
 

 

저 시-비 리-동 조건 경허락 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

l 차적 저 물  성할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적  허락조건
 확하게 나타내어야 합니다.  

l 저 터  허가를  러한 조건들  적 지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 적  할 수 없습니다. 

동 조건 경허락. 하가  저 물  개 , 형 또는 가공했  경
에는,  저 물과 동 한 허락조건하에서만 포할 수 습니다. 

http://creativecommons.org/licenses/by-nc-sa/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-sa/2.0/kr/


   

 

 

 공학박사학위논문 
 

Microstructure and electrochemical 

properties of mesoporous 

Nickel/Gadolinium-doped ceria anode for 

solid oxide fuel cells 

고체산화물 연료전지용 메조기공성 

Ni/Gd0.25Ce0.75O2-x 음극의 미세구조와 

전기화학적 특성 

 

 

 

 

2013년 8월 

 

서울대학교 대학원 

재료공학부 

안승현 



   

 

 

Ph. D. Dissertation 

 

Microstructure and electrochemical 

properties of mesoporous 

Nickel/gadolinium-doped ceria anode for 

solid oxide fuel cells 

 

 

by 

Seunghyun Ahn 

 

2013. 8. 

 

 

 

 

Department of Materials Science and Engineering 

Seoul National University 

  



   

 

I 

 

ABSTRACT 

 

Solid oxide fuel cells (SOFC) have attracted much attention in recent years as a 

promising candidate of the efficient and environmentally benign energy conversion 

devices. Conventional SOFC which uses yttria-stabilized zirconia (YSZ) as 

electrolyte require high operation temperature from 800 to 1000 °C, which causes 

significant problems like material degradation, as well as other technological 

complications and economic barrier for wider applications. Therefore, there is a 

broad interest in reducing the operation temperature of SOFCs. One of the most 

promising ways for the development of low-temperature SOFCs (LTSOFC) is to 

improve the electrochemical performance of anode by increasing the triple phase 

boundary (TPB) which plays the role of electrochemical reaction site. Another way 

to develop the LTSOFC is to fabricate the SOFC using alternative electrolyte and 

electrode materials such as doped-ceria which has high ionic conductivity. Hence, 

in this thesis, we aimed to design and fabricate mesoporous gadolinium-doped 

ceria (GDC) and mesoporous NiO-GDC which have high specific surface area and 

ionic conductivity and to suggest the new type of anode using mesoporous GDC 

suitable for LTSOFC.  

In the first part of the thesis, to investigate the effect of surfactant on the 

structure and thermal stability, mesoporous GDC was synthesized using different 

surfactants, triblock copolymer (TBC); F127 and amphiphilic surfactants; 

cetyltrimethylammonium bromide (CTAB). Mesoporous GDC synthesized using 

TBC surfactant has thermally-stable mesoporous structure even after calcination at 
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temperatures over 700 °C and higher specific area value due to the double 

mesoporous structure composed of inter-particle and intra-particle mesopores.  

In the second part of the thesis, to investigate the surfactant decomposition, 

crystallization, and coarsening/agglomeration behavior of NiO grains in the 

mesoporous network correlated with the formation mechanism of mesoporous 

NiO-GDC, mesoporous NiO-GDC powders were fabricated using F127 surfactants 

and analyzed microscopically. Mesoporous NiO-GDC was composed of 

mesoporous GDC network and nonporous nano-structured NiO grain which has an 

octahedral shape bound by eight {111} planes, as the calcination temperature 

increases. Octahedral NiO grains surrounded by mesoporous GDC network had 

truncated-edges when calcinations was carried out at temperatures above 750
o
C,  

thus the coarsening and agglomeration of NiO grains was significantly accelerated 

at 850
o
C by truncated-edge broadening which has a high surface energy.  

In the third part of the thesis, to investigate the effect of nickel contents on the 

microstructure of mesoporous NiO-GDC, mesoporous NiO-GDC powders with 

different NiO contents were synthesized. As the NiO contents increase, the grain 

growth and the agglomeration of NiO particles were accelerated due to the increase 

of average size of mesopores (which can play the role of path of gas phase 

transport). Moreover, as the amount of NiO increases, the specific surface area of 

mesoporous NiO-GDC samples was further decreased than estimated values 

because non-porous NiO particles can block the entrance of mesopores. The 

mesoporous materials with high specific surface area were obtained by the addition 

of optimized amount of Ni, and the agglomeration and grain growth of NiO was 

effectively suppressed.  
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In the last part of this thesis, to investigate the effect of mesoporous GDC 

impregnation on the electrochemical and microstructural properties of NiO anode, 

new type single cell composed of mesoporous GDC-impregnated NiO with high 

specific area and thermal stability as an anode were deposited on the yttria-

stabilized zirconia electrolyte substrate. NiO anode was deposited on YSZ 

electrolyte substrate by slurry painting. Mesoporous GDC gel was impregnated on 

the NiO electrode by spin coating. To investigate the electrocatalytic properties, I-

V curves and impedance spectra were measured in H2/Ar2 atmosphere at 500℃. By 

impregnation of highly ordered mesoporous GDC powders into NiO electrode, 

TPB length was increased and the NiO/GDC phase distribution was enhanced. In 

other words, it led to the significant improvement of electrocatalytic activity and 

stability of the NiO/GDC anodes for the H2 oxidation reaction compared to those 

of pure NiO anode and nonporous GDC-impregnated NiO anode. Through the 

impregnation of mesoporous GDC on the NiO anode, SOFC anode with high 

specific area at the low temperature range below 550
o
C was conventionally 

obtained, and mesoporous material can be applied to SOFC anode in spite of their 

low thermally-stable nature.  

Consequently, mesoporous GDC with improved specific surface area and 

thermal stability was synthesized by evaporation-induced self assembly method 

using triblock copolymer F127 as a structure-directing agent. Pore structure of 

mesoporous GDC synthesized using F127 surfactant was more stable over 650℃ 

than that synthesized using CTAB surfactants, and had a double-porous structure 

which can lead to the increase of specific surface area. Additionally, mesoporous 

NiO-GDC was synthesized by similar fabrication method, and the behaviors of 
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NiO grain growth and mesoporous GDC formation were investigated. To lower the 

surface energy, NiO grains grew to have an octahedral particle shape with 

truncated-edge. Moreover, as the calcinations temperature and Ni contents 

increased, NiO grain growth/agglomeration was accelerated, and specific surface 

area was decreased due to the increase of the average size of mesopores and 

particles. Lastly, new single cells composed of mesoporous NiO-GDC (anode), 

YSZ (electrolyte) and Pt (cathode) were fabricated by impregnation, and the 

electrochemical performance was evaluated at 500℃ in H2 atmosphere. The 

polarization resistance of the single cell was decreased by mesoporous GDC 

impregnation due to the improvement of electrochemical performance. Moreover, 

microstructural degradation by carbon deposition was suppressed due to the 

increase of reaction sites by mesoporous GDC impregnation. Compared to 

conventional thin film SOFC which operated under the temperature of 500℃, our 

new anode with electrolyte-supported structure studied in this work showed the 

similar electrochemical performances. From this work, the feasibility of 

mesoporous materials as a SOFC electrode will be extended.   

 

Keywords: SOFC, Nickel, Gadolinium-doped ceria, Mesoporous, 

Impregnation, Triple phase boundary, Grain growth, Electrochemical 

performance, Impedance spectra, Polarization resistance 
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1 

Chapter 1. General introduction 

 

 

Demands for new energy against the exhaustion of fossil fuel have been increasing 

continually. Moreover, projects for alternative energy source has been started for a 

strong growth by 50 percent from 2005 to 2030.
1
 Major challenges to the global 

economy, climate change, energy supply security, high oil prices and growing 

greenhouse gas emission are the most critical issues today world-widely. To 

resolve these problems, it is needed to develop clean energy sources which do not 

produce environmentally hazardous pollutants or green house gases. The 

representative alternative candidate is hydrogen gas. Fuel cells can convert the 

chemical energy of hydrogen to the electricity. Furthermore it is considered that 

fuel cells are more efficient, calm, and nonhazardous power sources compared with 

other power generation systems.
2
  

A single fuel cell is mainly composed of three parts; the electrolyte, the cathode 

and the anode. The electrolyte is the load bearing part of SOFCs which are 

operated at temperatures between 600°C and 1000°C. However, many researchers 

have focused on development of anode supported cells
3 
where an anode substrate 

becomes the mechanical support part, because making the electrolyte thinner 

allows a higher electrochemical performance due to a reduction of oxygen ion 

diffusion length through the electrolyte. For example, at the cathode composed of 

Sr-doped LaMnO3(LSM), the oxidants are reduced to oxygen ions. These oxygen 

ions can pass through the electrolyte in the state-of-the-art systems of yttria 
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stabilized zirconia (YSZ). The driving force for the conduction of the oxygen ions 

is the comparative low oxygen partial pressure of the anode where the hydrogen is 

oxidized.
4
 The representative anode material is a Ni-YSZ cermet. After passing 

through the YSZ electrolyte, oxygen ions are combined with the hydrogen ions 

which were created by reduction of hydrogen gases, and then the resultants such as 

water and CO2 are formed.   

 To improve the electrochemical performance of SOFC anode, various materials 

with nano structure have been intensively studied by several groups, including 

anode functional layer, nano powder sintering, embossing-structured electrolyte, 

thin anode for thin film SOFC and nano powder-coated anode by impregnation.
5-8

 

Since the Mobil company reported the mesoporous silica by liquid crystal method 

using structure-directing agent, mesoporous materials has drawn a attention as a 

hierarchical nano-structured materials due to their high specific area and highly 

ordered-pore structure. Ozin and co-workers
9
 were the first to extend the 

supramolecular template approach to the synthesis of mesoporous YSZ as a SOFC 

material using cetyltrimethylammonium bromide (CTAB) as the template and 

glycolate-modified inorganic solution as the metal ion precursors. Especially the 

mesoporous material has been studied as an anode material which is needed to 

have a high specific area which is involved in the number of reaction sites for the 

electrochemical reaction. However, in order to use the mesoporous as an anode 

material, many drawbacks of those materials have to be modified.  

 First, the thermal stability of mesoporous material as an SOFC anode have to be 

improved due to the high sintering and operation temperature of SOFC over 800℃. 

While the mesoporous materials have a highly-ordered porous structure, the 
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mesoporous structure can be easily collapsed by heat treatment due to their thin 

pore wall. To use the mesoporous material as an SOFC anode, the pore structure 

must tolerate the high temperature and humid atmosphere.   

Second, the formation mechanisms of mesoporous cermet anode have to be 

studied to understand the microstructure and degradation behaviors. Conventional 

anode has a complicated cermet structure which consists of metal part (Ni, Cu and 

etc) as an electron conductor and ceramic part (YSZ or doped-ceria) as an ionic 

conductor. Moreover, there are no chemical reactions like diffusion or solid 

solution between metal and ceramic phases. Researches on the mesoporous anode 

have been focused on the improvement of thermal stability and specific surface 

area. Synthetic steps, like micelle formation, decomposition of surfactants and salts, 

precipitation for mesoporous material, have many chemical and physical factors, 

which are related to surfactants, solution media, applied heat, compositions and 

inorganic precursors.  

Finally, the application methods of mesoporous material to SOFC anode have to 

be researched. Mesoporous materials has been mainly researched to use as an low-

temperature SOFC materials, however, the fabrication method like deposition, 

sintering and effective structure of SOFC anode using mesoporous materials has 

been scarcely investigated. Especially, to use the mesoporous materials as a thin 

film anode, researches on the cell structure and synthetic method suitable for low-

temperature sintering are required. 
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Chapter 2. General background 

 

2.1 Fuel cell 

Fuel cells are electrochemical devices that convert the chemical energy directly 

into electrical energy. The fundamental structure of a fuel cell consists of an 

electrolyte layer in contact with a porous anode and cathode on each side. Fuel 

cells have electrochemical mechanisms similar to a battery; however, it is operated 

consuming the externally supplied fuels, while a battery uses internal fuels for 

electricity generation. That is, a fuel cell can continuously generates the electricity 

when the fuels are supplied, on the contrary to a battery which is required to be 

recharged for continuous power generation. The conversion efficiency of fuel cells 

is much higher than current thermo-mechanical methods. In addition, fuel cells are 

environmental friendly, with much lower CO2, sulfur and nitrogen oxides 

emissions. Therefore, fuel cells are considered as one of the most promising power 

generation devices. 

Fuel cells are mainly applied to mobile or stationary power generation systems. 

The mobile applications principally include transportation systems (auto mobiles 

and vehicles), auxiliary power supply and portable electronic devices. However, 

stationary applications primarily contain the combined heat and power systems for 

domestic or industrial power supply.
10

 The head corporations which mainly 

produce the auto mobile have focused on the application of at least one fuel cell 

system to the prototype vehicle. Moreover, if the fuel cells size becomes smaller 

enough to carry on, it is considered that batteries can be replaced for electronic 
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devices like mobile phones, lap-top computers, and image devices. 
11

 

After the fuel and oxidants are respectively supplied to the anode and cathode, 

the electrochemical reactions occur at the electrodes. An electrochemical potential 

for chemicals from the fuels and oxidants during operation plays an important role 

of a driving force. But, because the electrolyte layer has a dense structure which the 

reactants on the both side are not able to diffuse through, it prevents the fuel and 

the oxygen from direct reaction with each other. On the other hand, electrolyte 

composed of materials with relatively high ionic conductivity, ions (O
2-

, H
+
 or 

CO3
2- 

can be transported.
 12 

The ions created by half-cell reactions between 

electrode and electrolyte can migrate through the electrolyte. 
 

Because the electrolyte materials are non electron conductor, the electrons flows 

thorough the electrodes and external circuits from anode to cathode side, and then 

this balance creates the electrical power. This physical structure of fuel cell was 

firstly discovered by Sir Grove in 1839.
 13

  

The widely-researched types of fuel cells are proton exchange membrane fuel cell 

(PEMFC), alkaline fuel cell (AFC), phosphoric acid fuel cell (PAFC), molten 

carbonate fuel cell (MCFC) and solid oxide fuel cell (SOFC). The classification of 

the different types of fuel cells is based on their electrolyte materials and the ion 

which migrate through the electrolyte. Table. 2.1. lists the five most important 

types, along with their mobile ion, operation temperature, fuel and component 

materials.  
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2.2 Solid oxide fuel cell 

2.2.1 Introduction of SOFC  

The main feature of Solid oxide fuel cell (SOFC) which was classified with other 

fuel cells is a solid ceramic electrolyte which is usually a metal oxide. Therefore 

SOFC is used to be named ‘ceramic fuel cell’.
 14

 As similar to other types of fuel 

cells, SOFCs are mainly composed of a cathode, an anode and an electrolyte. After 

the oxidants (normally air) are supplied to the porous cathode side, the oxygen is 

reduced to O
2-

 ions. The reduced O
2-

 ions are transported through the electrolyte to 

the anode and react with the H
+
 ions produced from fuels (pure hydrogen or 

hydrocarbon gas) at the anode side to form the water. Because the final products of 

SOFC are electricity, heat and water, it is widely defined that SOFC is the device 

which convert the chemical potential to electrical energy. The schematic diagram 

of these reaction process is shown in Fig 2.1.
 
The half-cell reactions at the cathode 

and anode can be expressed by Kröger-Vink Notation as follows,
15

 where V
••
O is 

the oxygen ion vacancy and O
x
O is the oxygen ion in the electrolyte: 

Cathode Reaction (Reduction of oxygen): 

1/2 O2 (g) + 2e
-
 + V

••
o  O

x
O 

Anode Reaction (Oxidation of hydrogen): 

H2(g) + O
x
O  H2O (g) + V

••
O + 2e

-
 

So the overall reaction (so called water-gas shift reaction): 

H 2(g) + 1/2 O2 (g)  H2O (g) 

Because the operation temperature of conventional SOFC is relatively high 

(800~1000
o
C), it can be obtained high power conversion efficiency (see Fig 2.2), 
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internal reforming and high quality by-product heat for cogeneration. In addition, 

one of the most important feature of SOFC is fuel flexibility. That is, various gas 

sources fuels like hydrocarbon gases, bio-ethanol and bio-gas can be used as a fuel 

without the external reforming.
16

 Moreover, while the fuel cells which are operated 

at low temperature like PEMFC adopt the noble metal as a catalyst, SOFC used the 

relatively cost-effective materials like Ni or Cu as a catalyst. Hence, many 

researchers and manufactures has focused on the SOFC as a promising candidate 

for stationary power generation system.
 17

 

 

2.2.2 Materials for SOFC components  

(1) Electrolyte 

The electrolyte of SOFC plays an role of oxygen ionic conductor. Therefore the 

thickness and ionic conductivity of electrolyte mainly have an effect on the 

definition of the operating temperature of SOFCs.
 18

 The electrolyte is required to 

be stable under the oxidation atmosphere as well as reduction atmosphere due to 

exposure at both cathode and anode side.
19

 Hence the oxides which has a high 

oxygen ionic conductivity and open crystal structure are selected as a promising 

state-of-art electrolyte material like fluorites-structured oxides and perovskites.
20,21

 

Especially, fluorite related structures are comparatively tolerable to the non-

stoichiometric atomic disorder by doping under reduction or oxidation atmosphere.
 

