
 
 

 

SYNTHESIS AND CHARACTERIZATION OF 10GDC, 10GDC/CeO2, 

10GDC/Y2O3 AND 10GDC/Yb2O3 COMPOSITES 

 

 

 

by 

ŞÜKRÜ CEYLAN 

 

 

 

 

 

 

 

THESIS SUBMITTED TO 

THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 

THE ABANT İZZET BAYSAL UNIVERSITY 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE 

OF 

MASTER OF SCIENCE 

IN 

THE DEPARTMENT OF CHEMISTRY 

 

 

 

 

 

 

APRIL 2014 



 
 

 



iii 
 

ABSTRACT 

 

SYNTHESIS AND CHARACTERIZATION OF 10GDC, 10GDC/CeO2, 

10GDC/Y2O3 AND 10GDC/Yb2O3 COMPOSITES 

 

CEYLAN, Şükrü 

Master of Science, Department of Chemistry 

Supervisor: Prof. Dr. Ayşe MORKAN 

Co-Supervisor: Prof. Dr. Aivaras Kareiva 

 

April 2014, 95 pages 

 

In this study, 10 mol % gadolinium doped ceria was taken as a basic compound 

and new compositions with additional amounts of CeO2, Y2O3 and Yb2O3 in various 

ratios were prepared using sol-gel combustion synthesis technique. For comparison, 

all compounds were also synthesized by solid state reaction method. The annealing 

conditions (temperature and heating time) were identical for both synthesis routes. 

For the characterization of synthesized products, infrared (IR) spectroscopy, X-

ray powder diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX) and 

scanning electron microscopy (SEM) were used. It was demonstrated that single-

phase compounds synthesized by sol-gel combustion technique were obtained 



iv 
 

independent on the amount of CeO2, Y2O3 and Yb2O3 while in the case of solid-state 

reaction synthesis route the mixture of oxides was obtained.  

IR results showed that the final products of the sol-gel combustion technique 

after heating at 800 
o
C have identical bands compared to each other and rare earth 

oxides. XRD results showed that the sol-gel combustion products were single phase 

compounds with no additional phase; however, the solid state products have 

additional diffraction lines belonging to Gd2O3, Y2O3 and Yb2O3. SEM results 

showed that the morphology of particles does not depend on the nature and amount 

of addition of rare-earth oxide. EDX results were in a good agreement with nominal 

compositions of elements. 

Keywords: GDC, fuel cells, composite, sol-gel, solid state. 
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ÖZET 

 

10GDC, 10GDC/CeO2, 10GDC/Y2O3 VE 10GDC/Yb2O3 KOMPOZİTLERİNİN 

SENTEZİ VE KARAKTERİZASYONU 

 

CEYLAN, Şükrü 

Yüksek Lisans, Kimya Bölümü 

Tez Danışmanı: Prof. Dr. Ayşe MORKAN 

Yardımcı Tez Danışmanı: Prof. Dr. Aivaras KAREIVA 

 

Nisan 2014, 95 sayfa 

 

Bu çalışmada, %10 mol Gadolinyum katkılanmış seryum temel bileşik olarak 

saptanmış ve bunun değişen oranlarda ek miktarda CeO2, Y2O3 ve Yb2O3 

eklenmesiyle oluşan kompozitleri, Sol-Jel Yakma Sentez tekniğiyle hazırlanmıştır. 

Karşılaştırma yapmak amacıyla, tüm bu bileşikler ayrıca katı hal sentez yoluyla da 

elde edilmiştir. Tavlama koşulları (sıcaklık ve ısıtma süresi) iki sentez yöntemi için 

de aynıdır. 

Sentezlenen örneklerin karakterizasyonu için Kızılötesi spektrumu  (FTIR), X-

ışını toz kırınımı (XRD), Enerji dağılımlı X-ışını spektrumu (EDX) ve Tarama 
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elektron mikroskobu (SEM) teknikleri kullanılmıştır. Yapılan analizler sol-jel 

tekniğiyle hazırlanan bileşiklerin tek faz bileşik olduğu ve eklenen CeO2, Y2O3 ve 

Yb2O3 miktarına bağlı olmadığı, ancak katı hal tekniğiyle oksit karışımı elde edildiği 

görülmüştür. 

IR çalışmaları, sol jel tekniğiyle sentezlenen ürünlerin 800 
o
C sıcaklıkta 

ısıtılmalarından sonra elde edilen kızılötesi spektrumlarının diğerleriyle ve oksit 

karışıma ait olanlarla çok benzer sonuçlar verdiğini göstermiştir. XRD sonuçları sol-

jel tekniğiyle hazırlanan örneklerin ek faz içermeyen tek-faz bileşikler olduğunu, 

ancak katı hal yöntemiyle sentezlenen örneklerin XRD spektrumlarında Gd2O3, Y2O3 

ve Yb2O3 fazlarının da ayrıca bulunduğu görülmüştür. SEM sonuçları, parçacıkların 

morfolojik yapısının eklenen oksitlerin miktarına ya da yapısına bağlı olmadığı 

görülmüştür. EDX sonuçları, elementlerin sayısal bileşimini doğrular niteliktedir. 

Anahtar Kelimeler: GDC, yakıt hücreleri, kompozit, sol-jel, katı hal 
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CHAPTER I 

INTRODUCTION 

1.1. GENERAL REVIEW ON MATERIAL SCIENCE 

Material science has always been one of the most important branches of 

science throughout the human history. In our everyday lives, we can see the 

influence of materials like housing, electronics, vehicles, clothing, food production 

etc. During the history, the production and improvement of materials have led to the 

advancement and development of societies. It starts from the first days of humans 

and still continues to develop. 

In past, there were a few materials that humans could obtain naturally like 

wood, stone, clay, leather. As the time past, they started to discover ways to make 

new materials that had advanced advantages over the natural ones. Moreover, they 

also discovered that some materials can be processed by heat and additions of other 

materials to change its properties as desired. So lately scientist started to understand 

the chemical structures of materials and its dependence on the properties. That led 

scientists to discover thousands of materials needed for the specific uses like 

superconductors, very light aircraft body parts, etc [1]. 
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1.1.1. Classification of Materials  

Materials can be classified into 5 main groups as Metals (Alloys), Ceramics, 

Polymers, Semiconductors and Composites. 

 Metallic materials (Alloys) 

An alloy is a metal that contains addition of one or more metals or non-metals. 

Generally, metals have good electrical and thermal conductivity. Alloys have 

relatively higher strength, stiffness, ductility or formability. They are specifically 

useful in structural or strength-requiring applications such as conducting wires, 

structural steel parts for buildings, etc [2]. 

 Ceramic materials 

A ceramic can be defined as an article or coating made of inorganic and non-

metallic solid produced by heating at temperatures sufficient to cause sintering, 

solid-state reactions, bonding, or conversion partially or wholly to the glassy state. 

Ceramics are used in a wide range such as structural products, refractories, 

whitewares and technical products [3]. 

 Polymeric materials 

The polymers are prepared by a process known as polymerization, involving 

the chemical combination of many small units known as monomers. Polymers are 

types of electrical and thermal insulators. They are used almost in all parts of our 

daily life as all kinds of plastics or plastic-containing-materials such as clothes, toys, 

car parts, etc [4]. 
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 Semiconductors 

A semiconductor is a material of which the electrical conductivity is between 

that of an insulator and a conductor. Semiconductors are usually used as transistors, 

diodes etc. [2]. 

 Composites 

Composites are the materials that have the purpose of blending the properties 

of different materials. A good example for this kind of materials is fiberglass, which 

is made by dispersing glass fibers in a polymer matrix [2]. 

1.1.2. Composite Materials 

A composite material can be defined as a combination of two or more materials 

that results in better properties than those of the individual components used alone. 

In contrast to metallic alloys, each material retains its separate chemical, physical, 

and mechanical properties. The two main constituents are a reinforcement and a 

matrix. The main advantages of composite materials are their high strength and 

stiffness, combined with low density, when compared with bulk materials, allowing 

for a weight reduction in the finished part. 

The reinforcing phase provides the strength and stiffness. In most cases, the 

reinforcement is harder, stronger, and stiffer than the matrix. The reinforcement is 

usually a fiber or a particulate. Particulate composites have dimensions that are 

approximately equal in all directions. They may be spherical, platelets, or any other 

regular or irregular geometry. Particulate composites tend to be much weaker and 

less stiff than continuous fiber composites, but they are usually much less expensive. 
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Particulate reinforced composites usually contain less reinforcement (up to 40 to 50 

volume percent) due to processing difficulties and brittleness. For electrolyte and 

electrode composites, reinforcing phase provides some of the followings: strength, 

stiffness, electronic conductivity, ionic conductivity, resistance to high temperatures, 

resistance to decomposition, etc. 

