spindulys Sm+3 

(1,079 Å), Gd+3 (1,053 Å) [108].  
 

 
 

4.8 pav. Kristalitų dydžio (D) ir gardelės parametro (a) priklausomybė nuo iškaitinimo 

temperatūrų 10 GDC nanomilteliams, suformuotiems CP – nusodinimo iš tirpalų ir CB –

degimo sintezių metodais 

Cheminių sintezių (CP ir CB) metu iškaitinimo temperatūros įtaka gardelės 

konstantai ir kristalitų dydžiui pateikta 4.8 paveiksle. Kaip matome 10 GDC-CB 

miltelių kristalinės gardelės konstanta mažėja 600–1000 °C temperatūrų intervale ir 

didesnėse temperatūrose (daugiau nei 1000 °C) gardelės konstanta stabilizuojasi 

(nebekinta). Gardelės konstantos pokyčius galime sieti su nepakankama iškaitinimo 

temperatūra ir nepilnu oksidų susidarymu. Esant 10 GDC-CP milteliams, gardelės 

konstanta didėja, didinant iškaitinimo temperatūrą. 

Visų susintetintų GDC nanomiltelių FT‒IR tyrimai rodo tas pačias 

dominuojančias smailes, kaip ir SDC miltelių (4.9 pav.). Tačiau GDC smailių 

intensyvumas yra mažesnis lyginant su SDC smailėmis, net ir žemesnėse iškaitinimo 

temperaūrose, o tai leidžia spręsti apie didesnį miltelių grynumą. Po paskutinio 

iškaitinimo organinių liekanų kiekis žymiai sumažėjo, tą patvirtina ir FT‒IR smailės. 

Matome, kad CeO2 smailių intensyvumas didėja, didinant iškaitinimo temperatūrą, o 
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kitų smailių išnykimas/intensyvumo sumažėjimas patvirtina didesnį GDC miltelių 

grynumą. 
 

 
 

4.9 pav. FT‒IR spektrai 10 GDC miltelių susintetintų a) degimo, b) nusodinimo iš tirpalų 

sintezės metodais 

Gadolinio oksidu legiruoto cerio oksido (GDC) keramikų tyrimai 
 

GDC tablečių, atkaitintų 1200 °C temperatūroje 5 val., SEM tyrimai parodė 

(4.10 pav.), kad vidutinis grūdelių dydis yra 0,32 µm (10 GDC-CP) ir 0,31 µm (10 

GDC-CB). Kaip matome, grūdelių dydis yra panašus, tačiau grūdeliai yra netolygiai 

pasiskirstę tablečių presavimo metu. 

Arenijaus grafikas, joninio laidžio priklausomybė nuo atvirkštinės temperatūros 

pateikiami 4.11 paveiksle. Kaip ir SDC atveju, galime išskirti aukštos (HT) ir žemos 

(LT) temperatūros intervalą. Aktyvacijos energijos vertės (ΔEa) ir laidumo vertės, 

esant skirtingoms temperatūroms, gautos iš Arenijaus grafiko, pateikiamos 4.3 

lentelėje. 
 

 
 

4.10 pav. 10 GDC supresuotų keramikų, atkaitintų 1200 °C temperatūroje, susintetintų (a) 

nusodinimo iš tirpalų ir (b) degimo sintezių metodais, SEM paviršiaus topografijos vaizdai 
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4.11 pav. Skirtingos koncentracijos GDC keramikų, susintetintų CB –deginimo, CP – 

nusodinimo iš tirpalų sintezių metodais, Arenijaus grafikai 

4.3 lentelė. Skirtingų koncentracijų DGC keramikų, susintetintų CB – degimo, CP – 

nusodinimo iš tirpalų sintezių metodais, aktyvacijos energijos, ΔEa, ir joninio 

laidžio, , rezultatai 

Bandinių 

žymuo 

ΔEa, eV  ×10-2, S×cm-1 

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 5,5 

20 GDC-CB 0,96 0,86 0,01 0,67 1,7 
 

Iš gautų rezultatų galime teigti, kad didėjant Gd2O3 molinei koncentracijai 

aktyvacijos energija didėja, o bendras joninis laidumas mažėja. Taigi matome, kad 