22
 Oxygen vacancies which lead to high oxygen ionic conductivity are created by 

divalent or trivalent atom dopants.
 23

 The recommended fluorite-structured oxides 

which has a high ionic conductivity are doped CeO2, doped ZrO2.
 24

  

Recently, perovskite-structured (ABO3) materials like doped LaGaO3c has been 
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intensively researched as a electrolyte material with high ionic conductivity.
25

 It 

has been found that, however, perovskite materials are chemically unstable under 

the reduction at the anode side of SOFC.
 26

 Doped LaGaO3 has been reported to be 

relatively more stable than other perovskite-structured materials, however, more in-

depth researches are required to use the Doped LaGaO3 as a electrolyte materials.
27

 

Therefore doped ZrO2 and doped CeO2 are state-of-art electrolyte materials which 

have a satisfactory chemical or physical stability under oxidation and reduction 

atmosphere at the interface with electrodes.  

By doping of rare-earth atoms like scandia or yttria, the oxygen ionic conductivity 

of zirconia-based electrolytes can be increased.
 28

 Due to the high cost of Scandia, 

however, 8 to 10 mole% of Y2O3-doped zirconia is normally selected as a state-of-

art electrolyte material.
29

 As shown in Fig 2.3, ceria doped with 20~30 mol% of 

rare-earth atoms like gadolinia or samaria has been reported that its oxygen ionic 

conductivity is 3 to 5 times higher than that of yttria doped zirconia. Moreover, 

because the gap of ionic conductivity between doped-zirconia and doped-ceria get 

widen, doped-ceria has been suggested and researched as an promising electrolyte 

materials of low-temperature SOFCs.
 30, 31

  

 

(2) Cathode 

The electrochemical performances of SOFCs mostly depend on the electrochemical 

reaction at the electrode. Accordingly, it is important to research the cathode 

material with a high catalytic activity for the reduction of oxygen to O
2-

. In addition 

to find the materials with high electrical and electrochemical properties, it is also 

suggested that suitable microstructures of cathodes like porosity or thickness must 
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be researched for the smooth supply of oxygen to the electrolyte. La(1- x)SrxMnO3 

(LSM) has been mainly employed as a cathode material of SOFC system with 

zirconia-based electrolyte.
 32

 LSM has a relatively high electrical conductivity as 

well as a chemical suitability with zirconia electrolytes. In order words, it has a 

high activity for the dissociative adsorption of oxygen on the surface. However, 

because it shows only very limited oxygen ionic conductivity, the transport of 

oxygen from the electrode to the electrolyte is limited to the contact between the 

gas phase, the electrolyte and the cathode; that is triple phase boundary (TPB).
33

 

La(1-x)SrxCoO3 (LSC) and related perovskite structures doped with Fe or Ni
 
has 

been researched as a potential candidate of cathode due to high mixed ionic 

electronic conductivity to pass the oxygen ions through the whole 

electrode/electrolyte cross section.
34, 35

 However, insulating phase can be produced 

by reaction with zirconia electrolyte at the interface between cathode and 

electrolyte, while the doped ceria electrolytes has a chemically compatible 

properties with those cathode materials.
 36

  

 

(3) Anode 

High electrical conductivity and catalytic activity for the oxidation of hydrogen 

gases is required for the SOFC anodes. State-of-the-art material is a Ni-cermet; a 

composite of Ni metal and ceramic phase compatible for electrolyte. 
37

 The state-

of-the-art ceramic phase is yttria-doped zirconia (YSZ); especially 8wt% yttria-

doped zirconia (8YSZ). Schematic diagram of structure and role of SOFC anode 

are illustrated in Fig. 2.4.  

These ceramic phases play a role to adjust the thermal expansion coefficient of the 
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anode consistent to the electrolyte and to inhibit the coarsening and agglomeration 

of Ni particles. Because the metal and zirconia considered respectively as an 

electron conductor and ionic conductor, cermet anode used to be called as a mixed 

ionic electronic conductor (MIEC). Details of the cermet anode will be described in 

the Chap. 2.3. 

  

2.2.3 Current challenges of SOFC  

 

It has been successfully demonstrated by manufactures like Siemens Westinghouse 

and Rolls-Royce that high temperature SOFC (HTSOFC) operated in the 

temperature region of 800~1000 °C shows the high power generation ability.
38

 In 

spite of various advantage, this SOFCs have problems such as decline of 

electrochemical properties by material degradation problems, complicated 

fabrication process, high operation cost and relatively massive size of system.
39

     

These problems are mainly caused by its high operation temperature. Expensive 

alloys which tolerate the high temperature have to be employed to store the SOFC 

as well as the more expensive ceramics than metals can be selected as an 

interconnector to assembly the single cells.
40

 In addition, material degradation 

problem is the critical issue which makes it hard to commercialize the SOFC in the 

power generation market. In order words, as the operation temperature increased, 

the coarsening and agglomeration of the nickel particles become severe. Hence, it 

cause the decrease of porosity and catalytic activity.
41

 To reduce the operation 

temperature of SOFC to the so-called intermediate temperature (IT) range 

(600~800 °C), or even low temperature range (<600 °C) is the great innovation in 
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SOFC field.  

The advantages of LTSOFCs are as follow :
 42

 

Life time 

- Reduce the degradation by thermally activated process like sintering, 

detrimental phase formation, phase instability and corrosion 

- Reduce the Cr evaporation/ cathode poisoning 

- Reduce the through reduced thermal mismatch which decrease the thermal 

cycling tolerance 

- Resist to the RedOx cycling which lead the lower oxidation kinetics 

Lower costs 

- Stack materials : low costs standard steels 

- Balance of plant materials 

- Sealant (Metal or metal composite compressible seals: corrosion and creep 

strength, non-crystallizing glasses) 

 

Additionally, objectives and targets of LTSOFCs are as follow : 

- Performance at low operating temperature (Catalytic activity oxygen reduction 

and hydrogen oxidation decrease, similarly for internal reforming, ionic and 

electronic conductivities decrease) 

- Target is equal losses at 600
o
C compared to state-of-the-art at 800

o
C; for 

instance, the target polarization resistance of ITSOFC anode is 0.25 Ω·cm
2
 

- Internal reforming (lowest system costs and efficiency in addition to fuel 

flexibility);  

- Tolerance for transient operating conditions 
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2.3 SOFC anode  

 

2.3.1 Requirement for SOFC anode  

As one of the main components of the SOFC, anode where the electrons are 

released is significantly important part to enhance the electrochemical performance 

of the fuel cell. Especially, the properties required for the anode are as follow :
 43

 

- catalytic activity: high catalytic activity for the oxidation of the fuel like 

hydrogen or hydrocarbon gases. 

- stability: chemical, morphological, and dimensional stability at operation 

temperature under oxidation atmosphere as well as the tolerance to the 

contaminants and residues (especially under humid condition). 

- conductivity: high electrical conductivity to minimize the ohmic losses. 

- compatibility: chemical, thermal, and mechanical compatibility with the other 

fuel cell components like electrolyte and interconnector during fabrication as 

well as under operation process. 

- porosity: optimal porosity to facilitate the mass transport and not to affect the 

mechanical strength. 

 

2.3.2 Alternative SOFC anode material for the improvement of 

electrochemical performance  

 

Recently, many researchers focused on these requirements to improve the 

electrochemical performance of anode. As above mentioned, Ni-YSZ cermet is the 

state-of-the-art material for SOFC anodes. It has been employed as anode in the 
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conventional SOFC systems of Sulzer HEXIS (Heat EXchanger Integrated Stack), 

Siemens-Westinghouse, Ceramic Fuel Cells Limited and Electric Power 

Development Co.
 44-45

 Acumentrics Corporation and Global Thermoelectric Inc. 

used the Ni-YSZ cermet as an anode material. Ni has many advantages as a metal 

part of Ni-YSZ cermet. Ni tolerates high temperatures and reducing atmospheres
 46

 

and has significant catalytic activities.
47

 Moreover, Ni does not intensively react 

with electrolyte materials or YSZ 
48

, and it is favorable to the commercialization 

due to its inexpensive cost. Ni can be expanded by more than 30 vol % under re-

oxidation condition which cause the delamination of the anode layer, hence, it 

leads to the unstable power generation and low durability.
49

 Moreover, because the 

Ni can be easily convert to the Ni(OH)2 through the reaction with H2O which is the 

residue after electrochemical reaction at high operation temperatures under high 

partial pressures, it cause the decrease of long term stability of systems.
 50

 In 

addition, when the hydrocarbon gases are employed as a fuel, Ni is not 

recommendable due to the intense carbon deposition.
 51

 Deposited carbon block the 

pores and inhibit the gas phase transport, hence, catalytic activity of Ni can be 

severely decreased. Therefore, YSZ phase is normally added in order to prevent 

from coarsening and agglomeration of Ni, and to reduce the thermal expansion 

coefficient mismatch with zirconia electrolyte.
 52

 The YSZ offers the additional 

conducting paths of oxygen ions, hence the area needed for electrochemical 

reaction can be significantly extended from electrolyte/anode interface to overall 

porous anode layer.
53

  

In addition to Ni-YSZ, various materials have been widely recommended and 

researched as a applicable materials for SOFC anodes. These researches have been 
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focused on the investigation of alternative materials able to use in the intermediate 

temperature ranges, even low temperature ranges. First, the strategy toward to the 

alternative anode materials is to replace the Ni as the catalytic material into other 

elements with high catalytic activity, like Co or Ru. Co shows higher tolerance to 

sulfur poisoning and higher oxidation potential, however it has the critical 

disadvantage of expensive cost.
54, 55

 Ru is less sensitive to the grain coarsening or 

agglomeration due to its higher melting point (2310°C) than that of Ni (1453°C). 

Moreover, while the Ru shows a high catalytic activity for steam reforming, and no 

carbon deposition under reforming conditions,
56

 it has very inevitable 

disadvantages like expensive costs as well as the evaporation of ruthenium oxide.
56

 

Second, the strategy for the alternative anode materials is to employ the other 

oxides like ceria, titanates, chromites, or perovskite type materials, such as 

(LaSr)(CoFe)O3 instead of YSZ.
57

 Among them, the most promising results has 

been obtained from ceria anode. Ceria shows the higher ionic conductivity as well 

as higher stability to the carbon deposition compared to YSZ.
58

 However, ceria 

shows a volume change during redox cycles due to the valence change of Ce from 

Ce
4+

 to Ce
3+

.
 59

 Hence, to inhibit the lattice expansion, rare-earth atoms like Gd, Sm, 

Dy and etc were usually doped to ceria.
 60-62

  

 

2.4 Structural approaches for the electrochemical performance 

improvement of SOFC anode 

 

The electrochemical performance of a SOFC anode is intensively influenced by 

the microstructure which can be determined by the fabrication process. Cermet 
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anodes represented by Ni-YSZ have the structure with percolating network among 

three phases, i.e., Ni, YSZ, and fuel.
 61

 This particular microstructures of anode 

allow the electrons, the oxygen ions, as well as the fuel to transport the 

electrochemical reaction site. As shown in Fig. 2. 3(a), the electrochemical reaction 

sites are normally defined as the locations where the Ni, YSZ and fuel meet, so-

called the triple phase boundary (TPB). It has been demonstrated that the 

electrochemical performances of anodes are strongly depend on the TPB length.
63

 

Because the Ni-YSZ cermet anodes have a three dimensionally percolated structure, 

it is very hard to exactly determine the TPB. Although it is very hard to determine 

the exact TPB length, many researchers have intensively researched on the 

microstructure of cermet anode in order to increase of the TPB length. One strategy 

is the intermediate layer between the anode and the electrolyte with high porosity. 

Other strategy is the expansion of anode TPB length by the control of geometrical 

microstructure itself. The TPB length of SOFC anode can be easily enlarged by the 

finer microstructure or increase of anode thickness. However, the fuel transport to 

the electrochemical reaction site becomes much more difficult by these finer 

microstructure or thick anode layer due to their small porosity. 
64 

Therefore, it is 

favorable to design the anode not to prevent the fuel transport as well as to have a 

microstructure with a high TPB length. In other words, optimal porous structures 

for the SOFC anode with a high electrochemical performance essentially have to be 

investigated.      

 

 

2.4.1 Nano-structured electrodes  
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Conventional SOFCs are used for stationary applications with power ratings in the 

kilowatt to megawatt range and operate at temperatures from 800 to 1000◦C.
 
In 

contrast to these large systems, the operating temperature of micro-solid oxide fuel 

cells (micro SOFCs) can be reduced to below 600 ◦C, and down as low as 350 ◦C.
 

This can be achieved by reducing the electrolyte layer thickness , i.e. by decreasing 

the diffusion path length of the oxygen ions, and by optimizing of the materials and 

their properties.
65

 Thin flim SOFCs like Fig 2.5 (a) have mainly adopt this 

approach, a thin electrolyte to improve the electrochemical performance as well as 

to minimize the SOFC system size. These micro-SOFC systems are promising 

power sources for portable electronic devices with power requirements of between 

1 and 20 W, such as mobile phones, personal digital assistants (PDAs), laptops, 

video camcorders and battery chargers, as well as small medical and industrial 

devices.
66 

Many researches currently has been focused on the nano-structured 

electrodes for application to electrode of micro-SOFC systems. Representative 

researches related to nano-structured electrodes are as follow: 

  

(1) Electrodes sintered using nano composite powder   

It was demonstrated by Simwonis et al. that
67

 Ni agglomeration and TPB length 

decrease can be caused by the poor adhesion of Ni in the SOFC anode. It was also 

reported by Wilkenhoener et al.
68

 that YSZ can successfully inhibit Ni coarsening 

during fabrication and operation process. Hence, to sinter the cermet anode using 

nano-sized Ni and YSZ powders as a precursor powder can lead to the uniform 

distribution of component phases composed of TPB (Ni, YSZ, and fuel) and 

extension of TPB which plays an important role of reaction site. Kim et al. recently 
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reported that nano-structured NiO-YSZ anode fabricated using nano-sized 

composite powder as a precursor exhibit the enhancement of single cell 

performance and durability at elevated temperature.
69

 Moreover a single cell 

fabricated from the this composite powder showed the high tolerance to thermal 

and redox cycling during operation. Fig. 2.5(b) shows cross-sectional SEM image 

of the NiO-YSZ anode fabricated using nano powder sintering. 

 

(2) Anode functional layer (AFL) 

Currently, most acceptable and researched approach to achieve both high open 

porosity and large TPB length is to insert the thin intermediate layer between 

electrode and electrolyte fabricated using fine powders prior to deposition of the 

electrolyte on the electrode.
70

 Because the existence of functional layer reduce the 

abrupt morphological and chemical changes at the anode/electrolyte interface, it 

has an positive effect on the gradual changes in properties such as thermal 

expansion coefficient and interfacial resistance. In addition to the expansion of 

reaction area, functional layer can lower the surface roughness on the porous anode 

layer with a non-flatten surface, hence the quality of the electrolyte film can be 

improved when deposited on the electrode. Fig. 2.5(c) shows cross-sectional SEM 

image of YSZ electrolyte and NiO-YSZ anode, which has a NiO-YSZ anode 

functional layer.  

 

(3) Embossing-structured electrolyte and electrode surface  

In addition to the electrode functional layer, in order to modify the 

electrode/electrolyte interface microstructure for improvement of electrochemical 
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performance, embossing structure is one of the promising alternative approaches. 

Interface morphology with embossing structure by the modification of electrolyte 

surface is mainly focused on the extension of TPB. After the embossing structure is 

formed on the electrolyte surface, the electrode layer cover the electrolyte surface, 

hence the resulting interfacial morphology between electrolyte and electrode of 

SOFC can produces more enlarged reaction sites, i.e. TPB than flat 

electrolyte/electrolyte interface.
71

 The contributions to the improvement of 

electrochemical performance by modified embossing interfacial microstructure are 

not exactly demonstrated, however, several group showed that, when the 

embossing structures are formed on the electrolyte, the electrolyte ohmic resistance 

may increase and unintended adverse effects might be produced in the overall cell 

performance. Recently, Lee et al. reported that
72

 powder ball-like embossing 

structure fabricated by electrostatic slurry spray deposition produced a desirable 

performance enhancement of the GDC-based SOFC in the intermediate 

temperature range can affect the electrochemical performance. Fig. 2.5(d) shows 

schematic illustration of electrode/electrolyte interface modification by embossing 

structure. 

 

(4) Nano powder coating by impregnation technique 

Several research groups like S. P. Jiang has focused on the nano-structured 

electrode approach by infiltration method as an alternative fabrication method for 

new type electrodes for SOFCs.
73

 Infiltration method is a two-step sintering 

process; one is the high temperature sintering of electrodes skeleton which is 

similar to the conventional fabrication process of SOFC electrodes; the other 
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process is the low temperature sintering to deposit the nano-sized catalytic active 

phase on the skeleton. Because the sintering to form the nano-size particle on the 

skeleton is carried out at the relatively lower temperature than sintering for 

convention anode layers, nano-sized particles can be successfully formed on the 

structurally stable and compatible skeleton like Ni, Ni/YSZ, LSM or doped ceria.
 

74-77
 The infiltration has many advantage compared to the conventional anode 

fabrication process like the selection of variable electrode materials combinations 

(see table 2.3) with the minimized thermal expansion coefficients and the 

suppression of possible detrimental reactions between electrode and electrolyte 

materials as well as the formation of self-assembled nano structure which leads to 

the increase of TPB length.
 
Since S. P. Jiang et al. firstly report the nano-structured 

electrodes using impregnation in 2006,
 78

 there has been significant progress in the 

development of nano-structured electrodes in SOFCs. Fig. 2.6 is the 

electrochemical performance of SOFC electrodes fabricated by impregnation. 

. 