The continuous phase is the matrix, which is a polymer, metal, or ceramic. 

Polymers have low strength and stiffness, metals have intermediate strength and 

stiffness but high ductility, and ceramics have high strength and stiffness but are 

brittle. The matrix (continuous phase) performs several critical functions, including 

maintaining the fibers in the proper orientation and spacing and protecting them from 

abrasion and the environment. In polymer and metal matrix composites that form a 

strong bond between the fiber and the matrix, the matrix transmits loads from the 

matrix to the fibers through shear loading at the interface. In ceramic matrix 

composites, the objective is often to increase the toughness rather than the strength 

and stiffness; therefore, a low interfacial strength bond is desirable [5]. 

1.2. FUEL CELLS 

1.2.1. General Review of Fuel Cells 

In 1962, there had been a revolution in the energy research. Westinghouse 

Electric Corporation scientists (now Siemens Westinghouse), for the first time, 

demonstrated the applicability of providing electricity from a device they called a 

"solid electrolyte fuel cell" [6]. From that time, there has been an intense interest in 

researching and development of fuel cell technology. 
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A fuel cell can be defined as a battery-like system that can convert the 

chemical energy of a fuel and an oxidant to electrical energy continuously by a 

process involving an essentially unvarying electrode-electrolyte system [7]. In Figure 

1.1, the operation principle and the basic elements of a fuel cell with a proton-

conducting electrolyte are depicted.  

 

Figure 1.1 Operation principle of a fuel cell [8] 
 

There are three main elements as the anode, the cathode and the electrolyte. H2, 

as the fuel here, is provided to the anode so that the anode releases electrons as a 

result of being oxidized, and those electrons would perform the electrical work. Then 

the electrons pass to the cathode, leading to reduction of the oxygen into water at the 

electrode/electrolyte interface. The protons from the anode make it to the cathode 
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through the electrolyte medium. In order to be permeable to gas, both anode and 

cathode should be porous [9]. 

1.2.2. Types of Fuel Cells 

Fuel cells can be classified according to the electrolyte used as ion conductor 

medium. Amongst those, Direct Methanol Fuel Cell (DMFC) is an exception being 

identified by the fuel used in it. 

 Alkaline Fuel Cells (AFC) 

The electrolyte in AFCs is an aqueous solution of potassium hydroxide (KOH). 

The ions carried by the alkaline electrolyte are OH
-
 forming water at the anode 

electrode. Although it has advantages like having a low cost electrolyte as KOH and 

being mechanically rechargeable, it has disadvantages like having pure H2 as the 

only suitable fuel, and hydroxide electrolyte having great tendency to formation of 

carbonate ions from carbon dioxide. [10-11] 

 Proton Exchange Membrane Fuel Cells (PEMFC) 

PEMFCs use a polymer membrane, perfluorosulfonic acid, as the electrolyte, 

and because the electrolyte is an acid, hydrogen ions (H
+
) are the ions that are 

transported in the process. Due to that fact, hydrogen is the fuel supplied to the 

system and oxygen or air is the oxidant. 

PEMFCs have many disadvantages like requirement of expensive catalysts due 

to having acidic electrolyte. Also H2O management at the polymer membrane is 

essential because the membrane should be humid in order to conduct ions [12]. Also 
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having high cost electrolyte and pure H2 as a suitable fuel are the problems faced 

with PEMFCs [11]. 

 Direct-Methanol Fuel Cells (DMFC) 

DMFCs use trifluoromethane sulfonic acid or a proton exchange membrane as 

electrolyte. Methanol is used as the fuel and directly supplied to the cell. It is 

advantageous that Methanol is liquid and can be stored and dispensed easily. 

However, DMFCs show lower efficiency in comparison with other fuel cells.  

 Phosphoric Acid Fuel Cells (PAFC) 

In PAFCs, phosphoric acid (H3PO4) is used as electrolyte in a liquid form. The 

electrolyte is acidic and conducts hydrogen ions. Despite having advantages like low 

operating temperature, low cost of the electrolyte and high fuel efficiency, it has 

disadvantages like electrode having low conductivity, high-cost catalysts, etc. 

 Molten Carbonate Fuel Cells (MCFC) 

In MCFCS, lithium potassium carbonate or lithium sodium carbonate are used 

to conduct carbonate (CO3
2-

) ions. CO2 should be supplied at cathode to form CO3
2- 

with oxygen. Catalysts in MCFC are low cost due to fast electron kinetics and low 

poisoning sensitivity. However, CO2 supply needs a complex system and electrolyte 

is very sensitive to corrosion. 

 Solid Oxide Fuel Cells (SOFC) 

In SOFCs, a ceramic membrane is used for the conduction of ions at 

temperatures above 600 
o
C. There are two types of SOFC as intermediate 

temperature SOFC (IT-SOFC) and high temperature SOFC (HT-SOFC). IT-SOFCs 
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operate in the range of 600-800 
o
C, using ceria-doped rare earth (e.g. gadolinium) 

electrolytes. HT-SOFCs use yttrium stabilized zirconia (YSZ) and operate in the 

range of 1000-1200
o
C. 

HT-SOFC has the disadvantage of working at high temperature as the materials 

would degrade faster.  

 

Figure 1.2 Summary of the operating temperatures, reactions and processes that 

occur in the various fuel cell systems [11] 

 

1.2.3. Solid Oxide Fuel Cells 

Due to the increase in energy usage demands in the world, it is necessary to 

find cleaner and more efficient energy resources to reduce the dependence in the 
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fossil fuels. Fuel Cells, especially “Solid Oxide Fuel Cells”, are one of the useful 

candidates for the solution of this issue as The Solid Oxide Fuel Cells are expected to 

supply a highly efficient power generator system for future applications [13-14]. 

A solid oxide fuel cell (SOFC) is an electrochemical energy conversion device 

that produces electricity directly from oxidizing a fuel. The principle of operation of 

a solid-oxide fuel cell (SOFC) is given in Figure 1.3. In a solid oxide fuel cell, 

oxygen ions react with the fuel, either hydrogen (H2) or methane (CH4), generating 

an electrical current (e) and minimal waste products (water and some CO2) at the 

anode. Oxygen molecules are dissociated and charged, replenishing reacted oxygen 

ions at the anode through the electrolyte at the cathode [16].

 

Figure 1.3 The schematic diagram of operation of a solid-oxide fuel cell (SOFC)  
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Fuel cells are characterized by their charge transfer mechanism; the SOFC has 

a solid oxide electrode-electrolyte assembly. Advantages of this class of fuel cells 

include high efficiency, long-term stability, fuel flexibility, low emissions, and 

relatively lower catalyst cost. The largest challenge is preserving oxide integrity and 

fuel cell lifetime due to mechanical and chemical compatibility issues. Also, the high 

operating temperature can increase startup times but also provides benefits of internal 

reforming and waste heat which can be utilized downstream [15]. 

“Yttria-stabilized-Zirconia” has been used as an electrolyte in SOFCs due to its 

ability of high amount of oxygen-ion conductivity and stability in both oxidizing and 

reducing atmospheres [17-20]. 

However, the operating temperature of YSZ is very high at around 1000 
o
C. 

Due to the high operating temperature, the cost of interconnect materials and the 

components needed for insulation is being so high and degradation of system occurs 

[21-22].  This problem can be overcome by reducing the operating temperature. This 

reducement improves the reliability, the life length of cell, reduces the cost, and 

gives a variety of choice of materials to be used [23]. 

CeO2 is a rare-earth oxide with fluorite-type structure and well-known for 

having oxygen vacancies. Its oxygen vacancies can be modified by doping it with 

dopant ions so it can be used in variety of applications [24-27]. At this point, 

Gadolinia-doped-Ceria is one of the most promising materials for SOFC applications 

as oxygen-ion conducting electrolytes or electrodes at intermediate temperatures 

between 873-1073 K [28-29]. The crystal structure of Gadolinia Doped Ceria 

possesses the same fluorite structure as the stabilized zirconia but can be operated at 

lower temperatures for high oxygen-ion conductivity [30]. 
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1.3. SOLID STATE & SOL-GEL COMBUSTION TECHNIQUES 

1.3.1 Solid State Technique 

Solid-state reaction technique is the most simple and common method used for 

the synthesis of ceramics in comparison with the other routes. In this synthesis route, 

oxide forms of metals are mixed and grinded together, and then heated to form the 

desired product. Although this method confronts some disadvantages, very high 

temperature (at around 500-2000 
o
C) is required and sometimes it may result in 

unwanted phases or compounds [31]. 

1.3.2 Sol-Gel Combustion Technique 

In the Sol-Gel Combustion method, the precursor is prepared by dissolving 

salts of the metals as nitrates in small amount of distilled water and adding 

complexing agent. After that the solution is heated to evaporate the excess solvent. In 

sol-gel combustion synthesis, the exothermicity of the redox (reduction-oxidation or 

electron transfer) chemical reaction is used as driving force for material production. 