geriausias joninis laidumas esant 600 °C temperatūrai buvo nustatytas tablečių, 

kurios pagamintos iš 10 GDC-CP (1,1×10-2 S×cm-1) ir 10 GDC-CB (1×10-2 S×cm-

1) nanomiltelių. Atitinkamai aktyvacijos energijos žemųjų temperatūrų diapazone 

0,85 eV abiejų medžiagų, o aukštųjų temperatūrų diapazone 0,65 eV 10 GDC-CP ir 

0,72 eV 10 GDC-CB. 
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Gadolinio oksidu legiruoto cerio oksido (GDC) plonų dangų formavimas ir 

tyrimai 

GDC plonų dangų formavimas vakuuminio garinimu elektronų spindulių metodu 
 

Ploni sluoksniai buvo suformuoti garinant elektronu spinduliu tabletes 

pagamintas iš CexGd1–xO2–x/2 miltelių. Suformuoti GDC sluoksniai buvo papildomai 

atkaitinti 600 °C, 700 °C, 800 °C ir 900 °C temperatūrose 1 val. oro aplinkoje. Plonų 

sluoksnių cheminės sudėties rezultatai pateikiami 4.4 lentelėje. 
 

4.4 lentelė. GDC plonų sluoksnių, suformuotų iš pradinių miltelių, susintetintų CP ir 

CB cheminėmis sintezėmis, sudėties tyrimai 

Bandinių 

žymuo 

Nustatytas 

Gd kiekis 

GDC 

keramikoje iš 

ICP‒OES 

tyrimų  

Nustatytas 

Gd kiekis 

GDC 

keramikoje 

iš XPS 

tyrimų 

Gd2O3 molinis 

kiekis dangose 

(mol %)  

 

Gd2O3 

molinio 

kiekio 

sumažėjimas 

(%)  

 

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 
 

 
 

4.12 pav. SEM, 3D AFM vaizdai ir foto nuotraukos: (a) 10-GDC ir (b) 15-GDC plonų 

sluoksnių suformuotų garinimo elektronų spinduliu proceso metu (kairėje) ir atkaitintų 800 

°C temperatūroje (dešinėje) 

Iš gautų rezultatų matome, kad Gd2O3 koncentracija plonuose sluoksniuose apie 

28 % mažesnė, lyginant su pradine tablečių medžiagos koncentracija. Garinant 15 

GDC miltelių taikinį, formuojami 10 GDC ploni sluoksniai, o 10 GDC pasižymi 

geriausiu joniniu laidžiu (4.11 pav.) [109]. GDC plonų sluoksnių paviršiaus 

morfologijos ir šiurkštumo tyrimai, AFM tyrimai pateikiami 4.12 paveiksle. 
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Remdamiesi SEM tyrimais matome, kad plonų sluoksnių atkaitinimas daro įtaką 

paviršiaus morfologijai ir dangos storiui. Suformuoti GSC-CP sluoksniai pasižymi 

tankia nano struktūra. Be to, paviršiaus šiurkštumas kinta pagal atkaitinimo 

temperatūrą ir didėjant temperatūrai formuojasi struktūra su smailiomis iškiliomis 

paviršinėmis struktūromis (Rku), kurių aukštis siekia apie 3 nm.  

Plonasluoksnių keramikų paviršiaus morfologijos šiurkštumo vertės 

pateikiamos 4.13 pav. 10GDC-CP keramikų paviršiaus šiurkštumo (Rq) vertės yra 

didžiausios 18,08 nm, kai atkaitinimo temperatūra 600 °C, o mažiausios vertės 11,32 

nm gaunamo tik suformuotų sluoksnių. 
 

 
 

4.13 pav. GDC-CP plonų suoksnių, suformuotų garinant elektronų spindulio metodu ir 

papildomai atkaitinus prie 600 °C, 700 °C, 800 °C, 900 °C temperatūrose 1 val., paviršiaus 

morfologiniai šiurkštumo parametrai gauti AFM tyrimo metu. Čia Rq (tuščios geometrinės 

figūros) – vidutinis kvadratinis šiukštumas, Rz (pilnavidurės geometrinės figūros) – vidutinis 

aukštis  

15 GDC-CP ir 20 GDC-CP keramikų paviršiaus vidutinio kvadratinio 

šiurkštumo (Rq) vertės didėja, didinant atkaitinimo temperatūrą. 15 GDC-CP ir 20 

GDC-CP keramikų didžiausia paviršiaus šiurkštumo vertė yra 15,29 nm ir 13,74 nm 

atitinkamai, esant 800 °C atkaitinimo temperatūrai. Vidutinės šiurkštumo vertės (Ra) 

kinta taip pat kaip ir keramikų paviršiaus vidutinio kvadratinio šiurkštumo (Rq) 

vertės visoms GDC-CP plonasluoksnėms keramikoms. 