2.4.2 Mesoporous materials for SOFC anode  

 

(1) Mesoporous materials  

Meso, the Greek prefix, meaning―in between, has been adopted by IUPAC to 

define porous materials with pore sizes between 2 and 50 nm.
 79

 Effort to fabricate 

the well-defined pore structure applicable to extensive industrial usage had been 

continued for generations. Moreover, to design and synthesis the organic, inorganic, 

and polymeric materials able to control the pore size and structure has been the 

attractive academic and industrial research fields. To apply the porous structure for 
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an industrial (medical, chemical, electrical and etc) field, specific pore size, 

structure and porosity suitable for each usage has been required within a portion of 

an angstrom. Zeolites and zeolite-like molecular sieves had been thought to fulfill 

the requirements of ideal porous materials due to their narrow pore size distribution 

and a reliably-adjustable pore size in a wide range.
 80

 In spite of the various and 

essential applications of zeolites to the industry like petrochemical, medical and 

automobile industry, where a well-defined nano pore system is required, there have 

been the continuous demands to the crystalline mesoporous materials due to their 

proper porous structure to adsorbents, catalysts, or hosts for bulky molecules for 

advanced materials applications.
 81

 Although almost mesoporous materials had an 

amorphous phase and often had broad pore size distributions until the late 1980’s, 

however, Kresge et al.
82

 reported the emergence of a new family of so-called 

mesoporous molecular sieves in the early 1990s. Recently, in addition to silica first 

synthesized, various oxide like TiO2, CeO2, ZrO2 and etc, has been widely 

researched including novel organic-inorganic hybrid materials.
83-85

 

These new silicate materials show significantly high surface areas and narrow pore 

size distributions. Assemblies of molecules, caused by solution energetics, 

contribute to the formation of mesoporous synthesis. This self-assembled 

molecular directing concept take a leap toward a family of materials whose 

structure, composition, and pore size can be tailored during synthesis by variation 

of the reactant stoichiometry, the nature of the surfactant molecule, the auxiliary 

chemicals, the reaction conditions, or by post-synthesis functionalization 

techniques. 

Encouraged by the report on the MCM-41 of Mobil group, many researches on 
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correlated research field have sprung up.
86

 It has been demonstrated by many 

eminent researchers that molecular sieve materials are formed by a structural 

directing agent or template. In other words, the templates formed by surfactants 

with amphiphilic nature play a role of scaffold to be covered by inorganic materials 

and then form a mesoporous structure. Hence, even after the removal of the 

structure directing agent, porous inorganic materials which covered the templating 

structure maintain geometric construction of frame.
 
More detailed synthetic 

procedure is schematically represented in Fig. 2.7(a) In M41S materials, a above-

mentioned liquid crystal templating mechanism (as illustrated in Fig 2.7(a)) was 

employed by the Mobil group in which supramolecular assemblies of surfactant act 

as structure directors for the formation of the mesophase.
 87

 Under specific pH 

conditions, anionic silicate species, and cationic or neutral surfactant molecules, 

cooperate to organize the hexagonal, lamellar, or cubic structures.
88

 The composite 

hexagonal mesoporous structure can be formed by the condensation of silicate 

species (formation of a sol-gel) around the self-assembled surfactant with one 

dimensionally packed hexagonal array which is the energetically favorable 

structure.
89

 As above mentioned, after the removal of templating structure, final 

mesoporous oxide structure is formed by these hierarchical synthetic process. 

  

(2)  Research trends on the mesoporous materials for LTSOFCs 

Since the Mamak et al. reported the mesoporous YSZ and M-YSZ in 2000, there 

was a surge on the mesoporous material to use this material as a SOFC electrode 

material due to their large surface area and high porosity as shown in the Fig 2.7(a). 

90 
Various synthetic strategies have been employed using different structure 
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directing agent. Mamak et al. were first to extend the supramolecular template 

approach to the synthesis of mesoporous 8YSZ using cetyltrimethylammonium 

bromide ([CH3(CH2)15N
+
(CH3)3Br

−
], CTAB) as a template.

91
 However, because 

mesoporous YSZ synthesized using CTAB showed the pore collapse and severe 

decline of surface area value as shown in Fig. 2.8, the porous structure with high 

thermal stability suitable for high temperature SOFC material were understandably 

demanded(see Fig.2.7(b)) It seemed after 2000 that the interest to the researches on 

the mesoporous SOFC electrode materials had been significantly decreased, 

however, it had been reported that employing the alternative structure directing 

agent like triblock copolymer (TBC) can improve the thermal stability of pore. 

Chen et al. reported the preparation of 8YSZ/NiO using Pluronic P103 as a 

structure-directing agent and inorganic chlorides as precursors in a non-aqueous 

medium.
92

 I-Ming Hung et al. also reported that hexagonal meso-structured 

nanocrystalline 8YSZ can be formed by using a Pluronic triblock copolymer F127 

as template.
93

 Recently, in addition to the TBC, by using a silica hard template 

which is more stable at elevated temperatures, Almar et al. synthesized the 

mesoporous Ni-GDC cermet for intermediate temperature SOFC.  

However, in spite of their complicated chemical composition which composed of 

at least three oxides (for example NiO, Gd2O3 and CeO2) and various synthetic or 

operation condition under reduction atmosphere, researches on the mesoporous 

cermet anode material has been focused on the improvement of thermal stability 

and surface area without the consideration to the morphological change. Therefore, 

as shown in Fig. 2.9, most results on the microstructure of mesoporous SOFC 

materials offer a small quantity of information limited to the pore size. To apply the 
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complicated mesoporous cermet to the SOFC anode, fundamental studies on the 

effect of chemical composition, sintering temperature and solution behaviors on the 

formation, synthetic route and morphological changes, are essentially required to 

be carried out.  

 

2.5 Motivation and objectives  

 

We are aiming to design and fabricate mesoporous gadolinium-doped ceria 

(GDC) and mesoporous NiO-GDC which has high specific surface area and high 

ionic conductivity and to suggest the new anode using mesoporous GDC for 

LTSOFC. Fig 2.10 represents the schematic illustration on the NiO-GDC SOFC 

anodes with first-suggested nano structure by this thesis.  

First, mesoporous GDC was synthesized using triblock copolymer (TBC); F127 

for the thermally-stable porous structure even after calcination at temperatures over 

700 °C and higher specific area value. Second, mesoporous NiO-GDC powders 

were fabricated using F127, and surfactant decomposition, crystallization, and 

coarsening/agglomeration behavior of NiO grain in the mesoporous network was 

researched to understand the formation mechanism of mesoporous NiO-GDC. Next, 

thermally-stable mesoporous NiO-GDC powders with different NiO contents were 

synthesized by self-assembly hydrothermal method using tri-block copolymer, 

Pluronic F127 as a structure directing agent. The mesoporous material with high 

specific surface area can be obtained by the addition of optimized amount of Ni, 

and the agglomeration and grain growth of NiO can be effectively suppressed. 

Final, to investigate effect of mesoporous Gd0.25Ce0.75O2-x (GDC) impregnation on 
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the electrochemical and microstructural properties of NiO anode, mesoporous 

GDC-impregnated NiO with high specific area and thermal stability were deposited 

on the yttria-stabilized zirconia electrolyte substrate. NiO anode was deposited on 

YSZ electrolyte substrate by slurry painting. Mesoporous GDC gel was 

impregnated on the NiO electrode by spin coating. By impregnation of highly 

ordered mesoporous GDC powders into NiO electrode, triple phase boundary (TPB) 

length was increased and the NiO/GDC phase distribution was enhanced, which led 

to the significant improvement of electrocatalytic activity and stability of the 

NiO/GDC anodes for the H2 oxidation reaction compared to those of pure NiO 

anode and nonporous GDC-impregnated NiO anode. Through the impregnation of 

mesoporous GDC on the NiO anode, SOFC anode with high specific area for 

intermediate temperature can be conventionally obtained, and mesoporous material 

can be applied to SOFC anode in spite of low thermal stability. More details on the 

contents and outlines of this thesis are schematically illustrated in Fig. 2. 11. 
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Fig. 2.1 Principle of solid oxide fuel cells  
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Table. 2.1 types of fuel cells
1
 

 PEFC AFC PAFC MCFC SOFC 

Electrolyte 

Hydrated 

Polymeric Ion 

Exchange 

Membranes 

Mobilized 

or 

Immobilized 

Potassium 

Hydroxide 

Immobilized 

Liquid 

Phosphoric 

Acid in SiC 

Immobilized 

Liquid 

Molten 

Carbonate 

in LiAlO2 

Perovskites 

(Ceramics) 

Electrodes Carbon 
Transition 

metals 
Carbon 

Nickel and 

NiO 

Perovskite 

and Cermet 

Catalyst Pt Pt Pt 
Electrode 

material 

Electrode 

material 

Interconnect 
Carbon or 

metal 
Metal Graphite 

Stainless 

steel or Ni 

Ni ceramic 

or steel 

Operation 

Temperature 
40~80

 o
C 65~220

 o
C 205

 o
C 650

 o
C 600~1000

o
C 

Charge 

Carrier 
H

+
 OH

-
 H

+
 CO3

2-
 O

2-
 

External 

Reformer 

for 

hydrocarbon 

fuels 

Yes Yes Yes 
No, for 

some fuels 

No, for 

some fuels 

and cell 

designs 

Prime Cell 

Components 
Carbon-based 

Carbon-

based 

Graphite-

based 

Stainless-

based 
Ceramics 

Product 

Water 

Management 

Evaporative Evaporative Evaporative 
Gaseous 

Product 

Gaseous 

Product 

Product 

Heat 

Management 

Process Gas + 

Liquid 

Cooling 

Medium 

Process Gas 

+ Liquid 

Cooling 

Medium 

Process Gas 

+ Liquid 

Cooling 

Medium or 

steam 

generation 

Internal 

Reforming 

+ Process 

Gas 

Internal 

Reforming 

+ Process 

Gas 
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(a) 

 

(b) 

Fig. 2.2 System efficiency (a)
141

 and commercialization target (b)
142

 of fuel cells  
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  (a)  

 

(b) 

Fig. 2.3 Ionic conductivity vs. operation temp curves of YSZ and GDC (a)
143

 and 

ceria-based material by doping elements at 800
o
C (b)

144
.  
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(a) 

 

(b) 

Fig. 2.4 Schematic diagram of structure (a) and role (b)
5
 of SOFC anode 
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 (a)                               (b) 

 

(c)                               (d) 

Fig. 2.5 FE-SEM image of thin-film NiO anode (a), Ni-YSZ anode by nano 

powder sintering (b), Ni-YSZ anode functional layer (c) and surface of the YSZ 

electrolyte with embossing structure (d).
5-8
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Table. 2.2 Performance of SOFC electrode fabricated by impregnation 
7
  

Impregnated nano particle Skeleton Performance (RE) 

Cathode   

GDC (5.8 mg/cm
2
) LSM 0.21 Ω·cm

2
 at 700

o
C 

Pd (1.8 mg/cm
2
) LSM/YSZ 0.9 Ω·cm

2
 at 600

o
C 

Pd (1.2 mg/cm
2
) LSCF 2.9 Ω·cm

2
 at 600

o
C 

GDC (1.5 mg/cm
2
) LSCF 1.6 Ω·cm

2
 at 600

o
C 

LSM (~2 mg/cm
2
) YSZ 1.6 Ω·cm

2
 at 600

o
C 

LSCF (1.1 mg/cm
2
) YSZ 0.54 Ω·cm

2
 at 600

o
C 

LSCF (12.5 vol%) GDC 0.25 Ω·cm
2
 at 600

o
C 

La0.6Sr0.4CoO3 (55 wt%) SDC 0.36 Ω·cm
2
 at 600

o
C 

Pd (1.4 mg/cm
2
) YSZ 0.22 Ω·cm

2
 at 700

o
C 

BSCF (1.8 mg/cm
2
) LSM 1.3 Ω·cm

2
 at 700

o
C 

Sm0.6Sr0.4CoO3 LSM/YSZ 8.5 Ω·cm
2
 at 600

o
C 

Y0.5Bi1.5O3 (50wt%) LSM 0.14 Ω·cm
2
 at 700

o
C 

Anode   

SDC (~4 mg/cm
2
) Ni/YSZ 0.24 Ω·cm

2
 at 800

o
C 

GDC (4 mg/cm
2
) LSCM 0.44 Ω·cm

2
 at 800

o
C 

GDC (4 mg/cm
2
) LSCM 0.12 Ω·cm

2
 at 800

o
C 

GDC (1.42 mg/cm
2
) Ni 1.29 Ω·cm

2
 at 800

o
C 

Pd (0.36~0.46 mg/cm
2
) LSCM/YSZ 0.88 Ω·cm

2
 at 800

o
C 
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Fig. 2.6 Polarization resistance plot of SOFC using electrode fabricated by 

impregnation 
7
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(a) 

 

(b) 

Fig. 2.7 Schematic illustration of liquid crystal templating mechanism for 

mesoporous materials (a)
82

 by Mobil company and research trends on mesoporous 

electrode (Science direct Paper Search Results, Keyword: Mesoporous + SOFC + 

electrode) (b)  
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(a) 

 

(b) 

Fig. 2.8 Pore size distribution of meso 8YSZ (a) and BET surface area and average 

pore size of meso YSZ with calcination temperature (b)
146
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(a)                               (b) 

 

(c)                               (d) 

Fig. 2.9 TEM images of mesoporous cermets by (a), (b), (c) and (d) 
147-150
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(a)                               (b) 

 

(c)                               (d) 

Fig. 2.10 Schematic illustrations of NiO-GDC SOFC anodes with different 

structure. New type anode suggested by this work (a), thin film anode (b), 

conventional anode (c) and state-of-art anode by impregnation (d).  
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Fig. 2.11 Outline of the thesis.   
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Chapter 3. Synthesis of mesoporous Gd0.25Ce0.75O2-x (GDC) 

with improved thermal stability and specific surface area. 

 

 

3.1 Introduction 

 

3.1.1 Chemistry of surfactant/silicate solutions of mesoporous materials 

The structural phase of mesoporous materials is based on the fact that surfactant 

molecules are themselves distinct as very active components with variable 

structures in accordance with increasing concentration.
94

 The surfactants 

energetically exist as monomolecules at low concentration. As the concentration of 

surfactants increases, surfactant molecules combine together to form micelles in 

order to decrease the system entropy.
 95

  

These particular structures which are formed in a surfactant aqueous solution at a 

given concentration are caused by the nature of the surfactant such as the length of 

the hydrophobic carbon chain, hydrophilic head group, and counter ion in the case 

of ionic surfactants, as well as the concentrations.
 96

 In addition, environmental 

factors, such as solvent, pH, temperature, ionic strength and other added organic 

compounds affects the formation of structural phases.
 97

 The CMC increases with 

increasing counter ion radius, pH, and temperature. It is also well known that non-

ionic surfactants generally exhibit lower CMC’s than ionic surfactants.
 98

 For the 

formation of cylindrical micelles with hexagonal array, it is important that a high 

surfactant concentration, high pH, low temperature, and low degree of silicate 
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polymerization are favorable.
 99

 The meso-structural phases are formed by 

interaction of the organic parts with inorganic species.
100

 Interactions between the 

organic and the inorganic parts that drive the formation of the mesophases are 

classified by the charge on the surfactant (S
+
 or S

−
), the inorganic species (I

+
 or I

−
) 

and mediating ions (X
−
 or M

+
). This charges affects the strong electrostatic 

reactions, and the feasible combination of these charges can be formed such as  

S
+
I

−
, S

+
X

−
I

+
 or S

−
M

+
I
−
. 

It is suggested that the interface between the organic and inorganic components of 

the material can play the important role of the formation of meso-structural phases. 

The chain length of the surfactants and auxiliary organic compounds as fillers can 

affects the pore size of mesoporous materials. Additionally, strong electrostatic 

interactions by the type of surfactant and only little by the pH conditions between 

the ionic surfactants and the inorganic species result in the matrix of mesoporous 

materials such as the pore wall thickness or inorganic phases. 
101

 

To understand the ordered mesoporous materials formed by the self-cooperative 

assembly of inorganic species and organic surfactants and to apply the mesoporous 

material as an adsorption, separation, catalysis, optical devices, and controlled 

polymerization inside the pores, the in-depth studies on the electrostatic reaction 

are needed.  

 

3.1.2 Thermal stability of mesoporous materials  

It is difficult to understand and fabricate the mesoporous metal oxides because of 

the variable valence, coordination number, and high hydrolysis/condensation 

reactivity. Pinnavaia et al. 
102

 reported that there is caused by non-ionic micellar 
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aggregates resulting in wormlike surfactant micelles structure lead to the 

displacement mechanism. Mesoporous metal oxides tend to be less regular than 

mesoporous silica, which can be determined by small-angle XRD and TEM. 

However, those materials show high specific surface areas and narrow pore size 

distributions.  

It has been reported that mesoporous silica-based materials and oxides can be 

fabricated using the amphiphilic block copolymers such as Pluronic surfactants.
 103

 

It was a great discovery to the synthesis of mesoporous metal oxides. Pluronic 

surfactants are triblock copolymers (TBC) which are composed of polyethylene 

oxide (PEO, hydrophilic chain) and propylene oxide (PPO, hydrophobic chain); 

normally represented by the chemical formula of (PEO)n(PPO)m(PEO)n. The size 

and distribution of mesopore can be readily controlled by the chain length of TBCs 

(by the portion between the hydrophobic and hydrophilic chains in the TBC). 