In a typical sol-gel combustion reaction, the precursor mixture of water, metal 

nitrates, and fuel dehydrates, decomposes and ruptures into a flame producing a 

voluminous, foamy powder. Then the powder is grinded, sintered, and then calcined 

to obtain the desired product [32]. Such powders are generally more homogeneous, 

having less impurities and higher surface areas than powders prepared by 

conventional solid-state methods. Due to these advantageous features and simplicity 

of preparation and equipments used, sol-gel combustion synthesis technique is an 

attractive method for manufacturing of these kinds of materials at lower costs 

compared to the other processes [33]. 
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1.4. GDC and GDC COMPOSITES, CODOPINGS 

1.4.1 GDC 

Ceria based solid solutions have been used in a variety of applications such as 

oxygen sensors [34], exhaust catalysts [35] and electronics [36]. They also have been 

studied as possible electrolyte materials for usage in Intermediate-Temperature 

SOFCs (between 500 - 800 
o
C) extensively [37-40]. GDC, especially, have been 

particularly in interest as an alternative material for YSZ for its high ionic 

conductivity at low operating temperatures (at around 600 
o
C) [41].  

For GDC, the composition for the optimum conductivity in reports is usually 

inconsistent, especially for 10% [30, 42], 15% [43-46], and 20% [47-51] Gd 

concentrations. Those differences on the results probably resulted from the 

differences in preparation methods and sintering temperatures. Moreover, impure 

composites indicate remarkable grain boundary resistivity, so purity of the product is 

also important. 

The optimum ratio of Gd/Ce in GDC electrolyte is stated as 10% for IT-SOFC 

as shown in table below [30]. It is also reported that 10GDC shows better stability 

with respect to 20GDC at temperatures below 700 
o
C [52]. 

Table 1.1 Ionic Conductivity for selected electrolyte compositions 

Composition σ, 500oC (S cm-1) σ, 600oC (S cm-1) σ, 700oC (S cm-1) 

Ce0.9Gd0.1O2-δ 0.0095 0.0253 0.0544 

Ce0.9Sm0.1O2-δ 0.0030 0.0090 0.0200 

Ce0.9Y0.1O2-δ 0.0087 0.0344 0.1015 

Ce0.8Gd0.2O2-δ 0.0053 0.0180 0.0470 

 

Various synthesis methods for the preparation of doped ceria have been 

reported so far. Ce1−xGdxO2−x/2 (GDC) (x=0, 0.05, 0.10, 0.15, 0.20 and 0.25) have 
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been prepared by the oxalate co-precipitation route using cerium nitrate and 

gadolinium nitrate as starting materials [43]. The appropriate quantities of starting 

materials dissolved separately in water, mixed and co-precipitated with dilute oxalic 

acid solution, with adjusted pH to neutral (6.6 - 6.9) by using ammonia solution 

during the reaction. The resulting precipitate was vacuum-filtered, washed five times 

with water and ethanol, respectively, and dried at 50 °C in an oven. After calcination 

at 750 °C, the oxide powders were confirmed by X-ray diffraction analysis to be 

single phase and of fluorite structure. But this method had a disadvantage of pH 

adjustment in the production. Moreover, co-precipitation technique also has been 

used by using different co-precipitation agents as NaOH, NH3, polyethylene glycol 

(PEG), ammonium carbonate or doping material as yttrium. [53-58] 

Solid solutions of Ce1−xGdxO2−δ (x=0–0.30) have been synthesized by the 

hydrothermal method as the appropriate quantities of cerium (III) nitrate hexahydrate 

and gadolinium (III) nitrate hexahydrate were dissolved separately in water, mixed 

and co-precipitated with ammonium hydroxide at pH=10 [59,60]. The precipitated 

gels were sealed into teflon-lined steel autoclaves and hydrothermally treated at 

260 °C for 10 h. The autoclaves were quenched at 260 °C to room temperature and 

the crystallized powder of Ce1−xGdxO2−δ (x=0–0.30) solid solutions were repeatedly 

washed with deionized water and dried in air at room temperature. Likely as in 

experiment of Shaowu Zha et al., precise controlling pH was necessary. The average 

crystallite size was found ranging between 68 – 41 nm. 

10GDC and 20GDC nanopowders have been synthesized in a study by four 

different routes as oxalic acid co-precipitation, acryl amide sol-gel, solid-state 

reaction (70% wt oxides/30% acryl amide nano powders) and complex assisted co-
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precipitation [61]. Shortly, oxalic acid co-precipitation was carried out as cationic 

nitrate solution had been added dropwise to an oxalic acid solution with constant pH, 

followed by washing the precipitate with water at the same pH, and then the 

treatment of powder at 700 
o
C for 4 hours. Acryl amide polymerization sol-gel route 

includes the chelating of Ce and Gd separately by adding EDTA powder and NH4OH 

to adjust the pH, additions of acryl amide, bis-acrylamide and AIBN (initiator) into 

the solution in selected proportions, stirring vigorously, heating up to monomer 

dissolution and gel formation, and finally calcining at 600 
o
C for 2 hours. Complex 

assisted co-precipitation involves steps of formation of a complex between Ce–Gd 

ions and an organic compound in aqueous solution, its decomposition giving a 

precipitate formation, filtration of the precipitate, drying and crystallization at 500 °C 

in air. In solid state reaction, the oxide forms of Ce and Gd were mixed, milled in a 

ball and heat-treated at 1000 
o
C. Then the oxide mixture was mixed with acryl amide 

sol–gel CGO powders treated at 600 °C. It is reported as the oxalic acid co-

precipitation and the acryl amide sol–gel processes may represent suitable synthetic 

routes for scaling up to industrial production. Moreover, the acryl amide sol–gel 

process was characterized as by small volumes of reactants and large powder 

production with low cost.  

Nano-crystalline Ce0.9Gd0.1O1.95 electrolyte has been synthesized by sol–gel 

thermolysis route [62]. Stoichiometric amounts of nitrates of Ce and Gd were mixed 

with urea as the combustion fuel and poly vinyl acetate (PVA) as the dispersing 

agent and secondary fuel, the solution was heated to obtain sol, and gel afterwards, 

and the obtained gel was calcined at 400 and 600 
o
C. It was stated that the product 

heated at 600 
o
C showed more agglomeration than the one heated at 400 

o
C, and the 
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one heated at 400 
o
C had better ionic conductivity. Same technique has also been 

used with different material uses, like using glycine (C2H5NO2) as fuel [63-66]. 

In one study, GDC has been synthesized by the Pechini Method [67], the only 

difference from sol-gel thermolysis route is instead of using urea and PVA, citric 

acid and ethylene glycol were used. Also a similar technique, glycine-nitrate, has 

been studied in which glycine was used as fuel [68-70]. 

1.4.2. GDC Composites and Co-dopings 

GDC composites synthesized so far are mostly focused on anode and cathode 

materials of solid oxide fuel cells.  

NiO/GDC composite has been synthesized via ceramic route and the effect of 

Ni addition to GDC on phase stability, reduction behavior and electrical properties 

investigated [71]. It was found out that NiO/GDC composite had high conductivity 

making it useful for anode applications in SOFC. It is also reported that very high 

NiO content may lead to problems due to thermal expansion mismatch between 

anode and electrolyte. 

NiO/GDC anode material has also been synthesized by preparing NiO and 

GDC separately via glycine-nitrate route, and anode materials prepared by dip-

coating method [72]. It was reported that NiO/GDC anode showed very high 

performance. 

Ni-Co-GDC cermet anode sample has been prepared as an alternative to 

NiO/GDC by aiming to prevent Ni coarsening leading to electrical degradation of the 

cell [73]. It was reported as alloying conventional NiO with Co3O4 at the weight 

fraction of 25 % prior to mixing with GDC (Ni0.75Co0.25-GDC) resulted in 
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improvement of the cell performance of the Ni-GDC anode due to an increase in 

electrical contacts between anode-anode and anode-electrolyte. 

In another study, Fe2O3 was added to Ni/GDC anode composite to prevent 

carbon deposition on anode material [74]. They prepared NiO–Fe2O3/GDC anode 

tube by mixing NiO, Fe2O3, GDC powder with poly methyl methacrylate and binder. 

It was concluded as there was almost no carbon fiber deposited on the anode. 

Complex composite of Sr2MgMoO6−δ/Gd0.1Ce0.9O1.95 (SMM/GDC) anode 

material has been synthesized to reduce tolerance to coking and sulfur impurities on 

anode part [75]. SMM powder was synthesized with solid state reactions of SrCO3, 

MgO, and MoO3 whereas GDC was synthesized by co-precipitation–calcination 

method. Then both SMM and GDC obtained were tape casted. 