GDC plonų dangų formavimas nuolatinės srovės reaktyviojo magnetroninio 

dulkinimo metodu 
 

Siekiant palyginti plonasluoksnes keramikas suformuotas skirtingais fizikiniais 

metodais, buvo suformuoti sluoksniai taikant nuolatinės srovės reaktyviojo 

magnetroninio dulkinimo metodą, garinant sluoksnį po sluoksnio Gd2O3 ir CeO2 

oksidus. Magnetroninio dulkinimo būdu, siekiant išlaikyti vienodą galutinį dangos 
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storį, didinant sluoksnių skaičių, buvo mažinami gadolinio ir samario oksidų 

sluoksnių storiai.  

Iš rentgeno struktūrinės analizės tyrimų matome, kad visi sluoksniai pasižymi 

kubine struktūra ir smailių intensyvumas didėja, didinant Gd ir Ce oksidų sluoksnių 

skaičių. Be to didžiausius kristalitus (14,6 nm) ir didžiausią kristalinę gardelę (5,401 

Å) turėjo GDC-12 bandinys (12 Gd ir Ce oksidų sluoksnių), lyginant su GDC-6 

(11,4 nm bei 5,394 Å) ir GDC-4 (11,2 nm bei 5,393 Å). Ramano spektroskopijos 

tyrimai parodė, kad GDC-6 ir GDC-4 bandinių atkaitintų 700 °C temperatūroje, 

atveju dominuoja 464,1 cm-1 smailė, o GDC-12 bandinio dominuojanti smailė 

pasislenka į 462,9 cm-1 ir tai atitinka F2g simetriją, bei patvirtina, kad gaunamas 

vienfazis kubinis fluorito tipo junginys. Be to, stebimas nedidelis smailių 

išplatėjimas nuo 17,2 cm-1  iki 18,8 cm-1. 
 

 

 
 

4.14 pav. Skerspjūvio (a) GDC-4, (b) GDC-6 ir (c) GDC-12 plonų sluoksnių SEM vaizdai. 

Eksperimentiniai ir modeliuoti GDC-4, GDC-6 ir GDC-12 plonų sluoksnių RBS spektrų 

rezultatai publikuoti [A2] 

SEM plonų sluoksnių skerspjūvio nuotraukos (4.14 pav.) parodė, kad GDC 

keramikos auga formuodamos tankias kolonijinės struktūros dangas ir dangų 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 sluoksnių ribos, tai parodo 

nepakankamą sluoksnių susimaišymą. 

Modeliavimo (buvo naudojamas SIMNRA v7.02 programinis paketas) ir 

eksperimentiniai Rezerfordo atbulinės sklaidos (RBS) rezultatai (4.14 pav.) 

tarpusavyje koreliuoja. Kiekvienas nusodintas sluoksnis gali būti suskirstytas į 

keturis Gd2O3 ir CeO2 sluoksnius. RBS rezultatai parodė, kad GDC-4 bandinio  

pradinis persimaišymas tarp Gd2O3 ir CeO2 sluoksnių vyksta tik plonų sluoksnių 

paviršiuje. GDC-6 bandinio RBS tyrimai parodė, kad bandinių atkaitinimo metu 

formuojasi tik dalinė cerio oksido stabilizuota gadoliniu fazė. Plati smailė 1–1,20 
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MeV energijų intervale rodo apie vykstančią difuziją CeO2 ir Gd2O3 sluoksniuose, 

kurie yra Si (padėklo) paviršiuje ir tik nedidelė difuzija stebima tarp CeO2–Gd2O3 

sluoksnių keramikos paviršiuje. GDC-12 bandinio RBS tyrimai GDC-12 bandinio 

parodė, kad smailės ties 1,50–1,42 MeV parodo Gd2O3 pirmą sluoksnį, o smailės 

ties 1,54–1,50 MeV parodo CeO2 pirmąjį sluoksnį. Šios smailės atsiranda, dėl 

nevisiško viršutinių (paviršinių) sluoksnių susimaišymo, tačiau kiti (gilesni) 