Moreover, because the TBCs have higher decomposition temperature than other 

amphiphilic surfactants, mesoporous metal oxides synthesized using TBC as a 

structure directing agent can exhibit the higher thermal stability. Yang et al. 

reported that thermally stable, ordered, large-pore mesoporous metal oxides and 

composites can be synthesized using Pluronic surfactants as structure-directing 

agents and inorganic chlorides as precursors in non-aqueous solutions. 
104

 

 

3.1.3 N2 adsorption/desorption isotherms  

Highly-ordered mesoporous structure can lead to the occurrence of multilayer 

adsorption and capillary condensation in the pore. It can be suggested by the 

Kelvin equation that the pore condensation happens at a gas pressure P lower than 



   

 

 

41 

the bulk saturated vapor pressure P0.
105

 When the reaction temperature remains 

steady, the adsorption isotherm can be obtained with the external gas pressure. The 

essential properties such as the pore size distribution, surface area, pore volume, 

fluid-wall interaction strength of mesoporous materials can be analyzed using these 

adsorption isotherms. As shown in Fig. 3.1, adsorption isotherms can be classified 

with six representative types.
106

 Among them, type IV and V exhibit a hysteresis 

loop which means the adsorption and desorption isotherms do not coincide over a 

certain region of external pressures. Especially, the type IV is a typical isotherm of 

mesoporous adsorbents. At low pressures, mono layered-adsorbates are first 

formed on the pore surface. When the multilayer starts to be formed on the 

monolayer, the discordance between the adsorption and desorption isotherms is 

observed. While the concept of monolayer adsorption works only on the perfect 

planar surface, a real surface possesses some degree of roughness, which makes 

adsorption to progress not homogeneously. The amount of molecules adsorbed on 

the external sample surface is negligible in comparison to that on the pore wall,
 107

 

since nanoporous materials typically possess a very large internal surface. The start 

point of the hysteresis loop normally represents the beginning of the capillary 

condensation in the pores. On the other hand, the end point of hysteresis loop 

usually mark that the pores are completely filled with adsorbates. Type V 

hysteresis loop is a typical sign of a weak fluid-wall interaction. It is less common, 

but observed with certain porous adsorbents. 

 

3.1.4 Motivation and objectives   

The operation temperature for SOFC system is very high from 800 to 1000 °C, 
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and the lowering of the operation temperature to below 700 °C can reduce system 

costs and improve the cell reliability, long-time durability. Ceria-based electrolyte 

and electrode has high ionic conductivity below 800 °C, and so it has attracted 

attention as an alternative candidate of YSZ for the intermediate-temperature 

SOFC materials. In addition, to reduce the losses by ion transport in the electrode, 

it is needed to control the nanoscale microstructure to increase the tri-phase 

boundary (TPB) length which is the interface between the electrolyte, electrode and 

the gas phases. The efforts to control the nano structure of electrode and increase 

the TPB length has been made by various approaches.
 
 

Mesoporous materials which have uniform pore size of 2~50 nm has been the focus 

of electrode material for intermediate-temperature SOFC during the past ten years 

due to their high specific area and well-connected pore structure.
 
However, 

mesoporous materials synthesized using cetyltrimethylammonium bromide (CTAB) 

as a structure-directing inducer can experience the decrease in specific area at the 

range of intermediate-temperature.
 
 

In this thesis, in order to fabricate mesoporous GDC which can be applied to 

intermediate-temperature SOFC anode material, we synthesized the thermally-

stable mesoporous GDC with high porosity and specific area using triblock 

copolymer F127 organic surfactant by hydrothermal reaction and direct 

calcinations without filtering or washing process. Thermal stability, porosity and 

formation mechanism of mesoporous GDC using F127 are compared with 

mesoporous GDC prepared using CTAB and no organic surfactant.  
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3.2 Experimental procedure 

 

The mesoporous GDC ([Gd2O3] / [GDC] = 0.25 molar ratio) were prepared by 

evaporation-induced self-assembly (EISA) method using poly (alkylene oxide) tri-

block copolymer (TBC), pluronic F127 (EO106PO70EO106, Aldrich) with very long 

chain length. The proper quantities of cerium chloride hexahydrate, gadolinium 

chloride hexahydrate were added to the solution which was prepared by mixing 

30g of 0.1M HCl and 60g of ethanol (99.9%, Aldrich), and 3g of F127 was 

dissolved in this solution. In addition to F127, mesoporous GDC using CTAB as a 

cationic surfactant was prepared. Chemical properties of CTAB and F127 

surfactants as a structure-directing agent for mesoporous GDC are intimately 

compared in Table 3.1. The mixtures in which organic precursors and surfactants 

were contained were stirred vigorously for 1 hour, sealed in a hydrothermal vessel 

and then gelled at 80 °C for 7 days. The suspensions were dried without washing 

and filtration process at 60 °C for 1 hour, and the products were calcined from 

350 °C to 850 °C at intervals of 100 °C (heating rate of 5 °C/min) for 2 hours.  

 

 The phase identification was performed by X-ray diffraction (XRD) using a D8-

Advance (Bruker Miller Co., Germany) with Cu/Ka radiation. The N2 adsorption 

and desorption isotherms were measured using an ASAP2420 (Micromeritics, USA) 

at 300 °C. The surface area was calculated from the Brunauer-Emmet-Teller (BET) 

equation, and the pore size distribution was derived from the Barrett-Joyner-

Halenda (BJH) model. Thermo gravimetric analysis (TGA) was carried out using 

STA 409 PC Luxx (Netsch, Germany). The samples were heated from 25 °C to 
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800 °C with the heating rate of 5 °C/min in air. The morphology of powders was 

observed by FE-SEM using Supra 55VP (Carl Zeiss, Germany). Energy dispersive 

spectrometry (EDS) analyses using Xflash 4010 (Bruker AXS, Germany) were 

performed to identify the accurate composition of each particle. High-resolution 

transmission electron microscopy (HR-TEM) was performed using a JEM 300F 

(JEOL, JAPAN).  

 

3.3 Results and discussions 

 

As shown in Figure 3.4, GDC using F127 and CTAB surfactants calcined at 

650 °C for 2 hours shows strong hysteresis loop when the relative pressure is 

higher than 0.4 by the gap between the absorbed volume of adsorption and 

desorption isotherms, which indicates that the calcined powder has mesoporous 

nature known as type IV N2 adsorption/desorption isotherms by capillary 

condensation phenomena inside the pore. However NiO-GDC synthesized without 

organic surfactant shows hysteresis loop smaller than that of NiO-GDC (F127) 

which is similar to type II N2 adsorption/desorption isotherms of non-porous or 

macroporous material, and so it is confirmed that mesoporous NiO-GDC powders 

can be obtained by employment of F127 as a structure-directing agent. 

As shown in the TGA result of as-prepared NiO-GDC sample using F127 and 

CTAB as a structure inducer (Fig. 3.6), the dotted line which is the TGA curve of 

NiO-GDC (CTAB) indicates that water (below 150 °C), the trimethylamine head 

group (150~250 °C), carbon chain (below 300 °C) and remaining organic 

fragments (300~500 °C) are sequentially decomposed which is similar to the 
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results reported by F. Schüth et al.
107

 The TGA curve of NiO-GDC (F127), 

however, indicates that weight loss stops near 700 °C which is higher than that of 

meso NiO-GDC (CTAB). It shows that meso porous NiO-GDC with larger and 

more thermally stable pores can be obtained using F127 as a structure-directing 

agent due to the high decomposition temperature compared to CTAB, which is 

demonstrated by FT-IR spectra in Fig. 3.5. In addition to F127, other tri-block 

copolymers such as pluronic P123 and P103 have been employed as structure-

directing agents for mesoporous products with high thermal stability.
108  

As shown in Fig 3.7, GDC powders using CTAB and F127 exhibit similarly 

narrow pore-size distribution with the mean pore size of 5 nm in the mesoporous 

range. But mesoporous GDC (F127) has the other broad pore distribution region 

near 10 nm of pore diameter, which is slightly different from mesoporous GDC 

(CTAB). In addition, while the mesoporous GDC (CTAB) has the three-

dimensionally connected porous structure, GDC (F127) shows the highly-ordered 

narrow pore structure with 1-D packed hexagonal array(see Fig.3.8). It indicates 

that meso GDC (F127) has double mesoporous structure composed of inter-meso 

pores (with a pore size of 5 nm and sharp pore size distribution, Fig 3.9 (a)) and 

intra-meso pores (with a pore size of 5~20 nm and rather broad pore size 

distribution, Fig 3.9 (b)). As shown in the formation mechanism of the double 

porous structure (see Fig 3.9(a)), GDC (F127) powder calcined at 650 °C has 

ordered intra-meso pores with pore size of 20 ~ 30 nm composed of GDC nano 

particles with inter-meso pores. GDC (F127) shows ordered mesoporous structure 

composed of nano particles, which is similar to SEM results of mesoporous GDC 

(F127).  
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As shown in Table 3.2, GDC powder synthesized without any surfactant shows 

much lower BET surface area value than meso GDC (CTAB) and GDC (F127) 

powders. This means that GDC synthesis method using organic surfactant such as 

CTAB and F127 can improve the specific area by the formation of mesopore, and 

it can increase the TPB length which is an important factor of SOFC performance. 

BET surface area value of GDC (F127) is higher than that of GDC (CTAB), 

because GDC (F127) has double porous structure which consists of intra-meso 

pores (~5 nm) and inter-meso pores (30~50 nm).  

 

3.4 Summary 

Ordered mesoporous GDC with high specific area and thermal stability were 

synthesized using F127 triblock copolymer as a structure-directing agent for a 

candidate intermediate-temperature SOFC anode material. In addition, to 

understand the formation mechanism of mesoporous GDC, surfactant 

decomposition, crystallization behavior of mesoporous GDC was researched. Meso 

GDC (F127) has thermally-stable porous structure even after calcination at 

temperatures over 700 °C and higher specific area value due to the double 

mesoporous structure.  
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Fig. 3.1 Types of sorption isotherms 
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Fig. 3.2 Schematic illustrations on the formation mechanism of mesoporous GDC. 

106
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Table. 3.1 Chemical properties of CTAB and F127 surfactants as a structure-

directing agent for mesoporous GDC 
151
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Fig. 3.3 Synthetic procedure of mesoporous GDC 
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Fig. 3.4 N2 adsorption/desorption isotherms of mesoporous GDC using CTAB and 

F127.  
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(a) 

 

(b) 

Fig. 3.5 FT-IR spectra of mesoporous GDC using CTAB (a) and F127 (b) as a 

structure-directing agent after calcination at room temperature, 350
o
C and 550

o
C  
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Fig. 3.6 The TGA curve of mesoporous GDC using CTAB and F127.  
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Fig. 3.7 Pore size distributions of mesoporous GDCs by BJH isotherms  
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(a)                             (b) 

Fig. 3.8 FE-SEM images and schematic illustrations of mesoporous GDC using 

CTAB (a) and F127 (b) after sintering at 550℃.  
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(a)                             (b) 

 

(c) 

Fig. 3.9 TEM images of intra-particle mesopores (a) and inter-particle mesopores 

(b) of mesoporous GDC sintered at 650℃, and schematic illustrations on the 

formation of double porous structure (c).  
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Table 3.2 BET surface area value, average pore width and pore volume of 

mesoporousGDC 
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Chapter 4. Grain growth behaviors of NiO in the mesoporous 

GDC networks 

 

 

4.1 Introduction 

 

4.1.1 Mechanisms of nickel grain growth in conventional SOFC anode 

 

Agglomeration and grain growth (i.e. coarsening) of Ni mainly can cause 

degradation of microstructure in SOFC anodes. Ostwald ripening can attribute to 

these degradation behaviors.
109

 Two different scenarios can be estimated as 

potential microstructural behaviors for the Ostwald ripening phenomena: one is the 

transport of volatile nickel species as a form of gas phase (so-called evaporation 

and condensation mechanism), 
110 

and the other is the diffusion of vacancies, 

induced by different grain sizes and surface curvatures. 
111

  

 1) Transport of nickel in the gas phase: It has been reported that Ni can be not 

only locally enriched at certain crack sites, but also be in the state of local depletion 

in cermet anodes.
112

 It can be interpreted as an evidence of evaporation and re-

precipitation due to variable oxygen activities within the anode layer. The 

volatilization of nickel is interrelated with the gas pressures of each nickel species. 

It is well known that the Ni(OH)2(g) has six-orders-higher partial pressure than 

pure Ni(g) in a gas mixture of H2 and H2O.
 113

 

Moreover, it is defined from the thermodynamic data, the volatilization of pure Ni 
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at 950
o
C under dry conditions is very low, while the formation of Ni(OH)2 leads to 

much stronger evaporation.
 114

 

Hence, under dry condition in H2 atmosphere, the partial pressure of Ni (or Ni(g)) 

can be increased rapidly by the addition of small quantities of water (about 1~2% 

H2O(g)). Consequently, it can be considered that the coarsening of nickel in SOFC 

anodes is mainly induced by local variations of the Ni gas concentration which 

leads to preferential evaporation of small grains and to re-precipitation on the 

surface of larger grains. 
112

 

2) Nickel coarsening by diffusion of vacancies: The new type of nickel grain 

growth; a so-called ‘two particle model’ has been suggested.
111

 In this model, 

different curvatures among neighboring particles can act as the driving force for 

nickel grain growth. Kelvin equation is expressed as below,  

0

2
ln mVp

p rRT


  

,where   P is the actual vapor pressure, P0 is the saturated vapor pressure,  is the 

surface tension, Vm is the molar volume, R is the universal gas constant, r is the 

radius of the droplet, and T is the temperature. It is inferred from this equation that 

gas pressures at equilibrium are in inverse proportion to the particle radii, as well 

as small particles have higher vacancy concentrations. The resulting concentration 

gradients between neighboring particles with different radii induce diffusive fluxes 

of vacancies. In other words, it can be concluded from Oswald ripening that the 

different curvatures and the vacancy diffusion coefficient can control the grain 

growth kinetics. The surface diffusion of Ni and the effect of humidity on the 

diffusion coefficient, however, the driving force for grain growth of nickel is 
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higher for microstructures with broad particle size distributions. 

 

4.1.2 Motivation and objectives 

In most SOFC concepts a porous cermet made of YSZ and Ni particles is used as 

anode material. The electrochemical performance of these anodes is depending on 

the number of so-called three phase boundaries, i.e. the lines, where pores (burning 

gas supply), solid electrolyte (O
2-

 supply) and metal (removal of electrons) are in 

contact. Often, a functional layer, which has the same composition as the anode 

substrate but a nerd particle size distribution, is applied to the anode substrate to 

increase the electrochemical performance. During high temperature operation for 

long periods of time a degradation of the electrochemical performance has been 

observed. This degradation is mainly attributed to the Ni agglomeration and the 

corresponding reduction of the three phase boundaries. While in principle it is 

obvious that the Ni particle will grow during high temperature operation a detailed 

description of the kinetics of this process is difficult due to the complexity of the 

structure. Two types of materials (YSZ and Ni) and additionally pores exist in the 

structure with all of them having multi-modal size distributions. Because the 

coarsening and agglomeration of Ni grain have a great effect on the degradation of 

cell performance,
 
it is important to systematically investigate the effect of synthesis 

conditions on the formation mechanism and structural changes of Ni and GDC and 

consider the relation between Ni grains and mesoporous GDC networks for the 

inhibition of the grain coarsening and agglomeration of Ni. In the present study, in 

order to fabricate mesoporous Ni-GDC which can be applied to intermediate-

temperature SOFC anode material, we synthesized the thermally-stable 
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mesoporous NiO-GDC with high porosity, specific area and ionic conductivity 

using triblock copolymer F127 organic surfactant by hydrothermal reaction and 

direct calcinations without filtering or washing process. NiO grain growth and 

agglomeration behavior in the mesoporous GDC network at various temperatures 

was studied by field-emission scanning electron microscopy (FE-SEM) and 

transmission electron microscopy (TEM). 

 

4.2 Experimental procedure 

 

The mesoporous NiO-GDC ([Gd2O3] / [GDC] = 0.25 molar ratio, 40 wt% of NiO) 

powders were prepared by evaporation-induced self-assembly (EISA) method 

using poly (alkaline oxide) tri-block copolymer (TBC), pluronic F127 

(EO106PO70EO106, Aldrich). The proper quantities of cerium chloride hexahydrate, 

gadolinium chloride hexahydrate and nickel (II) chloride were added to the 

solution which was prepared by mixing 30g of 0.1M HCl and 60g of ethanol 

(99.9%, Aldrich), and 3g of F127 was dissolved in this solution. The mixtures in 

which organic precursors and surfactants were contained were stirred vigorously 

for 1 hour, sealed in a hydrothermal vessel and then gelled at 80 °C for 7 days. The 

suspensions were dried without washing and filtration process at 60 °C for 1 hour, 

and the products were calcined from 350 °C to 850 °C at intervals of 100 °C 

(heating rate of 5 °C/min) for 2 hours. Fig 4.1 is the schematic diagram of synthetic 

procedure of mesoporous NiO-GDC. 

 The phase identification was performed by X-ray diffraction (XRD) using a D8-

Advance (Bruker Miller Co., Germany) with Cu/Ka radiation. The N2 adsorption 
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and desorption isotherms were measured using an ASAP2420 (Micromeritics, USA) 

at 300 °C. The surface area was calculated from the Brunauer-Emmet-Teller (BET) 

equation, and the pore size distribution was derived from the Barrett-Joyner-

Halenda (BJH) model. The morphology of powders was observed by FE-SEM 

using Supra 55VP (Carl Zeiss, Germany). Energy dispersive spectrometry (EDS) 

analyses using Xflash 4010 (Bruker AXS, Germany) were performed to identify 

the accurate composition of each particle. High-resolution transmission electron 

microscopy (HR-TEM) was performed using a JEM 300F (JEOL, JAPAN).  