A composite of La0.6Sr0.4Co0.2Fe0.8O3−δ and Gd-doped ceria (LSCF–GDC) has 

been synthesized to be a candidate for cathode material in SOFC, by impregnating 

the porous GDC scaffold with a nitrate solution containing La, Sr, Co and Fe in 

desired composition [76]. After testing for a very long time like 500 hours, 

coarsening of LSCF nanoparticles was observed. MgO and LaNi0.6Fe0.4O3 (LNF) 

phases were also introduced into LSCF–GDC cathodes to prevent this coarsening 

and enhanced performance stability was observed. 

(La0.8Sr0.2)MnO3 (LSM)/GDC - Yttria-stabilized zirconia (YSZ) dual 

composite cathode has been prepared via a two-step polymerizable complex (PC) 

method by dissolving nitrate metal salts of La, Sr, and Mn with citric acid, in de-

ionized water after which ethylene glycol and YSZ core particles were added to the 

solution [77]. To obtain LSM/GDC – YSZ dual composite powder, same route has 

been repeated with LSM–YSZ single composite powders as core particles and nitrate 
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salts of Gd and Ce. It was reported as  having results with high performance and 

durability of the synthesized material. 

Ca Doped GDC Electrolyte Thin Film has been synthesized by electron beam 

deposition technique [78]. Ca Doped GDC was prepared via solid synthesis route, 

then GDC thin film was deposited on Ni-GDC anode substrate with e-beam gun. It 

was stated as the sample conductivity was higher than that of GDC and Ca Doped 

GDC and made it suitable for use as electrolyte material in SOFC after optimizing 

the film composition and e-beam operating conditions. 

Another composite candidate that could be used as electrolyte material in 

SOFC as Ce0.9Gd0.1O1.9 - La0.9Sr0.1Ga0.8Mg0.2O2.85 (GDC - LSGM) has been reported 

[79]. Both GDC and LSGM were synthesized separately by glycine-nitrate 

processes, then GDC and LSGM powders were mixed in GDC:LSGM ratios as 95:5, 

90:10 and 85:15. It was reported as product with 95:5 ratio had the highest ionic 

conductivity in the temperature range between 300-800 
o
C. Moreover, the open 

circuit voltage was higher in the cell with composite electrolyte than in the cell with 

single GDC as electrolyte at the working temperature. 

Synthesis of YSZ/GDC vertically aligned nano composite electrolyte has been 

done by a technique called Pulsed Laser Deposition and its ionic conductivity with 

that of GDC, YSZ, and GDC-YSZ composite has been compared [80]. It was stated 

as the ionic conductivity of YSZ/GDC VAN electrolyte appears to be at least 2 times 

higher than that of single crystal like YSZ thin film and 50% higher than that of 

single crystal like GDC thin film. Moreover, as the deposition frequency of the 

YSZ/GDC VAN electrolyte increases, the interface density increases and the ionic 

conductivity of YSZ/GDC VAN electrolyte improves. 
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1.4.3. GDC with additional CeO2 doping, Y2O3 and Yb2O3 co-doping 

Up to now, no scientific work related to GDC/Y2O3 and GDC/Yb2O3 

composite/co-doping synthesis found in literature. Works on GDC composites have 

been focused so far on metal composites with GDC for anode, and complex 

composites for cathode and electrolyte materials as described in literature review. 

Because the optimum ratio of Gd/Ce for optimum ionic conductivity was 

inconsistent in literature, additional amounts of CeO2 was doped to 10GDC to see 

any possible effect it may have had. 

1.5. AIM OF THE WORK 

The importance and the aim of this thesis is to synthesize 10GDC and its 

composites with CeO2, Y2O3 and Yb2O3 and investigate their physical and chemical 

properties for possible future applications in SOFC. It should be noted that no 

scientific work related to GDC/Y2O3 or GDC/ Yb2O3 composite or co-doping is 

found up-to-date in literature. In this work, 10% Gadolinia Doped Ceria (10GDC), 

10GDC/CeO2, 10GDC/Y2O3 and 10GDC/Yb2O3 composites with CeO2 and Y2O3 % 

molar dopings as 1%, 5%, 10%, 15%, 20%, and Yb2O3 molar doping as 0.6%, 2.5%, 

6.0%, 9.2%, and 12.5% will be synthesized with both sol-gel combustion and solid 

state reaction techniques. All samples will be heated up to 800 
o
C and analyzed with 

IR, EDX/SEM and XRD analysis techniques. 
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CHAPTER II 

EXPERIMENTAL TECHNIQUES 

2.1. CHEMICALS 

The following chemicals were used in the synthesis of the products: 

Gd(NO3)3.6H2O: Sigma Aldrich 99.9% 

(NH4)2Ce(NO3)6: Sigma Aldrich 99.9% 

Gd2O3: Merck 99.9% 

CeO2: Merck 99.9% 

Y(NO3)3.6H2O:Sigma Aldrich 99.9% 

Y2O3: Merck 99.9% 

Yb(NO3)3.5H2O:Sigma Aldrich 99.9% 

Yb2O3: Merck 99.9% 

C2H6O2: Merck 
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2.2. INSTRUMENTATION 

i.) X-Ray Powder Diffractometer 

X-ray powder diffraction measurements were done on Rigaku Miniflex II with 

CuKα radiation and the comparison of the obtained data was done with the reference 

data obtained from the Pearson’s Crystal Data database software. 

ii.) Infrared Spectrophotometer 

Perkin Elmer Frontier Fourier Transform Infrared (FTIR) Spectrophotometer 

with ATR attachment was used to obtain the IR spectra of the samples in the region 

of 3500-400 cm
-1

. 

iii.) Scanning Electron Microscope (SEM) – Energy Dispersive X-Ray (EDX) 

Ultra High Resolution SEM images of samples were taken by Hitachi SU70 

Ultra-high Resolution Analytical Scanning Electron Microscope. EDX 

measurements were done on Hitachi TM3000 Tabletop Microscope. 

2.3. EXPERIMENTAL PROCEDURE 

2.3.1. Synthesis of 10GDC and 10GDC/CeO2 products 

10GDC and 10GDC/CeO2 products were synthesized by two routes as Sol-Gel 

Combustion Synthesis and Solid State Reaction Synthesis. The ratio of pure GDC is 

determined as 10% Gadolinium doped ceria having optimum oxygen ion 

conductivity at lower operating temperatures [30]. 
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2.3.1.1. Solid State Reaction Route 

In this technique, stoichiometric amounts of Gd2O3 and CeO2 were mixed and 

grinded after adding a little amount of acetone to favor the boundary reaction 

between gadolinium and cerium. After grinding, the mixtures were heated at 300 
o
C 

for 2 hours at 1 
o
C/min rate in furnace. Afterwards, they were grinded again and 

heated at 800 
o
C for 2 hours at 2 

o
C/min rate in furnace. They were grinded for one 

more time at the end of heating. 

Samples of products in oxide mixtures state, after heating at 300 
o
C, and after 

heating 800 
o
C were taken to be analyzed. To all of the samples taken IR, EDX, SEM 

and XRD techniques were applied to characterize them. 

2.3.1.2. Sol-Gel Combustion Route 

For each composite, stoichiometric amounts of gadolinium nitrate and cerium 

nitrate were dissolved in a small amount of distilled water and ethylene glycol was 

added as complexing agent. Each solution was stirred and heated at 50 
o
C for 2 hours 

with its top closed to prevent much evaporation and to obtain the complexation. 

After that, each solution was heated and dried at 80 
o
C until excess solvents were 

evaporated and the gel-like state was reached. And then each solution was self-

burned at approximately 140 
o
C. After self-burning, foam-like powders were 

obtained. They were grinded finely in alumina mortar. After grinding, the powders 

were heated at 300 
o
C for 2 hours at 1 

o
C/min rate in furnace. Afterwards, they were 

grinded again and heated at 800 
o
C for 2 hours at 2 

o
C/min rate in furnace. They were 

grinded for one more time at the end of final heating. 
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Small amounts of materials were taken as samples in gel state, after self-

burning, after heating at 300 
o
C, and after heating 800 

o
C. Gel samples were 

subjected to IR analysis. The rest of the samples taken after self-burning, heating at 

300
o
C and 800 

o
C were subjected to IR, EDX, SEM and XRD analyses to 

characterize the products. 

2.3.2. Synthesis of 10GDC/Y2O3 composites 

2.3.2.1. Solid State Reaction Route 

Stoichiometric amounts of Gd2O3, CeO2 and Y2O3 were mixed and grinded by 

adding a little amount of acetone to favor the boundary reaction between Gadolinium 

and Cerium. After grinding, the mixtures were heated at 300 
o
C for  2 hours at 1 

o
C/min rate in furnace, grinded again, heated at 800 

o
C for 2 hours at 2 

o
C/min rate in 

furnace and then grinded again. IR, EDX, SEM and XRD analysis techniques were 

used to characterize the products. 