sluoksniai visiškai susimaišę, tą parodo ir RBS tyrimai (atitinka 1,42–0,76 MeV 

energijas). Iš gautų rezultatų galime teigti, kad CeO2–Gd2O3 sluoksnių pradinis 

storis magnetroninio dulkinimo metu turi įtakos vienalyčio GDC junginio 

formavimuisi dulkinimo proceso metu. Taip pat, reikalinga formuoti nemažiau kaip 

12 Gd ir Ce oksidų sluoksnių, kad galėtume gauti vienalytį (vienfazį) junginį. 

 

Cerio oksido stabilizavimas 
 

Anksčiau aprašyti SDC bei GDC tyrimai ir eksperimentų rezultatai, iškėlė 

klausimą, kaip pasikeistų fizikinės ir cheminės savybės galutinio produkto (SGDC), 

jeigu samario ir gadolinio oksidais legiruotumėme cerio oksidą. Taikant degimo 

(CB) ir nusodinimo iš tirpalų (CP) sintezių metodus, buvo susintetinti 

Ce0,825Sm0,0875Gd0,0875O2-δ nanomilteliai bei atlikti eksperimentiniai tyrimai.  

Terminis išskaidymas ir kristalizacija daro įtaką cerio oksidui, stabilizuotam 

samario ir gadolinio oksidu (SGDC). Kristalizacijos procesas atitinka cerio oksido 

stabilizavimą atskirai samario oksidu ir gadolinio oksidu. Tačiau SGDC-CB 

reakcijos yra artimesnės GDC-CB reakcijomis nei su SDC-CB. Formuojant SGDC 

miltelius, bendras masės pokytis buvo 0,21–0,44 %, lyginant su SDC-CB (3,5 %) ir 

GDC-CB (0,45–0,75 %) susintetintas milteliais buvo žymiai mažesnis. Nebuvo 

pastebėta jokių sintezės pokyčių formuojant SGDC-CP miltelius, bendras masės 

pokytis buvo ~55 %, kaip ir taikant SDC-CP ir GDC-CP sintezių metodus. Šie 

rezultatai rodo, kad įterpiant priemaišas (stabilizuojant) CB sintezės metu gaunami 

termiškai stabilesni junginiai su mažesniu organinių priemaišų kiekiu.  

Apskaičiuota SGDC nanomiltelių kristalitų dydžio priklausomybė nuo CB ir 

CP sintezių iškaitinimo temperatūros pateikiama 4.5 lentelėje.  
 

4.5 lentelė. Susintetintų CB–degimo ir CP–nusodinimo iš tirpalų sintezių metodais 

SGCD nanomiltelių kristalitų dydžio (nm) rezultatų priklausomybė nuo miltelių 

iškaitinimo temperatūros  

T, °C SGDC-

CB 

SGDC-

CP 

10 GDC-

CB 

10 GDC-

CP 

10 SDC-

CB 

10 SDC-

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 gardelės konstantų dydžiai gali būti paaiškinami, skirtingai jonų 

dydžiais Sm3+ (1,079 Å), Gd3+ (1,053 Å) ir Ce4+ (0,97 Å) [108]. Cerio oksidą 
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stabilizuojant Sm2O3 arba Gd2O3 oksidu (vienu iš jų), didžiausi kristalitai gaunami 

stabilizuojant cerio oksidą Sm2O3. Stabilizuojant abiem oksidais (Sm2O3 ir Gd2O3) 

Gd jonas pakeičia Sm joną ir gaunamas mažesnis kristalitų dydis, lyginant su SDC ir 

GDC; tai gali būti paaiškinama susidarius mažesnei Gd ir Sm koncentracijai [9]. 

Esant mažesnei iškaitinimo temperatūrai, stebimas kristalinės gardelės sumažėjimas 

SGDC-CB ir SGDC-CP atvejais, tai gali būti susiję su nepilnu oksido susidarymu 

(4.15 pav.).  
 