 

4.3 Results and discussions 

 

As shown in Fig 4.2, the diffraction peaks can be indexed to cubic structure of NiO 

and GDC, and they were in good agreement with the literature values (JCPD 47-

1049 and 50-0201, respectively), and no second phases except for both NiO and 

GDC phases were observed. As the calcination temperature was increased, the 

diffraction peaks became sharp, which shows the improved crystalline of NiO and 

GDC.  

NiO-GDC (F127) calcined at 650 °C for 2 hours shows strong hysteresis loop 

when the relative pressure is higher than 0.4 by the gap between the absorbed 

volume of adsorption and desorption isotherms, which indicates that the calcined 

powder has mesoporous nature known as type IV N2 adsorption/desorption 

isotherms by capillary condensation phenomena inside the pore. However NiO-

GDC synthesized without organic surfactant shows hysteresis loop smaller than 
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that of NiO-GDC (F127) which is similar to type II N2 adsorption/desorption 

isotherms of non-porous or macroporous material, and so it is confirmed that 

mesoporous NiO-GDC powders can be obtained by employment of F127 as a 

structure-directing agent. 

As shown in Fig 4.3, meso NiO-GDC (F127) powder also has a double 

mesoporous structure similar to GDC (F127), but the amounts of inter-meso pores 

are much smaller than those of meso GDC (F127). It implies that NiO has a 

negative effect on the formation of ordered meso pore. Moreover, as the calcination 

temperature increases, the amount of inter-meso pores gradually decreases and the 

average diameter of intra-meso pore increases. It was found that samples are 

gradually losing the mesoporous nature due to the collapse of mesopore as the 

calcination temperature increases. 

NiO or GDC grains are not distinctly observed due to the unrecompensed 

surfactants and nitrates. NiO grains of NiO-GDC (F127) powders calcined at 

550°C and 650 °C have 100~200 nm of grain size but do not show geometry of 

particle shape yet (Fig. 4.4 (a)). The results from EDS for atomic composition 

analysis of non-porous grain (A) and small nano particles (B) of Fig 4.4 (c), shows 

that the atomic ratio of Ni, Ce, Gd, O of (A) and (B) is 30 : 12 : 5 : 15 and 3 : 14 : 

5 : 75, respectively. (see Fig. 4.5) It indicates that large grains are mainly 

composed of NiO, and nano particles consist of GDC. At the calcination 

temperature of 750 °C, the size of NiO particles is not changed, but NiO grains 

have octahedral shape. The well-defined octahedral morphology with a cubic 

symmetry is the characteristic of cubic-structured NiO crystals bound by eight 

{111} planes as shown in Fig 4.4(b).
115

 It has been reported that the abnormal grain 
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growth of nano particles to have a particular crystal plane occurs in the sol-gel 

derived powder using organic precursor, and particles grow with a particular 

octahedral shape under the influence of neighborhood solutions and nano-

structured particles.
116 

Unlike the result of literature
117

 about octahedral NiO prepared using NiCl2 

organic precursor, octahedral-shaped NiO particles of Fig. 4. 6(a) have truncated-

edges to the direction of [110] which can be found in the inset schematic diagram. 

According to the result by D. Kim et al.
116

, when a small amount of dopant added, 

the shape changed to triangular prism without corner truncation, and the coarsening 

rate of grains was significantly retarded. It implies that the coarsening rate of grains 

with truncated-edges can be accelerated due to low energy barrier for 2-D 

nucleation. As the calcination temperature increases from 750 °C to 850 °C, 

however, the NiO particles grow to have a sphere-like shape as the area of 

truncated-edges become broader, and several facets are formed on the truncated-

edges of NiO particles. Furthermore, NiO grains drastically grow into the size of 

300 ~ 500 nm, and large agglomerates start to be formed by Oswald ripening as 

shown in the Fig 4.4(c). It seems that NiO grain growth is accelerated by truncated-

edge broadening which decreases the energy barrier for grain coarsening of NiO. 

By addition of proper types and amounts of dopants as the result reported by D. 

Kim et al.
116

, it will be possible to decrease the rate of NiO grain coarsening. The 

change of Ni powder morphology is schematically illustrated in Fig. 4.6(c).    

Additionally, as shown in Fig 4.7 exactly different morphologies of non-porous 

NiO and mesoporous GDC are caused by the gap of work function between cerium 

and nickel ion, in which intimately correlated to the electrostatic reaction. The 
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relation between the electrostatic potential (φ) and work function (W) can be 

represented as below:  

φ = K – W/e 

, where K is the electrostatic constant. As we know from this equation, electrostatic 

potential is in inverse proportion to work function. Because the work function of 

cerium ion (2.84 eV) and gadolinium ion (3.1 eV) show much lower value than that 

of nickel ion (5.15 eV), GDC tends to participate in the electrostatic reaction which 

form a mesoporous structure, in parallel with the exclusion of nickel ion. 
118

 

 

In the Fig 4.8(a), the cubic-structured large NiO grain is surrounded by GDC 

porous network which consists of nano particles. In the selected area electron 

diffraction (SAED) pattern (Fig. 4.8(b)) of octahedral NiO particle which is 

indicated by arrow in Fig 4.7(a), the octahedron particle exhibit single-crystalline 

characteristics and very similar pattern to the results about cubic-structured 

octahedral particles. 

As shown in Table 4.1, Meso NiO-GDC (F127) powder has lower BET specific 

area value of 74 m
2
/g than meso GDC (F127). This is mainly due to the presence of 

non-porous NiO particles which have a negative effect on the surface area value of 

mesoporous NiO-GDC from their low surface area and also by blocking the meso 

pore entrances or breaking the interconnected mesoporous structure. 
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4.4 Summary  

 

Highly-ordered mesoporous NiO-GDC with high specific area and thermal stability 

were synthesized using F127 triblock copolymer as a structure-directing agent for a 

candidate intermediate-temperature SOFC anode material. In addition, to 

understand the formation mechanism of mesoporous NiO-GDC, surfactant 

decomposition, crystallization, and coarsening /agglomeration behavior of NiO 

grain was researched. Meso NiO-GDC (F127) was composed of mesoporous GDC 

network and nonporous nano-structured NiO grain which has an octahedral shape 

bound by eight {111} planes as the calcination temperature increases. Octahedral 

NiO grains surrounded by mesoporous GDC network had truncated edges above 

the calcination temperature of 750 °C,  thus the coarsening and agglomeration of 

NiO grains was significantly accelerated at 850
o
C by truncated-edge broadening.  
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Fig. 4.1 Schematic diagram of synthetic procedure of mesoporous NiO-GDC 
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Fig. 4.2 The XRD patterns of (a) as-prepared NiO-GDC powder and mesoporous 

NiO-GDC powders calcined at (b) 350 °C, (c) 550 °C, (d) 650 °C, (e) 750 °C, and 

(f) 850 °C 
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Fig. 4.3 The pore size distributions of mesoporous NiO-GDC sintered at 550, 650 

and 750 °C. 
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(a) 

 

 (b) 

 

(c) 

Fig. 4.4 FE-SEM images of mesoporous NiO-GDC synthesized using F127 after 

calcinations at 650, 750 and 850℃ for 2 hours.  
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Fig. 4.5 EDS patterns and atomic concentrations of A and B point in Figure 4.4 (c).  
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(a)                                (b) 

 

(c) 

Fig. 4.6 FE-SEM images of NiO particle after calcination at 750 (a) and 850℃ (b), 

and schematic illustrations of NiO grains from 750 to 850℃.  
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Fig. 4.7 Schematic illustrations on the formation mechanism of octahedral NiO 

particles and GDCs with mesoporous structure by differences in electrostatic force 

of Ni, Ce and Gd ions.  
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Fig. 4.8 HR-TEM image (a) of mesoporous NiO-GDC and SAED pattern (b) of 

NiO particle.  
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Table 4.1 BET surface area value, average pore width and pore volume of 

mesoporous NiO-GDC 
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5. Effect of Ni contents on the microstructure of mesoporous 

NiO-GDC 

 

5.1 Introduction  

 

5.1.1 Correlation among Ni contents, microstructure and electrochemical 

properties of SOFC 

Ni-YSZ cermet has been intensively researched as a state-of-art SOFC anode 

material due to their high oxygen ionic conductivity, high electrical conductivity 

and chemical stability. Moreover, it exhibits the favorable thermo-mechanical and 

sintering compatibilities with various electrolyte materials, which are often YSZ. 

The Ni-YSZ cermets usually have a volume fraction of solid Ni in the range 40–

70%.
119

 However, because the thermal expansion coefficient (TEC) of Ni (TEC: 

1.69 ×10
−5

 K
−1

) and 8 mol% yttria stabilized zirconia (8YSZ) (TEC: 1.05 × 10
−5

 

K
−1

) are so far apart, the Ni content is crucial to the mechanical and microstructural 

stability of Ni-YSZ cermets. As the Ni contents increase, for instance, 

microstructural changes facilitating the degradation of Ni-YSZ anodes can mainly 

be determined by the agglomeration and coarsening of the Ni.
120

 Moreover, when 

the Ni contents in Ni-YSZ cermet is constantly increased, electrical conductivity 

drastically increased at the certain Ni content, normally 30~40 vol% of Ni (see Fig. 

5.1) Consequently, the increase of Ni contents for sufficient electrical conductivity 

can induce the deleterious effects of thermal mismatch and coarsening of the Ni. 

Hence, the 50~60 wt% of Ni is considered as the suitable Ni contents for Ni-YSZ 
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not to cause critical harm to the electrical conductivity as well as inhibit the 

detrimental effects on the microstructure of Ni up to a point. 
121

 

 

5.1.2 Motivation and objectives 

To reduce the operation temperature of SOFC, it is important to investigate 

materials with ionic conductivity higher than conventional electrolyte material, 

yttria-stabilized zirconia (YSZ). Gadolinium-doped Ceria (GDC) is a promising 

candidate as the electrolyte material of ITSOFC, because GDC shows higher ionic 

conductivity in IT range than YSZ. The Ni-GDC cermet has been studied as an 

anode material which is suitable for ITSOFC based on GDC electrolyte. 

It was reported by De Boer et al. that electrochemical activity of cermet anode 

strongly depends on the length of triple phase boundary (TPB) formed by Ni 

particle, GDC particle and pores. The microstructural factors such as particle size, 

pore size and porosity are also intimately related with the TPB length of three-

dimensionally-connected cermet anode. In order to increase the TPB length which 

can improve the performance of SOFC anode, studies on the anode with nano 

structure which was fabricated by thin film deposition, nano powder sintering, wet 

impregnation and anode functional layer have been carried out. Mesoporous 

material with highly-ordered nano-structured pores is also a promising candidate as 

the anode material for ITSOFC due to their high specific area and ordered pore 

structure with good connectivity. 

[NiO]/ [GDC] ratio of NiO-GDC cermet has a strong effect on the performance 

of SOFC anode as shown in Fig 5.1. Electrical conductivity and thermal expansion 

coefficients are increased as the amount of Ni increases. Moreover, Almar et al. 
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recently reported that mesoporous NiO-GDC has lower specific area value than 

mesoporous GDC.
122

 It means that NiO has an adverse effect on the specific 

surface area of mesoporous NiO-GDC. The effect of the amount of Ni on the 

microstructural evolution of mesoporous NiO-GDC, however, has not been 

systematically investigated.  

In this work, mesoporous NiO-GDCs with different Ni contents were 

synthesized using triblock copolymer ; Pluronic F127 as the structure directing 

inducer. The effects of Ni contents on the grain growth and agglomeration of NiO 

and the formation behavior of GDC mesopore were investigated using N2 

adsorption /desorption and microstructural analyses. The grain growth and 

agglomeration of NiO which can lead to the decrease of catalytic activity of SOFC 

anode was also investigated using mesoporous NiO-GDCs with different Ni 

contents.  

 

5. 2 Experimental procedure 

 

The mesoporous GDC ([Gd2O3]/ [GDC] = 0.25 molar ratio) and NiO-GDC 

powders were prepared by evaporation-induced self-assembly (EISA) method 

using TBC; Pluronic F127 (EO106PO70EO106, Aldrich) with very long chain length. 

Mesoporous NiO-GDC samples with different [NiO]/ [GDC] ratios were 

synthesized. In order to investigate the effect of Ni contents on the microstructure 

of mesoporous NiO-GDC, mesoporous NiO-GDC samples with 50:50, 60:40 and 

70:30 wt% ratio of NiO to GDC were prepared, and were named 5N5GC, 6N4GC 

and 7N3GC, respectively. 30g of 0.1M HCl and 60g of ethanol (99.9%, Aldrich) 



   

 

 

79 

were mixed, and 3g of Pluronic F127 was dissolved in this solution. The proper 

quantities of inorganic precursors, Ce(NO3)3·6H2O, Gd(NO3)3·6H2O and 

Ni(NO3)2·6H2O, were added to the as-prepared solution. The mixtures which 

consist of organic precursors and surfactants were stirred for 1 hour, and sealed in a 

hydrothermal vessel at 80 °C for 7 days for the formation of gel. To enhance the 

thermal stability of mesoporous structure, the suspensions were dried without 

washing and filtration process at 60 °C for 1 hour. The residual products were 

calcined at 650, 750 and 850 °C with the heating rate of 5 °C/min for 2 hours in air.  

 The phase was identified by X-ray diffraction (XRD) using a D8-Advance 

(Bruker Miller Co., Germany) with Cu/K radiation. To analyze the pore structure 

of NiO-GDC, the N2 adsorption/desorption isotherms were measured using an 

ASAP2420 (Micromeritics, USA) at 300 °C. The surface area was calculated from 

the Brunauer-Emmet-Teller (BET) equation, and the pore size distribution was 

derived from the Barrett-Joyner-Halenda (BJH) model. The detailed network 

structures of the powders were observed by FE-SEM using Supra 55VP (Carl Zeiss, 

Germany). The chemical compositions of NiO and GDC particles were analyzed 

by energy dispersive spectrometry (EDS) using Xflash 4010 (Bruker AXS, 

Germany). High-resolution transmission electron microscopy (HR-TEM) was 

performed using a JEM 300F (JEOL, JAPAN) to investigate the microstructure of 

mesopores. 
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5.3 Results and discussions 

Fig 5.2 shows the XRD patterns of mesoporous NiO-GDCs with different 

[NiO]/[GDC] ratios calcined at (a) 650, (b) 750 and (c) 850℃. Diffraction peaks 

from only NiO and GDC phases are observed in all three samples, which mean that 

there is no reaction between NiO and GDC. As the amount of nickel increases, the 

XRD peak intensities of NiO [200] and [111] are increasing. To investigate the 

grain growth behavior of NiO, the change of microstructure of mesoporous NiO-

GDC samples with the increase of calcination temperature was analyzed by FE-

SEM as shown in Fig 5.3. Particles with a size of 200~500 nm grow to have an 

octahedral geometry of shape from 650 to 750℃. As the calcinations temperature 

increase from 750 to 850℃, octahedral particles grow rapidly, and large 

agglomerates (1~2 m) are formed. From the SEM image of 6N4GC calcined at 

750℃, the EDS results of non-porous particle and small nano particles which show 

that the atomic ratio of Ni, Ce, Gd is 30 : 12 : 5 and 3 : 14 : 5, respectively, implies 

that large particles and nano particles are mainly composed of NiO and GDC, 

respectively. (see Fig. 4.5) NiO has a face-centered cubic (FCC) crystal structure 

and has anisotropic surface energy; (111) < 100) <  (110).
123

 In order to lower 

the surface energy, NiO particle can grow preferentially along <111> direction and 

with octahedral geometry of particle which has eight {111} planes as shown in due 

to the lowest surface energy of the {111} planes of NiO. 

As the calcination temperature increases, six {100} and eight {110} truncated 

edges gradually broaden at 750
o
C. NiO grain growth is accelerated by truncated-
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edge broadening which can decrease the energy barrier for grain growth of NiO. 

Facets are formed on the truncated-edges, and NiO grains are drastically coarsened 

and agglomerated at 850℃. The growth rate (R) at which atoms of element X 

strike the surface of a grain with radius a was estimated by Evans et al. as follows   

               

1 / 2

4 2
2

gas

X

X

kT
R a n

m




 
  

 
                      (1) 

where nX is the number density of element X, k is the Boltzmann constant, Tgas is 

the gas temperature and mX is the atom mass of element X.
124

 It is supposed from 

Eq. (1) that grain growth can be accelerated as the number density of element and 

gas temperature increase. When the Ni contents and the calcination temperature 

increase, NiO grain growth can be accelerated by the increase of both NiO to GDC 

ratio and temperature of gas species. (see Fig. 5.3)  

 Noh et al. reported that NiO or Ni grain growth in NiO-based SOFC anode 

occurs by gas phase evaporation and condensation.
125

 Darcy’s law is the equation 

which represents the correlation between gas permeability and pore structure and is 

normally written as 

                     

2

32

D
K 

                    ( 2 ) 

where K is the gas permeability of porous samples,  is the porosity and D is the 

pore diameter.
126

 Eq. (2) implies that small pore diameter can lead to low gas 

permeability, which can suppress the grain growth by inhibiting the gas transport.   

GDC particles have mesoporous structure. In case NiO grain growth occurs by gas 
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phase evaporation and condensation, NiO grain growth and agglomeration in 

mesoporous network can be effectively suppressed by inhibition of gas phase 

transport, because mesoporous NiO-GDC has average pore size of 2~50nm, as 

shown in the pore size distribution of Fig 5.4, which is smaller than micron-sized 

pores of conventional NiO-GDC anode.  

As the Ni contents increase, average pore size of NiO-GDC is increased. 

Microstructural changes such as the increase of average pore size can accelerate the 

NiO grain growth and agglomeration due to the facilitation of gas phase transport. 