2.3.2.2. Sol-Gel Combustion Route 

Gadolinium nitrate and cerium nitrate and yttrium nitrate were taken in 

stoichiometric amounts and dissolved in small amounts of distilled water. Next, 

ethylene glycol was added as complexing agent. Each solution was stirred and heated 

on hot plates at 50 
o
C for 2 hours with its top closed to prevent much evaporation and  

obtain the complexation. Afterwards, solutions were dried at 80 
o
C until excess 

solvents were evaporated and the gel-like state was reached. And then each solution 

was self-burned at approximately 140 
o
C. After self-burning, foam-like powders 

were obtained. They were grinded finely in mortar. After grinding, the samples were 

heated at 300 
o
C for 2 hours at 1 

o
C/min rate in furnace. Afterwards, they were 
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grinded again and heated at 800 
o
C for 2 hours at 2 

o
C/min rate in furnace. They were 

grinded for one more time at the end of heating. 

Small amounts of samples were taken from materials in gel state, after self-

burning, after heating at 300 
o
C, and after heating 800 

o
C. All of the samples taken 

were subjected to IR, EDX, SEM and XRD techniques for characterization. 

2.3.3. Synthesis of 10GDC/Yb2O3 composites 

2.3.3.1. Solid State Reaction Route 

The same solid state synthesis procedure for 10GDC/Y2O3 composites was 

followed for 10GDC/Yb2O3 composites with the difference of mol% of Yb in 

10GDC. 

Again, small amounts of samples were taken from materials in oxide mixtures 

state, after heating at 300 
o
C, and after heating 800 

o
C for analyses. To all of the 

samples taken EDX, SEM and XRD techniques were applied to characterize them. 

2.3.3.2. Sol-Gel Combustion Route 

Like in the for 10GDC/Y2O3 composite synthesis, stoichiometric amounts of 

gadolinium nitrate and cerium nitrate and ytterbium nitrate were dissolved in a small 

amount of distilled water and ethylene glycol was added as complexing agent. Each 

solution was stirred and heated at 50 
o
C for 2 hours with its top closed to prevent 

much evaporation and to obtain the complexation. After that, each solution was 

heated and dried at 80 
o
C until excess solvents were evaporated the gel-like state was 

reached. And then each solution was self-burned at approximately 140 
o
C. After self-

burning, foam-like powders were obtained. They were grinded finely in mortar. After 
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grinding, the samples were heated at 300 
o
C for 2 hours at 1 

o
C/min rate in furnace. 

Afterwards, they were grinded again and heated at 800 
o
C for 2 hours at 2 

o
C/min 

rate in furnace. They were grinded for one more time at the end of heating. 

Small amounts of samples were taken from materials in gel state, after self-

burning, after heating at 300 
o
C, and after heating 800 

o
C. IR, EDX, SEM and XRD 

techniques were used for characterization. 
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CHAPTER III 

RESULTS AND DISCUSSION 

3.1. SOLID STATE SYNTHESIS RESULTS 

3.1.1. Synthesis of 10%Gadolinium Doped Ceria, 10GDC 

3.1.1.1. X-Ray Powder Diffraction (XRD) Studies 

Figure 3.1 shows X-ray powder diffraction patterns of gadolinium doped ceria 

synthesized by solid state synthesis technique with 10% gadolinium doping 

(10GDC).  

Examination of the XRD patterns showed that obtained product is not pure 

10GDC by comparison with the ICDD cards 00-075-0161 for 10GDC and 00-088-

2165 for Gd2O3. 

From the XRD patterns, very small diffraction lines related to additional Gd2O3 

phases are observed; especially at 20, and between 35-60 2theta values. So it cannot 

be said that single phase 10GDC crystals were synthesized by this method. 
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Figure 3.1 XRD Patterns for 10GDC synthesized by Solid State Synthesis Route (A) 

after heating at 300 
o
C, (B) after heating at 800 

o
C, ICDD 00-075-0161 and ICDD 

00-088-2165 
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3.2.1.2. Infrared Spectroscopy Studies 

The infrared spectra of 10GDC synthesized by the solid state synthesis method 

are given in Figure 3.2.  

Because the starting materials were oxide forms, there was no organic part in 

the product so no bands were observed related to organic materials. The bands 

between 2200-1750 cm
-1

 are related to CO2 in the air and the band at 573 cm
-1

 is 

predicted to be related to metal-oxide bonds [84]. It is also clear that both spectra are 

almost identical to each other. 
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Figure 3.2 IR Spectra of 10GDC (a) after heating at 300 
o
C, (b) after heating at 800 

o
C 
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3.2.1.3. SEM and EDX Analysis of 10GDC 

The SEM images of 10GDC synthesized by solid state synthesis technique 

after heating at 800 
o
C are given in Figure 3.3.  The images give information about 

the particle size and the morphology of the product. 

 

Figure 3.3 SEM images of 10GDC with 100k and 50k magnifications 

 

EDX analysis, shown in figure 3.4, shows that there is no impurity and it is in a 

good agreement with nominal compositions of elements. 

 

 

Figure 3.4 EDX spectrum of 10GDC 
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3.1.2. Synthesis of 10GDC with additional amounts of Cerium 

To see the possible effects of ratio of Gd/Ce, 10GDC was also synthesized with 

additional amounts of Ce with % mol ratios of Ce/10GDC as 1/99, 5/95, 10/90, 15/85 

and 20/80. 

3.1.2.1. X-Ray Powder Diffraction (XRD) Studies 

Figure 3.5 and 3.6 shows X-ray powder diffraction patterns of gadolinium 

doped ceria with additional cerium oxide, CeO2, synthesized by solid state synthesis 

technique, after heating at 300 
o
C and 800 

o
C respectively. 

Examination of the XRD patterns showed that obtained product is not pure 

10GDC by comparison with the ICDD cards 00-075-0161 for 10GDC and 00-088-

2165 for Gd2O3. 

From the XRD pattern, very small diffraction lines related to additional Gd2O3 

phase are observed; as it was observed in the 10GDC product synthesized by solid 

state route. 
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Figure 3.5 XRD Patterns of (A) 10GDC with additional amounts of Cerium as (B) 

1%, (C) 5%, (D) 10%, (E) 15%, (F) 20%, after heating at 300 
o
C, synthesized by 

Solid State Synthesis Route, ICDD 00-075-0161 and ICDD 00-088-2165 
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Figure 3.6 XRD Patterns of (A) 10GDC with additional amounts of Cerium as (B) 

1%, (C) 5%, (D) 10%, (E) 15%, (F) 20%, after heating at 800 
o
C, synthesized by 

Solid State Synthesis Route, ICDD 00-075-0161 and ICDD 00-088-2165 
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3.1.2.2. Infrared Spectroscopy Studies 

The infrared spectra of 10GDC with additional amounts of cerium oxide, 

CeO2, after heating at 300 
o
C and 800 

o
C, synthesized by the solid state method are 

given in Figure 3.7 and 3.8 respectively. 

These spectra follow the same trend with the spectra of 10GDC of solid state 

route. Vibrational bands of CO2 are seen between 2200-1750 cm
-1

 and band of  

metal-oxide bonds is seen at 573 cm
-1

 [84]. 
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Figure 3.7 IR Spectra of (a) 10GDC with additional amounts of Cerium as (b) 1%, 

(c) 5%, (d) 10%, (e) 15%, (f) 20% after heating at 300 
o
C synthesized by Solid State 

Synthesis Method 
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Figure 3.8 IR Spectra of (a) 10GDC with additional amounts of Cerium as (b) 1%, 

(c) 5%, (d) 10%, (e) 15%, (f) 20% after heating at 800 
o
C synthesized by Solid State 

Synthesis Method 

 

 



36 
 

3.1.2.3. SEM and EDX Analysis of 10GDC with additional amounts of Cerium 

The SEM images of (a) 10GDC + 15%CeO2 and (b) 10GDC after heating at 

800 
o
C, synthesized by solid state synthesis technique, is given in Figure 3.9. With 

the comparison of the images, we can say the morphology of the products are same, 

so it does not depend on the amount of doping.  

 

Figure 3.9 SEM images of (a) 10GDC + 15% CeO2 and (b) 10GDC with 100k 

magnifications after heating at 800 
o
C 

 

EDX analysis, shown in Figure 3.10, 3.11, and 3.12 shows that there is no 

impurity and it is in a good agreement with nominal compositions of elements. 
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Figure 3.10 EDX spectrum of 10GDC + 10% CeO2 

 

 

Figure 3.11 EDX spectrum of 10GDC + 15% CeO2 

 

 

Figure 3.12 EDX spectrum of 10GDC + 20% CeO2 
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3.1.3. Synthesis of 10GDC/Y2O3 composites 

To see the effects of addition of yttrium in 10GDC, yttrium was added into 

10GDC mixture in mol % ratios of Y/10GDC as 1/99, 5/95, 10/90, 15/85 and 20/80. 