 
 

4.15 pav. Kristalitų dydžio (D) ir gardelės parametro (a) priklausomybė nuo SGDC 

nanomiltelių, susintetintų CB – degimo ir CP – nusodinimo iš tirpalų sintezių metodais, 

iškaitinimo temperatūros  

Susintetintų SGDC miltelių grynumą patvirtina ir FT‒IR tyrimai, pateikti 4.16 

paveiksle. Esant aukštesnei nanomiltelių iškaitinimo temperatūrai, organinių 

junginių smailių visiškai nesimato ir stebima tik intensyvi CO2 smailė ypač CB 

sintezės atveju. Be to, matome, kad susintetintų ir atkaitintų žemoje temperatūroje, 

SGDC-CB bandinių FT‒IR smailių intensyvumas mažesnis; tai patvirtina, kad gauti 

milteliai yra grynesni.  

 
 

4.16 pav. SGDC nanomiltelių, susintetintų (a) degimo ir (b) nusodinimo iš tirpalų iškaitintų 

įvairiose (200 °C, 800 °C, 1200 °C) temperatūrose, FT‒IR spektrai 
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Iš SEM tyrimų matome, kad didinant atkaitinimo temperatūrą, gaunami 

tankesni sluoksniai. Gautų nanomiltelių struktūra ir morfologija priklauso nuo 

pasirinko sintezės metodo. 

SGDC keramikų tyrimai 
 

Tablečių, suformuotų iš susintetintų CB ir CP sintezių metodais SGDC miltelių, 

SEM tyrimai parodė, kad paviršiaus struktūra sutampa su CeO2 stabilizuotu vienu iš 

oksidų (Gd ar Sm). Tablečių paviršiuje formuojasi tanki struktūra, sudaryta iš 

nevienodo dydžių grūdelių (0,832–1,21 µm). Paviršiuje nėra matomų defektų ar 

įtrūkimų (4.17 pav.). Kaip matome iš SEM paviršiaus tyrimų, CP sintezės metu 

gauti milteliai pasižymi grūdėtumu, o CB atveju stebimas grūdelių susispaudimas, 

susijungimas.  
 

 
 

4.17 pav. SGDC tablečių, suformuotų iš susintetintų (a) CB ir (b) CP sintezių metodais ir 

iškaitintų 1200 °C temperatūroje SGDC nanomiltelių, SEM vaizdai 

4.18 paveiksle pateikiamos SGDC tablečių bendro laidumo Arenijaus kreivės, 

kurios lyginamos su geriausiu laidumu pasižyminčiomis 20 SDC-CB ir 10 GDC-CP 

tabletėmis. CeO2 stabilizuojant Gd2O3 ir Sm2O3 leidžia sumažinti aktyvacijos 

energiją HT ir LT temperatūrų intervaluose, taip pat padidina joninį laidumą. Joninio 

laidžio gautos vertės yra 0,054 S×cm-1 (SGDC-CP) ir 0,022 S×cm-1 (SGDC-CB) 

600 °C temperatūroje. 
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4.18 pav. SGDC, GDC, SDC keramikų Arenijaus grafikai 

4.6 lentelė. Skirtingų koncentracijų SGDC keramikų, susintetintų CB – degimo, CP 

– nusodinimo iš tirpalų sintezių metodais, aktyvacijos energijos, ΔEa, ir joninio 

laidžio, , rezultatai 

Bandinių 

žymuo 

ΔEa, eV , S×cm-1 

LT HT 400 °C 500 °C 600 °C 

SGDC-CP 0,79 0,65 0,85×10-2 8,5×10-2 0,054 

SGDC-CB 0,81 0,76 0,39×10-2 5,2×10-2 0,022 
 

Wang ir kt. nustatė Ce0,85Gd0,15-ySmyO1,92 keramikų 0,046 S×cm-1 joninį laidį 

prie 700 °C temperatūroje [44]. Dikmen`as nustatė Ce0,8Gd0,1Sm0,1O2-δ keramikų 

6,5×10-2  S×cm-1 joninį laidį ir 0,59 eV aktyvacijos energiją prie 700 °C 

temperatūroje [45]. Taip pat, Aldridge ir Baker gavo, kad 

Ce0,825Sm0,0875Gd0,0875O1,9125 keramikų joninis laidis 2,23 S×cm-1 600 °C 

temperatūroje [9]. Skirtingos joninio laidumo vertės gaunamos dėl skirtingų 

keramikos paruošimo bei atkaitinimo būdų. Mūsų darbe gautų joninio laidžio 

rezultatų vertės gerai sutampa su kitų autorių darbais, ir iš gautų rezultatų matome, 

kad CeO2 stabilizavimas Gd2O3 ir Sm2O3 kartu pasižymi geresnėmis savybėmis nei 

stabilizuojant vienu iš jų.  