Fig 5.5 shows the N2 adsorption/desorption isotherms of 5N5GC, 6N4GC and 

7N3GC calcined at 650℃. N2 adsorption/desorption isotherms of all samples show 

type IV isotherms in the BET classification.
127

 Hysteresis loop of the physisorption 

isotherms is usually associated with capillary condensation in mesoporous 

structures. The width and slope of hysteresis loops are associated with specific pore 

structures. In other words, as the hysteresis loop become narrow and less inclined, 

the pore structure of sample becomes non-uniform and non-porous by 

agglomeration and compaction. As the Ni contents increase, the hysteresis width of 

N2 adsorption/desorption isotherm curve becomes narrow, which indicates the loss 

of mesoporous nature.  

Fig 5.6 shows the BET surface area values of NiO, mesoporous GDC, 5N5GC, 

6N4GC and 7N3GC calcined at 650℃. The specific surface area values were 

calculated using those of NiO and mGDC (15 and 156 m
2
/g, respectively) with the 

assumption that NiO and GDC particles which do not have contacts with each 

other are uniformly distributed, and were compared with measured values. The 
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calculated values are marked with asterisks in Figure 5. Mesoporous NiO/GDC 

calcined at 650℃ has lower specific surface area than that of mesoporous GDC 

(156 m
2
/g), and that of mesoporous NiO-GDC decreases (74  62  48 m

2
/g) 

with the increase of the Ni contents. NiO-GDC samples show lower specific 

surface area values than calculated values. It is possible that non-porous NiO 

particles with average size of 200nm which is larger than the size of GDC nano 

particles (~10 nm) can block the entrances of mesopores inside GDC nano particle, 

which can lead to the decrease of specific surface area.  

 

5.4. Summary 

 

In summary, mesoporous NiO-GDC powders with different NiO contents were 

synthesized by self-assembly hydrothermal method using tri-block copolymer, 

Pluronic F127 as a structure directing agent. Mesoporous NiO-GDC was composed 

of particles with two different geometries, large octahedral NiO with non-porous 

structure and GDC nano particles with mesopores inside. As the NiO contents 

increase, the grain growth and the agglomeration of NiO particles can be 

accelerated due to not only increase of NiO contents but also the increase of 

average size of mesopores (which can play the role of path of gas phase transport). 

Moreover, as the amount of NiO increases, the specific surface area of mesoporous 

NiO-GDC samples decrease because non-porous NiO particles can block the 

entrance of mesopores. The mesoporous material with high specific surface area 

can be obtained by the addition of optimized amount of Ni, and the agglomeration 
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and grain growth of NiO can be effectively suppressed. In order to use the 

mesoporous NiO-GDC as an anode for ITSOFC with high electrochemical 

performance, it is important to inhibit the NiO grain growth/agglomeration and 

increase the specific surface area by controlling the Ni contents.   
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(a)                                (b) 

Fig. 5.1 Thermal expansion coefficient (a) and electrical conductivity (b) of 

Ni/ZrO2 cermet 
52
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Fig. 5.2 The XRD patterns of mesoporous NiO-GDC with 50:50, 60:40 and 70:30 

wt% ratio of NiO to GDC (named 5N5GC, 6N4GC and 7N3GC, respectively) 

calcined at (a) 650, (b) 750 and (c) 850℃. 
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Fig. 5.3 The SEM images of 5N5GC, 6N4GC and 7N3GC samples calcined at 650, 

750 and 850℃.
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(a) 

 

(b) 

Fig. 5.4 The pore size distribution patterns (a) and average pore diameter (b) of 

5N5GC, 6N4GC and 7N3GC at various calcinations temperatures. (The 

calcinations temperature of samples in Figure (a) is 650℃. 
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Fig. 5.5 N2 adsorption/desorption isotherms of 5N5GC, 6N4GC and 7N3GC 

calcined at 650
o
C  
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Fig. 5.6 The measured BET specific surface area values of NiO, mGDC, 5NGC, 

6N4GC and 7N3GC samples calcined at 650
o
C. (Asterisk marks in Figure are the 

calculated BET specific surface area values from those of NiO and mGDC samples)  
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Chapter 6. Effect of the GDC impregnation on the 

microstructure and electrochemical properties of mesoporous 

Ni-GDC anode for LTSOFC anode  

 

 

6.1 Introduction 

 

6.1.1. Primary voltage losses of fuel cells during reaction  

 

Fig. 6.1(a) is the typical plots of I-V curve and impedance spectra of SOFC. If the 

fuel cell completely converts the chemical energy into electrical energy, the ideal 

cell voltage (thermodynamic reversible cell potential) of the fuel cell would be 

1.23V at 25º C under 1 atmosphere. When the fuel cell is supposed to be operated 

at the temperature of 80º C, the ideal voltage decreases from 1.23 to 1.18 V. 
128

 In 

addition to this kind of voltage drop, many factors can affects the decrease of fuel 

cell voltage. The electrical efficiency can be evaluated from the measurement of 

fuel cell voltage. For instance, as the voltage out of the fuel cell decrease, the 

electrical efficiency is lowered, and hence more chemical energy is needed to the 

electrochemical reaction for the similar amount of power generation. The main 

voltage losses which lead to a reduction in cell voltage are as below.  

Activation losses : Activation losses are interrelated with the energy required to 

initiate the reaction, which is a result of the catalyst. If the catalytic activity is more 
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excellent, the activation energy is less needed. A power density obtained from a 

fuel cell can be limited by the rate of electrochemical reaction. The reaction at the 

cathode (the oxygen reduction) is about 100 times slower than that of the reaction 

at the anode, because the energy needed for the reduction of oxygen is much higher 

than the energy for the oxidation of hydrogen. Hence, the activation losses by the 

reaction at cathode is regularly higher than that which induced by the reaction at 

anode. 
129

 

Ohmic losses : Ohmic losses can be induced by the combined resistances of the 

various components of the fuel cell. This includes the resistance of the electrode 

materials, electrolyte membrane and the other interconnectors. 

Concentration losses (Mass transport losses): The reduction of the concentration 

of hydrogen and oxygen gases at the electrode leads to the concentration losses. In 

order to favorable progress of electrochemical reaction from previous reaction to 

following reaction at the electrode sites, new gases must be immediately provided 

to the catalytic activation sites. These sites at the surface of electrodes can be 

clogged and suppress the access of reactants, due to concentration of the resultants 

such as water and CO2. Therefore, to remove these detrimental resultants is very 

important to the reduction of voltage losses by concentration. 

 

6.1.2 Electrochemical performance test 

As shown in Fig. 6. 1(b), impedance spectra can be plotted in two ways: One is the 

Nyquist plot which the X axis is the real part of the impedance (Z’), and the Y axis 

is the negative imaginary part of the impedance, (-Z’’). The other is the Bode plot 

where the absolute impedance (|Z|), as well as the phase shift (φ), the angular 
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frequency (ω). Both plots contain, in principle, the same information and can be 

transformed into each other. However, for the SOFC electrode measurement, 

Nyquist plot is more preferred due to its immediate interpretation of polarization 

resistance which is the almost only factor to evaluate the electrochemical 

performance of electrode. The following parameters can be obtained from the 

Nyquist plots:  

1) ohmic resistance (RΩ) : the purely ohmic part of the electrode resistance. 

2) so-called polarization resistance (RE) : RE is normally caused by a certain 

contribution of the electrode. It can be determined from the high frequency part of 

the Nyquist plot at the intersection of the impedance data with the real axis. 

3) relaxation frequency (ω) : ω is defined as the frequency at the maximum 

imaginary impedance value. In the case of several relaxation processes, there exist 

several relaxation frequencies which can be identified as local maxima in the 

Nyquist plot.  

 

6.1.3 Redox (reduction and oxidation) cycling of SOFC anodes 

The state-of-art ceramic parts are YSZ and GDC in Ni-based cermet anode. The 

conventional Ni-based cermet anodes are normally fabricated at the sintering 

temperature from 1300 to 1450°C. The volume change by reduction from NiO to 

Ni are firstly occurred, hence the Ni particles with porous structure which 

composed of many closed pores are formed. Majors limitations of the Ni-ceramic 

anodes are (1) the nickel microstructural changes to lower the interfacial energy, 

which decreases the electrochemical activity; (2) the volatilization of the nickel 

under high steam concentration; (3) promotion of the competitive catalytic 
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cracking of hydrocarbons that produces a rapid deposition of carbon in the anode; 

(4) impurities in the fuel stream, particularly sulfur and phosphorus, that inhibit 

anode functionality and (5) anode expansion during re-oxidation of the Ni if a fuel 

supply cut occurs, under high fuel utilization operation or with seal leakage 

occurrence.
 130-134

 

It is well known that Ni is not stable at high temperature under re-oxidation in air. 

The volume changes during these reduction and reoxidation cycles (so-called 

RedOx cycle) have a detrimental effects on the electrochemical properties of Ni-

based cermet anode. This bad influence by ReDox cycles can be the critical 

problem when the SOFC is design as an anode supported type, because the volume 

change puts the electrolyte under tension and, cracked electrolyte leads to the fatal 

leakage between fuel and oxidant gases. 
143-145

 Finally, the fuel cell may be shut 

down. 

 

6.1. 4 Motivation and objectives 

 

To investigate effect of mesoporous Gd0.25Ce0.75O2-x (GDC) impregnation on the 

electrochemical and microstructural properties of NiO anode, mesoporous GDC-

impregnated NiO with high specific area and thermal stability were deposited on 

the yttria-stabilized zirconia electrolyte substrate. Mesoporous GDG was 

synthesized by self-assembly sol-gel method and hydrothermal reaction using 

cetyltrimethylammnium bromide (CTAB) and pluronic
®
 F127 as structure inducer. 

NiO anode was deposited on YSZ electrolyte substrate by slurry painting. 
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Mesoporous GDC gel was impregnated on the NiO electrode by spin coating. The 

characterization of the mesoporous materials was carried out using X-ray 

diffraction (XRD), field emission scanning electron microscopy (FE-SEM), and N2 

adsorption/desorption. To investigate the electrocatalytic properties, impedance 

and polarization resistance were measured. Fig 6.5 shows the schematic 

illustrations on the motivation and the fabrication process of single cell using 

mesoporous GDC-impregnated Ni as an anode. 

 

 

 

 

6. 2 Experimental procedure 

 

6. 2. 1 Mesoporous GDC sol synthesis 

The mesoporous GDC ([Gd2O3] / [GDC] = 0.25 molar ratio) were prepared by 

evaporation-induced self-assembly (EISA) method using poly (alkylene oxide) tri-

block copolymer (TBC), pluronic F127 (EO106PO70EO106, Aldrich) with very long 

chain length. The proper quantities of cerium nitrate hexahydrate and gadolinium 

nitrate hexahydrate were added to the solution which was prepared by mixing 30g 

of 0.1M HCl and 60g of ethanol (99.9%, Aldrich), and 3g of F127 was dissolved in 

this solution. In addition to mesoporous GDC solution, to investigate the effect of 

mesoporous structure of coated GDC on the electrochemical properties, nonporous 

GDC sol-gel were prepared by process similar to mesoporous GDC. To synthesis 

the nonporous GDC, solutions using the proper quantities of cerium nitrate 
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hexahydrate and gadolinium nitrate were prepared without any surfactants. The 

mixtures in which organic precursors and surfactants were contained were stirred 

vigorously for 1 hour, sealed in a hydrothermal vessel and then gelled at 80 °C for 

7 days.  

 

6. 2. 2 Single cell fabrication 

(Y2O3)0.08(ZrO2)0.92 powders (Standard Grade, Fuel Cell Materials, USA) were 

uniaxially pressed at 10MPa before being cold isostatically pressed at 150MPa for 

15 minutes. The powder compacts were placed on zirconia plate and sintered in air 

at 1550
o
C for 10 hours. Thickness of electrolyte substrate was 500mm. The 

sintered 8YSZ substrates were cut with square shape by 10X10mm and polished 

for electrochemical test. After carving, 8YSZ electrolyte substrates were post-

annealed at 800
o
C for 2hours to remove the residual pollutants and make the 

substrate smoothen. NiO powders were prepared by pre-coarsening at 600
o
C for 2 

hours to suppress the Ni grain coarsening during electrochemical test. 

Pre-coarsened NiO powders were ball-milled in isopropyl alcohol media for 6 

hours. NiO electrode deposition was applied to the 8YSZ electrolyte substrate by 

slurry painting, and single cells were sintered at 1350
o
C for 2hours in air. The 

thickness of NiO electrode were about 10mm. Ion impregnation was carried out by 

placing a drop of the solution on the top surface of NiO electrodes which infiltrate 

the porous layer by capillary action. Mesoporous GDC and nonporous GDC 

solution prepared through 2.1 were impregnated on NiO electrode by spin coating 

method. The rate and operation time of spin coater were 1000 rpm and 1 minute, 
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respectively. Samples with non-impregnated, nonporous GDC- impregnated and 

mesoporous GDC-impregnated Ni anode were named NA, nGNA and mGNA, 

respectively. To remove the surfactants and nitrate salts, all samples were heat-

treated at 550
o
C in air for 2 hours before the electrochemical test. Pt layers which 

play a role of SOFC cathode were coated on the opposite side of electrolyte 

substrate by DC sputtering at 100W for 10min in 90 mtorr vacuum and Ar 

atmosphere. The distance from Pt target to samples was 6 cm. The thickness of Pt 

cathode layer was about 200 nm. The single cells with NA, nGNA and mGNA was 

named NAcell (Ni/YSZ/Pt), nGNAcell (nonporous GDC-impregnated Ni/YSZ/Pt) 

and mGNAcell (mesoporous GDC-impregnated Ni/YSZ/Pt), respectively. (order of 

single cell components: anode/electrolyte/cathode) Detailed experimental 

procedure on the fabrication process of single cell using mesoporous GDC-

impregnated Ni as an anode is schematically illustrated in Fig 6.6. 

 

 

6. 2.3. Characterization  

The phase was identified by XRD using a D8-Advance (Bruker Miller Co., 

Germany) with Cu/K radiation. To identify the phase of thin anode layer, thin-

film mode was applied with 3
o
 of incident beam angle. Chemical composition of 

NAcell, nGNAcell and mGNAcell were analyzed by EDS using Xflash 4010 

(Bruker AXS, Germany). Microstructures of NAcell, nGNAcell and mGNAcell 

anode layer were analyzed by FE-SEM (Supra 55VP, Carl Zeiss, Germany) and 

atomic force microscopy (AFM, SPA-400, Seiko Instrument, Japan). To 

investigate the effect of GDC impregnation and mesoporous structure on the 
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electrochemical properties (OCV, I-V curve and impedance spectra) of single cells 

named NAcell, nGNAcell and mGNAcell. A test cell was attached to a custom-

made hydrogen feeding chamber using a ceramic adhesive (CP4010, Aremco 

Products, Inc., Briarcliff Manor, NY, USA) and heated to 450°C using a halogen 

heating system. Dry H2 gas with a mass flow of 50 sccm was supplied to the anode 

side, and cathode was exposed to atmospheric environment. Anode was connected 

to a silver wire, and cathode was contacted by a hardened steel probe. Impedance 

spectra of single cells was measured from 10
6
 to 1Hz of frequency range for 4 

cycles (1 cycle is 15min). Polarization of thin-film fuel cells was analyzed using an 

electrochemical testing system (1287/1260, Solartron Analytical, Hampshire, UK).  

 

6.3 Results and discussion 

 

6.3.1 Mathematical modeling for the calculation of TPB length by 

impregnation 

To investigate the effect of impregnation and mesoporous structure on the TPB 

length when GDC nano particles are coated on the Ni anode, mathematical models 

were established. As shown in Fig. 6.4, when GDC impregnated Ni skeleton, 5 

different models can be considered: thin layer (Tn-L), thin particles (Tn-Ps), thick 

layer (Tk-L), thick nonporous particles (Tk-nPPs) and thick mesoporous particles 

(Tk-mPPs), respectively. The assumptions which can be considered to establish the 

ideal case are as follow 

i) All particles have a sphere shape. 

ii) Surface on the particles is not rough, but even. 
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iii) Every pore is distributed with ordered-hexagonal array. 

iv) The size of mesopores is uniform.  

v) Each pore has a open structure between top and bottom. 

As shown in Fig 6.4 (a), when thin layer of GDC is coated on the Ni skeleton, fuel 

can diffuse from pore to surface of Ni skeleton surface through grains or along the 

grain boundary due to the thin diffusion length. So, surface of the Ni skeleton can 

play a role of activation site. In that case, TPB is evaluated by not length but area. 

In other word, TPB area (TPBTn-L)is as follow 

TPBTn-L = πD
2
 ························································(1) 

when D is diameter of Ni skeleton. 

Similarly, thin GDC particles are coated on the Ni skeleton, TPB is calculated by 

area of circle which the thin GDC contact with Ni surface. When the diameter of 

circle which the thin GDC contact with Ni surface is d, and the number of thin 

GDC particles are n, TPB area (TPBTn-Ps)can be represented as follow: 

TPBTn-Ps = 1/4nπd
2
 ························································ (2) 

However, the thickness of conventional non-porous GDC particle which are 

impregnated on the Ni skeleton is sufficiently thick, fuel is not possible to diffuse 

through GDC particle. Therefore, only the girth of circle which GDC, Ni skeleton 

and fuel meet can act as activation sites. That is, TPB area (TPBTk-nPPs) can be 

calculated as follow :  

TPBTk-nPPs = nπd ························································ (3) 

When the GDCs impregnated on the Ni have a mesoporous structure, fuel can be 

delivered to Ni surface through pores. It means that additional reaction site can be 
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created by mesoporous structure. When the diameter and number of pores are 

respectively a and k, TPB (TPBTk-mPPs) length can be calculated as follow :  

TPBTk-mPPs = nπ(d+ka) ························································ (4) 

Consequently, TPB length of mesoporous GDC impregnated Ni become larger by   

Nπka compared to nonporous GDC impregnated Ni. 