3.1.3.1. X-Ray Powder Diffraction (XRD) Studies 

Figure 3.13 shows X-ray powder diffraction patterns of gadolinium doped ceria 

with addition of yttrium oxide, Y2O3, synthesized by solid state synthesis technique, 

in the oxide mixture state. Figure 3.14 and 3.15 show X-ray powder diffraction 

patterns of products after heating at 300 
o
C, and 800 

o
C, respectively. 

Examination of the XRD patterns showed that single phase crystal samples of 

GDC/Y2O3 could not be synthesized by comparison with the ICDD cards 00-075-

0161 for 10GDC and 00-086-1326 for Y2O3. 

On the XRD patterns, diffraction lines related to additional phase of Y2O3 are 

observed in the 2theta range between 20 and 60 degrees. As the amount of Y2O3 

increase, additional phase lines get intense and can be seen easier. 
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Figure 3.13 XRD Patterns of 10GDC/Y2O3 composites with mol% amounts of 

Yttrium as (A) 1%, (B) 5%, (C) 10%, (D) 15%, (E) 20% in oxide mixture state 

synthesized by Solid State Synthesis Route, ICDD 00-075-0161 and ICDD 00-086-

1326 
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Figure 3.14 XRD Patterns of 10GDC/Y2O3 composites with mol% amounts of 

Yttrium as (A) 1%, (B) 5%, (C) 10%, (D) 15%, (E) 20% after heating at 300 
o
C 

synthesized by Solid State Synthesis Route, ICDD 00-075-0161 and ICDD 00-086-

1326 
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Figure 3.15 XRD Patterns of 10GDC/Y2O3 composites with mol% amounts of 

Yttrium as (A) 1%, (B) 5%, (C) 10%, (D) 15%, (E) 20% after heating at 800 
o
C 

synthesized by Solid State Synthesis Route, ICDD 00-075-0161 and ICDD 00-086-

1326 
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3.1.3.2. Infrared Spectroscopy Studies 

The infrared spectra of 10GDC with addition of yttrium oxide, Y2O3, 

synthesized by the solid state synthesis method are given in Figure 3.16. Figure 3.17 

and Figure 3.18 represents the spectra for after heating at 300 
o
C and 800 

o
C, 

respectively. 

These spectra follow the same routine as the spectra of the solid state synthesis 

products. Again, vibrational bands of CO2 are seen at between 2200-1750 cm
-1

 and 

band of metal-oxide bonds is seen at 573 cm
-1

 [84]. 
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Figure 3.16 IR Spectra of (a) 10GDC and 10GDC/Y2O3 composites with mol% 

amounts of Yttrium as (b) 1%, (c) 5%, (d) 10%, (e) 15%, (f) 20% in oxide mixture 

state synthesized by Solid State Synthesis Route 
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Figure 3.17 IR Spectra of (a) 10GDC and 10GDC/Y2O3 composites with mol% 

amounts of Yttrium as (b) 1%, (c) 5%, (d) 10%, (e) 15%, (f) 20% after heating at 300 
o
C, synthesized by Solid State Synthesis Route 
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Figure 3.18 IR Spectra of (a) 10GDC and 10GDC/Y2O3 composites with mol% 

amounts of Yttrium as (b) 1%, (c) 5%, (d) 10%, (e) 15%, (f) 20% after heating at 800 
o
C synthesized by Solid State Synthesis Route 
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3.1.3.3. SEM and EDX Analysis of 10GDC/Y2O3 composites 

The SEM images of 10GDC + 10% Y2O3 (a) heated at 300 
o
C and (b) heated at 

800 
o
C, synthesized by solid state synthesis technique, is given in Figure 3.19. The 

images give information about the particle size and the morphology of the product. 

From the pictures it is seen that the morphology of particles does not depend on the 

heating temperature. 

 

 

 

Figure 3.19 SEM images of 10GDC + 10% Y2O3 (a) heated at 300 
o
C and (b) heated 

at 800 
o
C, synthesized by Solid State Synthesis Technique with 100k magnifications 

 

EDX analysis, shown in Figure 3.20, 3.21, and 3.22 shows that there is no 

impurity and it is in a good agreement with nominal compositions of elements. As 

the amount of Y2O3 doping increases, yttrium peak intensity increases. 
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Figure 3.20 EDX spectrum of 10GDC + 1% Y2O3 

 

 

 

Figure 3.21 EDX spectrum of 10GDC + 5% Y2O3 

 

 

 

Figure 3.22 EDX spectrum of 10GDC + 10% Y2O3 
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3.1.4. Synthesis of 10GDC/Yb2O3 composites 

To see the effects of amount and addition of ytterbium in 10GDC, ytterbium 

was added into 10GDC mixture with different mol % ratios of Yb/10GDC than that 

of cerium and yttrium as 0.6/99.4, 2.5/97.5, 6/94, 9.2/90.8 and 12.5/87.5. 

3.1.4.1. X-Ray Powder Diffraction (XRD) Studies 

Figure 3.23 shows X-ray powder diffraction patterns of gadolinium doped ceria 

with addition of ytterbium oxide, Yb2O3, synthesized by solid state synthesis 

technique, in the oxide mixture state. Figure 3.24 and 3.25 show X-ray powder 

diffraction patterns of products after heating at 300 
o
C, and 800 

o
C, respectively. 

Examination of the XRD patterns showed that single phase crystal samples of 

GDC/Yb2O3 could not be synthesized by comparison with the ICDD cards 00-075-

0161 for 10GDC and 04-012-8055 for Yb2O3. 

On the XRD patterns, diffraction lines related to additional phase of Yb2O3 are 

observed in the 2theta range between 20 and 60 degrees. As the amount of Yb2O3 

increase, additional phase lines get intense and can be seen clearly. 
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Figure 3.23 XRD Patterns of 10GDC/Yb2O3 composites with mol% amounts of 

Ytterbium as (A) 0.6%, (B) 2.5%, (C) 6.0%, (D) 9.2%, (E) 12.5% in oxide mixture 

state synthesized by Solid State Synthesis Route, ICDD 00-075-0161 and ICDD 04-

012-8055 
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Figure 3.24 XRD Patterns of 10GDC/Yb2O3 composites with mol% amounts of 

Ytterbium as (A) 0.6%, (B) 2.5%, (C) 6.0%, (D) 9.2%, (E) 12.5% after heating at 

300 
o
C synthesized by Solid State Synthesis Route, ICDD 00-075-0161 and ICDD 

04-012-8055 
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Figure 3.25 XRD Patterns of 10GDC/Yb2O3 composites with mol% amounts of 

Ytterbium as (A) 0.6%, (B) 2.5%, (C) 6.0%, (D) 9.2%, (E) 12.5% after heating at 

800 
o
C synthesized by Solid State Synthesis Route, ICDD 00-075-0161 and ICDD 

04-012-8055 
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3.1.4.2. SEM and EDX Analysis of 10GDC/Yb2O3 composites 

The SEM images of (a) 10GDC + 0.6% Yb2O3 and (b) 10GDC, heated at 800 

o
C, synthesized by solid state synthesis technique, are given in Figure 3.26. The 

images give information about the particle size and the morphology of the product. 

From the pictures it is seen that the morphology of particles does not change with the 

addition of ytterbium in comparison with 10GDC. 

 

 

Figure 3.26 SEM images of (a) 10GDC + 0.6% Yb2O3 and (b) 10GDC, heated at 

800 
o
C with x100k magnifications 

 

EDX analysis, shown in Figure 3.27, 3.28, and 3.29 shows that there is no 

impurity and it is in a good agreement with nominal compositions of elements. As 

the amount of Yb2O3 doping increases, ytterbium peak intensity increases. 
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Figure 3.27 EDX spectrum of 10GDC + 0.6% Yb2O3 

 

 

 

Figure 3.28 EDX spectrum of 10GDC + 2.9% Yb2O3 

 

 

 

Figure 3.29 EDX spectrum of 10GDC + 6.0% Yb2O3 
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3.2. SOL GEL COMBUSTION RESULTS 

3.2.1. Synthesis of 10%Gadolinium Doped Ceria, 10GDC 

3.2.1.1. X-Ray Powder Diffraction (XRD) Studies 

Figure 3.30 shows X-ray powder diffraction patterns of gadolinium doped ceria 

synthesized by sol gel combustion technique with 10% Gadolinium doping 

(10GDC).  

Examination of the XRD patterns showed that the obtained product is pure 

10GDC by comparison with the ICDD cards 00-075-0161 for 10GDC and 00-088-

2165 for Gd2O3. 