 

Legiruotų cerio oksidu keramikų kaip difuzinio (barjerinio) sluoksnio taikymas 
 

Apžvelgus mokslinę literatūrą pastebėta, kad formuojant kietojo oksido kuro 

elementus didžiausia problema atsiranda dėl per didelio priešįtampio katodo dalyje. 

Dažnai formuojant katodus yra naudojamas stroncis, kuris atkaitinimo metu (esant 

aukštai temperatūrai) chemiškai reaguoja su elektrolitu, tokių reakcijų metu susidaro 

parazitiniai junginiai, kurie mažina kuro elemento galią. Norint to išvengti tarp 
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katodo ir elektrolito reikalingas difuzinis (barjerinis) sluoksnis. Difuzinis (barjerinis) 

sluoksnis turi būti vienalytis, chemiškai stabilus, tankus ir plonas, kad išvengtume 

katijonų difuzijos į elektrolitą. Elektrocheminės reakcijos tarp difuzinio sluoksnio ir 

katodo schematiškai pavaizduotos 4.19 paveiksle. 

Siekiant išvengti katodo atomų difuzijos į elektrolitą difuzijos, (difuzinis) 

barjerinis sluoksnis turi padengti visą elektrolito paviršių (storis gali kisti nuo 400 

nm iki 1 µm) ir neturėti papildomos varžos. Kadangi CeO2, stabilizuotas Gd2O3 ir 

Sm2O3, nereaguoja su daugeliu katodinių medžiagų tai jį galima naudoti ne tik kaip 

elektrolitą, bet ir kaip difuzinį (barjerinį) sluoksnį. Kad difuzinis sluoksnis 

pasižymėtų norimomis savybėmis, labai svarbus sluoksnio formavimo būdas. 

Norint ištirti, 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 elektronų spindulio garinimo sistemą. 

Ni/YSZ sistema buvo disko formos, jos skersmuo ~25 mm (4.20 pav.). 
 

 
 

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] 

 

 
 

4.20 pav. Porėto anodo-elektrolito-barjerinio sluoksnio kuro elemento fotonuotraukos (a) 

viršutinė dalis, (b) apatinė dalis. GDC ploni sluoksniai suformuoti ant viršutinės elemento 

dalies (a), (c) SEM skerspjūvio vaizdas  
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Tolimesni tyrimai bus skirti nustatyti difuzinio sluoksnio elektrocheminėms 

savybėms ir, išrinkus geriausius laidumo rezultatus, katodas bus suformuotas ant 

GDC difuzinio sluoksnio. Šitokia anodinė sistema puikiai tinka µ-SOFCs, kurios 

veikia žemose darbinėse temperatūrose.  

 

IŠVADOS 

 

1. Įvairių priemaišinių metalo oksidų koncentracijų (10–30 mol %) SDC, GDC ir 

SGDC nanostruktūrinės sudėties keramikos buvo susintetintos naudojant 

degimo, nusodinimo iš tirpalų ir zolių-gelių chemines sintezes. Nustatyta, kad 

supresuotus ir atkaitintus 1200 °C temperatūroje susintetintus nanomiltelius 

galima naudoti kaip taikinius, formuojant plonus sluoksnius vakuuminiu 

garinimu elektronų spinduliu. 

2. Parinkus cheminės sintezės metodą, galima suformuoti cerio pagrindo 

keramikas, legiruotas priemaišomis, kurios pasižymi fluorito tipo nanostruktūra 

ir didesniu joniniu laidumu. Taikant degimo (CB) sintezę SDC keramikų (20 

SDC) joninis laidumas 600 °C temperatūroje buvo 1,1×10-2 S×cm-1, lyginant su 

nusodinimo iš tirpalų sinteze (CP) ir zolių-gelių (SG) sinteze gautomis joninio 

laidumo vertėmis 0,92×10-2 S×cm-1, 0,95×10-2 S×cm-1, atitinkamai. 

3. GDC nanomilteliai pasižymi mažesne kristaline gardele ir kristalitų dydžiu 

(541,66 pm ir 26,67 nm 10 GDC-CB), lyginant su SDC nanomilteliais (543,41 

pm ir 27,27 nm 10 SDC-CB), dėl mažesnio metalų priemaišų jono spindulio 

(Sm+3 > Gd+3).  