If the Ni skeleton is fully covered with thick GDC layer by impregnation of GDC 

solution, no fuel can be delivered to Ni skeleton. In that case, TPB length (TPB Tk-

L) is 0(5). It means that there is no electrochemical reaction at anode. Considering 

the TPB values of (1)~(5), the numbers of reaction sites (TPB) can be calculated  

as follow :   

Tn-L > Tn-Ps >>Tk-mPPs >Tk-nPPs >>Tk-L   ························· (5) 

As shown in (6), it is estimated that thin GDC layer or particle-coated Ni anode 

show higher electrochemical performance. However, when GDCs are actually 

impregnated on Ni skeleton, the thickness of GDC will not be uniform. 

Mesoporous structure can help prevent the reaction site from drastic decrease at 

thick part. Fig. 1 shows mathematical model for the calculation of TPB boundary 

length. 

 

6.3.2 Microstructure of mesoporous impregnated Ni anode 

 

Fig. 6.7 is a XRD spectra of the Ni and mesoporous GDC impregnated anode. 

Because the thickness of anode layer is very thin (~10m), only the 8YSZ peaks of 

the electrolyte substrate were identified at /2 mode. 2 mode (incident beam 
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angle is 3o) was used to identify the NiO and GDC phase distribution of anode. In 

XRD spectra of non-impregnated NiO, only NiO(anode) and YSZ(electrolyte) 

phase were detected. However, in XRD spectra of mesoporous GDC-impregnated 

NiO anode, Gd0.25Ce0.75O2-x peaks including NiO and YSZ were detected. It shows 

that GDC single phases are successfully coated on the NiO skeleton. To analyze 

phase distribution of the NiO, YSZ and GDC, EDS spectra of electrolyte and anode 

layer was investigated. Figure shows FE-SEM and EDS map of 8YSZ electrolyte 

and mesoporous GDC-impregnated NiO anode. From EDS results, nickel and 

cerium were well-distributed over the anode layer and, electrolyte and anode have 

a quite different atomic composition: electrolyte  Zr-based dense layer ; anode  

Ni and Ce-based porous layer (see Fig 6.8). Fig. 6.9 and 6.10 are the FE-SEM 

images of single cell with NiO anode and single cell with mesoporous GDC-

impregnated NiO-GDC after sintering at 1300℃ and calcinations at 550℃. 

Overall thickness of NiO anode is about 9 m, and the particle size of NiO is about 

1~3 m. The average size of micro-scale pores formed by coarsened NiO grains 

are 1~5 m. Because the NiO powders were pre-coarsened before sintering 

process, crack or delamination which lead the electrical conductivity loss at 

anode/electrolyte surface were not observed even after the sintering at 1300℃ for 2 

hours and calcinations at 550℃ for 2 hours. Only nickel was observed in EDS of 

Ni anode, but not only Ni but small amounts of Gd and Ce were observed in EDS 

spectra of mesoporous GDC-impregnated Ni anode. As shown in Fig 6.10, the 

uniformity of mesoporous GDC coating from surface to the electrolyte was 

confirmed by FE-SEM of 4 spot (a,b,c and d) through the cross section of anode 
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layer. The mesoporous GDC nano powders were uniformly coated from (a) to (d), 

especially to interface which plays an important role of TPB formation between 

electrolyte and anode. The average thickness of GDC coating layers was 

50~100nm.  

To investigate the effect of mesoporous GDC impregnation on the surface 

roughness of Ni skeleton, topographies of Ncell and mGNcell were analyzed by 

atomic force microscopy (see in Fig 6.11). 3-d images of samples were obtained by 

area scanning which the scan size is 3m by 3m. Detailed changes on the Ni 

skeleton were analyzed by random line profiling (10 times). Surface roughness 

values obtained by 3d images of non-impregnated NiO and mesoporous GDC-

impregnated NiO were 160 and 176 nm, respectively. However, as shown in figure, 

while the topograph on the Ni surface of mesoporous GDC-impregnated anode 

samples showed the smooth graph, topograph on the Ni surface of non-

impregnated anode samples showed the bumped graph. While average surface 

roughness value calculated by line profiling of non-impregnated sample was about 

0.2 nm, that of meso-GDC impregnated samples was about 7.8 nm. It means that 

the surface roughness of Ni skeleton was highly increased by impregnation of 

mesoporous GDC. It can be considered that mesoporous GDC-impregnated NiO 

anode has more reaction sites by improved TPB length than non-impregnated NiO 

anode. 
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6.3.3 Electrochemical performance  

 

(1) Electrochemical performance of mesoporous NiO-GDC anode at low 

temperature. (500
o
C) 

 To investigate the effect of GDC phase impregnation on the electrochemical 

performance, electrochemical properties like OCV, power density and impedance 

spectra of Nicell (Ni/8YSZ/Pt) and nGNicell (nonporous GDC-impregnated 

Ni/8YSZ/Pt) was measured in H2 as fuel at 500℃. Moreover, to investigate the 

effect of mesoporous structure of impregnated GDC on the electrochemical 

performance, electrochemical properties of nGNicell (nonporous GDC-

impregnated Ni/8YSZ/Pt) and mGNicell (mesoporous GDC-impregnated 

Ni/8YSZ/Pt) was measured in same operation conditions. The order of 

measurement was OCV I-V impedance spectra. Schematic experimental set-

up is schematically illustrated in Fig 6.12. 

Fig 6.13 is the IV curve of Nicell, nGNicell and mGNi cell. The OCVs of Nicell, 

nGNicell and mGNi cell are 1.02, 1.05 and 1.065, respectively. The decrease in 

OCV of all single cells was not observed after operation for 1 hour, and OCVs of 

nGNicell and mGNicell were slightly lower than that of Nicell. The maximum 

power densities of Nicell, nGNicell and mGNi were 5, 6 and 7 mW/cm
2
. The 

maximum power densities of Ni anode were increase with 20 percents. 

Fig 6.14 shows the Nyquist plots comparing impedance spectra data from Nicell, 

nGNicell and mGNi cell after the operation at 500℃ in H2 for 1hour. To identify 

the polarization resistance of anode of mGNi cell and nGNi cell, the impedance 
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curve was specifically observed at the 10~20 range of Z` value. (inset of figure) 

The anode polarization resistances of Nicell, nGNicell and mGNicell were 13.5, 

2.7 and 2.3 Ωcm
2
, respectively. The anode polarization resistance of Ni was highly 

decreased (13.5  2.7 Ωcm
2
) by impregnation of GDC nano powder due to the 

increase of TPB length and the NiO/GDC phase distribution. Furthermore, when 

comparing the anode polarization resistances of nGNicell and mGNicell, the anode 

polarization resistances of mGNi was slightly higher than that of nGNicell. It is 

estimated that electrochemical performance of Ni anode was improved by the 

mesoporous structure of impregnated GDC nano powders due to additional 

reaction sites.  

Fig 6.15 is the polarization resistances of Ni/GDC thin film anode for low 

temperature SOFC. Ni/GDC anodes deposited on the YSZ and GDC electrolyte by 

spray pyrolysis and pulsed laser deposition (PLD) were reported by Muecke et al. 

The electrochemical impedance spectra was evaluated at 450~600℃ of operation 

temperature. From the result on the anode polarization of the single cells after 

operation at 500℃, the anode polarization of Ni/GDC deposited by spray pyrolysis 

on GDC and YSZ electrolyte was almost same value of about 10 Ωcm
2
. The 

thickness of Ni/GDC anode was 500~800 nm. The anode polarization of Ni/GDC 

deposited by PLD on GDC and YSZ electrolyte was slightly lower than that of 

Ni/GDC deposited by spray pyrolysis. As shown in figure, mesoporous GDC 

impregnated anode fabricated by our group had much lower anode polarization 
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resistance value compared to the Ni/GDC anode from Muecke et al. This means 

that electrochemical performance of Ni/GDC anode was improved by mesoporous 

GDC impregnation due to the improvement of TPB length and fuel diffusion. 

Table is the power density and OCV of thin film SOFCs. The OCV of mesoporous 

GDC-impregnated cell (1.06V) is almost similar compared to that of thin film 

SOFC with Pt anode (0.77~1.1V). The thin film SOFC using Pt anode has high 

fabrication cost because the Pt is more expensive than Ni or Ce inorganic 

precursors. Moreover, the power density of single cell with meoporous GDC-

impregnated Ni anode of our group show similar value of 7 mW/cm2 compared to 

the power density of thin film SOFC using Ni (D) in spite of electrolyte-supported 

structure. Because the conventional thin film SOFCs such as (D) or (E) are 

required to have a supporting substrate (Si, glass ceramics, porous ceramic and etc), 

our single cell can have an advantage of cost-effective and simple structure.  

Table 6.1 shows the comparison of the power densities and OCVs with substrate-

supported thin-film SOFCs which have a Pt cathode at different operation 

temperatures. To be compared with thin film LTSOFCs cells using Ni as an anode, 

mGNi cell shows similar power density even the thick electrolyte. mGNi cell 

exhibits a lower power density value, however, the OCV of that sample is similar 

or higher than thin film SOFCs with Pt anode.     

 

(2) Electrochemical performance of mesoporous NiO-GDC anode at intermediate 

temperature. (500
o
C) 

To investigate the effect of GDC phase impregnation on the electrochemical 

performance, electrochemical properties like OCV, power density and impedance 
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spectra of Nicell (Ni/8YSZ/Pt) and nGNicell (nonporous GDC-impregnated 

Ni/8YSZ/Pt) was measured in H2 as fuel at 700℃. The details of experimental 

setup for electrochemical analysis are shown in Fig. 6. 16. Single cell samples with 

different anode were prepared as shown in Fig 6.12(b). However, unlike the 

LTSOFC samples, LSM-YSZ was used as a cathode material suitable for the 

operation temperature of 500
o
C. Cathode layer was deposited using slurry painting 

before sintering at 1100
o
C. Because the sealants used in the electrochemical 

analysis at 500
o
C were not able to be tolerated up to 700

o
C, gold ring was 

employed as a sealant at the anode side. Pt meshes were contacted with both 

electrodes to collect the current. Dry H2 gas with a mass flow of 50 sccm was 

supplied to the anode side, and cathode was exposed to atmospheric environment. 

Impedance spectras of single cells were measured from 10
6
 to 1Hz of frequency 

range for 4 cycles (1 cycle is 15min). Polarization of thin-film fuel cells was 

analyzed using an electrochemical testing system (1287/1260, Solartron Analytical, 

Hampshire, UK).  

Fig. 6. 17 is the Nyquist plot of the impedance spectra of electrolyte-supported 

single cell with the non-impregnated Ni anode, nonporous GDC-impregnated Ni 

anode and mesoporous GDC-impregnated Ni anode. (Operation temperature = 

700
o
C) The mGNi and nGNi anodes show lower value of RE than Ni. It implies 

that GDC impregnation can lead to the improvement of electrochemical 

performance. Unlike the results from Nyquist’s plot obtained at 500
o
C (see 6.14), 

however, RE values of mGNi and nGNi are almost same. It means that the 

mesoporous structure scarcely contributes to the expansion of reaction, i.e. TPB. 



   

 

 

107 

Because the heat treatment at 700
o
C can cause the collapse of mesoporous structure 

in GDC, hence the mGNi and nGNi are supposed to have little different structure. 

Consequently, because the meso-structured materials have low thermal stability, it 

is favorable to use below 650
o
C which is the thermally-stable temperature for the 

advantages of meso pores.     

Table 6.2 is the comparison of single cell in this work and state-of-art thin film 

SOFC. The single cell in this work has feature of long synthetic time, however, it 

has an advantages of lower material costs compared to Pt anode and supporting 

ability. Therefore, it can be a promising candidate for micro SOFC operated at low 

temperature. 

 

6.3.4 Degradation behaviors of Ni anodes 

 

Fig 6.18(a) and (b) are the surface and cross-sectional FE-SEM image of Ni anode, 

respectively. Although the cracks or delaminations were not observed after 

operation, degradation of the Ni anode by poisoning was observed at the interface 

between electrolyte and anode due to the concentration of electrochemical site at 

the interface. Fig 6.18 (c) and (d) is the surface and cross-sectional FE-SEM image 

of mesoporous GDC-impregnated Ni anode, respectively. Unlike the cross 

sectional FE-SEM image of Ni anode (see Fig 6.18 (b)), degradation by poisoning 

was not observed at the electrolyte/anode interface in Fig 6.18(d). Because the 

impregnated-GDC offer the additional reaction site except for TPB at 

electrolyte/anode/fuel, concentrated electro chemical reaction can be distributed 

through the overall anode layer. If the single cells are operated during long time 
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over several hundred hours, carbon deposition and poisoning at the 

electrolyte/anode interface of Ni anode without GDC phase will be accumulated to 

lead the drastic decrease in electrochemical performance.  

 In addition to the carbon deposition and poisoning, the main mechanism of 

degradation of anode was induced by Ni coarsening/agglomeration and redox cycle. 

Because the Ni anode fabricated by GDC impregnation has the small contact area 

with electrolyte substrate, and NiO powders are fully pre-coarsened before 

sintering and operation, Ni coarsening/agglomeration and misfit between 

electrolyte and anode during repeated redox cycle can be suppressed. It will be 

possible to be confirmed by the long-term stability test that Ni anode fabricated by 

GDC impregnation has the particular advantage in the degradation problems. 

Zhang et al. observed a sponge-like aggregate of NiO crystallites. The re-reduction 

of this microstructure led to coarse Ni particles, suggesting a re-dispersion inducing 

some transport of nickel and nickel oxide during RedOx cycling.
136

 In parallel, 

Waldbillig et al. observed smaller pores in this sponge-like reoxidized NiO 

microstructure. In the same study, ex situ oxidation of a transmission electron 

microscope (TEM) lamella at 700 °C during 15 min showed nanometric 

polycrystalline NiO, even if the original nickel grain was a porous micrometric 

crystal.
 137

 This procedure presents the formation of a protective nickel oxide 

surface layer around the original nickel particle. The microstructure will depend on 

the oxidation condition of the composite; even the partial pressure of oxygen, 

which is much lower in the case of in situ SEM observation, can change the 

microstructure evolution  

To understand the increase of the closed porosity before and after a RedOx cycle at 
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800 °C of a NiO-YSZ composite, Sarantaridis et al. used dual beam SEM-focused 

ion beam (FIB) to study the microstructure evolution of pure nickel particles of 5 

μm in diameter after oxidation at 800 °C. The surface of the sample using 

secondary electrons from the electron beam after oxidation is more textured and 

shows the sponge-like structure. This effect is less pronounced when using the 

secondary electrons from the ion beam. To study the internal porosity, FIB was 

used to cut the particles after various oxidation times at 800 °C. The evolution 

shows an increase of subsurface porosity during oxidation due to the outward 

diffusion of Ni
2+

. 138 Similar observations were done on Ni-YSZ composite 

reoxidized at 550, 800 and 1000 °C under air. Cross sections of the sample with 

SEM/FIB showed bigger NiO closed porosity at elevated temperature and small 

well dispersed NiO porosity at low temperature.
139

 This change in NiO closed 

porosity can be related to the outward Ni diffusion process during oxidation. At 

relatively low temperature (i.e., 550 °C), the Ni transport occurs via grain boundary 

of the NiO outer layer, and at elevated temperature (i.e., 1000 °C) the Ni transport 

occurs through the NiO crystal lattice. 
140

 

 

6.4 Summary 

 

To investigate effect of mesoporous Gd0.25Ce0.75O2-x (GDC) impregnation on the 

electrochemical and microstructural properties of NiO anode, mesoporous GDC-

impregnated NiO with high specific area and thermal stability were deposited on 

the yttria-stabilized zirconia electrolyte substrate. Mesoporous GDG was 

synthesized by self-assembly sol-gel method and hydrothermal reaction using 



   

 

 

110 

cetyltrimethylammnium bromide (CTAB) and pluronic
®
 F127 as structure inducer. 

NiO anode was deposited on YSZ electrolyte substrate by slurry painting. 

Mesoporous GDC gel was impregnated on the NiO electrode by spin coating. The 

characterization of the mesoporous materials was carried out using X-ray 

diffraction (XRD), field emission scanning electron microscopy (FE-SEM), and N2 

adsorption/desorption. To investigate the electrocatalytic properties, impedance and 

polarization resistance were measured. By impregnation of highly ordered 

mesoporous GDC powders into NiO electrode, TPB length was increased and the 

NiO/GDC phase distribution was enhanced, which led to the significant 

improvement of electrocatalytic activity and stability of the NiO/GDC anodes for 

the H2 oxidation reaction compared to those of pure NiO anode and nonporous 

GDC-impregnated NiO anode. Through the impregnation of mesoporous GDC on 

the NiO anode, SOFC anode with high specific area for intermediate temperature 

can be conventionally obtained, and mesoporous material can be applied to SOFC 

anode in spite of low thermal stability.   
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(a) 

 

(b) 

Fig. 6.1 Typical plots of I-V curve (a) and impedance spectra (b) of SOFC. 152 

  



   

 

 

112 

 

 

 

 

(a)                          (b) 

 

(c) 

Fig. 6.2 FESEM images of surface (a) and cross section (b) of mesoporous NiO-

GDC anode deposited by spin coating, and schematic illustration (c) on the 

degradation of thin film properties like the adhesion and percolation of anode layer 

by evaporation of solvents and surfactants during calcinations.  
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(a)                          (b) 

 

(c)                          (d) 

Fig. 6.3 FESEM images of non-impregnated Ni (a) and GDC-impregnated Ni (b), 

and impedance spectra (c) and polarization resistances (d) vs. test time of Ni, 

conventional Ni/GDC and GDC impregnated Ni anode.
153
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Fig. 6.4 Mathematical models of various types of GDC-impregnated Ni anode for 

the calculation of TPB length; impregnated-GDC with a shape of thin layer or 

particle (a), thick layer (b), thick-non-porous or thick-mesoporous particle (c). 
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Fig. 6.5 Schematic illustrations on the motivation (a) and the fabrication process (b) 

of single cell using mesoporous GDC-impregnated Ni as an anode. 
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Fig. 6.6 Schematic illustrations on the fabrication process of single cell using 

mesoporous GDC-impregnated Ni as an anode. 
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Fig. 6.7 XRD data of Ni (black) and mesoporous GDC-impregnated anode (red). 