From the XRD patterns it is seen that diffraction lines are broad and wider at 

lower temperatures. But as the temperature raise, the formation of crystals increase 

and the size of the crystals increase. As a result, diffraction lines become sharper and 

narrower. Also no impurity lines belonging to Gd2O3 is observed in the XRD result. 
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Figure 3.30 XRD Patterns for 10GDC synthesized by Sol Gel Combustion Route for 

(A) after self burning, (B) after heating at 300 
o
C, (C) after heating at 800 

o
C, ICDD 

00-075-0161 and ICDD 00-088-2165 
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3.2.1.2. Infrared Spectroscopy Studies 

The infrared spectra of 10GDC synthesized by the sol gel combustion method 

are given in Figure 3.31.  

In the gel state of the 10GDC, a wide broad band at around 3250 cm
-1

 is seen 

related to OH
-
 ions of water molecules [81].  Also organic parts of complexing agent, 

ethylene glycol, and NO3
-
 group of metal nitrates, give vibrational bands at around 

1650, 1450, 1350 and 1040 and 820 cm
-1 

[82, 83].  

All the bands mentioned above are disappearing as the temperature is raised up 

to 800 
o
C. The bands between 2200-1750 cm

-1
 are related to CO2 in the air and the 

band at 573 cm
-1

 is predicted to be related to metal-oxide bonds [84]. 
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Figure 3.31 IR Spectra of 10GDC in (a) gel state, (b) after self-burning state, (c) 

after heating at 300 
o
C, (d) after heating at 800 

o
C 
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3.2.1.3. SEM and EDX Analysis of 10GDC 

The SEM images of 10GDC synthesized by sol gel combustion technique after 

heating at 800 
o
C are given in Figure 3.32. The images give information about the 

particle size and the morphology of the product. As seen from the pictures, particles 

are formed as spherical grains. 

 

Figure 3.32 SEM images of 10GDC with 100k and 50k magnifications 

 

EDX analysis, shown in figure 3.33, shows that there is no impurity in the 

product. 

 

Figure 3.33 EDX spectrum of 10GDC 
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3.2.2. Synthesis of 10GDC with additional amounts of Cerium 

3.2.2.1. X-Ray Powder Diffraction (XRD) Studies 

Figure 3.34 shows x-ray powder diffraction patterns of gadolinium doped ceria 

with additional cerium oxide, CeO2, synthesized by sol gel combustion technique, 

after the self-burning state. Figure 3.35 and 3.36 show X-ray powder diffraction 

patterns of products after heating at 300 
o
C, and 800 

o
C, respectively. 

From the XRD patterns it is seen that the single phase product is obtained by 

comparison with the ICDD cards 00-075-0161 for 10GDC and 00-088-2165 for 

Gd2O3. 

The diffraction lines in the patterns are broad and wide at lower temperatures. 

As the temperature rise, the diffraction lines become narrower and sharper, leading to 

the result of increase in the formation and size of the crystals. No impurity lines or 

additional phase lines belonging to Gd2O3 is observed in the XRD patterns. 
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Figure 3.34 XRD Patterns of (A) 10GDC with additional amounts of Cerium as (B) 

1%, (C) 5%, (D) 10%, (E) 15%, (F) 20% after self-burning, synthesized by Sol Gel 

Combustion Route, ICDD 00-075-0161 and ICDD 00-088-2165 
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Figure 3.35 XRD Patterns of (A) 10GDC with additional amounts of Cerium as (B) 

1%, (C) 5%, (D) 10%, (E) 15%, (F) 20% after heating at 300 
o
C, synthesized by Sol 

Gel Combustion Route, ICDD 00-075-0161 and ICDD 00-088-2165 

 

20.00 40.00 60.00

 2theta (deg)

(D)

ICDD 00-075-0161

ICDD 00-088-2165

(C)

(B)

(A)

(C)

 I
n

te
n

s
it

y
 (

a
.u

.)

(B)

(A)

(F)

(E)



62 
 

 

Figure 3.36 XRD Patterns of (A) 10GDC with additional amounts of Cerium as (B) 

1%, (C) 5%, (D) 10%, (E) 15%, (F) 20% after heating at 800 
o
C, synthesized by Sol 

Gel Combustion Route, ICDD 00-075-0161 and ICDD 00-088-2165 
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3.2.2.2. Infrared Spectroscopy Studies 

The infrared spectra of 10GDC with additional amounts of cerium oxide, 

CeO2, in gel state, synthesized by the sol gel combustion method are given in Figure 

3.37. Figure 3.38, Figure 3.39 and Figure 3.40 represent spectra for after self burning 

state, after heating at 300 
o
C and 800 

o
C, respectively. 

Similar to that of 10GDC, in the gel state, a wide broad band at around 3250 

cm
-1

 is seen related to OH
-
 ions of water molecules [81].  Also organic parts of 

complexing agent, ethylene glycol, give vibrational bands at around 1650, 1450, 

1350 and 1040 cm
-1

 [82]. The band at 820 cm
-1

 can be related to NO3
-
 group [83]. 

All the bands mentioned above are disappearing as the temperature is raised up 

to 800 
o
C. The bands between 2200-1750 cm

-1
 are related to CO2 in the air and the 

band at 573 cm
-1

 is predicted to be related to metal-oxide bonds [84]. 
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Figure 3.37 IR Spectra of (a) 10GDC with additional amounts of Cerium as (b) 1%, 

(c) 5%, (d) 10%, (e) 15%, (f) 20% in gel state synthesized by Sol Gel Combustion 

Route 
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Figure 3.38 IR Spectra of (a) 10GDC with additional amounts of Cerium as (b) 1%, 

(c) 5%, (d) 10%, (e) 15%, (f) 20% after self burning, synthesized by Sol Gel 

Combustion Route 
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Figure 3.39 IR Spectra of (a) 10GDC with additional amounts of Cerium as (b) 1%, 

(c) 5%, (d) 10%, (e) 15%, (f) 20% after heating at 300 
o
C synthesized by Sol Gel 

Combustion Route 
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Figure 3.40 IR Spectra of (a) 10GDC with additional amounts of Cerium as (b) 1%, 

(c) 5%, (d) 10%, (e) 15%, (f) 20% after heating at 800 
o
C synthesized by Sol Gel 

Combustion Route 
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3.2.2.3. SEM and EDX Analysis of 10GDC with additional amounts of Cerium 

The SEM images of 10GDC + 15%CeO2 (a) after self burning state and (b) 

after heating at 800 
o
C, synthesized by sol gel combustion technique, is given in 

Figure 3.41. The images give information about the particle size and the morphology 

of the product. In the second picture, it is seen that more crystals with better shapes 

are formed.  

 

Figure 3.41 SEM images of 10GDC + 15% CeO2 with 50k magnifications (a) after 

self burning state and (b) after heating at 800 
o
C 

 

EDX analysis, shown in Figure 3.42, 3.43, and 3.44 shows that there is no 

impurity and it is in a good agreement with nominal compositions of elements. As 

the Ce amount in total increase, there is a decrease in the intensity of Gd lines. 

 

 

Figure 3.42 EDX spectrum of 10GDC + 10% CeO2 
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Figure 3.43 EDX spectrum of 10GDC + 15% CeO2 

 

 

Figure 3.44 EDX spectrum of 10GDC + 20% CeO2 

 

3.2.3. Synthesis of 10GDC/Y2O3 composites 

3.2.3.1. X-Ray Powder Diffraction (XRD) Studies 

Figure 3.45 shows X-ray powder diffraction patterns of gadolinium doped ceria 

with addition of yttrium oxide, Y2O3, synthesized by sol gel combustion technique, 

after the self-burning states. X-ray powder diffraction patterns of products after 

heating at 300 
o
C and 800 

o
C are given in Figure 3.46 and 3.47, respectively. 

Examination of the XRD patterns resulted in the successful synthesis of single 

phase crystal samples of GDC/Y2O3 compared with the ICDD cards 00-075-0161 for 

10GDC and 00-086-1326 for Y2O3. 
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It is seen from the patterns as lines are broad and wider at lower temperatures. 