4. SGDC nanomilteliai, susintetinti degimo ir nusodinimo iš tirpalų sintezių 

metodais, turėjo mažesnę kristalinę gardelę ir kristalitų dydžius (542,37 pm ir 

22,13 nm SGDC-CB), lyginant su GDC ir SDC nanomilteliais, dėl mažesnės 

stabilizuojančių Sm ir Gd priemaišų koncentracijos (Ce0,825Sm0,0875Gd0,0875O2-δ, 

čia x = 0,0875). GDC keramikos su 10 mol% Gd2O3 koncentracija, susintetintos 

nusodinimo iš tirpalų sinteze (CP), pasižymėjo 600 °C temperatūroje didesniu 

joniniu laidumu 1,1×10-2 S×cm-1, lyginant su degimo sinteze (CB) gauta GDC 

keramika 1×10-2 S×cm-1. 

5. Atlikus sisteminius tyrimus nustatyta, kad tikslinga taikyti cheminės sintezės 

metodą, nusodinimo iš tirpalų sintezę (CP), su atitinkamais technologiniais 

parametrais (pH vertė, proceso temperatūra ir kt.), pradinėmis cheminėmis 

medžiagomis (metalų nitratas heksahidratas), pradinio produkto išdeginimo 

temperatūra (800 °C), keramikų atkaitinimo temperatūra (1200 °C), kuri leidžia 

suformuoti stabilizuotas cerio oksido pagrindu nanostruktūrines keramikas 

(Ce1−xMxO2−δ). 

6. Nustatyta, kad mišriomis priemaišomis ir Sm2O3, ir Gd2O3 legiruotas cerio 

oksidas (SGDC), taikant degimo (CB) ir nusodinimo iš tirpalų (CP) sintezes 

padidina 600 °C temperatūroje joninį laidumą 0,054 S×cm-1 (SGDC-CP) ir 

0,022 S×cm-1 (SGDC-CB). Taip pat SGDC išlieka termiškai stabilus prie 400 

°C išdeginimo temperatūroje. 

7. Norint suformuoti plonus sluoksnius, naudojant garinimą elektronų spinduliu, 

taikinių medžiagų cheminė sudėtis (koncentracija) turi būti apie 28 % didesnė. 
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Cheminių sintezių pritaikymas norimos koncentracijos pradinių medžiagų 

sintezei yra vienas iš būdų, leidžiančių kontroliuoti cheminę pirminių medžiagų 

sudėtį.  

8. Formuojant plonus sluoksnius, sluoksnis po sluoksnio, naudojant magnetroninę 

dulkinimo sistemą, reikia ne mažiau kaip 12 (CeO2 ir Gd2O3) sluoksnių ~850 nm  

storio GDC keramikai gauti. Papildomas plonų sluoksnių atkaitinimas 800 °C 

temperatūroje, pagerina struktūrų tankumą ir kristališkumą. Kaitinant plonus 

sluoksnius 900 °C ir aukštesnėse (t.y. viršijus Ce lydymosi temperatūrą) 

temperatūrose, sluoksnio paviršiuje pradeda kauptis Ce sankaupos–klasteriai. 

 

Rekomendacijos 

Norint visiškai suprasti, kokią įtaką cheminės sintezės metodas, atkaitinimo 

temperatūra, metalų oksidų priemaišų skirtingos koncentracijos turi plonų sluoksnių 

savybėms, būtina atlikti plonų sluoksnių elektrinių savybių matavimus. 

Elektrocheminio impedanso spektrokopijos (EIS) tyrimams reikia tam tikros 

geometrinės konstrukcijos plonų sluoksnių ir darbinių elektrodų paruošimo. 

Mokslinio tyrimo metu gautiems ploniems sluoksniams, kurių storis vyrauja nuo 

100 nm iki 900 nm, reikalinga išskirtinė EIS įranga joniniam laidumui matuoti. Po 

atliktų sisteminių tyrimų su SDC, GDC, SGDC keramikomis bus tęsiami darbai su 

plonais sluoksniais, kurie bus naudojami kaip difuzinis (barjerinis) sluoksnis tarp 

anodo ir katodo kietojo oksido kuro elementuose. 
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