(thin film mode, 2
o
 of incident beam angle)  
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(a) 

 

(b) 

Fig. 6.8 FESEM image (a) and EDS map (b) of mesoporous GDC-impregnated Ni 

anode and 8YSZ electrolyte substrate.  
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(a)                           (b) 

 

(c)                           (d) 

Fig. 6.9 FESEM image of cross section (a), surface (b) of Ni anode and 

electrolyte/anode half cell (c). (d) is the EDS spectra of a selected area of surface 

on the Ni particle. 
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(a) 

 

(b)                           (c) 

Fig. 6.10 FESEM images of cross section (a) observed at different depths (selected 

areas of a, b, c and d are observed at the distance of 0, 5, 10 and 15 m from the 

surface of anode layer) and electrolyte/anode half cell (b), and the EDS spectra of a 

selected area of surface on the Ni particle before electrochemical test.  
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(a) 

 

(b) 

Fig. 6.11 AFM images of non-impregnated (a) and mesoporous GDC-impregnated 

(b) Ni anode before electro chemical test; width-height diagrams obtained by line 

profiling of figure (a) and (b) are represented the right side of each AFM image.  
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(a)                     

 

(b) 

Fig. 6.12 Schematic diagrams of experimental set up for the low-temperature 

single cell operation (a) and sample preparation (b) to investigate the effect of 

impregnation of GDC phase and mesoporous-structured particle on the 

electrochemical performance of Ni anodes.  
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Fig. 6.13 I-V and power density curves of electrolyte-supported single cell with the 

Non-impregnated Ni anode, Nonporous GDC-impregnated Ni anode and 

mesoporous GDC-impregnated Ni anode. (Operation temperature = 500
o
C) 
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Fig. 6.14 Impedance spectra of electrolyte-supported single cell with the Non-

impregnated Ni anode, Nonporous GDC-impregnated Ni anode and mesoporous 

GDC-impregnated Ni anode. (Operation temperature = 500
o
C) 
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Fig. 6.15 Comparison of the polarization resistance values of LTSOFCs with Ni-

GDC as an anode. Black squares and blue circles are the polarization resistance of 

LTSOFC with Ni-GDC anode deposited by spray pyrolysis, and green square is the 

polarization resistance LTSOFC with Ni-GDC anode deposited by pulsed laser 

deposition. Black and red asterisks are the polarization resistance of single cells 

with non-impregnated Ni and mesoporous GDC-impregnated Ni anode, 

respectively (our work). 
154
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Fig. 6.16 Schematic diagrams of experimental set up for the single cell operated at 

intermediate temperature range (700
o
C).  
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Fig. 6.17 Impedance spectra of electrolyte-supported single cell with the Non-

impregnated Ni anode, Nonporous GDC-impregnated Ni anode and mesoporous 

GDC-impregnated Ni anode. (Operation temperature = 700
o
C) 
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Table. 6.1 Comparison of the power densities and OCVs with substrate-supported 

thin-film SOFCs which have a Pt cathode at different operation temperatures. 

 

 

 

Table. 6.2 Features of single cell in this work and state-of-art thin film SOFC 
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(a) 

 

(b) 

Fig. 6.18 Cross-sectional FE-SEM images of non-impregnated Ni and mesoporous 

GDC-impregnated Ni anode on the 8YSZ electrolyte substrate after the 

electrochemical test at 500℃ in H2 atmosphere for 1hour.   
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Chapter 7. Summary 

 

In this work, we designed and fabricated mesoporous gadolinium-doped ceria 

(GDC) and mesoporous NiO-GDC which have high specific surface area and ionic 

conductivity and suggest a new type of anode using mesoporous GDC which can 

be used in LTSOFC.  

In the first part of the thesis, to investigate the effect of surfactant on the 

structure and thermal stability of mesoporous GDC, mesoporous GDC was 

synthesized using different surfactant, triblock copolymer (TBC); F127 and 

amphiphilic surfactants; cetyltrimethylammonium bromide (CTAB). Mesoporous 

GDC synthesized using TBC surfactant has thermally-stable porous structure even 

after calcination at temperatures over 700 °C and higher specific area value due to 

the double mesoporous structure composed of inter-particle and intra-particle 

mesopores.  

In the second part of the thesis, to investigate the surfactant decomposition, 

crystallization, and coarsening /agglomeration behavior of NiO grain in the 

mesoporous network correlated with the formation mechanism of mesoporous 

NiO-GDC, mesoporous NiO-GDC powders were fabricated using F127 surfactants. 

Mesoporous NiO-GDC was composed of mesoporous GDC network and 

nonporous nano-structured NiO grain which has an octahedral shape bound by 

eight {111} planes as the calcination temperature increases. Octahedral NiO grains 

surrounded by mesoporous GDC network had truncated edges above the 
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calcination temperature of 750 °C, and the coarsening and agglomeration of NiO 

grains were significantly accelerated at 850
o
C by truncated-edge broadening.  

In the third part of the thesis, to investigate the effect of nickel contents on the 

microstructure of mesoporous NiO-GDC, mesoporous NiO-GDC powders with 

different NiO contents were synthesized. As the NiO contents increase, the grain 

growth and the agglomeration of NiO particles were accelerated due to the increase 

of average size of mesopores (which can play the role of path of gas phase 

transport). Moreover, as the amount of NiO increases, the specific surface area of 

mesoporous NiO-GDC samples decrease because non-porous NiO particles can 

block the entrance of mesopores. The mesoporous materials with high specific 

surface area were obtained by the addition of optimized amount of Ni, and the 

agglomeration and grain growth of NiO were effectively suppressed.  

In the last part of this thesis, to investigate the effect of mesoporous GDC 

impregnation on the electrochemical and microstructural properties of NiO anode, 

a new type of single cell composed of mesoporous GDC-impregnated NiO with 

high specific area and thermal stability as an anode, YSZ as an electrolyte and Pt as 

a cathode were deposited on the yttria-stabilized zirconia electrolyte substrate. NiO 

anode was deposited on YSZ electrolyte substrate by slurry painting. Mesoporous 

GDC gel was impregnated on the NiO electrode by spin coating. To investigate the 

electrocatalytic properties, impedance and polarization resistance were measured. 

By impregnation of highly ordered mesoporous GDC powders into NiO electrode, 

triple phase boundary (TPB) length was increased and the NiO/GDC phase 

distribution was enhanced, which led to the significant improvement of 

electrocatalytic activity and stability of the NiO/GDC anodes for the H2 oxidation 
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reaction compared to those of pure NiO anode and nonporous GDC-impregnated 

NiO anode. Through the impregnation of mesoporous GDC on the NiO anode, 

SOFC anode with expanded reaction sites for low temperature can be 

conventionally obtained, and the mesoporous material can be applied to SOFC 

anode in spite of the low thermal stability.  
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Chapter 8. Future work 

 

In this thesis, nano-structured Ni-GDC anode by impregnation method using 

mesoporous gadolinium-doped ceria (GDC) which has high specific surface area 

was fabricated. It was confirmed by electrochemical measurement that TPBs of 

anodes were extended and electrochemical performances were improved by 

impregnation of mesoporous GDCs. However, there are still large room for further 

improvement of electrochemical performance of cells fabricated using mesoporous 

GDC impregnation. There are three parts of the works that need further 

investigation.  

First, future work should pay more attention to the development of anode 

structure fabricated by mesoporous sol-gel impregnation. Fig. 8. 1(a), (b) and (c) 

are the applicable anode structures. Fig 8. 1(a) is the schematic illustration of 

mesoporous GDC-impregnated Ni-YSZ anode. The use of Ni-YSZ instead of Ni as 

the skeleton materials can lead to the increase of ionic conducting phases which 

were insufficient in Ni skeleton (this work). Fig. 8. 1(b) is the schematic illustration 

of mesoporous Ni-GDC impregnated Ni anode. While this structure can lead to the 

grain growthe of nano-sized Ni particles which are coated on the Ni skeleton, it is 

worthy trying to fabricate and electrochemically evaluate for further extension of 

TPBs. Fig. 8(c) is the schematic illustration of Ni anode coated by thin mesoporous 

GDC layer. It is very difficult to control the thickness of GDC coating layer, but 

thin (<100nm) and uniform GDC layer coating which the fuel can entirely diffuse 

through GDC layer is the best candidate for the most improved TPB length. It can 
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be accomplished by the control of parameters like spin coating condition, sintering 

process and structure of Ni skeleton.  

As shown in Fig 8(d), second, GDC instead of YSZ as an electrolyte material 

can lead the electrochemical performance. Because GDC have higher ionic 

conductivity than YSZ, to use the GDC as an electrolyte is promising way for the 

LTSOFC using mesoporous GDC impregnated-Ni as an anode. The operation 

temperature in this work, 500
o
C is not the temperature which GDC can be 

electrically-conductive (which is the main problem of GDC electrolyte in spite of 

high ionic conductivity). 

Last, to apply the fabrication method by mesoporous material impregnation to 

cathode can further lead to the improvement of electrochemical performance of 

SOFC. Polarization resistance of cathode is normally much higher than that of 

anode, because the activation energy for the reduction of O2 is much higher than 

that for the oxidation of H2.
 149

 Therefore, if the mesoporous material impregnation 

apply to the fabrication of LSM-based cathode, it can further lead to the 

improvement of electrochemical performance of SOFC. In-depth studies on the 

mesoporous cathode materials like LSM and LSCF must be accompanied to the 

cell fabrication, because it has been widely known that the perovskite materials is 

more difficult to have a mesoporous structure than ceria-based materials and 

YSZ.
150
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(a)                           (b) 

 

(c)                           (d) 

Fig. 8.1 Applicable structures of Ni-GDC anodes fabricated using impregnation for 

improvement of electrochemical performances. Figures are (a) mesoporous GDC-

impregnated-Ni/YSZ, (b) mesoporous Ni-GDC impregnated Ni, (c) mesoporous 

GDC thin layer coated-Ni and (d) mesoporous GDC impregnated Ni anode 

deposited on GDC electrolyte. 
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초     록 

고체 산화물 연료 전지(SOFC)는 효율적이고 친환경 적인 에너지 변환 

장치로 많은 기대를 받아왔다. 일반적으로 yttria-stabilized zirconia (YSZ) 

를 전해질로 사용하는 일반적인 SOFC는 작동온도가 800~1000
o
C로 매우 

높기 때문에, 기술적인 복잡함과 다양한 응용을 저해하는 높은 가격뿐만 

아니라, 장시간 작동 시 재료의 심각한 성능 저하를 초래할 수 있다. 

낮은 온도에서 작동하는 SOFC (LTSOFC)를 제조하기 위하여 가장 많이 

연구되고 있는 방법 중 하나는, 전기화학적 반응점의 역할을 하는 

삼상계면 (전해질/전극/연료)의 길이를 늘림으로써 전기화학적인 성능을 

향상시키는 것이다. 이 외에 기존의 재료에 비해 높은 이온 전도도를 

가지는 도핑된 세리아 계열의 재료를 사용하여 SOFC를 제조하는 방법도 

널리 연구되고 있다. 

이 논문에서는 높은 비표면적과 높은 이온 전도도를 가지는 

메조기공성 가돌리늄이 도핑된 세리아(GDC)와 Ni-GDC를 제조하고, 

합성된 메조기공성 GDC를 사용하여 LTSOFC에 적합한 새로운 형태의 

음극 구조를 제안하고자 한다. 

처음에는, 계면활성제가 메조기공성 GDC의 구조와 열적 안정성에 

미치는 영향을 알아보기 위해, 삼중블럭 공중합체인 F127과 양친매성 

계면활성제인 CTAB을 사용하여 메조기공성 GDC를 제조하였다. F127을 

기공 구조 유도체로 사용하여 제조된 메조기공성 GDC는 700도 이상의 

온도에서 하소 과정을 거친 후에도 열적으로 안정한 기공 구조를 

보였으며, 이중 기공 구조 형성으로 인해 높은 비표면적 값을 

나타내었다. 

다음으로, 동일한 F127을 사용하여 합성한 메조기공성 NiO-GDC의 

계면활성제 분해, 결정화 및 메조기공성 GDC 네트워크 안에서 니켈 

산화물의 비대화/응집화 거동을 조사하였다. 메조기공성 NiO-GDC는 

메조기공성 GDC 네트워크와 팔면체 모양 (8개의 {111}면으로 구성)의 
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비기공성 니켈산화물 입자들로 구성되어 있었다. 팔면체 모양의 

메조기공성 GDC에 둘러 쌓인 팔면체 모양의 니켈산화물 입자들은 하소 

온도가 증가함에 따라 모서리가 잘린 모양을 가지게 되고, 이러한 잘린 

모서리들이 넓어 지면서, 850도 이상의 하소 온도에서는 비대화와 

응집화가 가속화 되었다, 

이어서, 서로 다른 니켈 함량을 가진 메조기공성 NiO-GDC를 

합성하였다. 니켈 함량이 증가함에 따라 메조 기공들의 평균 기공 

크기가 커짐이 관찰되었고, 이에 따라 니켈 산화물 입자의 결정 성장과 

응집화 속도가 증가하였다. 또한 니켈 함량이 증가함에 따라 비기공성 

구조를 가진 큰 크기의 니켈 산화물 입자들이 메조 기공들의 입구를 

덮게 되고, 이에 따라 메조 기공성 NiO-GDC의 비표면적 값은 감소하는 

경향을 보였다. 적당량의 니켈 첨가에 의해 니켈 입자들의 입성장과 

응집화를 억제하면서 높은 비표면적 값을 가지는 메조기공성 재료들이 

합성될 수 있었다, 

마지막으로 메조기공성 GDC 함침이 니켈 음극의 전기화학적 성능과 

미세구조에 미치는 영향을 조사하기 위하여, 음극으로 메조기공성 

GDC가 함침된 Ni, 전해질로 YSZ 그리고 양극으로 Pt를 사용한 새로운 

구조의 SOFC를 제조하였다. 메조기공성 GDC 용액은 자가조립형 

졸겔법과 수열합성을 이용하여 합성하였다. 우선 니켈 산화물 음극을 

YSZ 전해질 기판 위에 슬러리 페인팅을 사용하여 증착한 후, 메조 

기공성 GDC 용액을 니켈 산화물 전극 위에 함침 시키는 방법으로 메조 

기공성 전극을 제조하였다. 메조 기공성 GDC의 함침으로 인해 니켈 

산화물 전극의 삼상 계면의 길이가 증가하였고, 니켈과 GDC 상들의 

분배가 향상되었다. 이러한 미세 구조의 변화로 인해, 니켈 산화물 

단일상의 전극과 비기공성 GDC가 함침된 니켈 산화물 전극에 비해 

전극의 전기화학적 성능과 안정성이 향상되는 것을 확인하였다.  

결과적으로 대표적인 삼중블럭 공중합체인 F127을 계면활성제로 

사용함과 동시에 수열합성법과 자가 조립 방법을 통해서, 향상된 
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비표면적 값과 열적 안정성을 가지는 메조기공성 GDC와 NiO-GDC를 

합성하였다. 이를 통해 제조된 메조 기공성 GDC는 CTAB을 

계면활성제로 사용하는 메조기공성 GDC에 비해 650도 이상에서 높은 

열 안정성을 가짐과 동시에, 입자 내 기공과 입자간 기공으로 구성된 

이중 기공 구조를 가짐이 확인되었다. 또한 메조기공성 GDC 네트워크 

내에서 니켈 산화물 입자는 표면에너지를 낮추기 위해 팔면체 모양의 

입자로 성장하였으며, 하소 온도와 니켈 함량이 증가함에 따라 입성장과 

응집화가 가속화 됨을 확인하였다. 이러한 메조기공성 GDC와 함침법을 

사용하여 제조된 새로운 형태의 음극, YSZ 전해질 기판 그리고 백금을 

사용한 양극으로 구성된 저온용 SOFC는 연료의 반응점 역할을 하는 

삼상계면의 증가로 인해 순수한 니켈 산화물 전극에 비해 우수한 

전기화학적 특성을 보였으며, 피독과 탄소 침착으로 인한 전극의 성능 

저하에도 높은 안정성을 가지고 있었다. 새로운 형태의 음극 구조를 

가지는 전해질 지지형 SOFC는 기존의 박막형 SOFC와 비교하여 우수한 

전기화학적 특성을 보였으며, 이를 통해 메조 기공성 재료를 SOFC 

전극재로 활용하기 위한 새로운 방향성을 제시하는데 기여하였다고 

생각한다.  

 

주요어 : 고체산화물 연료전지, 니켈, 가돌리늄이 도핑된 세륨 산화물, 

메조기공성, 함침법, 삼상계면, 입성장, 전기화학적 특성, 임피던스 

스펙트럼, 분극 저항 
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