However, the formation and the size of the crystals as the temperature rise. As a 

result, lines become sharper and narrower. Also no impurity or additional phase lines 

belonging to Y2O3 is observed in the final XRD patterns. 
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Figure 3.45 XRD Patterns of 10GDC/Y2O3 composites with mol% amounts of 

Yttrium as (A) 1%, (B) 5%, (C) 10%, (D) 15%, (E) 20% after self-burning state 

synthesized by Sol Gel Combustion Route, ICDD 00-075-0161 and ICDD 00-086-

1326 
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Figure 3.46 XRD Patterns of 10GDC/Y2O3 composites with mol% amounts of 

Yttrium as (A) 1%, (B) 5%, (C) 10%, (D) 15%, (E) 20% after heating at 300 
o
C 

synthesized by Sol Gel Combustion Route, ICDD 00-075-0161 and ICDD 00-086-

1326 
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Figure 3.47 XRD Patterns of 10GDC/Y2O3 composites with mol% amounts of 

Yttrium as (A) 1%, (B) 5%, (C) 10%, (D) 15%, (E) 20% after heating at 800 
o
C 

synthesized by Sol Gel Combustion Route, ICDD 00-075-0161 and ICDD 00-086-

1326 
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3.2.3.2. Infrared Spectroscopy Studies 

The infrared spectra of 10GDC with addition of yttrium oxide, Y2O3, in gel 

state, synthesized by the sol gel combustion method are given in Figure 3.48. Figure 

3.49, Figure 3.50 and Figure 3.51 represent spectra for after self-burning state, after 

heating at 300 
o
C and 800 

o
C, respectively. 

The wide broad band at around 3250 cm
-1

 is related to OH
-
 ions of water 

molecules [81].  The bands at around 1650, 1450, 1350 and 1040 cm
-1

 are the 

vibrational bands of ethylene glycol [82]. The band at 820 cm
-1

 can be assigned to 

NO3
-
 group [83]. 

As the temperature rise up to 800 
o
C, most of the bands related to organic parts 

disappear. The bands between 2200-1750 cm
-1

 are related to CO2 in the air and the 

band at 573 cm
-1

 is predicted to be related to metal-oxide bonds [84]. 
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Figure 3.48 IR Spectra of (a) 10GDC and 10GDC/Y2O3 composites with mol% 

amounts of Yttrium as (b) 1%, (c) 5%, (d) 10%, (e) 15%, (f) 20% in gel state 

synthesized by Sol Gel Combustion Route 
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Figure 3.49 IR Spectra of (a) 10GDC and 10GDC/Y2O3 composites with mol% 

amounts of Yttrium as (b) 1%, (c) 5%, (d) 10%, (e) 15%, (f) 20% after self burning 

state synthesized by Sol Gel Combustion Route 
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Figure 3.50 IR Spectra of (a) 10GDC and 10GDC/Y2O3 composites with mol% 

amounts of Yttrium as (b) 1%, (c) 5%, (d) 10%, (e) 15%, (f) 20% after heating at 300 
o
C synthesized by Sol Gel Combustion Route 
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Figure 3.51 IR Spectra of (a) 10GDC and 10GDC/Y2O3 composites with mol% 

amounts of Yttrium as (b) 1%, (c) 5%, (d) 10%, (e) 15%, (f) 20% after heating at 800 
o
C synthesized by Sol Gel Combustion Route 
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3.2.3.3. SEM and EDX Analysis of 10GDC/Y2O3 composites 

The SEM images of (a) 10GDC + 5% Y2O3 and (b) 10GDC + 10% Y2O3 both 

heated at 800 
o
C, synthesized by sol gel combustion technique, is given in Figure 

3.52. The images give information about the particle size and the morphology of the 

product. From the pictures it is seen that the morphology of particles does not depend 

on the nature and amount of additional oxide. 

 

 

 

Figure 3.52 SEM images of (a) 10GDC + 5% Y2O3 and (b) 10GDC + 10% Y2O3 

both heated at 800 
o
C with 100k magnifications 

 

EDX analysis, shown in Figure 3.53, 3.54, and 3.55 shows that there is no 

impurity and it is in a good agreement with nominal compositions of elements. As 

the amount of Y2O3 doping increases, yttrium peak intensity increases. 
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Figure 3.53 EDX spectrum of 10GDC + 1% Y2O3 

 

 

Figure 3.54 EDX spectrum of 10GDC + 5% Y2O3 

 

 

Figure 3.55 EDX spectrum of 10GDC + 10% Y2O3 
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3.2.4. Synthesis of 10GDC/Yb2O3 composites 

3.2.4.1. X-Ray Powder Diffraction (XRD) Studies 

Figure 3.56 shows X-ray powder diffraction patterns of gadolinium doped ceria 

with addition of ytterbium oxide, Yb2O3, synthesized by sol gel combustion 

technique, after the self-burning state. X-ray powder diffraction patterns of products 

after heating at 300 
o
C, and 800 

o
C, are given in Figure 3.57 and 3.58, respectively. 

Examination of the XRD patterns showed that single phase crystal samples of 

GDC/Yb2O3 is synthesized by comparison with the ICDD cards 00-075-0161 for 

10GDC and 04-012-8055 for Yb2O3. 

The XRD patterns of ytterbium products follow the same trend as of 10GDC, 

10GDC/CeO2 and 10GDC/Y2O3 samples. Also no impurity or additional phase lines 

belonging to Yb2O3 is observed in the XRD patterns of final product. 

In Figure 3.27, there are some noise-like diffraction lines between 10-45 2theta 

values for product with 0.6 % ratio of ytterbium. Those lines may have occurred 

because the product including 0.6 % mole Yb2O3 was very little in amount so there 

could have been interference of XRD ring material we used to stick our samples on. 
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Figure 3.56 XRD Patterns of 10GDC/Yb2O3 composites with mol% amounts of 

Ytterbium as (A) 0.6%, (B) 2.5%, (C) 6.0%, (D) 9.2%, (E) 12.5% after self burning 

state, synthesized by Sol Gel Combustion Route, ICDD 00-075-0161 and ICDD 04-

012-8055 
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Figure 3.57 XRD Patterns of 10GDC/Yb2O3 composites with mol% amounts of 

Ytterbium as (A) 0.6%, (B) 2.5%, (C) 6.0%, (D) 9.2%, (E) 12.5% after heating at 

300 
o
C, synthesized by Sol Gel Combustion Route, ICDD 00-075-0161 and ICDD 

04-012-8055 
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Figure 3.58 XRD Patterns of 10GDC/Yb2O3 composites with mol% amounts of 

Ytterbium as (A) 0.6%, (B) 2.5%, (C) 6.0%, (D) 9.2%, (E) 12.5% after heating at 

800 
o
C, synthesized by Sol Gel Combustion Route, ICDD 00-075-0161 and ICDD 

04-012-8055 
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3.2.4.2. SEM and EDX Analysis of 10GDC/Yb2O3 composites 

The SEM images of 10GDC + 0.6% Yb2O3 at x100k and x50k magnifications 

heated at 800 
o
C and synthesized by sol gel combustion technique, is given in Figure 

3.59. The images give information about the particle size and the morphology of the 

product. The pictures are very similar with the samples studied with 10GDC and 

10GDC/Y2O3 products. 

 

 

Figure 3.59 SEM images of 10GDC + 0.6% Yb2O3 heated at 800 
o
C with x100k and 

x50k magnifications 

 

EDX analysis, shown in Figure 3.60, 3.61, and 3.62 shows that there is no 

impurity and it is in a good agreement with nominal compositions of elements. As 

the amount of Yb2O3 doping increases, ytterbium peak intensity increases. 
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Figure 3.60 EDX spectrum of 10GDC + 0.6% Yb2O3 

 

 

 

Figure 3.61 EDX spectrum of 10GDC + 6.0% Yb2O3 

 

 

 

Figure 3.62 EDX spectrum of 10GDC + 12.5% Yb2O3 
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CHAPTER IV 

GENERAL REVIEW AND CONCLUSION 

This work covers firstly the synthesis of 10% gadolinia doped ceria (10GDC) 

with additional amounts of CeO2, and 10GDC composites with Y2O3 and Yb2O3 via 

sol-gel combustion synthesis and solid state synthesis techniques, and secondly 

characterization of the products. Studying of XRD, IR, EDX and SEM of the 

products obtained in this study led to the following conclusions. 

The XRD studies showed that single-phase crystals were obtained with sol-gel 

combustion synthesis independent on the amount of CeO2, Y2O3 or Yb2O3. However, 

additional Gd2O3, Y2O3 and Yb2O3 phase lines were seen in XRD results of Solid 

State Synthesis Route products. 

From the IR studies it is seen that initially there are bands of organic parts from 

ethylene glycol and NO3
-
 from nitrates of metals. As the temperature rise, only the 

characteristic bands of GDC and metal oxide bonds remain, leading to the fact that 

the final products has no organic impurity after heating at 800 
o
C. Moreover, the IR 

spectra of sol-gel GDC products after heating at 800 
o
C and solid state synthesis 

products are identical.  

SEM results showed that the morphology of particles does not depend on the 

heating temperature, nature and amount of metal oxide added. Products of sol-gel 

combustion route have mostly powder grains, concentrated in groups. Solid state 
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route products are mostly sharp-edged and mixtures of oxides. EDX results 

were in a good agreement with nominal compositions of elements. 
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